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ABSTRACT 

 

ELIZABETH DUNHAM BUTTERMORE: Organization and Maintenance of Molecular 

Domains in Myelinated Axons 

(Under the direction of Manzoor A. Bhat) 

 

Myelinated axons are segregated into molecular domains that are essential for 

action potential propagation. Each domain is characterized by clustering of specific 

molecular components and disruption of these domains, as seen in multiple sclerosis and 

ataxias, results in altered neuronal function. However, mechanisms responsible for 

domain organization remain elusive. We utilized mouse conditional knockouts to uncover 

mechanisms responsible for the organization and maintenance of the paranode, 

juxtaparanode, and axon initial segment (AIS). 

Paranode disruption results in mislocalization of juxtaparanodal proteins and 

disorganization of the axonal cytoskeleton. Caspr and Caspr2, which localize to the 

paranode and juxtaparanode, contain binding sites for the cytoskeletal adaptor protein 

4.1B. We generated 4.1B null mice and showed that loss of 4.1B resulted in severe 

disorganization of the juxtaparanode in both the peripheral (PNS) and central nervous 

system (CNS). At P30 PNS paranodes, loss of 4.1B disrupted Caspr localization and 

AGSJs. Loss of 4.1B at CNS paranodes resulted in progressive disruption of Caspr and 

AGSJs. Thus, 4.1B plays a role in interactions between the paranodal AGSJs and axonal 

cytoskeleton and is required for long-term maintenance of axonal domains. 
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The cerebellar Purkinje AIS is targeted by basket axon collaterals that form the 

pinceau, which is critical for cerebellar function. Mechanistic details of pinceau 

organization are poorly understood. Loss of cytoskeletal adaptor protein AnkyrinG 

results in mislocalization of the cell adhesion molecule Neurofascin (Nfasc) at the 

Purkinje AIS and abnormal organization of the pinceau. We generated cell type-specific 

Nfasc null mice and found that Purkinje Nfasc is required for AIS maturation and for 

maintaining stable contacts between basket axon terminals and the Purkinje AIS during 

pinceau organization, while basket neuron Nfasc is required for proper basket axon 

collateral outgrowth and targeting to Purkinje soma/AIS. Disruption of the AIS and 

pinceau from loss of Nfasc leads to Purkinje neuron degeneration and ataxia. Together, 

the results presented in this dissertation elucidate mechanisms responsible for 

organization of the paranode, juxtaparanode, AIS, and pinceau. This knowledge will be 

critical for designing future therapeutic strategies to treat pathologies where restoration of 

axonal domains will be required to restore neuronal function. 
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Chapter 1 

 

Introduction: Organization and Maintenance of Molecular Domains in 

Myelinated Axons 
 

Over a century ago, Ramon y Cajal first proposed the idea that there is 

directionality involved in nerve conduction and neuronal communication (Ramon y 

Cajal, 1911). He further suggested that there needed to be a form of insulation around 

axons to allow for the fast conduction of action potentials. A few decades later, it was 

discovered that myelin, made from glial cells, insulated axons with periodic breaks where 

nodes of Ranvier (nodes) form to allow for saltatory conduction (Huxley and Stampfli, 

1949; Tasaki, 1959). In the peripheral nervous system (PNS), Schwann cells are the glia 

that can either individually myelinate the axon from one neuron, or ensheath the axons of 

many neurons (Jessen and Mirsky, 2005). In the central nervous system (CNS), 

oligodendrocytes are the glia that myelinate regions of many different axons from many 

neurons at once (Simons and Trotter, 2007). Review of more recent studies revealed that 

this myelination created polarized domains adjacent to the nodes (Bhat, 2003; Salzer, 

2003). However, the molecular players responsible for the organization of axonal 

domains are only now beginning to be elucidated. 

 The molecular domains in myelinated axons include the axon initial segment 

(AIS), where various ion channels are clustered and action potentials are initiated, the 

node, where sodium channels are clustered and action potentials are propagated, the 



2 

 

paranode, where myelin loops make contact with the axolemma, the juxtaparanode (JXP), 

where delayed-rectifier potassium channels are clustered, and the internode, where 

myelin is most compactly wrapped (Fig. 1.1). Each of these domains contains a unique 

subset of proteins that are critical for its function and the proper segregation of these 

domains allows for normal neuronal communication (Table 1.1). However, the roles of 

these proteins in axonal domain organization are still being elucidated. Thus, I undertook 

studies to elucidate mechanisms responsible for the organization of axonal domains in 

myelinated axons. 

 At the paranode, myelin loops make contact with the paranodal axolemma 

through axo-glial septate junctions (AGSJs), which are also critical for the organization 

of the axonal cytoskeleton. However, it was not known how the AGSJs interact with the 

axonal cytoskeleton. I addressed this question by examining the cytoskeletal adaptor 

protein 4.1B in the role of the axonal cytoskeleton in AGSJ formation and stabilization. 

While paranode organization requires myelination, the AIS forms intrinsically, 

independent of myelin (Alessandri-Haber et al., 2002; Winckler et al., 1999; Zhang and 

Bennett, 1998). However, the mechanisms responsible for AIS organization are poorly 

understood. To address this question, I investigated the role of Neurofascin (Nfasc) in 

AIS formation and stabilization. Further, I sought to understand the role of Nfasc in the 

organization of the cerebella pinceau, a structure that is critical for regulating AIS 

function. The results from these studies are presented in this dissertation and reveal novel 

mechanisms involved in axonal domain organization. First, I highlight a few of the 

important interactions for axonal domain organization and their role in maintaining 

proper neuronal communication.  
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Figure 1.1 Molecular domains in myelinated axons 

(A) Immunostaining of 1-month-old mouse cerebellar Purkinje neuron immunostained 

with Calbindin (Calb, red), myelin basic protein (MBP, green), and Contactin-associated 

protein (Caspr, blue). (B) Schematic of a Purkinje neuron highlighting the AIS, myelin-

wrapped internode, paranode, and node. (C) Schematic of nodal area highlighting the 

internode (orange), JXP (red), paranode (blue), and node (green). (D) Immunostaining of 

a 1-month-old mouse sciatic nerve fiber immunostained against potassium channels to 

label the JXP (red), Caspr to label the paranode (blue), and the 186kDa isoform of Nfasc 

to label the node (green).    
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Protein Abbreviation Expressed 

in 

Known functions in molecular 

domains of myelinated axons 

Neurofascin 

186kDa 
Nfasc

NF186
 Neuron at 

AIS and 

node 

Cell adhesion molecule important 

for formation of the node and 

maturation/stabilization of the AIS. 

AnkyrinG AnkG Neuron at 

AIS and 

node 

Cytoskeletal adaptor protein that 

links membrane proteins to 

spectrin-actin cytoskeleton. 

Important for formation of the AIS 

and stabilization of the node. 

Voltage-gated 

sodium 

channels 

NaV1.x Neuron at 

AIS and 

node 

Sodium ion influx responsible for 

action potential initiation and 

propagation. 

Voltage-gated 

potassium 

channels 

KV1.x Neuron at 

AIS and 

JXP 

Potassium ion out flux to modulate 

neuronal excitability and axonal 

membrane potential. 

Neuron-related 

cell adhesion 

molecule 

NrCAM Neuron at 

AIS and 

node 

Cell adhesion molecule important 

for neurite outgrowth and 

intercellular adhesion. 

Contactin-

associated 

protein 2 

Caspr2 Neuron at 

AIS and 

JXP 

Cell adhesion molecular important 

for the organization of the JXP and 

intercellular adhesion. 

Transiently 

expressed 

axonal surface 

glycoprotein-1 

Tag-1 Neuron at 

AIS and 

JXP and 

glial cell at 

JXP 

GPI-anchored cell adhesion 

molecule important for organization 

of the JXP and intercellular 

adhesion. 

βIV-spectrin βIV-spectrin Neuron at 

AIS and 

node 

Cytoskeletal scaffolding protein 

that links actin to membrane-bound 

proteins at the AIS and node. 

Postsynaptic 

density protein -

93 and -95 

PSD93/ 

PSD95 

Neuron at 

AIS and 

JXP 

MAGUK proteins that scaffold ion 

channels and receptors at the AIS 

and JXP. 

Gliomedin GLDN Schwann 

cell at node 

Helps cluster Nfasc
NF186

 at the PNS 

node. 

Ezrin binding 

protein 50 
EBP50 Schwann 

cell at node 

ERM-family protein that localizes 

to the node and binds actin 

cytoskeleton. 

Contactin-

associated 

protein 

Caspr Neuron at 

paranode 

Cell adhesion molecule that is one 

of the required components of the 

AGSJs. 

Contactin Cont Neuron at 

paranode 

GPI-anchored cell adhesion 

molecule that is one of the required 

components of the AGSJs. 

Neurofascin 

155kDa 
Nfasc

NF155
 Glial cell at 

paranode 

Cell adhesion molecule localized to 

glial membrane and is a component 
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of the paranodal AGSJs. 

αII- and βII-
spectrin 

αII/βII-

spectrin 

Neuron at 

paranode 

Cytoskeletal binding proteins that 

function to link the actin 

cytoskeleton to the membrane-

bound AGSJs. 

Protein 4.1B 4.1B Neuron at 

paranode 

and JXP 

Cytoskeletal adaptor protein 

important for organization of JXP 

and stabilization of paranodal 

AGSJs. 

AnkyrinB AnkB Neuron at 

paranode 

Cytoskeletal adaptor protein that 

links membrane proteins to the 

spectrin-actin cytoskeleton at the 

paranode. 

Ceramide 

galactosyltrans-

ferase 

CGT Glial cell at 

paranode 

Enzyme important for lipid 

biosynthesis that is important for 

paranode stabilization. 

Myelin 

associated 

glycoprotein 

MAG Oligo-

dendrocyte 

at the 

internode 

Glycoprotein localized to the cell 

membrane that is important for 

myelination. 

Nectin-like-x 

protein 
Necl-x Neuron and 

glia at 

internode 

Cell adhesion molecule important 

for intermodal adhesion. 

Protein 4.1G 4.1G Schwann 

cells at the 

internode 

Cytoskeletal adaptor protein 

important for internode and JXP 

organization. 

Proteolipid 

protein 
PLP Oligo-

dendrocyte 

at internode 

Transmembrane protein that forms 

homomeric complex with itself 

across myelin loops to stabilize 

compact myelin. 

Myelin basic 

protein 
MBP Glial cell at 

internode 

Important for myelination and 

maintaining paranodal and nodal 

organization. 

Myelin protein 

zero 
P0 Schwann 

cell at 

internode 

Glycoprotein that is critical for PNS 

myelin structure. 

 

Table 1.1 Molecular components of molecular domains in myelinated axons. 

This table is an incomplete listing of the molecular components of molecular domains in 

myelinated axons, including their function for domain organization. It highlights the best 

understood components of the AIS, node, paranode, JXP, and internode. 
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1.1 The axon initial segment (AIS) 

 The AIS is the 20-40µm site of the axon most proximal to the soma, just after the 

axon hillock (Fig. 1.1) (Hedstrom and Rasband, 2006). All of the excitatory and 

inhibitory inputs to the neuron are summated at the AIS and a decision is made whether 

or not to fire an action potential. Clustered to the AIS are ion channels, including sodium 

(Na
+
) channels responsible for action potential initiation, NaV1.6, and potassium 

channels, KV1.1/1.2 and KCNQ2/3, which are important for modulating neuronal 

excitability and regulating action potential frequency (Table 1.1; Fig. 1.2) (Johnston et 

al., 2008; Kole et al., 2008; Pan et al., 2006). There are also several cell adhesion 

molecules (CAMs), belonging to the L1 subfamily of immunoglobulin (Ig) CAMs, 

including the 186kDa isoform of Nfasc (Nfasc
NF186

), neuron-related cell adhesion 

molecule (NrCAM), Contactin-associated protein-2 (Caspr2), and transiently expressed 

axonal surface glycoprotein-1 (Tag1) (Table 1.1; Fig. 1.2) (Brummendorf et al., 1998; 

Davis et al., 1996; Dodd et al., 1988; Grumet, 1997; Hedstrom et al., 2007; Volkmer et 

al., 1992). Intracellularly at the AIS, there are adaptor and scaffolding proteins, including 

AnkyrinG (AnkG), βIV-spectrin, and postsynaptic density protein 93 (PSD-93) (Table 

1.1; Fig. 1.2) (Jenkins and Bennett, 2001; Kole et al., 2008). The adaptor protein AnkG 

binds membrane bound proteins, including voltage-gated sodium channels and CAMs 

and links them to the underlying actin/spectrin cytoskeleton through scaffolding proteins, 

including βIV-spectrin (Fig. 1.2) (Boiko et al., 2007; Zhou et al., 1998). Nfasc
NF186

 and 

NrCAM are able to link to AnkG through a conserved motif that is mediated by tyrosine 

phosphorylation, such that the unphosphorylated motif can bind with AnkG (Davis et al., 

1996; Garver et al., 1997; Lustig et al., 2001; Zhang et al., 1998). The accumulation of 
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these complexes is necessary for clustering and stabilization of NaV channels at the AIS 

(Buttermore et al., 2012; Hedstrom et al., 2007; Zhou et al., 1998; Zonta et al., 2011). 

Interestingly, recent reports show that the AIS itself is segregated into proximal 

and distal domains based on the localization of different sodium channel isoforms with 

different voltage-sensitivities, such that NaV1.2 clusters at the proximal AIS and NaV1.6 

is enriched at the distal AIS (Fig. 1.2) (Buttermore et al., 2012; Hu et al., 2009). 

Electrophysiological studies from the same group show that sodium channels localized to 

the distal AIS are activated at a lower voltage threshold than sodium channels at the 

proximal AIS (Hu et al., 2009). The authors suggest that the distal sodium channels, 

which have a higher-voltage threshold, are responsible for action potential initiation and 

the proximal sodium channels, which have a lower-voltage threshold, are responsible for 

action potential back-propagation. Thus, the segregation of these sodium channel 

isoforms and the precise organization of the AIS are critical for regulating axonal 

activity. Therefore, it is important to understand how the AIS is formed and maintained. 
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Figure 1.2 Molecular organization and maturation of the AIS 

(A) Molecular components of the AIS, including the ion channels, CAMs and 

cytoskeletal scaffolding proteins that function at the AIS. The diagram also highlights 

some of the known components of the cerebellar pinceau (discussed below). 

(B) Cerebellar sections of P10 and P20 wild type mice immunostained against Nav1.6 (a, 

i), panNav (e, m), AnkG (b, f, j, n), Calb (c, g, k, o) and merged (d, h, l, p). These 

immunostainings reveal the developmental maturation of the AIS, as Nav1.6 is distally 

localized to the AIS at P10 (a) and is fully localized to the AIS at P20 (i). 
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1.1.1 Formation of the AIS 

 While the organization of most axonal domains requires intercellular 

communication, the organization of the AIS occurs intrinsically through the localization 

of the “AIS master regulator,” AnkG (Bennett and Baines, 2001). Ankyrins are known 

for their ability to stabilize groups of membrane-bound proteins to specific molecular 

domains for efficient signaling and interactions between cells (Bennett and Baines, 

2001). The critical role for AnkG in AIS organization was discovered in several 

independent in vitro and in vivo studies (Hedstrom et al., 2007; Zhou et al., 1998). In the 

first, knockdown of AnkG using shRNA in cultured hippocampal neurons resulted in 

failure of all other AIS components to cluster at the AIS (Hedstrom et al., 2007). 

Importantly, knockdown of other AIS components, including Nfasc, NrCAM and IV-

spectrin, did not disrupt the enrichment of the other AIS components. Further, genetic 

ablation of AnkG in the cerebellum resulted in loss of clustering of Nfasc and ion 

channels at the Purkinje AIS (Zhou et al., 1998). Together, these results point to a role for 

AnkG as the master regulator of the AIS. Importantly, loss of AnkG also results in 

disrupted axonal polarity, with the formation of spines and localization of dendritic 

proteins in Purkinje neuron AISs lacking AnkG (Sobotzik et al., 2009). One study 

showed that AnkG is also required for AIS stability by knocking down AnkG in mature 

cultured hippocampal neurons that already formed an AIS prior to shRNA treatment 

(Hedstrom et al., 2008). In these adult AnkG knockdown neurons, AIS markers were no 

longer clustered at the AIS and the process that had been the axon contained both axonal 

and dendritic markers, while the other processes only contained dendritic markers. 

Further, in vivo ablation of AnkG from Purkinje neurons did not disrupt the ability of the 
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Purkinje neuron to form an axon, but the axonal projection did contain dendritic spines 

(Sobotzik et al., 2009). Therefore, without AnkG present, the AIS does not form properly 

and axonal identity is lost. The signals responsible for AnkG clustering at the AIS are the 

focus of ongoing studies. One hypothesis suggests that phosphorylated inhibitor of kappa 

B alpha (κBα) may function as a cofactor in AnkG trafficking to the AIS (Rasband, 2010; 

Sanchez-Ponce et al., 2008; Schultz et al., 2006), but further studies are required to 

confirm these results in vivo. 

 

1.1.2 The AIS is a barrier for axonal transport 

 The loss of axonal polarity and invasion of dendritic markers found in Purkinje 

neurons that lack AnkG reflects a role of the AIS as a sieve, preventing the diffusion of 

dendritic or somatic proteins into the axon. It also reflects the idea that dendritic fate of 

neuronal projections is the default choice and AnkG and the AIS are needed to maintain 

the barrier that maintains axonal identity. The role of the AIS as a diffusion barrier was 

first discovered when it was found that some membrane proteins diffused through the 

AIS slower than others (Winckler et al., 1999). Further, disruption of the F-actin 

cytoskeleton prevented this decreased mobility, suggesting that the AIS barrier depends 

on the interaction of membrane proteins with the cytoskeleton. Another more recent 

study followed individual fluorescently-tagged unsaturated phospholipids and found their 

diffusion is blocked in the AIS membrane at the same time in development that the 

clustering of AIS proteins occurs (Nakada et al., 2003). Importantly, the barrier function 

of the AIS restricts both membrane-bound and cytoplasmic proteins from diffusing into 

the axon. A more recent study found that larger dextrans could not diffuse into the axon 
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after AIS formation, while smaller dextrans could diffuse in (Song et al., 2009). As in the 

previous studies, disruption of the F-actin cytoskeleton disrupted the function of the AIS 

barrier for cytoplasmic diffusion. Importantly, these authors also found that axonal entry 

of kinesin superfamily motor proteins was dependent on the cargo they carry, as dendritic 

cargos were prevented from entering the axon after the AIS was formed (Song et al., 

2009). These results show that the AIS is not simply a structure for action potential 

initiation, it is also critical for maintaining axonal identity. 

 

1.1.3 Functional maturation of the AIS 

Though the initial organization of the AIS requires AnkG localization to this 

domain, our data shows that the maturation of the AIS depends on Nfasc
NF186

 expression 

(Buttermore et al., 2012). The developmental switch of NaV1.2 to NaV1.6 at the AIS is 

critical for AIS function in the adult myelinated axons (Boiko et al., 2003). In our recent 

work, we show that Purkinje neuron-specific ablation of Nfasc
NF186

 prevents the 

maturation of the Purkinje AIS (Buttermore et al., 2012). In the absence of Nfasc
NF186

, 

the mature voltage-gated sodium channel isoform, NaV1.6, fails to become enriched at the 

Purkinje AIS, as it does at the wild-type Purkinje AIS. This suggests that different 

mechanisms are responsible for the initial formation and secondary maturation of the 

AIS. Further, recent studies completed by our lab and others have shown that an intact 

Purkinje AIS is not required for induction of Purkinje neuron firing (Buttermore et al., 

2012; Zonta et al., 2011). However, the waveform of the resulting action potential is 

altered (Zonta et al., 2011). In addition, spontaneous firing of the Purkinje cell is 

disrupted with loss of the AIS (Buttermore et al., 2012; Zonta et al., 2011). These results 
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show that functional maturation of the AIS is required for normal neuronal firing. 

Fascinating recent studies have also shown that the AIS is a plastic structure that changes 

in response to neuronal activity (Grubb and Burrone, 2010a; Kuba et al., 2010). 

Therefore, it is possible that the mechanisms responsible for changes in AIS structure 

during plastic changes are similar to those responsible for the maturation of the AIS. 

 

1.1.4 Plasticity of the AIS 

The discovery that the AIS is a plastic structure reiterates the importance of the 

AIS in the regulation of neuronal activity. Previous studies eluded to the idea that the AIS 

is not a static structure, as the tuning frequency, AIS size and location of the AIS differ 

between neuronal subtypes and brain regions, depending on the requirement of the 

individual neuron within its circuit (Fried et al., 2009; Grubb et al., 2011; Konishi, 2003; 

Kuba et al., 2006; Lorincz and Nusser, 2008). However, the first direct evidence of AIS 

plasticity was not revealed until more recently in two separate studies. In one study, 

auditory deprivation led to an increase in AIS length in auditory neurons of the avian 

brainstem (Kuba et al., 2010). In the other study, evidence for AIS plasticity was 

uncovered through recent technological advances that allow for live image of a 

functioning AIS through imaging of ion flux (Grubb and Burrone, 2010a; Grubb et al., 

2011). This study revealed that the AIS can shift its position distally along the axon in 

vitro when it is exposed to increased excitatory activity over a long period (Grubb and 

Burrone, 2010a). This shift in position of the AIS occurred after two days of prolonged 

stimulation and required voltage-gated calcium channel activity. These results suggest 

that the AIS is able to react to its environment so that it can control its firing rate, in this 
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case decreasing the probability of firing by moving further down this axon. Thus, the AIS 

is able to help the axon regulate neuronal activity. However, it remains to be seen 

whether this AIS plasticity is found in older adult stages as well. It may be that the AIS 

becomes more stable in adult stages. Nfasc
NF186

 has also been shown to be critical for the 

long-term stabilization of the AIS (Zonta et al., 2011). It is likely that mechanisms are 

also in place to maintain the proper organization of the AIS, as its proper functioning is 

critical for normal neuronal activity. 

 

1.1.5 Regulation of AIS function 

While cell-autonomous mechanisms may be responsible for the organization and 

plasticity of the AIS, the AIS is frequently targeted by inhibitory interneurons to aid in 

modulating neuronal firing. Examples of this can be found in the targeting of chandelier 

cells to the pyramidal AIS in the cortex and basket cell targeting to the Purkinje AIS in 

the cerebellum. These interactions have been shown to be critical for proper function of 

the targeted neuron. For example, the function of the cerebellum is to regulate motor 

coordination and the Purkinje cell summates all inputs to the cerebellum and is the sole 

output source of the cerebellum, so its activity must be tightly regulated (Palay and Palay, 

1974). This restriction is achieved, in part, by the basket cell, which is an inhibitory 

interneuron in the molecular layer that sends projections to the Purkinje AIS (Fig. 1.3). 

An extraordinary feature of the basket cell is its axon, which splits into many axonal 

collaterals that innervate 5 to 7 Purkinje cells. Basket axon collaterals extend around the 

Purkinje soma, synapsing on the Purkinje AIS and forming the pinceau (Fig. 1.3). 

Inhibition of the Purkinje AIS is achieved through -aminobutyric acid- (GABA)-ergic 
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synapses that basket axons form with the Purkinje neuron, releasing the inhibitory 

neurotransmitter GABA to dampen Purkinje cell excitability (Purves et al., 2004). A 

single basket cell innervates several Purkinje cells, allowing for coordinated modulation 

of a group of Purkinje cells (Ango et al., 2004; Cobb et al., 1995). Potassium channels 

(KV1.2) are also enriched at the basket axon terminals of the pinceau (Fig. 1.3) (Laube et 

al., 1996). Importantly, the pinceau has been shown to play a critical role in Purkinje 

neuron function. One study found that disruption of pinceau organization results in 

ataxia, a consequence of Purkinje neuron dysfunction (Xie et al., 2010). In this study, the 

authors discovered a mouse with a mutation in KV1.2 channels and found this disrupted 

the pinceau structure and cerebella activity, resulting in ataxia. Interestingly, loss of 

KV1.2 function in basket interneurons in the cerebellum resulted in hyperactive basket 

neurons, which resulted in decreased Purkinje neuron firing. So it seems that KV1.2 

channels in basket neurons are functioning to dampen neuronal excitability at the 

pinceau. Upon re-expression of the potassium channels, the ataxia phenotype was 

partially rescued, reiterating the importance of the inhibitory balance at the pinceau on 

Purkinje neuron function. 

While the Purkinje neuron depends on the pinceau for proper function, the 

Purkinje AIS also plays an important role in the developmental formation and long-term 

maintenance of the pinceau (Ango et al., 2004; Buttermore et al., 2012; Zonta et al., 

2011). In one study, the authors found that ablation of AnkG resulted in mislocalization of 

Nfasc distally down the Purkinje axon, with basket axons following aberrantly localized 

Nfasc (Ango et al., 2004). In addition, expression of a dominant-negative Nfasc construct 

in Purkinje neurons prevented the clustering of synaptic marker glutamate decarboxylase-
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65 (GAD65) at the pinceau (Ango et al., 2004). More recently, it was shown that ablation 

of Nfasc in adult neurons results in destabilization of the pinceau after 16 weeks (Zonta et 

al., 2011). Finally, our recent studies utilized cell-specific ablation of Nfasc to show that 

Nfasc is required in both Purkinje neurons and basket neurons for pinceau organization 

(Buttermore et al., 2012). We found that Nfasc in the Purkinje AIS is required for the 

stabilization and maintenance of the interaction between the basket axon terminals and 

the Purkinje axon. We also showed that in the basket axon, Nfasc is likely required for 

proper basket axon branching and outgrowth towards the Purkinje AIS. Interestingly, a 

role for Nfasc in GABAergic synapse organization was also found in the developing 

hippocampus, where Nfasc induces clustering of gephyrin, a postsynaptic scaffolding 

protein required for recruiting GABA receptors, at the future AIS (Burkarth et al., 2007). 

In addition, in the adult dentate gyrus, Nfasc stabilizes GABAergic synaptic components 

(Kriebel et al., 2011). Further, Nfasc has also been shown to cluster the extracellular 

matrix (ECM) molecule Brevican to the extracellular space surrounding the AIS, 

suggesting the AIS plays a role in the organization of the ECM (Hedstrom et al., 2007). 

The ECM surrounding the AIS may be important for buffering ions in the area, or for 

maintaining synaptic contact, as perineuronal nets have been shown to function elsewhere 

in the brain (Celio et al., 1998; Hedstrom et al., 2007). Together, these data reveal a 

conserved mechanism in which AIS organization is critical for targeting of GABAergic 

synapses for proper regulation of the postsynaptic neuron. Therefore, although the AIS is 

the one axonal domain that forms independent of other cellular influence, its proper 

function relies heavily on synaptic input and modulation from its extracellular 

environment. 
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Figure 1.3 Organization of the cerebellar pinceau 

(A) Drawing of the cerebellar pinceau highlighting the Purkinje neuron (P) in green, 

basket neurons (b) in red and orange, potassium channels in blue, and the AIS in yellow. 

(B) Low magnification image of a cerebellar section immunostained against Calb (red) 

and phosphorylates neurofilaments (pNfls, green). The pNfls label the basket axons and 

the pinceau (arrowhead). 

(C) High magnification image of cerebellar section immunostained against Calb (red) and 

Parv (green). Parv is localized to both Purkinje and basket neurons and highlights the 

basket collaterals that form the cone-shaped pinceau (arrowhead) at the Purkinje AIS 

(arrow). 

(D) Cerebellar section immunostained against Calb (red) and KV1.2 (green) to label the 

inner core of the pinceau (arrowhead) at the Purkinje AIS. 
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1.1.6 AIS in disease and injury 

The importance of in vivo genetic models in supplement to in vitro culture 

systems for elucidating the mechanisms by which the AIS is organized and maintained 

are underlined by a recent report that found the AIS is a target for injury during ischemia 

(Schafer et al., 2009). This study found that during stroke, the protease calpain 

proteolyzed AnkG and IV-spectrin, which disrupted the AIS, resulting in loss of 

neuronal polarity. This damage to the AIS resulted independently of axonal degeneration 

or programmed cell death, showing that the AIS is a targeted site for axonal damage. 

Dysfunction of the AIS has also been found in diseased brain states. In one study, the 

AISs of pyramidal neurons in the hippocampus of Angelman Syndrome mice were found 

to be elongated and intrinsic membrane properties were altered (Kaphzan et al., 2011). 

The initial resting potential of neurons in the Angelman Syndrome mice was more 

hyperpolarized, due to increased sodium/potassium channel pumps. In addition, action 

potential amplitude and its maximal rate of rise were larger in Angelman Syndrome mice, 

due to the increased NaV1.6 and AnkG found at the AIS in the hippocampus, but not 

somatosensory cortex. Together, these alterations resulted in decreased neuronal 

excitability (Kaphzan et al., 2011). Therefore, it is critical to maintain the balance of ion 

channel expression at the AIS for proper neuronal function. Further, we need to 

understand how the AIS is formed and maintained to begin thinking about therapies for 

AIS dysfunction and injury. 

In schizophrenic patients, researchers have found a decrease in GABA release at 

the synapses between chandelier neurons and the cortical pyramidal AIS (Lewis et al., 

2005; Rasband, 2010). While the mechanisms responsible for this decrease in GABA 
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transmission have not been elucidated, another study found that there is a decrease in 

AnkG in the superficial cortical layers of schizophrenic patients (Cruz et al., 2009). And 

as previously stated, a decrease in AnkG disrupts localization of AIS components, 

including Nfasc, and disruption of Nfasc alters GABA receptor clustering and targeting 

of GABAergic synapses to the AIS (Ango et al., 2004; Burkarth et al., 2007; Buttermore 

et al., 2012; Cruz et al., 2009). Therefore, it is possible that alterations in AIS stability 

and function may play a role in the imbalance of neuronal activity that is found in 

schizophrenic patients. 

While imbalances in excitatory and inhibitory transmission throughout the brain 

are thought to be at the root of psychiatric disorders such as autism and schizophrenia, 

this imbalance can also cause other problems, such as epilepsy and seizures. It is well 

known that sodium channel mutations can cause epilepsy. One study found that the 

reason for the seizure activity in animals with 1-subunit NaV channel mutations was that 

the mutation resulted in altered subcellular localization of the channels, resulting in 

hyper-excitable neurons (Meadows et al., 2002). Importantly, another study found that 

AnkG and NaV1.6 levels were increased at the AIS in an animal model for epilepsy 

(Chen et al., 2009). Therefore, a conserved mechanism for seizure activity seems to 

include an increase in sodium channel activity, possibly at the AIS. Each of these 

examples reiterates the fact that a balance of ion channel function is required within the 

axon, including the AIS, for proper neuronal function. Therefore, we must continue to 

elucidate the mechanisms responsible for ion channel localization and stabilization to the 

AIS so that therapies can be generated. 
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1.2 The node of Ranvier (node) 

 Like the AIS, nodes are domains without myelin that are enriched with voltage-

gated sodium channels, critical for action potential propagation, though they are only 

about 1µm long (Fig. 1.1) (Hedstrom and Rasband, 2006; Rasband, 2006; Salzer, 2003; 

Thaxton and Bhat, 2009; Waxman and Ritchie, 1993). Action potentials initiated in the 

AIS jump from node to node by way of sodium channel currents from the channels 

clustered to these domains. Therefore, the segregation of sodium channels to the node is a 

critical process during the development of myelinated axons. Interestingly, many of the 

proteins that localize to the AIS are also localized to the node, including NaV1.2, NaV1.6, 

KCNQ2/3, IV-spectrin, AnkG, NrCAM, and Nfasc
NF186

 (Table 1.1) (Berghs et al., 2000; 

Boiko et al., 2001; Komada and Soriano, 2002; Salzer, 2003; Volkmer et al., 1992). 

Similar to the AIS, AnkG interacts with NaV1.6, CAMs and the underlying cytoskeleton 

through IV-spectrin at the node (Fig. 1.4) (Bennett and Lambert, 1999). Also similar to 

the AIS, there is a developmental switch in NaV channel isoform expression, from NaV1.2 

in immature nodes to NaV1.6 in mature nodes (Boiko et al., 2001; Kaplan et al., 2001). 

However, the mechanism of node organization is quite different than that of the AIS. 

 The spacing of nodes, as well as their assembly, is largely coordinated with the 

help of myelinating glia (Court et al., 2004; Susuki and Rasband, 2008; Thaxton et al., 

2011). In some regions of the nervous system, the spacing of nodes is critical for their 

function. For example, in the avian brainstem the spacing between nodes and the 

diameter of axons are controlled so that interaural time differences can be detected 

(Jeffress, 1948; Rasband, 2010; Seidl et al., 2010). In addition, the spacing of nodes is 

coordinated to allow for decreased membrane capacitance and increased membrane 
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resistance, the necessary ingredients for saltatory conduction (Hille, 2001). For these 

reasons, many studies have focused on understanding how nodes are organized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Molecular components of the PNS node 

Diagram highlights the major molecular components of the PNS node. In the CNS, 

oligodendrocytes do not have microvilli and the binding partner for Nfasc is unknown. 
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1.2.1 Formation of the node  

 While the AIS forms intrinsically, depending on the localization of AnkG before 

sodium channels and CAMs become clustered, the node develops with the aid of external 

signals (Eshed et al., 2005; Pedraza et al., 2001). Interestingly, the mechanisms of node 

formation in the PNS versus CNS are thought to occur differently, likely due to the 

differences in glial contribution to the process. In the PNS, Schwann cells produce 

proteins that localize to Schwann cell microvilli, protrusions that extend from the 

Schwann cell towards the nodal gap, and proteins that are secreted to become part of the 

ECM (Fig. 1.4) (Eshed et al., 2007; Eshed et al., 2005). The nodal ECM contains various 

glycoproteins that are important for stabilizing Schwann cell microvilli at the node 

(Melendez-Vasquez et al., 2005; Saito et al., 2003). It is generally agreed upon that initial 

binding of the Schwann cell protein gliomedin to neuronal Nfasc
NF186

 allows for the 

recruitment and stabilization of other nodal proteins (Eshed et al., 2005; Lambert et al., 

1997; Schafer et al., 2006). Knockdown of gliomedin resulted in disrupted clustering of 

nodal proteins, including NaV channels and Nfasc
NF186

 (Dzhashiashvili et al., 2007). 

Interestingly, one study found that ectopic gliomedin clusters could form along 

internodes of cultured Schwann cell-myelinated dorsal root ganglion (DRG) neurons 

when the extracellular domain of Nfasc
NF186

 was added to the media (Eshed et al., 2005). 

The extracellular domain of Nfasc
NF186

 contains six immunoglobulin domains, three 

fibronectin type III repeats, and a mucin domain (Thaxton and Bhat, 2009). Nfasc
NF186

 is 

then able to recruit AnkG to the nodal domain through its FIGQY motif (Garver et al., 

1997). NaV channels in turn can bind to AnkG and their -subunit can also bind to Nfasc 

(Brechet et al., 2008; Lemaillet et al., 2003; Malhotra et al., 2000; Rasband, 2008). The 
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role for Nfasc
NF186

 at PNS nodes has been further verified by in vitro knockdown studies 

that show loss of Nfasc
NF186

 disrupts NaV channel clustering at the node (Dzhashiashvili 

et al., 2007). This study also showed that the external domain of Nfasc
NF186

 is required 

for its role in nodal organization and NaV channel accumulation, reiterating the likely role 

of glia in nodal organization. In addition, knockdown of Nfasc
NF186

 cannot be rescued by 

Nfasc
NF186

 missing its AnkG-binding domain, reiterating its role for the recruitment of 

AnkG and subsequently NaV channels (Dzhashiashvili et al., 2007).  

 While the organization of the PNS node is generally agreed upon, the formation 

and stabilization of CNS nodes is not as well understood. Perinodal astrocytes in the CNS 

are the proposed equivalent of Schwann cell microvilli in the PNS. Perinodal astrocytes 

fill the extracellular space adjacent to CNS nodes and are thought to interact with nodal 

proteins (Black and Waxman, 1988; Hildebrand et al., 1993). However, a CNS equivalent 

of gliomedin has yet to be found. One candidate for this role is Brevican, an ECM protein 

that localizes to the nodal region and is critical for organizing the CNS nodal ECM 

(Bekku et al., 2009). Ablation of Brevican in mouse did not reveal major deficits in nodal 

organization (Brakebusch et al., 2002), but it is possible that other proteins function with 

Brevican to organize the node and the other components compensate in the knockout. In 

addition, oligodendrocytes secrete proteins important for clustering nodal proteins prior 

to the start of myelination (Kaplan et al., 2001). More research is needed to determine the 

extent to which each of these contributions is needed for CNS node formation. 

Previous studies have examined the role of several nodal proteins in the 

organization and stabilization of the CNS node. For example, deficiencies in βIV-spectrin 

resulted in alterations to axon shape, namely in vesicle-filled membrane protrusions in 
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the nodal area (Yang et al., 2004). In addition, loss of IV-spectrin decreases the levels of 

AnkG and NaV channels at the node, resulting in disrupted axonal conduction and 

suggesting it is important for stabilizing this complex (Komada and Soriano, 2002; 

Lacas-Gervais et al., 2004). Nfasc null mice show disrupted PNS and CNS nodes, but 

they die at P6, when the nervous system is not fully developed (Sherman et al., 2005). 

These Nfasc null mice lack both major Nfasc isoforms that are expressed in the nervous 

system, namely Nfasc
NF155

 that is expressed at the paranode of myelinating glia and 

Nfasc
NF186

 that is expressed at the node and AIS. Loss of both isoforms results in 

complete disorganization of both paranodes and nodes, which is fatal. To overcome this 

problem, one group utilized transgenic Nfasc
NF186

 expression in the Nfasc null mice and 

found that AnkG and NaV1.6 were able to localize to the node, independent of paranode 

formation (Zonta et al., 2008). Importantly, this same group found that transgenic rescue 

of the glial Nfasc isoform, Nfasc
NF155

, which is localized to the paranode, also rescued 

nodal components in the CNS (Zonta et al., 2008). This controversial result suggests that 

formation of the paranode is responsible for formation of the CNS node. However, this 

contradicts the fact that the node remains intact in paranodal mutant mice, including 

Caspr, Contactin and Nfasc
NF155

 null mice (Bhat et al., 2001; Boyle et al., 2001; Pillai et 

al., 2009). In addition, freeze-fracture electron microscopy (EM) studies showed that 

early nodal differentiation takes place before paranodal AGSJ formation (Tao-Cheng and 

Rosenbluth, 1983). Contributing to the debate, more recent work showed that with in 

vitro co-cultures of Schwann cells and DRGs from wild type and Nfasc null mice, 

paranodes are responsible for NaV channel clustering at mature nodes, independent of 

Nfasc
NF186

 (Feinberg et al., 2010). However, these studies were completed in vitro, which 
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is lacking many of the environmental cues that may be critical for nodal organization in 

vivo. Further support for a paranodal role in node stabilization comes from studies that 

show loss of AGSJs results in destabilization of NaV channels (Ishibashi et al., 2002; 

Poliak and Peles, 2003; Rios et al., 2003; Rosenbluth et al., 2003). To definitively answer 

this question, a study needed to be completed in which the node was disorganized while 

the paranodes remained completely intact.  

 Recent work from our lab finally addressed this issue in vivo by examining a 

conditional neuronal knockout of Nfasc, so that the organization of the node could be 

examined developmentally in the absence of Nfasc
NF186

 (Thaxton et al., 2011). In this 

study, loss of Nfasc
NF186

 resulted in the disruption of nodal clustering, while paranodal 

and juxtaparanodal domains formed normally. This work showed that Nfasc
NF186

 is 

required for the organization of the PNS and CNS node, independent of paranodes, and 

paranodes are not sufficient for nodal coordination. In addition, this study reiterates that 

Nfasc
NF186

 plays a much different role at the AIS than at the node, in that nodal loss of 

Nfasc
NF186

 also disrupts clustering of AnkG, NrCAM, and the PNS-specific proteins 

gliomedin and ezrin binding protein 50 (EBP50) (Thaxton et al., 2011). This agrees with 

previous results that show Nfasc
NF186

 can localize to the nodes independently of its 

interaction with AnkG and that it arrives at the presumptive node prior to other nodal 

components (Dzhashiashvili et al., 2007; Koticha et al., 2006; Lambert et al., 1997; 

Lustig et al., 2001; Thaxton et al., 2011). Further, a recent study showed that the 

fibronectin type-III domain of Nfasc
NF186

 is required for its interaction with gliomedin 

and thus clustering at the node (Labasque et al., 2011). In addition, Nfasc
NF186

 can 

interact directly with the -subunit of NaV channels, allowing them to be clustered by 
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Nfasc
NF186

 at the node (Ratcliffe et al., 2001). Though it is clear that Nfasc
NF186

 is critical 

for organizing the node, the mechanism of node formation is still elusive. A few pieces of 

the mechanistic puzzle have begun to materialize based on recent work in which the 

authors of one study transected axons and removed them from their soma before inducing 

myelination in vitro (Zhang et al., 2012). The researchers then looked to see which nodal 

components were able to cluster, thus determining if each component was already 

localized to the axonal membrane, or needed to be transported from the soma. They 

found that CAMs were already expressed on the axolemma surface and just needed to be 

trapped by Schwann cell ligands during myelination to begin to accumulate at the node. 

On the other hand, ion channels and cytoskeletal components of the node require 

transport from the soma to become targeted at the node. In addition, the study found that 

the recycling of nodal components in mature nodes requires transport from the soma. 

Together, these data suggest that Nfasc
NF186

 interacts with the extracellular environment 

or myelinating glial cells to become clustered at the node and this signals for the 

clustering of other components being trafficked along the axon. 

 

1.2.2 The node is a barrier against invading paranodes 

 A well-known function of the paranode is to act as a barrier for the potassium 

channels in the JXP to remain separated from the sodium channels at the node (see below 

for more details). And as already mentioned, the AIS is thought to function as a fence to 

keep somato-dendritic proteins out of the axon. It should come as no surprise then, that 

recent work from our lab found a role for the node as a barrier to prevent neighboring 

paranodes from invading in on each other (Thaxton et al., 2011). When Nfasc
NF186

 was 
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conditionally ablated from neurons early in development, the node failed to organize and 

flanking paranodes moved in on each other. EM studies revealed that paranodal loops 

that usually abut the nodal space had moved in and overlapped each other, covering the 

nodal gap (Thaxton et al., 2011). Without this nodal gap, saltatory conduction is 

disrupted, as NaV channel current cannot pass from the extracellular environment. 

 

1.2.3 The node in disease and injury 

 Normal nodal function is critical for action potential propagation and neuronal 

communication. One only needs to look at the phenotype of mice with disrupted nodes to 

understand how disruption affects the motor system of mice, let alone other physiological 

processes (Thaxton et al., 2011). However, the developmental organization of the node is 

not the only time to worry about node organization. Nodes are also destroyed in many 

disease states, including multiple sclerosis (MS). In MS, sodium channels clusters are no 

longer stable at the nodes (Coman et al., 2006; Craner et al., 2004). This disruption of 

sodium channels is thought to contribute to the pathology of axonal degeneration, which 

results in loss of function in MS patients (Craner et al., 2004). The mechanisms 

responsible for disruption of nodal sodium channels are not well understood. However, 

auto-antibodies have been discovered to Nfasc in MS patients (Mathey et al., 2007). 

Studies have also been completed in in vitro co-cultures of DRGs and Schwann cells that 

found addition of antibodies that block the function of CAMs resulted in loss of NaV 

channels and AnkG accumulation at the nodes (Lustig et al., 2001). Therefore, it is 

possible that in MS patients the auto-antibodies are preventing Nfasc
NF186

 from 

functioning properly at the node, resulting in destabilization of NaV channels from this 
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domain. In other autoimmune disorders, including acute motor axonal neuropathy 

(AMAN), the nodes are specifically altered and this leads to disruption in action potential 

propagation (Lonigro and Devaux, 2009; Susuki et al., 2007). Further, in one study the 

authors injected autoantibodies found in patients with AMAN into rats and found that 

nodal and paranodal proteins were disrupted and axonal conductance was severely altered 

(Susuki et al., 2011). This disruption in conduction eventually led to axonal degeneration. 

Therefore, it is important to definitively understand how the node is organized and 

maintained so that treatments can begin to be elucidated for these devastating disorders. 

 

1.3 The paranode 

 As myelinating glia wrap around the axon, the cytoplasm of the glial cell is 

pushed to the edges, forming loops, which then attach to the axolemma (Fig. 1.1). These 

loops are known as paranodal loops and they attach to the axolemma adjacent to the node 

through the formation of AGSJs (Salzer, 2003; Thaxton and Bhat, 2009). The AGSJs are 

very similar to the invertebrate septate junctions that form between ensheathing glial cells 

and axon bundles of the invertebrate nervous system (Banerjee et al., 2006b; Rosenbluth, 

1995). AGSJs are electron-dense structures that form a ladder-like distribution along the 

membrane of the glial paranodal loops and the axonal membrane (Fig. 1.5) (Schnapp et 

al., 1976; Wood, 1959). The AGSJs are made by three known components, including 

Contactin-associated protein (Caspr) and Contactin (Cont) on the axonal side, which bind 

to each other in cis, and the 155kDa isoform of Nfasc, Nfasc
NF155

 on the glial side (Table 

1.1; Fig. 1.5) (Charles et al., 2002; Einheber et al., 1997; Menegoz et al., 1997; Peles et 

al., 1997; Rios et al., 2000; Tait et al., 2000). Loss of any of these three components 
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results in disruption of the AGSJs (Bhat et al., 2001; Boyle et al., 2001; Pillai et al., 

2009). Cont is a Glycosylphosphatidylinositol- (GPI-) anchored protein and Caspr is a 

transmembrane protein, so the AGSJs communicate with the axon through interactions 

with the Caspr c-terminus (Bhat, 2003). Within the axon at the paranode there is an 

accumulation of several cytoskeletal scaffolding proteins, including αII- and βII-spectrin, 

protein 4.1B and the adaptor protein AnkB (Table 1.1) (Garcia-Fresco et al., 2006; 

Ogawa et al., 2006; Ohara et al., 2000; Thaxton and Bhat, 2009). The c-terminus of Caspr 

contains a 4.1/ezrin/radixin/moesin (FERM) binding domain, which allows it to interact 

with protein 4.1B (Denisenko-Nehrbass et al., 2003; Gollan et al., 2002; Menegoz et al., 

1997; Peles et al., 1997; Poliak et al., 1999). Caspr has been shown to interact in a 

complex with 4.1B, spectrin and actin, suggesting the AGSJs anchor the paranodal loops 

to the axonal cytoskeleton (Buttermore et al., 2011; Garcia-Fresco et al., 2006). 

  The paranode was first viewed as a fence, preventing the mixing of ion channels 

in the JXP to the ion channels in the node, in the frog brain (Rosenbluth, 1976). More 

recent studies have conclusively shown that the formation of the AGSJs is critical for 

potassium channels maintaining their localization to the JXP (Fig. 1.5) (Bhat et al., 2001; 

Boyle et al., 2001; Dupree et al., 1999; Poliak et al., 2001). Some have called the 

paranode the Achilles’ heel of the axon because it is an area of transition along the axonal 

microtubules and that can lead to problems with axonal transport and eventually axonal 

degeneration (Sousa and Bhat, 2007). Though no functional clustering of ion channels 

exists at the paranode, the function of the paranode as a fence is a critical determinant of 

axonal function that must be maintained and therefore it is important to understand how 

the paranode is formed and stabilized.  
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Figure 1.5 Molecular organization of the paranode and AGSJs 

(A) Schematic of paranodal domain highlighting the AGSJ components (Caspr, NF155, 

and Cont) along with protein 4.1B. 

(B) Electron micrograph of P30 WT spinal cord at the paranode. The paranodal loops 

attach to the axonal membrane through the electron-dense AGSJs (arrowheads). 

(C) Immunostaining of wild-type (+/+; a-d) and Caspr-/- (e-h) sciatic nerve fibers with 

antibodies for KV1.2 (red), 4.1B (green), and AnkG (blue). This immunostaining 

highlights the importance of the paranodal AGSJs for segregation of potassium channels 

to the JXP (KV1.2, a, arrowheads). In the Caspr-/- the potassium channels become 

localized next to the node (KV1.2, e, arrowheads). 
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1.3.1 Formation of the paranode 

 While the clustering of nodal proteins requires interactions with external cues, and 

the clustering of AIS proteins does not, the contribution from external sources in the 

organization of the paranode is a little less clear. An in vitro study showed that Caspr 

must form a complex with Cont to be transported from the endoplasmic reticulum to the 

plasma membrane (Faivre-Sarrailh et al., 2000). On the other hand, ablation of Caspr, or 

deletion of the Caspr c-terminus, also leads to the loss of Cont from the paranode (Bhat et 

al., 2001; Gollan et al., 2002). Further, in the absence of Caspr, Cont localizes to CNS 

nodes (Rios et al., 2000). Thus, Caspr and Cont are interdependent for stable localization 

at the paranode. However, it is not clear whether Nfasc
NF155

 pulls Caspr/Cont to the 

paranode, or whether the Caspr/Cont complex stabilizes the paranodal loops. Glial-

specific ablation of Nfasc
NF155

 also results in loss of AGSJs and paranodal organization 

(Pillai et al., 2009), so Caspr/Cont can’t form paranodes in the absence of Nfasc
NF155

.  

 

1.3.2 Role of axonal cytoskeleton in axo-glial septate junction (AGSJ) organization 

 Several mechanisms have been proposed for paranodal organization. It was 

previously not clear whether the paranodal cytoskeletal components recruit the AGSJ to 

the paranodal membrane, or whether they function only to stabilize the complex. The 

cytoskeletal protein 4.1B becomes diffusely localized along the axon in paranodal 

mutants, suggesting 4.1B requires its interaction with Caspr and the AGSJs to become 

enriched at the paranode (Fig. 1.5) (Gollan et al., 2002). In addition, recent work shows 

that the paranodal proteins Caspr and Cont are able to localize to the paranode, but do not 

remain stabilized there, in the absence of protein 4.1B (Buttermore et al., 2011; 
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Cifuentes-Diaz et al., 2011). When 4.1B was lost, the paranodes became broken and EM 

showed that the electron-dense AGSJs were destabilized and eventually lost, resulting in 

the pulling off of paranodal loops from the axolemma (Buttermore et al., 2011). These 

data support earlier findings that Caspr forms a complex with the axonal cytoskeleton 

through its interactions with protein 4.1B, αII-spectrin, βII-spectrin, AnkB and actin 

(Denisenko-Nehrbass et al., 2003; Garcia-Fresco et al., 2006; Gollan et al., 2002; Ogawa 

et al., 2006). This suggests that the AGSJs form in the absence of their interaction with 

the axonal cytoskeleton, but must remain attached for long-term stabilization. 

 

1.3.3 Role of lipid rafts in AGSJ organization 

While the complex that links Caspr to the axonal cytoskeleton is beginning to be 

elucidated, the scaffolding components within the glial paranodal loops that stabilize 

Nfasc
NF155

 at the paranode are not known. It is possible that lipid rafts play a role in this 

organization during myelination (Simons et al., 2000). In addition to Nfasc
NF155

, several 

proteins are critical for proper AGSJ formation, including ceramide galactosyltransferase 

(CGT), proteolipid protein (PLP), myelin-basic protein (MBP), myelin-associated 

glycoprotein (MAG), 2’,3’-cyclic nucleotide 3’-phosphodiesterase and Nkx6-2 (Coetzee 

et al., 1996a; Garcia-Fresco et al., 2006; Honke et al., 2002; Klugmann et al., 1997; 

Lappe-Siefke et al., 2003; Rasband et al., 2005; Rosenbluth, 1981; Southwood et al., 

2004; Trapp et al., 1989). CGT is an enzyme that helps synthesize the myelin lipids 

galactocerebroside and sulfatide (Coetzee et al., 1996b; Dupree et al., 1999; Dupree and 

Popko, 1999; Marcus et al., 2002; Marcus et al., 2006). Ablation of CGT resulted in 

disruption of AGSJs and loss of the segregation of nodal sodium channels and 
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juxtaparanodal potassium channels (Dupree et al., 1999; Marcus et al., 2002). These data, 

along with subcellular fractionation studies of Nfasc
NF155

, help to solidify the idea that 

lipid rafts form in the paranodal loops and help organize the glial paranodal components 

to stabilize Nfasc
NF155

 (Schafer et al., 2004). It is clear from all of these data that the 

paranode organizes through a coordinated effort of glial and neuronal signals, each 

required for the proper establishment of the AGSJs. 

 

1.3.4 The paranode is a fence against the invading juxtaparanodal complex 

 As previously mentioned, the role of the paranode is to provide a fence that keeps 

the potassium channels in the JXP separate from the sodium channels in the node (Fig. 

1.5). Loss of any AGSJ component results in dissolution of the AGSJs (Bhat et al., 2001; 

Boyle et al., 2001; Pillai et al., 2009). When the AGSJs are lost, the gap between the glial 

paranodal loop membrane and the axolemma widens. However, the paranodal loops do 

not completely lift away from the axonal membrane causing unraveling of the myelin 

because other adhesive complexes and extracellular support help maintain the myelin. 

For example, the PNS basal lamina may help maintain the myelin in the absence of 

AGSJs (Poliak and Peles, 2003). However, loss of the AGSJs has grave consequences for 

axonal conductance and axonal survival. Mice that have lost Caspr do not live past 30 

days and have severe deficits in axonal conduction velocity and amplitude (Bhat et al., 

2001). This study revealed that the hyperpolarization waveform of the action potential is 

also disrupted in Caspr null sciatic nerves. These disruptions are likely due to the loss of 

segregation of potassium channels at the JXP, as seen in all paranodal mutants (Fig. 1.5) 

(Bhat et al., 2001; Dupree et al., 1999; Garcia-Fresco et al., 2006; Pillai et al., 2009). 
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 In addition to its role as a fence to separate nodal sodium channels and 

juxtaparanodal potassium channels, the paranodal complexes are also critical for 

maintaining the organization of the axonal cytoskeleton. Further examination of the 

Caspr and Nfasc
NF155

 null axonal organization reveals the presence of swellings along the 

axons (Garcia-Fresco et al., 2006; Pillai et al., 2009). EM of these swellings revealed 

complete disorganization of the normally parallel arrays of axonal cytoskeleton. In 

addition, organelle accumulation was found in the paranodal region flanking these large 

swellings, a sign of disrupted axonal transport that eventually leads to axon degeneration 

(Garcia-Fresco et al., 2006). The paranodal region is highly susceptible to disrupted 

axonal transport (Sousa and Bhat, 2007). The swellings that result from disrupted domain 

organization also contain increased levels of phosphorylated neurofilaments, a sign that 

the cytoskeleton is disrupted (Pillai et al., 2009). Importantly, the presence of swellings 

and cytoskeletal abnormalities are found prior to axonal degeneration in many 

neuropathies, suggesting a common mechanism of neuronal destruction in these 

pathologies (Fabrizi et al., 2007; Lappe-Siefke et al., 2003; Rodriguez and Scheithauer, 

1994). And in Purkinje neurons, the accumulation of organelles is an indicator of axonal 

degeneration (Palay and Palay, 1974). These studies also show that the function of the 

link between the AGSJs and the axonal cytoskeleton is not just to anchor the paranodal 

loops, but also to organize and stabilize the axonal cytoskeleton. And this function of the 

AGSJs is critical for maintaining axonal health and stability. 
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1.3.5 The paranode in disease 

 Demyelination is a major contributor to disease progression and axonal 

degeneration in diseases such as Charcot-Marie Tooth (CMT) disease and MS. These 

disorders result from various causes, including genetic mutations of a Connexin isoform 

in CMT disease and autoimmune disruption in MS, but both result in axonal domain 

disorganization (Berger et al., 2006; Lubetzki et al., 2005; Nave et al., 2007; 

Oguievetskaia et al., 2005; Shy, 2006; Trapp and Nave, 2008). In addition to the 

disruption of nodes, MS patients also present with disrupted paranodal organization, as 

shown by loss of Caspr enrichment and disrupted potassium channel localization (Coman 

et al., 2006; Howell et al., 2006; Wolswijk and Balesar, 2003). Nfasc
NF155

 levels are also 

decreased at the paranodes of MS patients, with decreased lipid raft-association (Maier et 

al., 2007; Maier et al., 2005). Destabilization of these paranodal proteins resulted in 

disruption of the AGSJs, as shown by the movement of potassium channels into the 

paranodal region (Howell et al., 2006). As previously mentioned, auto-antibodies to 

Nfasc are found in MS patients and may play a role in the disruption of this protein at the 

node (Nfasc
NF186

) and paranode (Nfasc
NF155

) (Mathey et al., 2007). Further, axonal 

swellings that result from disorganization of axonal domains are also found in 

neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS), CMT, 

Wallerian degeneration, Alzheimer’s disease and cerebrospinal ataxia (Brownlees et al., 

2002; Collard et al., 1995; Stokin et al., 2005). Based on the swellings found in these 

diseases and the swellings seen at the paranodes of AGSJ mutant mice, this may 

represent a conserved response to axonal distress and an early sign of axonal 

degeneration. In the early stages of ALS, the AIS diameter is increased (Sasaki and 
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Maruyama, 1992), so this may be a conserved mechanism of a diseased axon. Each of 

these studies points to the disruption of axonal domains as part of the pathology that leads 

to demyelination and axonal degeneration. Therefore, future studies should be focused on 

trying to rebuild the lost paranodal interactions. 

 

1.4 The juxtaparanode (JXP) 

 The JXP flanks the paranode and delayed rectifier potassium channels, including 

KV1.1 and KV1.2, are enriched at the JXP (Fig. 1.1; Table 1.1; Fig. 1.6) (Rhodes et al., 

1997; Wang et al., 1993). Potassium channels form a complex with the axonal, 

transmembrane CAM Caspr2 at the JXP (Fig. 1.6) (Poliak et al., 1999). In addition, the 

GPI-anchored CAM transient axonal glycoprotein (Tag1) is localized to both the glial 

and axonal membranes at the JXP, forming a complex with Caspr2 (Table 1.1; Fig. 1.6) 

(Poliak et al., 2003; Traka et al., 2002; Traka et al., 2003). Compact myelin is required 

for potassium channel localization and stabilization at the JXP (Baba et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Molecular organization of the JXP 

Schematic of the JXP domain that highlights the key molecular 

components that are critical for JXP organization and function. 
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1.4.1 Role of axonal cytoskeleton in JXP organization 

Importantly, individual loss of Caspr2 and Tag1 each result in loss of potassium 

channel clustering at the JXP (Poliak et al., 2003). Within the axon at the JXP there are 

several post-synaptic density scaffolding proteins, including PSD93 and PSD95 (Baba et 

al., 1999; Horresh et al., 2008). However, ablation of these scaffolding proteins did not 

disrupt the localization of potassium channels to this domain, or disrupt binding of 

Caspr2 with potassium channels (Horresh et al., 2008; Rasband et al., 2002). 

Interestingly, this is in contrast with the role for PSD proteins at the AIS, in that PSD93, 

but not Caspr2 or Tag1, are required for clustering of potassium channels at the AIS 

(Ogawa et al., 2008). Further, the Caspr2 c-terminus contains a region, just like Caspr, 

that mediates its binding to protein 4.1B (Denisenko-Nehrbass et al., 2003; Gollan et al., 

2002; Menegoz et al., 1997; Peles et al., 1997; Poliak et al., 1999). In one study, the 

authors used GST-fusion proteins of the Caspr2 c-terminus with mutations in the PDZ-

binding motif and in the 4.1-binding domain and found that only Caspr2 lacking its 4.1 

binding domain was unable to interact with the membrane associated guanylate kinases, 

suggesting that the interaction with 4.1 may be more important for JXP organization 

(Horresh et al., 2008). Protein 4.1B is enriched at the JXP, as it is at the paranode, and 

loss of 4.1B results is diffusion of potassium channels, Caspr2, and PSD95 from the JXP 

(Buttermore et al., 2011; Cifuentes-Diaz et al., 2011; Horresh et al., 2010). While 4.1B is 

required for the clustering of JXP components, it is not required to maintain the 

interaction between Caspr2 and KV1 channels (Buttermore et al., 2011).  
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1.4.2 Role of JXP potassium channels in action potential propagation 

As previously described, the localization of potassium channels to the JXP also 

requires the proper formation of the paranode, as disrupted paranodes result in movement 

of potassium channels to sit next to the node (Bhat et al., 2001; Boyle et al., 2001; 

Garcia-Fresco et al., 2006; Pillai et al., 2009). This means that the segregation of 

potassium channels involves sorting mechanisms at the paranodal axolemma to separate 

the KV1 channels and JXP CAMs from the CAMs at the paranode, then the formation of 

complexes to anchor them properly with the underlying cytoskeleton (Poliak and Peles, 

2003). The importance of segregating the potassium channels to the JXP lies in the role 

potassium channels play in the action potential. Delayed rectifier potassium channels are 

responsible for the repolarization event that brings the membrane potential back down 

after it has been depolarized (Benatar, 2000). Additionally, the potassium channels bring 

the membrane potential a bit past the resting membrane potential, in a hyperpolarized 

state, that helps prevent backpropagation of action potentials (Purves et al., 2004). While 

disrupted potassium channel localization does not disrupt conduction velocity of action 

potentials, it does make the nerve more hyperexcitable (Cifuentes-Diaz et al., 2011). 

When potassium channels were mislocalized in 4.1B null mice, spontaneous and evoke 

repetitive activity was found in knockout, but not control axon fibers, a sign up 

hyperactivity (Cifuentes-Diaz et al., 2011). These results agree with previous studies that 

show potassium channels help modulate neuronal activity and disruption of potassium 

channel function leads to neuronal hyperexcitability and in some cases, disorders such as 

epilepsy (Lopantsev et al., 2003; Sutherland et al., 1999; Watanabe et al., 2000). 

Together, these studies underlie the importance of maintaining axonal domain 
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organization for the proper balance of neuronal activity levels. When any one domain is 

disrupted, the normal neuronal firing properties are altered and this can have devastating 

consequences. 

 

1.5 The internode  

 While the internode is most well known as the area of tightly wrapped myelin, it 

is not a region devoid of axon-glial interactions. The myelin is so compact at the 

internode that the space between the axon and the membrane is only about 12-13nm 

(Maurel et al., 2007). Interestingly, the link between the myelin and the axon at the 

internode was disrupted by proteases, suggesting that there are transmembrane proteins 

localized to this area that help to stabilize the interaction (Maurel et al., 2007; Yu and 

Bunge, 1975). Also, along the internode of mature myelinating glial cells, there are areas 

of cytoplasm channels, known as Schmidt-Lanterman incisures, where links form 

between the adaxonal membrane (the glial membrane that contacts the axon) and the 

abaxonal membrane (the glial membrane that contacts the ECM) (Poliak and Peles, 

2003). The proposed role of the incisures is in transport of materials across the myelin to 

allow for maintenance of the myelin and growth, if needed (Arroyo et al., 2001; Ghabriel 

and Allt, 1981). In order for these structures to compact and organize properly, there 

must be cell surface proteins responsible for communicating between to the two cells. 

 A few proteins have been discovered that are localized to the internode and/or 

incisures and could play a role in their organization. First, the CAM MAG is localized to 

Schmidt-Lanterman incisures, as well as along the internode (Trapp, 1990; Trapp and 

Quarles, 1984; Trapp et al., 1984). Since MAG is an Ig superfamily CAM, like Caspr and 
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Caspr2, it could play a role in axo-glial interactions at the internode (Lai et al., 1987; 

Salzer et al., 1987). Studies have shown that MAG mutant mice have normal 

myelination, but have small alterations along the internodal space between the myelin 

and axon (Li et al., 1994; Montag et al., 1994). The other proteins that are also localized 

to the myelin-axon interface at the internode include several transmembrane Nectin-like 

(Necl) proteins (Maurel et al., 2007; Sakisaka and Takai, 2004). Similar to other CAMs 

involved in axo-glial interactions, including Caspr and Caspr2, the Necl proteins belong 

to the Ig- superfamily and contain binding domains for 4.1 proteins and PDZ binding 

motifs (Ogita and Takai, 2006; Takai et al., 2003). Interestingly, Necl-2 has been shown 

to function in adhesion both homophilically and heterophilically, and can interact with a 

truncated form of protein 4.1B (Biederer et al., 2002; Masuda et al., 2002; Shingai et al., 

2003; Yageta et al., 2002). In the PNS, Necl-1 and Nec1-2 are expressed within the axon 

and Necl-4 and Necl-2 are expressed within Schwann cells (Maurel et al., 2007). 

Immunohistochemical and binding analyses revealed that along the internode, Necl-4 and 

Necl-1 interact to help maintain a stable interaction (Maurel et al., 2007). In addition, at 

the Schmidt-Lanterman incisures, several homophilic and heterophilic interactions occur 

between the various Necl proteins (Maurel et al., 2007).  

 Interestingly, a recent paper found protein 4.1G is a novel component of internode 

organization (Ivanovic et al., 2012). 4.1G is expressed in Schwann cells and was shown 

to colocalize with Necl-4 (Horresh et al., 2010; Ivanovic et al., 2012). Interestingly, in 

4.1G
-/-

 sciatic nerve fibers, Necl-4 failed to properly cluster at the Schmidt-Lanterman 

incisures (Ivanovic et al., 2012). Further, the authors found that in the absence of 4.1G, 

paranodal proteins appeared in broken segments adjacent to the paranode and JXP 
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components, such as KV1.2 channels, accumulated by the broken paranodal segments and 

were no longer properly localized along the inner mesaxon. This study reiterates the fact 

that there are still other molecular components yet to be discovered that play critical roles 

in the organization and maintenance of axonal domains, including the internode. 

In addition to adhesion between the axon and myelinating glia, the myelin must 

sense signals from the axon for proper myelination. For example, during development the 

axon diameter must be read by the myelinating glial cell so that the proper number of 

myelin wraps is achieved (Smith et al., 1982). At the completion of this process, there is a 

conserved ratio of axon diameter and myelin thickness, known as the g ratio. 

Interestingly, the g ratio is determined differently by Schwann cells and 

oligodendrocytes. In the PNS, but not CNS, myelin thickness is disrupted in mice with 

altered levels of phosphorylated neurofilaments, which help organize the axon 

cytoskeleton (Elder et al., 2001). Studies have also shown that the g ratio can be disrupted 

by altering expression of Neuregulin 1 (Nrg1), revealing an interaction between the glial 

protein tyrosine kinase receptor ErbB2 and Nrg1 in myelin wrapping (Michailov et al., 

2004; Sousa and Bhat, 2007). These data reveal that although the myelin is very 

compactly wrapped around the internode, CAMs and their binding partners still play an 

important role in axo-glial interactions at the internode. 

 

1.6 Conclusions and an evolutionary perspective 

 Myelin proteins and the need to insulate axons evolved separately several times, 

including in Annelids, Arthropods and Chordates, highlighting the importance of its 

function for efficient neuronal transmission (Hartline, 2008; Roots, 2008). Interestingly, 
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the mechanisms responsible for clustering ion channels at axonal domains evolved prior 

to myelination (Hill et al., 2008). For example, the structural amino acid motif in sodium 

channels that allows them to link to the actin-spectrin cytoskeleton through AnkG 

evolved in early chordates, allowing for the clustering of sodium channels at the AIS 

before nodes evolved (Garrido et al., 2003; Hill et al., 2008; Lemaillet et al., 2003; 

Rasband, 2008). Further, this AnkG binding motif is also conserved in potassium 

channels that localize to the AIS and node (Pan et al., 2006; Rasband, 2008). However, 

the potassium channel motif evolved concurrent with myelination, as potassium channels 

are needed for proper saltatory conduction (Hill et al., 2008). Importantly, nodes are not 

found in invertebrate nervous systems. There are structures similar to the vertebrate AIS. 

However, the action potential initiation site in invertebrate axons occurs at variable 

distances from the soma and one neurite can split into both axon and dendrite distally 

from the soma (Maniar et al., 2012; Meyrand et al., 1992; Rolls et al., 2007). 

Interestingly, axonal domains in C. elegans are analogous to the vertebrate AIS, 

including the clustering of AnkG and microtubule-stabilizing protein UNC-33, which is 

the C. elegan protein collapsing response mediator protein-2 (CRMP-2) (Maniar et al., 

2012). In vertebrates CRMP-2 is important for axon specification (Fukata et al., 2002a; 

Fukata et al., 2002b; Inagaki et al., 2001; Kimura et al., 2005; Maniar et al., 2012). Thus, 

the mechanisms responsible for sodium channel clustering and axonal organization 

appear to be conserved through evolution. 

In addition to evolutionarily conserved motifs on AIS and nodal ion channels, the 

paranodal AGSJs are also high conserved through evolution (Banerjee et al., 2006b). 

Septate junctions are prominent in the epithelia and nervous system of invertebrates, but 
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are only found at the vertebrate AGSJs (Banerjee et al., 2006b). Importantly, the three 

main components of the AGSJs are highly conserved in invertebrates, such as in 

Drosophila, where orthologs for Caspr/Cont/Nfasc
NF155

 are Neurexin IV/Cont/Neuregulin 

(Banerjee et al., 2006b; Faivre-Sarrailh et al., 2004). In addition, Neurexin IV contains a 

4.1-binding sequence in its c-terminus (Banerjee et al., 2006b; Baumgartner et al., 1996; 

Bellen et al., 1998; Bhat, 2003; Bhat, 2004) and the 4.1 family ortholog Coracle 

colocalizes with Neurexin IV at septate junctions (Fehon et al., 1994). Comparison 

between the mutational studies in vertebrates and invertebrates reveals a common 

mechanism whereby the junctions are stabilized through their interaction with 4.1 

proteins to the underlying cytoskeleton (Baumgartner et al., 1996; Buttermore et al., 

2011; Fehon et al., 1994; Horresh et al., 2010; Lamb et al., 1998; Ward et al., 1998).  

The conserved functions of septate junctions and ion channel clustering across 

evolution reiterate the importance of axonal domain organization for maintenance of 

neuronal function. Thus, the more we know about the organization and maintenance of 

the AIS, node, paranode, JXP and internode, the better chance we have to treat and 

prevent the disorders that target these domains. And if we can understand how to 

maintain the fence function of the AIS, node and paranode, then we may be able to 

restore ion channel localization in demyelination. This knowledge could then also 

eventually contribute to the prevention of axonal degeneration that often accompanies 

these disorders. Together, these studies reveal that the ability of neurons to communicate 

in complex networks involves intricate wiring during development and maintenance of 

domain segregation throughout the life of each neuron. 

 



 
Chapter 2 

 
The Cytoskeletal Adaptor Protein Band 4.1B is Required for the 

Maintenance of Paranodal Axo-Glial Septate Junctions in Myelinated 

Axons 

 

2.1 Introduction 

A fundamental characteristic of myelinated axons is their organization into 

distinct molecular domains that allows for saltatory action potential propagation. These 

domains include nodes, where voltage-gated sodium channels are enriched; paranodes, 

where myelin loops establish AGSJs with the axolemma, and JXPs, where delayed-

rectifier potassium channels are clustered (Bhat, 2003; Salzer, 2003; Thaxton and Bhat, 

2009). Genetic ablation of Caspr resulted in loss of paranodal AGSJs and disorganization 

of the paranodal axonal cytoskeleton (Bhat et al., 2001; Garcia-Fresco et al., 2006). 

Disruption of paranodal AGSJs in Cgt, Caspr, Cont and Nfasc
NF155

 mutants permitted 

juxtaparanodal components to move alongside nodal sodium channels, indicating that 

AGSJs serve a fence function at paranodes (Bhat et al., 2001; Boyle et al., 2001; Dupree 

et al., 1999; Pillai et al., 2009). Another member of the Caspr family, Caspr2, is required 

for the organization of the juxtaparanodal domain and localization of potassium channels 

(Poliak et al., 2003). The stabilization of Caspr and Caspr2, and their associated 

complexes, is thought to depend on cytoskeletal adaptor proteins that link these 

complexes with axonal and glial cytoskeleton for their long-term stability.  
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It was previously reported that the extracellular domain of Caspr is sufficient for 

membrane targeting, while the intracellular domain is required for Caspr stabilization at 

the paranodes (Gollan et al., 2002). Interestingly, both Caspr and Caspr2 contain 4.1-

binding sequences, suggesting that their interactions may be physiologically relevant 

(Denisenko-Nehrbass et al., 2003; Girault et al., 1998). Several members of the 4.1 

protein family are expressed in the nervous system (Ohara et al., 2000; Parra et al., 2000; 

Yamakawa et al., 1999). Among these, only 4.1B is enriched at paranodal and 

juxtaparanodal domains in myelinated axons (Denisenko-Nehrbass et al., 2003; Ohara et 

al., 2000). The presence of a FERM and a spectrin-actin binding domain make 4.1B an 

ideal candidate to link Caspr and Caspr2-dependent complexes with the underlying 

axonal cytoskeleton. Disruption of paranodal AGSJs in Caspr and Cont mutants alters 

4.1B localization (Garcia-Fresco et al., 2006; Gollan et al., 2002). However, Caspr2 

mutants showed normal 4.1B localization (Traka et al., 2003). Recent studies showed that 

loss of 4.1B does not affect paranodal Caspr localization in sciatic nerves; and in vivo 

deletion of 4.1B-binding region in Caspr and Caspr2 did not affect Caspr localization, but 

affected Caspr2 localization (Horresh et al., 2010). 

Here we report that 4.1B is essential for proper Caspr localization and 

maintenance of the paranodal and juxtaparanodal domains. We demonstrate that loss of 

4.1B leads to destabilization of AGSJs at the paranodes and complete disorganization of 

the juxtaparanodal complexes. We also show that 4.1B mutants generated previously (Yi 

et al., 2005) have proper localization of paranodal proteins even after one year in the 

PNS, and that 4.1R is not involved in paranodal organization or rescue of 4.1B mutant 

paranodes. Together, our results establish an important role of 4.1B as a cytoskeletal 



45 

 

adaptor protein that links axo-glial junctional complexes with axonal cytoskeleton to 

ensure long-term stability and maintenance of axonal domains in myelinated axons. 

 

2.2 Materials and Methods 

2.2.1 Animals 

 All animal experiments were carried out according to UNC-IACUC approved 

guidelines for ethical treatment of laboratory animals. 4.1B/Epb4.1l3 knockout mice 

described previously (Yi et al., 2005) and transgenic mice expressing Cre recombinase 

under the ubiquitous β-Actin promoter (β-Actin-Cre) were purchased from Jackson Labs 

(Maine, USA).  

 

2.2.2 Generation of 4.1B/Epb4.1l3 Conditional Mutants 

 The 4.1B/Epb4.1l3 locus spans ~133 kb of genomic DNA and generates several 

alternatively spliced mRNAs (refer www.ensembl.org/Mus_musculus). To conditionally 

ablate the 4.1B gene, a targeting construct was generated in which loxP sites were 

targeted to flank exon 6. Using BAC recombineering technology, a BAC clone pBACe3.6 

from 129 AB2.2 BAC library containing the 4.1B locus was targeted such that a neo 

cassette flanked by FRT, FRT-loxP sites was inserted in intron 5 and a second loxP site 

was inserted in intron 6. Prior to ES cell targeting, the functionality of the loxP sites, as 

well as the expected restriction enzyme digestion patterns in the targeting vector, were 

confirmed. The targeting construct was linearized with NotI followed by electroporation 

into embryonic stem (ES) cells. The targeted ES cells were screened by Southern blotting 
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with a 500bp probe upstream of the targeting vector in the 4.1B gene. Two independent 

targeted clones were used for generating 4.1B-floxed mice using standard procedures. 

 

2.2.3 Generation of 4.1B Antibodies 

 cDNA sequences encoding a portion of the U3 domain of 4.1B (amino acids 655-

793) were PCR amplified from a mouse cDNA library, cloned into pET28(a+) vector 

(Novagen), and expressed in E.coli BL21(DE3). The recombinant protein was purified 

over a Ni-Sepharose column and used as an antigen to immunize rabbits and guinea pigs, 

as described previously (Bhat et al., 2001).  

 

2.2.4 Tissue Preparation, Antibodies and Immunostaining 

 The following antisera were previously described: guinea pig and rabbit anti-

Caspr (Bhat et al., 2001; Pillai et al., 2009; Thaxton et al., 2010), guinea pig anti-NF186 

and rat anti-pan Nfasc (Pillai et al., 2009; Thaxton et al., 2010), rat anti-AnkG, rabbit 

anti-Caspr2 (Thaxton et al., 2010), rabbit polyclonal anti-4.1R and 4.1N (Kang et al., 

2009) and rabbit and guinea pig anti-4.1B antibodies (this study). Other primary 

antibodies used include: mouse anti-potassium channels (KV1.1, KV1.2, NeuroMab), 

mouse anti-PSD95 (NeuroMab), and rabbit anti-α-Tubulin (Cell Signaling). Secondary 

antibodies used for immunofluorescence were: Alexa Fluor conjugated -488, -568, and -

647 (Molecular Probes, Invitrogen). The horse-radish peroxidase (HRP)-conjugated 

secondary antibodies were purchased from Jackson Immunologicals. 

 Tissues used for immunostaining were prepared as previously described (Thaxton 

et al., 2010). Briefly, sciatic nerves were removed from anesthetized litter-mate wild type 
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and mutant mice and fixed in 4% paraformaldehyde in phosphate buffer saline (PBS) for 

30 minutes at 4°C. The nerves were washed with PBS several times and either stored at 

4°C or immediately teased. The nerves were teased into individual fibers in PBS, 

mounted on glass slides, and dried overnight at room temperature, followed by storage at 

-80°C or immediate processing by treatment with acetone at -20°C for 20 minutes and 

several washes with PBS, followed by immunostaining. For spinal cord sections, wild 

type and mutant mice were deeply anesthetized and transcardially perfused with saline 

buffer followed by ice cold 4% paraformaldehyde in PBS. The spinal cord was dissected 

out and post-fixed in 4% paraformaldehyde overnight at 4°C. The tissues were rinsed 

several times in PBS and sectioned to 30μm using a Vibratome (Leica). The spinal cord 

sections were then immediately immunostained as previously described (Garcia-Fresco et 

al., 2006; Pillai et al., 2009).  

 

2.2.5 RNA preparation and RT-PCR 

 Dorsal root ganglia (DRG) from -Act-Cre;4.1B
Flox

 , 4.1B
-/-

 and control littermate 

mice of either sex were collected and simultaneously processed in RNAlater Stabilization 

Reagent (Qiagen). Total RNA was isolated using QIAshredder columns (Qiagen) and 

RNeasy Mini Kit (Qiagen). RNA concentration was estimated and equal amount of RNA 

were used for reverse transcription followed by PCR amplification using the MyTaq One-

Step RT-PCR Kit (Bioline). Primers used for PCR were as follows:  

4.1B: 5’–CTGGTTGGACCCTGCTAAGG–3’ and 5’–CTTGGCATGGTGTAAGTCC–

3’;  
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4.1R: 5’–AAGAGTTTAGCGGCTGAAGC–3’ and 5’–CGGGCTTCTGGGAGGCTT–

3’; and Actin: 5’– GCTCCGGCATGTGCAA–3’ and 5’–

AGGATCTTCATGAGGTAGT–3’. 

 

2.2.6 Immunoblotting and Immunoprecipitation 

 Sciatic nerves from littermate wild type and mutants of either sex were excised 

and crushed using a glass homogenizer in ice cold lysis buffer (50mM Tris-HCl, pH 7.5, 

150mM NaCl, 10mM EDTA, 1% Triton X-100, 1% SDS, and a protease cocktail tablet). 

The lysate was incubated on ice for 30min and centrifuged at 16,000 x g for 20min at 

4
o
C. The supernatant was used for protein estimation and immunoblotting. 

 Spinal cords from littermate wild type and mutants of either sex were excised and 

either directly processed or frozen at -80°C. Spinal cords were homogenized using a glass 

mortar and pestle on ice with 1ml ice-cold homogenization buffer (50mM Tris-HCl, pH 

7.5, 50mM NaCl, 320mM sucrose, 10mM EDTA, pH 8.0, and a protease inhibitor 

cocktail tablet). The homogenate was centrifuged at 1000 x g for 10 minutes at 4°C. The 

supernatant was collected and subjected to further centrifugation at 100,000 x g for 30 

minutes at 4°C. The resulting pellet was then re-suspended in lysis buffer (50mM Tris-

HCl, pH 7.5, 50mM NaCl, 10mM EDTA, 1% Triton X-100, and a protease inhibitor 

cocktail tablet) and incubated for 30 minutes at 4°C with occasional trituration followed 

by centrifugation at 100,000 x g for 30 minutes at 4°C and the supernatant was collected 

as the final lysate. Protein concentrations of the lysate were determined using the Lowry 

Assay (BC assay, BioRad).  
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 For immunoprecipitation (IP), immobilized Protein A-Sepharose beads (Thermo 

Scientific) were washed with PBS and incubated with either primary antibodies for 2-4 

hours at 4°C (antibody-bound beads) or 500μg total protein for 1-2 hours at 4°C (pre-

clear beads). The antibody-bound beads were washed once and the lysate from the pre-

clear beads was added and rotated overnight at 4°C. After brief centrifugation, the 

supernatant was collected as the post-IP material. The pre-clear and IP beads were 

washed three times with wash buffer (50mM Tris-HCl, pH 7.5, 50mM NaCl). Lysate, 

pre-clear beads, IP beads and post-IP material were resolved on SDS-PAGE and 

transferred onto nitrocellulose membranes, followed by immunoblotting procedures 

described above. 

 

2.2.7 Transmission Electron Microscopy (TEM) 

TEM of age-matched wild type, -Act-Cre;4.1B
Flox

 and 4.1B
-/-

 mutant mice of either sex 

was carried out essentially as described previously (Garcia-Fresco et al., 2006; Pillai et 

al., 2009; Thaxton et al., 2010). 

 

2.2.8 Image analysis 

Confocal images were captured with a BioRad Radiance 2000 laser-scanning system 

attached to a Zeiss Axioplan2 microscope. Scanning parameters were optimized for wild 

type tissues and maintained for scanning the mutant tissues. The immunofluorescence 

images shown are Z stacks of 4-8 sections with a scan step of 0.25μm. Adobe Photoshop 

was utilized for assembling all figures. 
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2.3 Results 

2.3.1 Developmental Expression of 4.1B and Generation of 4.1B null mutants 

 Members of the 4.1 protein family are cytoskeletal adaptors that link membrane 

proteins to the underlying cytoskeleton (Hoover and Bryant, 2000; Peters et al., 1998). 

4.1B, a member of this family, is expressed in the nervous system and is highly enriched 

at the paranodal and juxtaparanodal domains in myelinated axons (Ohara et al., 2000).  

Based on 4.1B subcellular localization and its binding with Caspr and Caspr2 

(Denisenko-Nehrbass et al., 2003; Ohara et al., 2000), it was hypothesized that 4.1B links 

AGSJs or scaffolds with the axonal cytoskeleton. The primary structure of 4.1B contains 

a 4.1/ezrin/radixin/moesin (FERM) domain, a spectrin/actin binding domain (SAB), a C-

terminal domain (CTD) and three unique regions U1-U3 (Fig. 2.1A). We generated 

antibodies to the U3 unique region of 4.1B (Fig. 2.1A, black bar) and carried out 

immunostaining of teased sciatic nerve fibers (PNS) and spinal cord sections (CNS) to 

establish the subcellular localization of 4.1B in the PNS and CNS (Fig. 2.1B, C). As 

shown in Fig. 2.1B, 4.1B is enriched at the paranodes and JXPs (Ba, red arrows) and 

overlaps with the paranode-specific protein, Caspr (Fig. 2.1Bb). A merged image (Fig. 

2.1Bc) clearly shows that 4.1B is enriched in the juxtaparanodal region (red arrow) and is 

not expressed at the nodes (Fig. 2.1Bc, arrow). Similarly, in the CNS, 4.1B is enriched at 

the paranodes and JXPs, but is not present at the nodes (Fig, 2.1Ca-c). To determine 

when 4.1B expression begins during postnatal (P) development, we carried out 

immunoblot analysis of 4.1B from P2 to P24 (Fig. 2.1D). This revealed that two major 

isoforms of 4.1B (145kDa and 125kDa) are expressed in the spinal cord throughout early 

postnatal development. We immunoblotted the lysates against Caspr, which revealed that 



51 

 

Caspr is also expressed throughout postnatal development, as has been reported 

previously (Bhat et al., 2001).  

 4.1B mouse mutants have been previously generated using conventional methods 

(Yi et al., 2005). As these presumed 4.1B null mutants did not reveal any developmental 

or behavioral deficits, concerns were raised whether some 4.1B protein isoforms might 

still be expressed from the disrupted 4.1B locus. To address this issue, we took advantage 

of the detailed 4.1B genomic information to generate a floxed allele of 4.1B that would 

essentially ablate all isoforms of 4.1B upon Cre-mediated recombination (Fig. 2.1E; refer 

Materials and Methods section). A targeting construct was generated in which exon 6 

(which encodes a portion of the FERM domain) was flanked with loxP sites (Fig. 2.1E) 

and deletion of exon 6 would cause a frameshift resulting in a premature stop codon in 

exon 7 (Fig. 2.1E, red asterisk). ES cell clones that carried a properly targeted 4.1B 

floxed allele were identified by Southern analysis (Fig. 2.1F). After germline 

transmission, mice were genotyped using a combination of primers (Fig. 2.1E), which 

revealed various genotypes (Fig. 2.1G). Homozygous 4.1B
Flox

 mice were born with 

expected Mendelian frequency and did not reveal any obvious behavioral or development 

deficits (data not shown). After Cre-mediated recombination using the ubiquitous β-

Actin-Cre (Act-Cre), littermate mice with a wild type genotype (+/+) or β-Act-

Cre;4.1B
Flox

 were analyzed by immunoblotting. As shown in Fig. 2.1H, spinal cord 

lysates from β-Act-Cre;4.1B
Flox

 show complete loss of 145 and 125 kDa 4.1B protein 

isoforms, which were present in the wild type lysates, indicating that 4.1B was ablated in 

β-Act-Cre;4.1B
Flox

 mice. To ensure that 4.1B was also absent in the PNS myelinated 

axons, we carried out immunostaining against 4.1B, paranodal Caspr and nodal AnkG 
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(ANK) in teased sciatic nerves from littermate wild type (+/+) and β-Act-Cre;4.1B
Flox

 

mice (Fig. 2.1I, J). As shown in Fig. 2.1J, 4.1B immunoreactivity is completely absent in 

β-Act-Cre;4.1B
Flox

 fibers (Fig. 2.1Ja, red, compare with Ia, Id). Interestingly, the 

paranodal localization of Caspr in -Act-Cre;4.1B
Flox

 sciatic nerve fibers was severely 

altered, displaying punctate and stretched localization (Fig. 2.1Jb, d, green, compare with 

Ib, d). The nodal ANK was not affected (Fig. 2.1Jc, d, arrows, compare with Ic, Id). To 

further confirm that this altered Caspr localization reflected a disorganization of other 

paranodal proteins, we immunostained -Act-Cre;4.1B
Flox

 sciatic nerve fibers against 

Neurofascin (NFAS, which recognizes both NF155 and NF186), Caspr and ANK. The 

wild type fibers revealed a typical paranodal localization of NF155 (Fig. 2.1Ka, NFAS, 

green arrowheads) and Caspr (Fig. 2.1Kb, red arrowheads) at the paranodes and ANK 

(Fig. 2.1Kc, d, blue, arrow) at the nodes and all in the merged image (Fig. 2.1Kd). In -

Act-Cre;4.1B
Flox

 sciatic nerve fibers both Caspr and NF155 localization at the paranodes 

was disrupted, and their distribution stretched away from the paranodes (Fig. 2.1La, b, d, 

asterisks). The ANK localization was normal at the nodes (Fig. 2.1Lc, d, blue, arrow). 

Together, these results demonstrate that we have generated 4.1B null mutants and that 

loss of 4.1B in -Act-Cre;4.1B
Flox

 mice affects the localization of paranodal proteins in 

myelinated axons. These results are in contrast to Horresh et al. (2010), which reported 

that paranodal proteins are not altered in 4.1B mutants (see below). 
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Figure 2.1 Primary Structure and Subcellular Localization of 4.1B and Generation 

of 4.1B
Flox

 Mice.  

(A) Schematic of the primary structure of mouse 4.1B (deduced from GenBank accession 

number AF152247) (Parra et al., 2000) shows a Four-point one (4.1) protein, Ezrin, 

Radixin, Moesin (FERM) domain, a spectrin/actin binding (SAB) domain, a C-Terminal 

Domain (CTD) and three unique (U1, U2, U3) domains that are specific to each 4.1 

protein. The black bar represents a region in the U3 domain of 4.1B that was used to 

generate 4.1B antibodies. (B, C) Wild type teased sciatic nerve fibers (B) and spinal cord 

sections (C) immunostained with anti-4.1B (red) and Caspr (green) showing enrichment 

of 4.1B at the paranodes and the JXPs (Ba, Ca, red arrowheads) and Caspr at the 

paranodes (Bb, Cb, green arrowheads). Note that 4.1B extends beyond the paranodal area 

(Bc, Cc, red arrowheads). (D) Immunoblots of wild type spinal cord lysates showing 

developmental expression of 4.1B (upper panel) and Caspr (lower panel).  

(E) A partial genomic map of the 4.1B (Epb4.1l3) locus showing exons 5-7. A targeting 

construct with loxP sites flanking exon 6. Cre-mediated recombination of the loxP sites 

resulted in the deletion of exon 6, which inserted a premature stop codon in exon 7 (red 

asterisk). (F) Southern blot analysis confirming the targeted 4.1B
Flox

 allele. (G) PCR 

amplification of genomic DNA from wild type (+/+), heterozygous Floxed (+/4.1B
Flox

), 

homozygous Floxed (4.1B
Flox), and β-Act-Cre-expressing (Act-Cre) mice. Primer 

combinations used are shown in (E). (H) Immunoblot analysis of wild type (+/+) and β-

Act-Cre;4.1B
Flox

 (4.1B
Act-Flox

) spinal cord lysates using anti-4.1B (upper panel) and α-

Tubulin (Tub, lower panel). Note the loss of both isoforms of 4.1B in 4.1B
Act-Flox

 mutants 

(right lane). (I) Immunofluorescence of teased sciatic nerve fibers from wild type (+/+) 

(Ia-d) showing typical localization of 4.1B at the paranodes/JXPs (Ia, Id, red arrows), 

Caspr at the paranodes (CASP, green, Ib, Id, green arrows), and AnkG at the nodes (Ic, 

Id, blue, arrow). (J) Immunofluorescence of teased sciatic nerve fibers from 4.1B
Act-Flox

 

mutants (Ja-d) showing loss of 4.1B (red, Ja) with disrupted localization of Caspr in the 

paranodal region (Jb, green asterisks) but normal AnkG localization at the node (Jc, Jd, 

arrow). (K) Immunofluorescence of teased sciatic nerve fibers from wild type (+/+) (Ka-

d) showing typical localization of NFAS at the paranodes (green arrowheads) and nodes 

(Ia, Id, green), Caspr at the paranodes (Kb, Kd, red), and AnkG at the nodes (Kc, Kd, 

blue, arrow). In Kd, arrowhead points to merge of NFAS and CASP at the paranodes and 

arrow points to the node. (L) Immunofluorescence of teased sciatic nerve fibers from 

4.1B
Act-Flox

 mutants (Ja-d) showing disrupted NFAS (Ja, green, asterisks) and Caspr 

localization at the paranodal region (Jb, red, asterisks). AnkG localization at the node is 

not affected (Lc, Ld). Note that localization of both paranodal proteins NFAS and CASP 

is disorganized. Scale bars: I-L 10m. 
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2.3.2 4.1B is Required for the Organization and Stabilization of the Paranodal and 

Juxtaparanodal Regions in Myelinated Axons 

 To determine the consequences of loss of 4.1B on axonal domain organization, 

we decided to analyze both 4.1B mutants, i.e., -Act-Cre;4.1B
Flox

 (this study) and 4.1B
-/-

 

generated previously (Yi et al., 2005). To date, no detailed phenotypic characterization of 

myelinated axons in any 4.1B mutants has been carried out. We examined the localization 

of well-characterized paranodal and juxtaparanodal proteins in teased sciatic nerve fibers 

and spinal cord sections (Figs. 2.2 & 2.3). In wild type (+/+) sciatic nerve fibers, 4.1B is 

enriched at the paranodes and JXPs and also localizes along the length of the internode 

(Fig. 2.2Aa, red). Caspr served as a marker for the paranodes (Fig. 2.2Ab, green) and the 

cytoskeletal adaptor protein AnkG (ANK) (Fig. 2.2Ac, blue) was used as a nodal marker. 

A merged image of all the markers is shown in Fig. 2.2Ad (arrow points at the node). In 

one month old -Act-Cre;4.1B
Flox

 sciatic nerves, 4.1B is absent (Fig. 2.2Ba), while AnkG 

(Fig. 2.2Bc) localization remains intact at the nodes. The Caspr localization is elongated 

and disrupted at the paranodes in -Act-Cre;4.1B
Flox

 sciatic nerves (Fig. 2.2Bb, d, 

asterisks). At four months, in -Act-Cre;4.1B
Flox

 sciatic nerves, 4.1B is absent as 

expected (Fig. 2.2Ca) and AnkG (Fig. 2.2Cc) remains at the nodes. The Caspr 

localization at the paranodes in 4 month old -Act-Cre;4.1B
Flox

 sciatic nerves is broken 

and occasionally stretches towards the JXPs. Further examination of one month and four 

month old -Act-Cre;4.1B
Flox

 sciatic nerves revealed that all juxtaparanodal markers 

KV1.1 (Fig. 2.2Ea, d; 2.2Fa, d), PSD95 (data not shown) and Caspr2 (data not shown) 

were diffuse, mislocalized and failed to localize properly at the JXPs, compared to wild 

type fibers (Fig. 2.2Da, d; data not shown). In one month old -Act-Cre;4.1B
Flox

 sciatic 
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nerves, paranodal Caspr (Fig. 2.1L b, d; Fig. 2.2Bb, d; Eb, d; asterisks) and NF155 (Fig. 

2.1La, d; asterisks) localization were altered and showed diffuse distribution at the 

paranodes, often stretching into the juxtaparanodal areas. Nodal markers NF186 (Fig. 

2.2Ec, d) and ANK (Fig. 2.1L c, d; Fig. 2.2Bc, d) were not affected. In addition, Caspr 

(Fig. 2.2Cb, d; Fb, d; Hb, d; asterisks) and NF155 (Fig. 2.2Ha, d; arrowhead) localization 

at the paranodes in four month old -Act-Cre;4.1B
Flox

 sciatic nerves were relatively more 

compact than at one month, but still contained broken and disrupted areas (Hd, 

arrowhead). These results indicate that loss of 4.1B affects juxtaparanodal organization 

and proper localization of axo-glial junctional components at the paranodes (Table 1). 

 Next, we examined localization of paranodal Caspr, juxtaparanodal KV1.1 and 

nodal ANK in the sciatic nerves of 3 month 4.1B
-/-

 mice (Yi et al., 2005). As expected, 

4.1B is absent at the paranodes and JXPs in 4.1B
-/-

 mutant fibers (Fig. 2.2Ja, red). 

Interestingly, as observed by Horresh et al. (2010), Caspr (Fig. 2.2Jb, d; Lb, d, green) 

localization at the paranodes was not affected in 4.1B
-/-

 mutant fibers. KV1.1 localization 

at the JXPs is compromised in 4.1B
-/-

 mutants (Fig. 2.2La, d, red; asterisks), as is also 

seen in -Act-Cre;4.1B
Flox

 mutants (Fig. 2.2Ea, d; Fa, d, red). These data indicate that in 

4.1B
-/-

 mutants, localization of the juxtaparanodal proteins is compromised, while the 

paranodal components are not affected (Table 1).  
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Figure 2.2 Loss of 4.1B Disrupts Paranodal and Juxtaparanodal Organization in the 

PNS Myelinated Axons. 

(A-H) P30 wild type (+/+, Aa-d, Da-d, Ga-d), P30 β-Act-Cre;4.1B
Flox

 (Ba-d, Ea-d), and 

4month old  β-Act-Cre;4.1B
Flox

 (Ca-d, Fa-d, Ha-d) sciatic nerve fibers immunostained 

against 4.1B (Aa, Ba, Ca, red), KV1.1 (Da, Ea, Fa, red), Caspr (Ab-Hb, green), NFct 

(Ga, Ha), AnkG (Ac-Cc, blue), NF186 (Dc-Hc, blue) and merged images (Ad-Hd). Note 

that 4.1B is absent from the mutant fibers (Ba, Ca) and KV1.1 (Ea, d; Fa, d) is either 

undetectable at the JXPs or severely mislocalized. In all 4.1B mutant panels, Caspr (Bb, 

d; Cb, d; Eb, d; Fb, d; Hb, d, asterisks) and NF155 (NFCT, Ha, d, arrowhead) fail to 
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localize properly at the paranodes. Nodal AnkG or NF186 are not affected (Ac,d-Hc,d, 

arrows). 

(I-L) P90 wild type (+/+, Ia-d, Ka-d) and 4.1B
-/-

 (Yi et al., 2005) (Ja-d, La-d) sciatic 

nerve fibers immunostained against 4.1B (Ia, Ja, red), KV1.1 (Ka, La, red), Caspr (Ib-

Lb, green), AnkG (Ic, Jc, blue), NF186 (Kc, Lc, blue) and merged images (Id-Ld). 4.1B 

is absent from the mutant fibers, as expected (Ja, Jd) and KV1.1 is either undetectable at 

the JXPs or severely mislocalized (La, Ld, asterisks). However, Caspr localizes properly 

at the paranodes (Jb, Jd, Lb, Ld, asterisks). Nodal AnkG or NF186 are not affected 

(Jc,d-Lc,d, arrows). All scale bars: 10m. 

 

 

 

 

 

 

Table 2.1 Phenotypic differences between two independently generated 4.1B mutant 

alleles 
 

Phenotype   -Act-Cre;4.1B
Flox

 
a
  4.1B

-/- b
  

 

Sciatic Nerve    

 Paranodal Proteins Abnormal localization
c
 Normal localization

d
 

 Paranodal AGSJs Missing transverse septa No missing transverse septa  

    Destabilized AGSJs  Normal AGSJs  

 JXP proteins  Abnormal localization  Abnormal localization 

 

Spinal Cord 

 Paranodal Proteins Abnormal localization
e
 Normal localization

f
 

 Paranodal AGSJs Missing transverse septa Missing transverse septa  

    Destabilized AGSJs  Destabilized AGSJs  

JXP proteins  Abnormal localization  Abnormal localization 

 

4.1R Localization  Not detected at the paranodes Not detected at the paranodes 

4.1R mRNA Levels in DRGs No change   No change 
 
a
4.1B mutants generated in this study.  

b
4.1B mutants generated by Yi et al. (2005)  

c
Paranodal proteins Caspr and NF155 show abnormal localization with stretched 

morphology and gaps.  
d
Paranodal proteins Caspr and NF155 show normal localization 

and morphology.  
e
Paranodal protein Caspr shows normal localization at P30 but at P130, 

the paranodal areas show gaps and abnormal morphology.  
f
Paranodal protein Caspr 

shows relatively normal localization and morphology. 
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 We also analyzed the localization of paranodal and juxtaparanodal proteins in the 

spinal cords of -Act-Cre;4.1B
Flox

 and 4.1B
-/- 

mutants. In wild type (+/+) spinal cord 

sections, 4.1B is enriched at the paranodes and the JXPs (Fig. 2.3Aa, red). In addition, 

Caspr (Fig. 2.3Ab, Db, green), AnkG (Fig. 2.3Ac, blue), and NF186 (Fig. 2.3Dc, blue) 

are localized at the paranodes and nodes, respectively (Fig. 2.3Ad, Dd). As in the PNS, 

4.1B is absent in one month and four month old -Act-Cre;4.1B
Flox

 spinal cord 

myelinated axons (Fig. 2.3Ba, Ca, red). However, the paranodal localization of Caspr 

(Fig. 2.3Bb, d; Eb, d, green) was not disrupted in one month old -Act-Cre;4.1B
Flox

 spinal 

cord axons. Interestingly, in four month old -Act-Cre;4.1B
Flox

 spinal cord myelinated 

axons, Caspr (Fig. 2.3Cb, d; Fb, d, green) localization was not normal. There were gaps 

between paranodal Caspr and the nodal proteins AnkG and NF186 (Fig. 2.3Cc, d; Fc, d, 

arrowheads). Again, the juxtaparanodal KV1.2 was mislocalized in both one month and 

four month old -Act-Cre;4.1B
Flox

 mutant spinal cord axons (Fig. 2.3Ea, d; Fa, d, red, 

asterisks). AnkG and NF186 were both maintained at the nodes in all-Act-Cre;4.1B
Flox

 

mutants (Fig. 2.3Bc, d; Cc, d; Ec, d; Fc, d, respectively). Analysis of 4.1B
-/-

 mutant spinal 

cord axons also revealed absence of 4.1B in 4.1B
-/-

 mutants (Fig. 2.3Ha, red). Paranodal 

Caspr localization remained relatively unaffected (Fig. 2.3Hb, d; Jb, d, green). The 

juxtaparanodal KV1.1 was mislocalized (Fig. 2.3Ja, d, red, arrowheads). Nodal AnkG 

(Fig. 2.3Hc, d, blue) and NF186 (Fig. 2.3Jc, d, blue) were not affected. Together, the 

immunohistochemical results indicate that 4.1B is critical for proper organization of the 

juxtaparanodal region in both the PNS and the CNS, and that 4.1B is required for the 

stabilization of the paranodes in the PNS, and progressively in the CNS (Table 1). 
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Figure 2.3  Mislocalization of Juxtaparanodal Components and Destabilization of 

the Paranodes in the CNS Myelinated Axons of 4.1B Mutants.   

(A-F) P30 wild type (+/+, Aa-d, Da-d), P30 β-Act-Cre;4.1B
Flox

 (Ba-d, Ea-d), and 4 

month old β-Act-Cre;4.1B
Flox

 (Ca-d, Fa-d) spinal cord sections immunostained against 

4.1B (Aa, Ba, Ca, red), KV1.2 (Da, Ea, Fa, red), Caspr (Ab-Fb, green), AnkG (Ac, Bc, 

Cc, blue), NF186 (Dc, Ec, Fc, blue) and merged images (Ad-Fd). Note that 4.1B is 

absent from the mutant fibers (Ba, Ca) and KV1.1 (Ea, d; Fa, d) is either undetectable at 

the JXPs or severely mislocalized (Ed, Fd, asterisks). In P30 4.1B
Flox

 mutants, Caspr 

localization in the CNS paranodes is not severely affected. In 4 month old 4.1B
Flox

 

mutants, gaps form between the node and Caspr localization (Cd, Fd, arrowheads). 

(G-J) P90 wild type (+/+, Ga-d, Ia-d) and 4.1B
-/-

 (Ha-d, Ja-d) spinal cord sections 

immunostained against 4.1B (Ga, Ha, red), KV1.1 (Ia, Ja, red), Caspr (Gb-Jb, green), 

AnkG (Gc, Hc, blue), NF186 (Ic, Jc, blue) and merged images (Gd-Jd). Note that 4.1B 

is absent as expected (Ha) and KV1.1 (Ja, Jd) is either undetectable at the JXPs or 

severely mislocalized (Jd, arrowheads). Caspr localization in the CNS paranodes in 4.1B
-

/-
 is not severely affected. All scale bars: 5m.  
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2.3.3 Molecular Interactions Between Paranodal Caspr and Complex Formation 

Between Juxtaparanodal Caspr2, KV1.2 and 4.1B 

 To further investigate the striking phenotypic differences between the PNS and 

CNS myelinated fibers, we immunoblotted sciatic nerve and spinal cord lysates from 

wild type (+/+), 4.1B
-/-

 and-Act-Cre;4.1B
Flox

 mutants (Fig. 2.4A, B). Surprisingly, we 

discovered that the wild type sciatic nerves express close to 8 isoforms of 4.1B, some 

with molecular weights exceeding 180 kDa, in contrast to the CNS, where only two 

major isoforms (145 and 125 kDa) are expressed (compare Fig. 2.4Aa with Fig. 2.4Ba). 

All of these 4.1B isoforms were absent in both 4.1B mutants (Fig. 2.4Aa, Ba). 

Immunoblotting against Caspr did not reveal any significant changes in the relative Caspr 

levels between wild type and 4.1B mutants (Fig. 2.4Ab, Bb). For protein loading control, 

membranes were immunoblotted against -Tubulin (Tub) (Fig. 2.4Ac, Bc). We also 

wanted to determine whether disruption of the paranodal axo-glial junctions in Caspr 

(Bhat et al., 2001) and Cgt (Dupree et al., 1999) mutants affected 4.1B protein levels in 

the spinal cords. As shown in Fig. 2.4Ca, 4.1B protein levels are relatively unchanged 

between wild type and the paranodal mutants. Similarly, Caspr levels are not affected in 

4.1B and Cgt mutants (Fig. 2.4Cb). For protein loading control, membranes were 

immunoblotted against -Tubulin (Fig. 2.4Cc). These data show that sciatic nerves 

express multiple forms of 4.1B and that loss of 4.1B or Caspr only affects the subcellular 

localization of Caspr and 4.1B, respectively, and that stable expression of each of these 

proteins is not dependent on the other paranodal proteins. 

 Our immunohistochemical data showed that 4.1B is required for the localization 

of potassium channel KV1.1 and Caspr2 to the juxtaparanodal region (Figs. 2.2 & 2.3). 
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Previous studies revealed that a possible mechanism for potassium channel retention at 

the juxtaparanodal region could be due to molecular interactions between Caspr2 and 

potassium channels (Horresh et al., 2010; Poliak et al., 2003). We therefore examined 

whether 4.1B is required for Caspr2 interactions with potassium channels. It is 

established that 4.1B interacts with Caspr (Denisenko-Nehrbass et al., 2003; Garcia-

Fresco et al., 2006; Ogawa et al., 2006), and Caspr2 (Denisenko-Nehrbass et al., 2003; 

Horresh et al., 2010). As shown in Fig. 2.4Da, b, immunoprecipitation with anti-Caspr 

antibodies using spinal cord lysates, co-precipitated 4.1B. Additionally, in the wild type 

spinal cord lysates, IPs with anti-Caspr2 antibodies co-precipitated potassium channels 

KV1.2 (Fig. 2.4Ea, a’). Caspr2 and KV1.2 still formed a molecular complex in the absence 

of 4.1B in -Act-Cre;4.1B
Flox

 (Fig. 2.4Eb, b’) and 4.1B
-/-

 (Fig. 2.4Ec, c’) spinal cord 

lysates. These results suggest that 4.1B is critical for the maintenance of the 

juxtaparanodal complex of Caspr2 and potassium channels and not the formation of this 

molecular complex. Together, our results demonstrate that 4.1B is a critical component of 

the paranodal and juxtaparanodal domains and that expression of multiple isoforms in the 

PNS versus the CNS may allow for differential function of 4.1B in axonal domain 

organization.  
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Figure 2.4 Multiple 4.1B Isoforms in Sciatic Nerves and Molecular Interactions 

between 4.1B, Caspr and Caspr2. 

(A) Immunoblot analysis of wild type (+/+), 4.1B
-/-

 and β-Act-Cre;4.1B
Flox

 (4.1B
Act-Flox

) 

sciatic nerve lysates against 4.1B (Aa), Caspr (Ab) and Tubulin (Ac) reveal expression of 

approximately 8 isoforms of 4.1B in the sciatic nerves, which are absent in both 4.1B 

mutants. Caspr levels are unchanged in 4.1B mutants. 

(B) Immunoblot analysis of wild type (+/+), 4.1B
-/-

 and β-Act-Cre;4.1B
Flox

 (4.1B
Act-Flox

) 

spinal cord lysates against 4.1B (Ba), Caspr (Bb) and Tubulin (Bc) reveal expression of 2 

major isoforms in the CNS, which are absent in both 4.1B mutants. Note that Caspr levels 

are not affected in 4.1B mutants.  

(C) Immunoblot analysis of wild type (+/+), 4.1B
-/-

, Caspr
-/-

, and Cgt
-/-

 spinal cord 

lysates against 4.1B (Ca), Caspr (Cb) and Tubulin (Cc) showed that the levels of 4.1B 

and Caspr are not affected in Caspr and 4.1B mutants, respectively. Cgt mutants also did 

not show any changes in 4.1B expression.  

(D) Immunoprecipitation (IP) analysis using anti-Caspr antibodies (Da) with wild type 

(+/+) spinal cord lysates co-IPs 4.1B (Db).  

(E) IP analysis using anti-Caspr2 antibodies with wild type (+/+, Ea, a’), β-Act-

Cre;4.1B
Flox

 (4.1B
Act-Flox

, Eb, b’) and 4.1B
-/-

 (Ec, c’) 
spinal cord lysates co-IPs KV1.2 in 

all the genotypes suggesting that Caspr2 interactions with KV1.2 are independent of 4.1B. 
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2.3.4 4.1B is Critical for the Stability of the Paranodal Axo-Glial Septate Junctions  

 Our immunofluorescence studies revealed striking juxtaparanodal disorganization 

in both the PNS and the CNS in -Act-Cre;4.1B
Flox

 and 4.1B
-/-

 mutants (Figs. 2.2 and 

2.3). In addition, we found severe paranodal destabilization in the PNS, and progressive 

paranodal disruption in the CNS, of -Act-Cre;4.1B
Flox

 mice (Fig. 2.3). To further 

investigate the role of 4.1B in axonal domain organization, we used electron microscopy 

to specifically look at the ultrastructural architecture of the paranodal region in wild type, 

-Act-Cre;4.1B
Flox

 and 4.1B
-/- 

mutant sciatic nerve and spinal cord myelinated axons 

(Figs. 2.5 and 2.6). A low magnification electron micrograph of P30 littermate wild type 

(+/+, Fig. 2.5A) and -Act-Cre;4.1B
Flox

 mutant (Fig. 2.5B) sciatic nerve myelinated 

axons, at the level of the nodal/paranodal region, shows a typical domain distinction 

between the nodal and the paranodal region. At this magnification, the wild type and -

Act-Cre;4.1B
Flox

 mutant fibers look essentially similar with respect to the presence of 

individual domains. At a higher magnification, the paranodal AGSJs show characteristic 

electron-dense septa between the myelin loops and the axolemma in wild type fibers (Fig. 

2.5C, arrowheads). In one month old -Act-Cre;4.1B
Flox

 mutant fibers, a few electron-

dense septa can be found (Fig. 2.5D, arrowhead), while most septa appear diffuse and ill-

defined (Fig. 2.5D, asterisks), suggesting that septa may be undergoing destabilization. In 

three month old -Act-Cre;4.1B
Flox

 mutant fibers, the electron density of the septa is 

diffuse and fuzzy (Fig. 2.5E, F, asterisks). In comparison, ultrastructural analysis of 

previously generated 4.1B
-/-

 mutants revealed no clear differences in the ultrastructural 

morphology of the paranodal axo-glial septa at three months (Fig. 2.5H, compare with 

Fig. 2.5G, arrowheads). However, at 6 months and one year time points, septa were 
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missing in the sciatic nerve paranodal regions (data not shown) in 4.1B
-/-

 mutants. 

Quantification of the percentage of paranodes with a normal array of septa in the sciatic 

nerve of each genotype at three months revealed that in the wild type mice 90% of 

paranodes contain a full complement of septa. In sciatic nerve fibers of three month old 

-Act-Cre;4.1B
Flox

 mice, only 60% of the paranodes counted retained a full complement 

of septa, while 75% of paranodes in three month old 4.1B
-/-

 sciatic nerves contained a 

normal set of septa. In -Act-Cre;4.1B
Flox

 mice paranodes often displayed severe 

morphological defects, which occluded visualization of missing septa suggesting that 

paranodal disorganization was more severe than were included in the quantification. 

Together, these results are consistent with our immunostaining results (Fig. 2.2), which 

showed disrupted localization of the paranodal proteins in -Act-Cre;4.1B
Flox

 mutant 

sciatic nerve fibers. 
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Figure 2.5 4.1B is Required for the Stability of Paranodal Axo-glial Septate 

Junctions in Sciatic Nerve Myelinated Axons. 

(A-D) Electron micrographs of longitudinal sections through the nodal/paranodal regions 

of sciatic nerves from P30 wild type (A, C, +/+) and -Act-Cre;4.1B
Flox

 (B, D). At low 

magnification, the paranodal myelin loops in the -Act-Cre;4.1B
Flox

 mutant fibers are 

properly arrayed and show normal profiles as in the wild type. At a higher magnification, 

the wild type (+/+) paranodal loops are tightly apposed and indent the axon, with the 

characteristic transverse septa (C, black arrowheads). In -Act-Cre;4.1B
Flox 

mutant fibers, 

the paranodal septa display a fuzzy, ill-defined appearance (D, asterisks). 

(E, F) Electron micrographs of paranodal regions of P90 -Act-Cre;4.1B
Flox

 sciatic 

nerves. Septa are less electron-dense than wild type septa, a sign of destabilization 

(asterisks). 

(G, H) Electron micrographs of longitudinal sections through the paranodal regions of 

sciatic nerves from P90 wild type (J, +/+) and4.1B
-/-

 generated by Yi et al. (2005) (K). 

The paranodal septa in 4.1B
-/-

 mutants display similar morphology and density as is seen 

in the wild type (+/+) axons. Scale bars: A, B, 1m; C-H, 0.2m. 
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 Next, we analyzed the spinal cord myelinated axons in one month and three 

month old wild type and -Act-Cre;4.1B
Flox

 mutants. As shown in Fig. 2.6A, wild type 

spinal cord myelinated axons display a uniform arrangement of septa between the myelin 

loops and the axolemma (Fig. 2.6A, arrowheads). The fibers from one month old -Act-

Cre;4.1B
Flox

 mutant spinal cords revealed the presence of axo-glial septa in some regions 

(Fig. 2.6B, arrowhead) and complete loss of septa in other regions at the same paranodes 

(Fig. 2.6B, C, D, asterisks). In the areas where septa are missing, the axolemma showed 

clear detachments from the myelin loops and loss of electron densities (Fig. 2.6B-D, 

white arrows). At three months, some electron-densities are still found in  

-Act-Cre;4.1B
Flox

 mutant spinal cords (Fig. 2.6F, arrowhead). However, many paranodal 

loops were detached from the axonal membrane (Fig. 2.6F, G, arrows). In addition, larger 

areas were found with missing septa (Fig. 2.6H, white arrow), and detached axolemma 

(Fig. 2.6G,H, asterisks). Detachment of paranodal loops abutting the node agrees with 

immunohistochemical data revealing gaps between the nodal proteins and Caspr in 4 

month old -Act-Cre;4.1B
Flox

 mutant spinal cords (Fig. 2.3Cd, Fd, arrowheads). The -

Act-Cre;4.1B
Flox

 mutant fibers also revealed accumulation of smooth endoplasmic 

reticulum (SER) at the nodal/paranodal regions (Fig. 2.6E), suggesting a disruption of the 

local axonal cytoskeleton, as has been previously observed in Caspr, Cgt (Einheber et al., 

2006; Garcia-Fresco et al., 2006) and Nfasc
NF155

 (Pillai et al., 2009) mutants. These data 

suggest that 4.1B is not required for the initial organization of the paranodal axo-glial 

septa, but for their stabilization.  

 To determine the paranodal defects in the spinal cord myelinated axons in 4.1B
-/- 

mutants, we analyzed them at P90, 6 months and one year time points. As shown in Fig. 
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2.6I, P90 wild type spinal cord myelinated axons showed proper densities and 

arrangement of the septa (arrowheads). In contrast, P90 4.1B
-/-

 mutants showed 

myelinated axons with normal septa (Fig. 2.6J, arrowheads) and regions with abnormal or 

missing septa (Fig. 2.6J, asterisks, white arrow). By 6 months, 4.1B
-/-

 mutant myelinated 

axons revealed a more prominent loss of septa with increased spacing between the 

paranodal lateral loops and the axolemma indicating a progressive deterioration of the 

paranode with age (Fig. 2.6K, asterisks). In these fibers, destabilization of septa becomes 

obvious as the densities of these fibers looked diffuse (Fig. 2.6K, arrowheads). Analysis 

of one year old 4.1B
-/-

 mutants spinal cord myelinated axons revealed further 

destabilization of the paranodal regions, with essentially all septa lost and the axolemma 

detaching from the myelin loops (Fig. 2.6L, M, asterisks). The one year old 4.1B
-/-

 mutant 

spinal cord myelinated axons also revealed accumulation of organelles, including 

mitochondria and SER at the nodal/paranodal regions suggesting a disruption of the 

axonal cytoskeleton, as observed in the sciatic nerves (Fig. 2.6N, arrowheads, data not 

shown). To directly compare the phenotypes in the two 4.1B null mice, the number of 

paranodes with a complete set of septa at three months were quantified. In wild type 

spinal cords, 94% of paranodes contain a full set of septa. In -Act-Cre;4.1B
Flox

 spinal 

cords, only 36% of the paranodes retain a complete set of septa, while 50% of the 

paranodes in 4.1B
-/-

 spinal cords maintain a complete set of septa. Interestingly, in the 

spinal cord of -Act-Cre;4.1B
Flox

 mice, loss of septa resulted in destabilization of 

paranodal loops, especially in the region abutting the node (Fig. 2.6F). Quantification 

revealed that 72% of paranodes in wild type spinal cords contain a complete set of loops 

contacting the paranodal axolemma. In the -Act-Cre;4.1B
Flox

  spinal cords, only 33% of 
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paranodes maintained loops in contact with the axolemma. In comparison, in 4.1B
-/-

 

spinal cords, 71% of paranodes retained a complete set of loops contacting the 

axolemma. These data suggest that loss of 4.1B in -Act-Cre;4.1B
Flox

 spinal cords results 

in destabilization of the septa and lifting of the paranodal loops from axolemma. 

Together, the ultrastructural analyses in -Act-Cre;4.1B
Flox

 and 4.1B
-/-

 mutants 

demonstrate that 4.1B is critical for the stabilization of paranodal AGSJs, and that the 

long-term stability of the AGSJs is dependent on 4.1B, as it provides a scaffolding link 

with the paranodal axonal cytoskeleton (Table 1). 
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Figure 2.6 4.1B is Required for the Stability of Paranodal Axo-glial Septate 

Junctions in the Spinal Cord Myelinated Axons. 

(A-D) Electron micrographs of the paranodal regions of spinal cord myelinated fibers from 

P30 wild type (+/+) shows paranodal loops tightly apposed to and indent the axon, with the 

characteristic septa (A, black arrowheads). In -Act-Cre;4.1B
Flox

 mutant spinal cords, the 

paranodal region displays regions with normal septa (B, arrowheads) and regions where 

septa are essentially absent (B, C, D, asterisks). White arrows point to detached axolemma 

from the paranodal loops (B, C, D) or breaks in the axolemma (D).  

(E) -Act-Cre;4.1B
Flox

 mutant myelinated axons often display accumulation of SER and 

mitochondria at the nodal/paranodal region, as has been previously observed in Caspr
-/-

 

mutants. 

(F-H) Electron micrographs of the paranodal regions of spinal cord myelinated fibers 

from P90 -Act-Cre;4.1B
Flox

 mutants show lifting off of paranodal loops (F, G, arrows), 

stretches of missing septa (G, H), and detachment of the axolemma (G, H, asterisks), 

while some septa also remain at this time point (F, arrowhead).   

(I-M) Electron micrographs of the paranodal regions of spinal cord myelinated fibers 

from P90 wild type (I, +/+), P90 4.1B
-/-

 mutants (J), P180 4.1B
-/-

 mutants (K) and P365 

4.1B
-/-

 mutants (L, M). The spinal cords of P90 4.1B
-/-

 mutants show paranodal regions 

with normal septa (arrowheads) and regions with abnormal or missing septa (J, K, 

asterisks). In P365 4.1B
-/-

 spinal cords, majority of the paranodes did not display septa 

with normal morphology, but displayed diffuse electron densities (L, arrowheads). Large 

regions of the paranodes had essentially lost all the septa (M, asterisks) and displayed 

thinner axolemma.  

(N) 4.1B
-/-

 myelinated axons from one year old mutants also displayed accumulation of 

SER and mitochondria at the nodal/paranodal regions (arrowheads), as observed in P30 -

Act-Cre;4.1B
Flox

 mutants (refer panel E). Scale bars: A-D, 0.2m; E, N, 0.5m; F-H, 

0.1m; I-M, 0.2m. 
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2.3.5 4.1R is Not Expressed at the PNS Paranodes or Enriched in 4.1B
-/-

 Mutants 

 One of the underlying reasons suggested to explain a lack of phenotype at the 

PNS paranodes in 4.1B
-/-

 mutants was that 4.1R was expressed at the mutant paranodes 

and not at the wild type paranodes (Horresh et al., 2010). We wanted to determine 

whether β-Act-Cre;4.1B
Flox

 mutant sciatic nerves also had increased 4.1R expression at 

the paranodes, and as controls we used 4.1B
-/-

 mutants. Immunostaining of wild type 

(+/+), β-Act-Cre;4.1B
Flox

 and 4.1B
-/-

 sciatic nerve fibers against 4.1R did not reveal 

expression of 4.1R at paranodes in any of the genotypes analyzed (Fig. 2.7Aa, c-Fa, c, 

red, arrowheads). Caspr localization was normal in the wild type and 4.1B
-/-

 mutant fibers 

and disrupted in β-Act-Cre;4.1B
Flox

 mutant fibers (data not shown). These data show that 

4.1R is not expressed at the paranodes and thus cannot possibly compensate for loss of 

4.1B at the paranodes. To test the specificity of our 4.1R antibody, we carried out 

immunoblot analysis of sciatic nerves from wild type and 4.1R
-/-

 mice and confirmed that 

4.1R was missing in 4.1R
-/-

 sciatic nerves (Fig. 2.7G) (Shi et al., 1999). We also carried 

out immunoblot analysis of sciatic nerves and spinal cords from littermate wild type and 

β-Act-Cre;4.1B
Flox

 and 4.1B
-/-

 mutants. As shown in Fig. 2.7H and 2.7I, no significant 

differences, and especially no increases, were observed in 4.1R levels between wild type 

and both 4.1B mutants. Immunoblotting against -Tubulin (Tub) was used as a loading 

control. To confirm these results, we also completed RT-PCR with RNA extracted from 

dorsal root ganglia of littermate wild type and β-Act-Cre;4.1B
Flox

 and 4.1B
-/-

 mutants 

(Fig. 2.7J). Primers targeted to amplify DNA from exons 5 through 8 were used to show 

deletion of exon 6 in the β-Act-Cre;4.1B
Flox

 mice (Fig. 2.7J). The genotype of 4.1B
-/-

 

mutants were confirmed using primers designed to exons 2 through 3, resulting in loss of 
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the band in this mutant only (data not shown). Importantly, 4.1R levels were uniform in 

all genotypes (Fig. 2.7J). Actin was used as a house-keeping gene control.  Together the 

immunostaining, immunoblot, and RT-PCR analyses in two independent 4.1B mutants 

show that 4.1R is not expressed at the paranodes in the wild type fibers and that 4.1R 

does not get enriched at 4.1B mutant paranodes (Table 1). 
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Figure 2.7 4.1R is not Enriched at Sciatic Nerve Paranodes in 4.1B Mutants.  

(A-F) P30 wild type (+/+, Aa-d; Ca-d; Ea-d), β-Act-Cre;4.1B
Flox

 (Act-Cre;4.1B
Flox

, Ba-

d; Da-d), and 4.1B
-/-

 (Fa-d) sciatic nerves immunostained against 4.1R (Aa, c-Fa, c, red, 

arrowheads) and NF186 (Ab-Fb, green) and in merged images (Ac-Fc). Note that 4.1R is 

not expressed or enriched at mutant paranodes in any of the genotypes.  

(G) Immunoblot analysis of wild type (+/+) and 4.1R
-/-

 sciatic nerve lysates against 4.1R 

(Ga) and -Tubulin (Tub, Gb) reveal the specificity of the 4.1R antibody with the 80kDa 

4.1R present in wild type lysate, but not 4.1R
-/-

 lysate (Ga). 

(H) Immunoblot analysis of wild type (+/+), β-Act-Cre;4.1B
Flox

 (4.1B
Act-Flox

), and 4.1B
-/-

 

sciatic nerve lysates against 4.1R (Da) and -Tubulin (Tub, Db) reveal no change in 4.1R 

levels in either of the 4.1B mutants, compared to wild type. 

(I) Immunoblot analysis of wild type (+/+), β-Act-Cre;4.1B
Flox

 (4.1B
Act-Flox

), and 4.1B
-/-

 

spinal cord lysates against 4.1R (Ia) and -Tubulin (Tub, Ib) reveal no change in 4.1R 

expression in both 4.1B mutants (asterisks), compared to wild type.  

(J) RT-PCR analyses of wild type (+/+), β-Act-Cre;4.1B
Flox

 (Act-Cre;4.1B
Flox

), and 4.1B
-

/-
 dorsal root ganglia utilizing primers specific to 4.1B, 4.1R and Actin (Act) reveal no 

change in the levels of 4.1R mRNA in either of the 4.1B mutants, compared to wild type. 

Scale bars: 10m. 
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Figure 2.8 Paranodal and juxtaparanodal proteins are not disrupted in the β-Actin-

Cre;4.1B
Flox

 background strains. 

(A) β-Actin-Cre sciatic nerves immunostained against 4.1B (Aa, red), Caspr (Ab, green), 

nodal AnkG (Ac, blue), and merged image (Ad). (B) 129SvEv sciatic nerves 

immunostained against 4.1B (Ba, red), Caspr (Bb, green), AnkG (Bc, blue) and merged 

image (Bd). (C) 4.1B
Flox/Flox

 sciatic nerves immunostained against 4.1B (Ca, red), Caspr 

(Cb, green), AnkG (Cc, blue) and merged image (Cd). Note that 4.1B is enriched at the 

paranodes and JXPs and uniformly at lower levels throughout the axon. Caspr is also 

localized properly to the paranode and AnkG to the node in all fibers. (D) β-Actin-Cre 

sciatic nerves immunostained against KV1.2 (Da, red), Caspr (Db, green), nodal NF186 

(Dc, blue), and merged image (Dd). (E) 129SvEv sciatic nerves immunostained against 

KV1.2 (Ea, red), Caspr (Eb, green), NF186 (Ec, blue) and merged image (Ed). (F) 

4.1B
Flox/Flox

 sciatic nerves immunostained against KV1.2 (Fa, red), Caspr (Fb, green), 

NF186 (Fc, blue) and merged image (Fd). Note that KV1.2 is localized properly at the 

JXPs, Caspr at the paranodes, and NF186 at the nodes in all fibers. 
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Figure 2.9 Enrichment of 4.1B at the paranodal and juxtaparanodal domains is 

severely affected in Caspr and Cgt Mutants. 

(A) Wild-type sciatic nerves immunostained against 4.1B (Aa, red), Caspr (Ab, green), 

nodal AnkG (Ac, blue), and merged image (Ad). Note that 4.1B is enriched at the 

paranodes and JXPs, and uniformly at lower levels throughout the axon. (B) Caspr
-/-

 

sciatic nerves immunostained against 4.1B (Ba, red), Caspr (Bb, green), AnkG (Bc, blue) 

and merged image (Bd). Note that 4.1B enrichment is lost at the 

paranodal/juxtaparanodal regions. It is uniformly expressed along the length of the axon. 

(C) Wild-type sciatic nerves immunostained against 4.1B (Ca, red,), KV1.1 (Cb, green), 

nodal NF186 (Cc, blue) and merged image (Cd). (D) Caspr-/- sciatic nerves 

immunostained against 4.1B (Da, red), KV1.1 (Db, green), NF186 (Dc, blue) and in 

merged image (Dd). Note that 4.1B is localized evenly along the length of the axon, and 

KV1.1 has re-localized to the paranodes, as has been seen in all paranodal AGSJ mutants. 

(E) Wild-type sciatic nerves immunostained against 4.1B (Ea, red), Nfasc (Eb, green), 

NF186 (Ec, blue), and in merged image (Ed). (F) Cgt
-/-

 sciatic nerves immunostained 

against 4.1B (Fa, red), Nfasc (Fb, green), NF186 (Fc, blue), and in merged image (Fd). 

Note that 4.1B is uniformly expressed along the axon and paranodal NF155 is disrupted 

at the paranodes.  
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2.4 Discussion 

 The organization of specialized membrane environments that create cellular 

diversification depends on linkage of cellular membranes with the underlying 

cytoskeleton (Jekely, 2007). The 4.1 protein family functions to link the plasma 

membrane with the actin cytoskeleton (Chen et al., 2005; Hoover and Bryant, 2000; Sun 

et al., 2002). In the nervous system, the cell-adhesion molecules, Caspr and Caspr2 

contain 4.1-binding sites, which are required for their localization to the paranodes and 

JXPs, respectively (Horresh et al., 2010; Poliak et al., 2003; Traka et al., 2003). When 

Caspr expression is genetically ablated, AGSJs fail to form, leading to loss of axonal 

domain segregation and disrupted paranodal axonal cytoskeleton (Bhat et al., 2001; 

Garcia-Fresco et al., 2006), suggesting that paranodal AGSJs are linked to axonal 

cytoskeleton. In this study, phenotypic analyses of 4.1B mutants showed that 4.1B is 

required for the stability of paranodal AGSJs in myelinated axons. 

 

2.4.1 Isoform Specific Functions of 4.1B in PNS and CNS Myelinated Axons 

Phenotypic analysis of β-Act-Cre;4.1B
Flox

 mutant sciatic nerves showed paranodal defects 

as early as P30. The CNS paranodal defects at P30 were relatively mild, but at P90 

transverse septa were often lost and paranodal loops coming off the axolemma, indicating 

an important role for 4.1B in AGSJ stabilization. Phenotypic analysis of the previously 

reported 4.1B mutants (Yi et al., 2005) did not show disorganized Caspr localization or 

loss of paranodal septa in the PNS at P90, but revealed progressive destabilization of 

CNS paranodal septa at later stages of development. These variable phenotypes between 

4.1B mutants could be attributed to the nature of 4.1B mutations, their genetic 
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backgrounds or the multiple splice isoforms of 4.1B. Strain genetic backgrounds could be 

a contributing factor to phenotypic discrepancies between the two 4.1B mutants. The 

4.1B
-/-

 mice are on a C57BL6 background, while the β-Act-Cre;4.1B
Flox

 mice are on a 

mixed background of C57BL6 and 129SvEv. β-Act-Cre;4.1B
Flox

 mice show a consistent 

phenotype throughout all mixed lines. We also examined the localization of 4.1B, Caspr, 

AnkG, KV1.2, and NF186 in each background strain and did not observe any disruptions 

in the localization of these proteins or the morphology of the paranodes (Fig. 2.8). These 

results suggest that the paranodal phenotypes observed in β-Act-Cre;4.1B
Flox

 mice are due 

to loss of 4.1B and not due to genetic background of the strains used.  

In agreement with earlier studies that showed two 4.1B isoforms in brain lysates (145 

kDa and 125kDa) (Denisenko-Nehrbass et al., 2003), we also observed the same isoforms 

in the spinal cord. Differential alternative splicing in the PNS versus CNS may allow 

4.1B to function in a tissue-specific manner. The expression of close to 8 different 

isoforms in the PNS may explain the variation in phenotype seen between PNS and CNS, 

as well as the differences between β-Act-Cre;4.1B
Flox

 and 4.1B
-/-

 mutants. The phenotypic 

differences may lie in the nature of the 4.1B mutations, as specific isoforms may play 

different roles in domain organization and stability in the CNS and the PNS. In 4.1B
-/-

 

mutants, exon 3 was disrupted by insertion of a puromycin resistance cassette (Yi et al., 

2005). It is possible that some compensatory isoforms or splice variants remain in 4.1B
-/-

 

mutants, which may not be detected by our antibodies directed to the U3 region of 4.1B, 

or by antibodies directed to the U2 region of 4.1B (Kang et al., 2009; data not shown). 

We believe that our targeted deletion of a common exon 6, which encodes the middle 

portion of the FERM domain, generates a 4.1B null mutation. Further evidence for a 4.1B 
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null mutation lies in the strong paranodal disorganization phenotype displayed by β-Act-

Cre;4.1B
Flox

 compared to that observed in 4.1B
-/- 

mutants, even at one year of age. In 

addition, our immunohistochemical, immunoblot, and RT-PCR analyses did not reveal 

compensatory expression of 4.1R at the paranodes, or an increase in 4.1R in the sciatic 

nerves of 4.1B mutants, as was reported in Horresh et al. (2010). Together, our data 

demonstrate that 4.1B is critically required for the stabilization of the paranodal AGSJs 

and the juxtaparanodal axo-glial scaffolds in myelinated axons. 

 

2.4.2 Organization of Axonal Domains and Localization of 4.1B 

 A key question that remains unresolved is whether 4.1B is required in the 

formation of paranodal and juxtaparanodal domains, or for their stability. In the absence 

of 4.1B, paranodal AGSJs are formed (Figs. 2.5 and 2.6), suggesting that 4.1B is not 

required for the formation, but for the stability of AGSJs (Bhat et al., 2001; Denisenko-

Nehrbass et al., 2003; Horresh et al., 2010; Poliak et al., 2003). Furthermore, disruption 

of paranodal AGSJs in Caspr and Cgt mutants (Fig. 2.9), as well as Cont (Gollan et al., 

2002) mutants results in diffuse localization of 4.1B along the axon, suggesting that 4.1B 

requires AGSJs to become enriched at these domains. Paranodal localization of 4.1B may 

also be aided through its interactions with αII and βII spectrin, which are enriched at the 

paranodal region (Garcia-Fresco et al., 2006; Ogawa et al., 2006). These observations 

indicate that paranodal and juxtaparanodal proteins initially cluster independently of 

4.1B, and once clustered through axon-glial interaction mechanisms, 4.1B interactions 

ensure that these axo-glial adhesion complexes are stabilized. 
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2.4.3 Role of Axonal Cytoskeleton in Stabilizing Axon-Glial Interactions and 

Septate Junctions 

 The molecular identities of the complexes responsible for stabilizing axonal 

domains over the life of the axon are not well understood. At the paranodes, AGSJs are 

organized by interactions between Caspr, Cont and Nfasc
NF155

 (Bhat et al., 2001; Boyle et 

al., 2001; Pillai et al., 2009). Loss of Caspr leads to disorganization of the paranodal 

region and axonal cytoskeleton, suggesting that AGSJs are linked to the axonal 

cytoskeleton (Garcia-Fresco et al., 2006; Ogawa et al., 2006). Paranodal disorganization 

in β-Act-Cre;4.1B
Flox

 mutants provides further evidence that AGSJs are linked to axonal 

cytoskeleton and that 4.1B is required to ensure stability of the paranodal region. Support 

for the role of 4.1B as a cytoskeletal adaptor protein comes from transgenic and rescue 

studies that show Caspr lacking its 4.1-binding domain is able to cluster at paranodes, but 

fails to establish a barrier to prevent juxtaparanodal components from entering paranodal 

space (Horresh et al., 2010). Further, Caspr with a deleted C-terminus can reach, but fails 

to stabilize at paranodes, suggesting that the C-terminus is essential for Caspr 

stabilization (Gollan et al., 2002). Protein 4.1B likely stabilizes the paranodes through 

direct interactions with Caspr and other cytoskeletal proteins such as AnkB and αII- and 

βII-spectrin (Garcia-Fresco et al., 2006; Ogawa et al., 2006). Interestingly, domain 

disorganization in 4.1B mutants did not result in conduction velocity differences in P30 

wild type, β-Act-Cre;4.1B
Flox

, or 4.1B
-/-

 sciatic nerve fibers (data not shown). In addition, 

neither 4.1B mutants display obvious behavioral deficits, as of 4 months of age. 

However, precise electrophysiological recordings of individual axons and behavioral tests 

for motor function could reveal deficits in older 4.1B mutants. 
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 The JXP is established by interactions between Caspr2 and TAG-1 (Poliak et al., 

2003; Traka et al., 2003). In this region no axo-glial junctions are formed, but a loose 

axo-glial scaffold is established that moves towards the paranode in paranodal mutants 

(Bhat et al., 2001; Boyle et al., 2001; Dupree et al., 1999; Pillai et al., 2009). These 

findings suggest that the JXP is not anchored with axonal cytoskeleton even though 

Caspr2 also has 4.1B-binding sequences (Denisenko-Nehrbass et al., 2003; Horresh et al., 

2010).  The juxtaparanodal region clusters potassium channels, which are lost in Caspr2 

and Tag-1 mutants (Poliak et al., 2003; Traka et al., 2003). Interestingly, both the β-Act-

Cre;4.1B
Flox

 and 4.1B
-/- 

mutants revealed disorganization of juxtaparanodal proteins, with 

loss of potassium channel and Caspr2 localization. This suggests that formation and/or 

stabilization of the juxtaparanodal axo-glial scaffold, including clustering of potassium 

channels, critically depends on 4.1B, thus highlighting the role of axonal cytoskeletal 

adaptor proteins in the stability of axonal domains.   

 

2.4.4 Evolutionary Role of Cytoskeletal Proteins in Stabilizing Axo-glial Septate 

junctions 

  The founding member and Drosophila ortholog of the vertebrate Caspr family, 

Neurexin IV (Nrx IV), contains a 4.1-binding sequence in its C-terminus (Banerjee et al., 

2006b; Baumgartner et al., 1996; Bellen et al., 1998; Bhat, 2003; Bhat, 2004).  An 

ortholog of the vertebrate 4.1 family that co-localizes with Nrx IV at septate junctions is 

Coracle (Cora) (Fehon et al., 1994). Null mutants of nrx IV and cora show 

mislocalization of Cora and Nrx IV, respectively, and fail to establish septate junctions 

(Banerjee et al., 2006a; Baumgartner et al., 1996; Fehon et al., 1994; Lamb et al., 1998; 
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Ward et al., 1998). Furthermore, mutations in the FERM domain of Cora disrupt its 

membrane localization, suggesting that the interaction between Cora and its 

transmembrane-binding partners is required for localization of Cora at the membrane. 

Together, our data provide convincing evidence that 4.1B is critically required for proper 

maintenance of axonal domains in myelinated axons by acting as a molecular adaptor 

between membrane components at the paranodal and juxtaparanodal regions and the 

underlying axonal cytoskeleton. These interactions are central to the long-term stability 

of axonal domains and thus saltatory nerve conduction.  

 



 
Chapter 3 

 

Pinceau Organization in the Cerebellum Requires Distinct Functions of 

Neurofascin in Purkinje and Basket Neurons During Postnatal 

Development 

 

3.1 Introduction 

Development of neuronal circuits is controlled by signaling mechanisms that 

coordinate precise targeting of presynaptic axons to their postsynaptic targets (Kolodkin 

and Tessier-Lavigne, 2011; Lu et al., 2009). The GABAergic interneurons frequently 

target inhibitory synapses to the soma or AIS of principal cells (Ango et al., 2004; Freund 

and Buzsaki, 1996; Somogyi et al., 1998). In the cerebellum, basket interneurons target 

the Purkinje soma and AIS (Ango et al., 2004; Li et al., 1992; Somogyi and Hamori, 

1976; Somogyi et al., 1983). Since Purkinje neurons are the sole cerebellar output source, 

their activity must be strictly regulated. Genetic mutations resulting in Purkinje neuron 

dysfunction lead to cerebellar dysfunction and ataxia (Gold et al., 2003; Hamilton et al., 

1996; Levin et al., 2006; Perkins et al., 2010; Rinaldo and Hansel, 2010; Wang and 

Zoghbi, 2001). Cerebellar basket axons branch into many axonal collaterals that form the 

basket-shaped pinceau at the Purkinje soma/AIS (Ramon y Cajal, 1911). The pinceau 

inhibitory synapses modulate the frequency of Purkinje neuron action potential spikes 

(Sakaba, 2008). However, the mechanisms responsible for the organization of the pinceau 

and targeting of basket axon collaterals to Purkinje soma/AIS are not well understood. 
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 The Purkinje AIS is enriched in immunoglobulin-like domain-containing CAMs, 

including Nfasc (Brummendorf et al., 1998; Huang, 2006), which bind to AnkG, an 

adaptor protein that links membrane proteins to the spectrin/actin cytoskeleton (Bennett 

and Baines, 2001; Boiko et al., 2007; Zhou et al., 1998). Other components of the 

Purkinje AIS required for action potential initiation are the voltage gated ion channels, 

including sodium (NaV) channels (Benton and Raman, 2009; Catterall, 1981; Khaliq and 

Raman, 2006; Raman and Bean, 1999). The mechanisms that underlie the enrichment and 

maintenance of ion channels at the AIS are still poorly understood. 

Previous studies showed that loss of AnkG from the Purkinje AIS resulted in 

mislocalization of Nfasc, altered basket axon targeting and disrupted pinceau synapses 

(Ango et al., 2004). Purkinje neuron expression of dominant negative Nfasc also 

disrupted pinceau synapses implicating a role for Nfasc in the formation of GABAergic 

pinceau synapses (Ango et al., 2004). Recent studies used an inducible Cre recombinase 

to ablate Nfasc in adult neurons and revealed slow destabilization of the Purkinje AIS, 

causing deficits in Purkinje physiology (Zonta et al., 2011). However, these studies did 

not address the role of Nfasc in the developmental organization of the Purkinje AIS or 

basket axon targeting to form the pinceau.  

Here, we show that Purkinje neuron-specific ablation of Nfasc results in failure of 

the Purkinje AIS to mature and basket axon collaterals fail to establish proper pinceau at 

the Purkinje soma/AIS. Consequently, basket neuron inhibitory input to Purkinje neurons 

is significantly reduced. Further, Nfasc ablation in both Purkinje and basket neurons 

revealed Nfasc expression in basket neurons and caused abnormal basket axon collateral 

branching and targeting to the Purkinje soma/AIS, resulting in more severe pinceau 
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disorganization. Together, our results establish that Nfasc performs distinct functions in 

Purkinje and basket neurons to coordinate cerebellar pinceau organization during 

postnatal development.  

 

3.2 Materials and Methods 

3.2.1 Animals 

All animal experiments were carried out according to UNC-IACUC approved 

guidelines for ethical treatment of laboratory animals. Parv-Cre and Tau
mGFP/LacZ

 mice 

(data not shown) (Hippenmeyer et al., 2005) were generously provided by Dr. William 

Snider (University of North Carolina). Pcp2-Cre mice (Barski et al., 2000) and β-Actin-

Cre mice (Thaxton et al., 2011) were obtained from Jackson Labs (Maine, USA). Gad67-

GFP transgenic mice (Ango et al., 2004) were generously provided by Dr. Patricia 

Maness (University of North Carolina). 

 

3.2.2 Tissue specific deletion of the Nfasc Gene 

The Nfasc
Flox

 mice utilized in this study were previously described (Pillai et al., 

2009; Thaxton et al., 2011). Genomic DNA was extracted from tail and cerebellar 

samples using the REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich, USA). The 

primer sequences that were used to identify specific genotypes were: Pcp2-Cre 5’- 

GGCCAATGTCTGACCAAATAC -3’ and 5’- CTCCCACCGTCAGTACGTGAGAT- 

3’; Parv-Cre 5’- CAGCCTCTGTTCCACATACACTCC- 3’ and 5’- 

TCACTCGAGAGTACCAAGCAGGCAGGAGATATC- 3’; Tau
mGFP/LacZ

 5’- 
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ACAACGTCGTGAGTGGGAAAA- 3’ and 5’- ATCAACATTAAATGTGAGCGAG- 

3’. 

 

3.2.3 Antibodies 

The following antisera were previously described: Guinea pig anti-NF186 and rat 

anti-pan Nfasc (Pillai et al., 2009; Thaxton et al., 2010), rat anti-AnkG (Thaxton et al., 

2010), and rabbit anti-Brevican (John et al., 2006). Other primary antibodies used here 

include: rabbit anti-Calbindin (Calb) and mouse anti-Calbindin (Sigma), mouse anti-

Parvalbumin (Parv) (Millipore) and mouse anti-phospho-neurofilaments (pNfl) (Covance, 

SMI 31). The monoclonal antibodies mouse anti-NaV1.6 (K87A,10), mouse anti-KV1.1 

(K20/78), mouse anti-KV1.2 (K14/16) and mouse anti-PSD95 (K28/43) were obtained 

from UC Davis/NIH NeuroMab Facility. Secondary antibodies used for 

immunofluorescence were: Alexa Fluor conjugated -488, -568, and -647 (Molecular 

Probes, Invitrogen).  

 

3.2.4 Tissue Preparation and Immunostaining 

Tissues used for immunostaining were prepared essentially as previously 

described (Buttermore et al., 2011). Briefly, for cerebellar sections, wild type and mutant 

mice of either gender were deeply anesthetized and transcardially perfused with saline 

buffer followed by ice cold 4% paraformaldehyde in PBS. The cerebellum was dissected 

out and post-fixed in 4% paraformaldehyde overnight at 4°C. The tissues were rinsed 

several times in PBS and sectioned to 30μm using a Vibratome (Leica). The cerebellar 

sections were then immediately immunostained, beginning with permeabilization in ice-
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cold acetone for 20min followed by washing in PBS and blocking in buffer (5% BSA, 

1%NGS, and 0.2%Triton X-100, in PBS) for 1hr. Cerebellar sections were then incubated 

with primary antibodies overnight in blocking buffer, followed by washing in PBS, 

incubation with secondary antibodies for 1 hr at room temperature (RT) and another 

round of washing in PBS. Sections were mounted in VectaShield (Vector Labs) before 

imaging. 

For NaV antibodies, wild type and mutant mice, of either gender, were deeply 

anesthetized and transcardially perfused with saline buffer followed by ice cold 2% 

paraformaldehyde in PBS. The cerebellum was dissected out and post-fixed in 2% 

paraformaldehyde for two hours on ice. The tissues were rinsed several times in PBS 

before being placed in 30% sucrose overnight for two nights. The tissues were then 

blocked and frozen in M-1 Embedding Matrix (Shandon, Thermo Scientific) and 

sectioned to 20 µm using a cryostat (Bright Instrument Company LTD). The cerebellar 

sections were then immediately immunostained as described above. 

 

3.2.5 Quantification and analysis 

Quantification of basket axon collaterals at the Purkinje soma and AIS at P20 was 

completed utilizing three independent wild type, Pcp2-Cre;Nfasc
Flox

 and Parv-

Cre;Nfasc
Flox

 age-matched mice of either gender. Cerebellar tissue was processed as 

described above and immunostaining with pNfl and Calb allowed visualization of basket 

axon collaterals surrounding the Purkinje soma and AIS. Purkinje neurons from each 

mouse were selected at random and the number of basket axon collaterals surrounding 
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the Purkinje soma and AIS were counted. The average number of basket collaterals was 

calculated for each genotype, age and location (soma versus AIS).  

Quantification of compact versus broken/non-compact pinceau, immunostained 

by KV1.2 channels at P16, P20 and P30 was completed utilizing three independent wild 

type, Pcp2-Cre;Nfasc
Flox

, and Parv-Cre;Nfasc
Flox

 age-matched mice of either gender. 

Cerebellar tissue sections were immunostained with KV1.2 and Calb, and Purkinje 

neurons were randomly selected to score and count the pinceau phenotype. In addition, 

the presence of ectopic KV1.2 clusters around the Purkinje soma was also quantified for 

each genotype. 

Neurons were selected randomly for both pNfl and KV1.2 quantification by 

looking at the immunostaining in the Calb channel alone and at the Purkinje AISs. If a 

full Purkinje AIS was visible, a confocal image was taken of both Calb and the other 

channel for counting (pNfl or KV1.2). Images were then used for quantitation. 

Quantification of synapse formation on the bottom half of the Purkinje soma 

closest to the granule-cell layer of one-month-old wild type, Pcp2-Cre;Nfasc
Flox

 and 

Parv-Cre;Nfasc
Flox

 cerebella was completed utilizing three separate EM grids from one 

mouse of each genotype and of either gender. The average number of synapses per 

Purkinje soma-base was calculated. 

Quantification of Purkinje neuron death in 5 month-old Parv-Cre;Nfasc
Flox

 

compared to wild type cerebella was completed by immunostaining cerebellar sections 

with Calb to elucidate Purkinje neurons. The total number of Purkinje neurons present in 

each of the following cerebellar loops: I, II, III, IV, V, VIa, VIb, and VIII were counted 
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in five independent mice of either gender per genotype. The average number of Purkinje 

neurons per loop was calculated for each genotype. 

In the quantification of pNfl (Fig. 3.5), pinceau KV1.2 channels (Fig. 3.5) and EM 

synapse counting (Fig. 3.8) “n” refers to the number of Purkinje cells/pinceau counted. 

The cells were counted from 3-4 separate animals for each genotype. In counting 

Purkinje neuron death (Fig. 3.12), “n” refers to the number of cerebellar loops that were 

counted from five separate animals for each of the three genotypes. For statistical 

analysis, we used the Student’s t-test (unpaired) and ANOVA test (single factor). 

 

3.2.6 Transmission Electron Microscopy (TEM) 

TEM of age-matched wild type, Pcp-2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox 

mice 

of either gender was carried out essentially as described previously (Garcia-Fresco et al., 

2006; Pillai et al., 2009; Thaxton et al., 2010). 

 

3.2.7 Image analysis 

Confocal images were captured with a BioRad Radiance 2000 laser-scanning 

system attached to a Zeiss Axioplan2 microscope. Scanning parameters were optimized 

for wild type tissues and maintained for scanning the mutant tissues. The 

immunofluorescence images shown are Z stacks of 4-8 sections with a scan step of 

0.25μm. Adobe Photoshop software was used for processing and assembling of all 

figures. 
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3.2.8 Electrophysiology 

Slice preparation:  

Experiments were performed on both wild type and Pcp2-Cre;Nfasc
Flox 

mutant 

littermate mice, aged between 3 months and 6 months. At these developmental time 

points Purkinje neuron degeneration is not observed in Pcp2-Cre;Nfasc
Flox 

mutants. 

Animals were first anesthetized with halothane and then rapidly decapitated. The 

cerebellar vermis was immediately removed and cooled to 4°C in artificial CSF (ACSF) 

containing (in mM): 124 NaCl, 5 KCl, 1.25 Na2HPO4, 1 MgSO4, 2 CaCl2, 26 NaHCO3 

and 10 D-glucose, bubbled with 95% O2 and 5% CO2. Parasagittal slices of the cerebellar 

vermis (190 µm) were prepared with a vibratome (VT-1000S; Leica). Slices were then 

incubated at least 1hr at RT in oxygenated ACSF. 

 

Somatic whole cell patch-clamp recordings:  

Throughout recording, slices were continuously perfused with ACSF, at room 

temperature to improve the quality of clamp. Patch-clamp recordings from the Purkinje 

soma were performed using an EPC-10 amplifier (HEKA Electronics, Lambrecht/Pfalz, 

Germany). Currents were filtered at 3kHz, digitized at 5-10kHz, and acquired using 

Patchmaster software (HEKA). For recording action potentials, patch pipettes (2-5 MΩ) 

were filled with a solution containing (in mM): 120 K-gluconate, 9 KCl, 10 KOH, 3.48 

MgCl2, 10 HEPES, 4 NaCl, 4 Na2ATP, 0.4 Na3GTP, and 17.5 sucrose (pH 7.25-7.35). 

For spontaneous inhibitory postsynaptic current (sIPSC) and mini inhibitory postsynaptic 

current (mIPSC) recordings, the internal solution contained (in mM): 150 CsCl, 4.6 

MgCl2, 10 HEPES, 1 EGTA, 0.1 CaCl2, 4 Na2ATP, 0.4 Na3GTP. Purkinje neurons were 
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voltage-clamped at holding potentials in the range of -65 to -70mV. At this potential and 

with the CsCl-based internal solution, excitatory postsynaptic currents (EPSCs) and 

IPSCs were recorded as inward currents. To specifically isolate the excitatory inward 

currents from inhibitory inward current, NBQX (10 µM) and APV (50 µM) were added 

to the ACSF throughout the sIPSCs and mIPSCs recordings in order to block AMPA and 

NMDA receptors. mIPSCs, corresponding to responses to single synaptic release, were 

measured under action potential suppression by 1 µM TTX, a voltage-dependent Na+ 

channel blocker. For EPSPs/EPSCs recordings with the K-Gluconate based internal 

solution, Picrotoxin (200 µM) was added in the ACSF throughout recordings. To activate 

PFs, glass electrodes filled with ACSF were placed in the upper molecular layer. The 

input and series resistances were monitored throughout experiments by applying 

hyperpolarizing voltage steps (-10mV) at the end of each sweep. Recordings were 

excluded if series or input resistances varied by >15% over the course of the experiments. 

 

Analysis  

Data were analyzed with Excel (Microsoft) or Igor (Wavemetrics). sIPSCs and 

mIPSCs were analyzed using Patcher’s Power Tool program with a threshold of 10pA for 

events detection. All data are expressed as the mean +/- S.E.M. For statistical analysis, 

we used the Student’s t-test (paired/unpaired) and the Mann-Whitney U test, when 

appropriate. 
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3.2.9 Behavioral testing 

Ten wild type and ten Pcp2-Cre;Nfasc
Flox

 mice of either gender were tested at one 

month, two months, three months and four months in the following tests. 

 

Locomotor activity 

Exploratory activity in a novel environment was assessed by one-hour trials in an 

open field chamber (40 cm x 40 cm x 30 cm) crossed by a grid of photobeams 

(VersaMax system, AccuScan Instruments).  Counts were taken of the number of 

photobeams broken during the trial in five-minute intervals, with separate measures for 

ambulation (total distance traveled) and rearing movements. 

 

Rotarod 

Mice were tested for motor coordination and learning on an accelerating rotarod 

(Ugo Basile, Stoelting Co., Wood Dale, IL).  For each test session, animals were given 

two trials, with 45 seconds between each trial.  Rpm (revolutions per minute) was set at 

an initial value of 3, with a progressive increase to a maximum of 30 rpm across five 

minutes (the maximum trial length).  Measures were taken for latency to fall from the top 

of the rotating barrel. 

 

3.2.10 Basket cell dye-injections 

Parasagittal slice preparation 

Mice were anesthetized with pentobarbital (40 mg/kg) and decapitated after 

disappearance of corneal reflexes, in compliance with University of North Carolina 
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guidelines. Brains were rapidly removed and immersed in ice-cold dissection buffer (in 

mM: 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 75 sucrose, 10 dextrose, 1.3 

ascorbic acid, 7 MgCl2, and 0.5 CaCl2) bubbled with 95% O2-5% CO2. The cerebellum 

was dissected and 250μm parasagittal slices were prepared using a vibrating microtome 

(Leica VT1000S). Slices were allowed to recover for 20 min in a 35ºC submersion 

chamber filled with oxygenated artificial cerebrospinal fluid (ACSF) (in mM; 124 NaCl, 

3 KCl, 1.25 Na2PO4, 26 NaHCO3, 1 MgCl2 2 CaCl2 and 20 glucose) and then kept at 

room temperature for >40 min until use. 

 

Biocytin fills of cerebellar basket neurons 

Slices were placed in a submersion chamber, maintained at 30ºC and perfused at 2 

mL/min with oxygenated ACSF (as described above). Cells were visualized using a Ziess 

Axioskop microscope equipped with infrared differential interference contrast (IR-DIC) 

optics. Patch pipettes were pulled from thick-walled borosilicate glass (P2000, Sutter 

Instruments Novato, CA). Open tip resistances were between 2.5-5 MΩ when pipettes 

were filled with the internal solution containing (in mM): 100 K-Gluconate, 20 KCl, 0.2 

EGTA, 4 Mg-ATP, 0.3 Na-GTP, 10 HEPES, 10 Na-phosphocreatine, 0.5% neurobiotin 

(Vector Labs) and 0.025 Alexa-488 or 568 with pH adjusted to 7.25 with 1M KOH and 

osmolarity adjusted to ~295 mOsm by addition of sucrose. Voltage-clamp recordings 

were performed in the whole-cell configuration using patch-clamp amplifier (Multiclamp 

700A, Molecular Devices). Pipette seal resistances were > 1GΩ, and pipette capacitive 

transients were minimized prior to breakthrough. Basket neurons were filled for 15-20 

min before the slice was removed and placed in 4% paraformaldehyde (in 0.1M PBS) 
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overnight. The cerebellar sections were processed for immunostaining as described 

above.  

 

Quantification and analysis 

Two independent wild type, Pcp2-Cre;Nfasc
Flox

, and Parv-Cre;Nfasc
Flox

 mice of 

either gender at P10 and P20 were utilized for biocytin dye-injection experiments. A 

minimum of three basket cells were injected in three cerebellar sections from each 

genotype. Healthy looking basket neurons were randomly selected for injections based on 

their location above the Purkinje neurons. All clearly stained basket cells were imaged 

and z-stacks merged. The number of primary branches forming off the main axon for 

each basket neuron were counted and averaged for each genotype and age and “n” refers 

to the number of basket cells counted for each genotype. For statistical analysis, we used 

the Student’s t-test (unpaired) and ANOVA test (single factor). 

 

3.3 Results 

3.3.1 Developmental Organization of the Cerebellar Pinceau 

 The cerebellar interneurons migrate through the white matter tracks of the 

cerebellum before moving in the vicinity of the Purkinje neuron layer and differentiating 

into basket and stellate interneurons in the molecular layer (Ango et al., 2004; Palay and 

Palay, 1974; Sudarov et al., 2011; Zhang and Goldman, 1996). Axon collaterals from 5-7 

basket neurons contribute to the formation of the pinceau, and each basket neuron can 

innervate several Purkinje neurons, allowing for precise gating of Purkinje neuron output. 

To establish the developmental organization and localization of various molecular 
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components at the pinceau, we utilized a combination of molecular markers to follow the 

developmental timeline of pinceau organization, including the unique enrichment of 

potassium channels at the core of the pinceau. We carried out immunostaining of wild 

type cerebellar sections against Parv to label both Purkinje neurons and molecular layer 

interneurons, including basket neurons (Bastianelli, 2003).  We also immunostained for 

Calb as a specific marker for Purkinje neurons (Nordquist et al., 1988), phosphorylated 

neurofilaments (pNfl) as a marker for basket neuron collaterals, and potassium channels 

(KV1.2) to label the core of the pinceau formed by basket axon terminals that target the 

Purkinje AIS. As shown in Fig. 3.1, co-immunostaining against Parv and Calb at P10 

shows Parv expression in basket neurons (b) (Fig. 3.1Aa-b) in the vicinity of the Purkinje 

neurons. Note that Parv is also expressed in Purkinje neurons (merged yellow color) (Fig. 

3.1Ab), but Calb is not expressed in basket neurons. At this stage, Parv immunoreactivity 

at the developing pinceaux is not expanded (Fig. 3.1Ab, arrow). Triple immunostaining 

of P10 cerebellar sections using antibodies against Calb, pNfl and KV1.2 showed that 

basket neuron collaterals are beginning to target the Purkinje AIS (Fig. 3.1Bb, merged 

image Fig. 3.1Bd, arrow), but the KV1.2 immunoreactivity is not yet detectable at the 

developing pinceau (Fig. 3.1Bc, arrowhead, merged image Fig. 3.1Bd). At P12, basket 

neuron collaterals reach the Purkinje AIS, as visualized by both Parv (Fig. 3.1Ca) and 

pNfl (Fig. 3.1Db, arrowhead). At P12, KV1.2 begins to label the developing pinceau (Fig. 

3.1Dc, arrowhead) around the Purkinje AIS (merged image Fig. 3.1Dd). At P16, the 

structure of the pinceaux begins to take shape and Parv localization broadens around the 

Purkinje AIS (Fig. 3.1Ea, merged image Fig. 3.1Eb, arrow) and more basket axon 

collaterals begin to target the Purkinje AIS, as revealed by immunostaining against pNfl 
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(Fig. 3.1Fb, arrowhead). KV1.2 also begins to show increasing enrichment at the 

pinceaux (Fig. 3.1Fc, arrowhead). By P20, the pinceaux takes the characteristic cone-

shape and its development is almost complete, as revealed by Parv and pNfl localization 

(Fig. 3.1Ga, b, arrow; Fig. 3.1Hb, arrowhead) and the unique enrichment of KV1.2 

channels (Fig. 3.1Hc, arrowhead; merged image Fig. 3.1Hd, arrow). By P30, the general 

developmental organization of the pinceaux is complete (Fig. 3.1Ia, b; Ja-d), but the 

pinceaux becomes larger and the density of KV channels increases by P30 to P90 (Fig. 

3.1Ka, b; La-d) (Sotelo, 2008). We also analyzed BAC transgenic Gad67-GFP mice 

which express GFP in cerebellar interneurons, including basket neurons and some 

Purkinje neurons (Ango et al., 2004). Immunostaining of Gad67-GFP cerebella at 

various postnatal developmental stages using anti-GFP to label basket axon collaterals 

and anti-Calb further supported the developmental timeline of the pinceau organization as 

revealed by various antibody markers in the wild type cerebella (Fig. 3.1M-Q). Based on 

the above immunohistochemical analysis, we have schematized the organization of the 

cerebellar pinceaux during postnatal development (Fig. 3.1R). Together, our data reveal 

distinct features of pinceau development in which basket axon collaterals target the 

Purkinje soma and the AIS and only the inner core of the pinceaux becomes enriched 

with potassium channels, which surrounds the Purkinje AIS.  
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Figure 3.1 Molecular organization of the cerebellar pinceau during postnatal 

development. 

Wild type cerebellar sections from ages P10-P90 (indicated on left) and immunostained 

against Parv, Calb, pNfl, and potassium channels (KV1.2).  

(A, B) At P10, very few basket neuron (“b”=basket neuron) collaterals have reached 
Purkinje neuron (“P”) AIS’s (arrows).  
(C, D) At P12, a few basket neuron (b) collaterals have arrived at the Purkinje AIS 

(arrowhead) and faint traces of KV1.2 channels can be seen around the Purkinje AIS.  
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(E, F) By P16, more basket neuron (b) collaterals surround the Purkinje (P) AIS and 

KV1.2 channels are enriched at the basket neuron terminals. 

(G, H) At P20, the cone-shape of the pinceau is formed, as evident by Parv (Gb, arrow), 

pNfl (Hb, arrowhead, Hd, arrow) and KV1.2 clustering (Hc, arrowhead).  

(I, J) At P30 the pinceau is fully mature (Ib, Jd, arrows, Jb, Jc arrowheads).  

(K, L) At P90, the structure of the pinceau does not display major anatomical changes 

compared to P30 (Kb, Ld, arrows, Lb, Lc, arrowheads).  

(M-Q) Cerebellar sections from Gad67-GFP BAC transgenic mice at ages P10 (M), P12 

(N), P16 (O), P20 (P) and P30 (Q) immunostained against GFP (green) and Calb (red). 

The main basket axons (arrows) give off collaterals (arrowheads) that extend towards the 

Purkinje AIS begins at P10, (M, arrowhead) and form the cone-shape pinceau P30 (Q, 

arrowhead). 

(R) Representative drawings of each stage of pinceau development. Purkinje neurons (P) 

in green, basket neurons (b) in red and orange and potassium channels in blue. Scale bars: 

10 m 
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3.3.2 Nfasc is Expressed in Cerebellar Basket Axon Terminals at the Pinceau 

The anatomical features and the organization of the pinceau between basket axon 

collaterals and the Purkinje soma/AIS have raised fundamental questions about what 

precisely dictates the establishment of the pinceaux. Earlier studies showed that loss of 

AnkG at the Purkinje AIS led to mislocalization of Nfasc at the Purkinje AIS and 

disrupted organization of the pinceau, implicating Nfasc in pinceau organization (Ango et 

al., 2004). It was recently reported that loss of Nfasc in adult mice, using inducible Thy1-

Cre, led to progressive disorganization of the Purkinje AIS and the pinceau (Zonta et al., 

2011). While these studies highlight the role of Nfasc in Purkinje neurons for pinceau 

formation and AIS maintenance, it remains to be determined if Nfasc is functionally 

required in basket neurons during pinceau assembly. We addressed this issue by 

specifically ablating Nfasc in Purkinje, and in both Purkinje and basket neurons using cell 

type-specific Cre recombinase. To analyze the role of Purkinje neuron Nfasc in pinceau 

formation, we conditionally ablated Nfasc in Purkinje neurons using Purkinje-cell protein 

2 (Pcp2)-Cre (Barski et al., 2000; Berrebi et al., 1991) and previously generated Nfasc
Flox

 

mice (Pillai et al., 2009; Thaxton et al., 2011). We first confirmed the specificity of the 

Nfasc antibody by immunostaining cerebellar tissues from Actin-Cre;Nfasc
Flox

 mice, 

which are null for Nfasc. This immunostaining showed that Nfasc is absent in Actin-

Cre;Nfasc
Flox

 mice at P5, the age at which it clearly localizes to the Purkinje AIS in wild 

type cerebella (compare Fig. 3.2B to Fig. 3.2A). Further, we confirmed that Nfasc and 

AnkG co-localized at the Purkinje and basket AIS at P10 and P20 (Fig. 3.2C-D). We also 

confirmed that ablation of Nfasc in the cerebellum started from P0 using PCR analysis of 

Pcp2-Cre;Nfasc
Flox

 mice during postnatal development (Fig. 3.2E).  
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Figure 3.2 Ubiquitous Ablation of Nfasc. 

Wild type (A) and Actin-Cre;Nfasc
Flox

 (B) P5 cerebellar sections immunostained against 

Nfasc (a, red), Calb (b, green), and merged (c) show expression of Nfasc at the Purkinje 

AIS in wild type cerebella and complete loss of Nfasc in Actin-Cre;Nfasc
Flox

 cerebella, 

confirming the specificity of the Nfasc antibodies. 

Wild type P10 (C) and P20 (D) cerebellar sections immunostained against Nfasc (a, 

green), AnkG (b, red), Calb (c, blue) and merged (d) show co-localization of Nfasc and 

AnkG at the Purkinje and basket AIS at P10, while Nfasc additionally begins to localize 

around the Purkinje soma. At P20, Nfasc and AnkG remain co-localized at the basket (b) 

and Purkinje AIS (Db, arrow), and Nfasc now extends around the entire Purkinje soma 

and is localized to the basket axon terminals surrounding the Purkinje AIS (Da, 

arrowhead). 

(E) PCR amplification using primers to amplify the excision product of the Nfasc allele 

from wild type, Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 cerebella (Thaxton et al., 

2011). Primers to amplify wild type Caspr were used as a control. Note that Cre-

dependent recombination in the Nfasc locus is observed at P0 in Pcp2-Cre;Nfasc
Flox

 and 

Parv-Cre;Nfasc
Flox

 cerebella. 
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To ensure that Nfasc was specifically ablated in Purkinje neurons, we carried out 

immunostaining against Nfasc and Calb in wild type (+/+) and Pcp2-Cre;Nfasc
Flox

 mice 

during postnatal development. At P10, in wild type cerebella, Nfasc is enriched at the 

Purkinje AIS and slightly at the base of the Purkinje soma (Fig. 3.3Aa, arrow), as well as 

at the basket neuron (b) AIS (Fig. 3.3Aa, arrowhead; merged image Fig. 3.3Ab). In P10 

Pcp2-Cre;Nfasc
Flox

 cerebella, Nfasc is undetectable at the Purkinje cell AIS and soma 

(Fig. 3.3Ba, arrow), but is present at the basket (b) AIS (Fig. 3.3Ba, b, arrowheads). In 

P12 and P16 wild type cerebella, Nfasc becomes enriched in the Purkinje soma and AIS 

(Fig. 3.3Da, b; Ga, b), as well as at the basket (b) AIS (Fig. 3.3Da, b, arrowheads). In P12 

and P16 Pcp2-Cre;Nfasc
Flox

 cerebella, Nfasc is absent from the Purkinje soma and AIS 

(Fig. 3.3Ea, b; Ha, b; arrows), but is present at the basket (b) AIS (Fig. 3.3Ea, b; Ha, b; 

arrowheads). Interestingly, as the basket axon collaterals reach the Purkinje AIS and 

pinceau begins to take shape, Nfasc labels the basket axon collaterals at the pinceau area 

that is distinct from its localization at the Purkinje AIS (Fig. 3.3Da, b; Ga, b; Ja, b; Ma, b; 

Pa, b; green arrowheads).  As the pinceau matures from P20, P30 and into adulthood 

(P150), Nfasc is not only localized to the Purkinje soma and AIS, but is also found at the 

pinceau, indicating that it is expressed in the basket axon terminals (Fig. 3.3Ja, b; Ma, b; 

Pa, b, green arrowheads). Most importantly, Nfasc localization in the basket axon 

terminals is not affected in Pcp2-Cre;Nfasc
Flox

 cerebella at any of the developmental time 

points analyzed (Fig. 3.3Ka, b; Na, b; Qa, b; green arrowheads). Together, these data 

show that Nfasc is expressed in both Purkinje and basket neurons, and that in addition to 

its localization at the Purkinje soma/AIS, Nfasc also localizes at the basket AIS and 

basket axon terminals. 
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To verify that Nfasc is expressed in basket neurons and localizes to basket axon 

terminals at the pinceau, we utilized a Parvalbumin-Cre (Parv-Cre) mouse strain 

(Hippenmeyer et al., 2005) that expresses Cre in all Parv-expressing interneurons in the 

nervous system and generated Parv-Cre;Nfasc
Flox

 mice. Similar to Pcp2-Cre;Nfasc
Flox

 

mice, we confirmed loss of Nfasc in Purkinje and basket neurons at P0 (Fig. 3.2E). We 

carried out immunostaining for Nfasc to confirm ablation of Nfasc in Parv-Cre;Nfasc
Flox

 

mice (Fig. 3.3C, F, I, L, O, R). Analysis of P10 (Fig. 3.3Ca, b), P12 (Fig. 3.3Fa, b), P16 

(Fig. 3.3Ia, b), P20 (Fig. 3.3La, b), P30 (Fig. 3.3Oa, b) and P150 (Fig. 3.3Ra, b) Parv-

Cre;Nfasc
Flox

 cerebella showed loss of Nfasc in both Purkinje and basket neurons. Most 

importantly, Nfasc-positive immunostaining observed in wild type and Pcp2-

Cre;Nfasc
Flox

 cerebella was absent from the basket axon terminals surrounding the 

Purkinje AIS (Fig. 3.3Ib, Lb, Ob and Rb, green arrowheads). Higher magnification 

images of the Purkinje AIS/pinceau area from wild type (Fig. 3.3M, P), Pcp2-

Cre;Nfasc
Flox

 (Fig. 3.3N, Q) and Parv-Cre;Nfasc
Flox

 (Fig. 3.3L, O) cerebella show that 

Nfasc is absent from Purkinje neurons in both Pcp2-Cre;Nfasc
Flox

 (Fig. 3.3U, V, 

asterisks) and Parv-Cre;Nfasc
Flox

 (Fig. 3.3W, X; asterisks) cerebella. They also show that 

Nfasc is present in basket axon terminals surrounding the Purkinje AIS in wild type (Fig. 

3.3S, T, green arrowheads) and that this staining is present in Pcp2-Cre;Nfasc
Flox

 (Fig. 

3.3U, V) and absent in Parv-Cre;Nfasc
Flox

 (Fig. 3.3W, X; green arrowheads) cerebella. 

These data demonstrate that Nfasc is expressed in both Purkinje and basket neurons, and 

that Nfasc localizes to basket axon collaterals, which form the pinceau at the Purkinje 

AIS. 
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Figure 3.3 Purkinje and basket-specific ablation of Neurofascin reveals its 

localization to both Purkinje and basket neurons. 

Wild type, Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 cerebellar sections from ages P10-

P150 as indicated on left (A-R) or within panel (S-X), and immunostained against Nfasc 

(a, green) and Calb (b, red). Note that in P10 wild type cerebella, Nfasc is localized to the 

Purkinje AIS (A, arrows) and basket (b) AIS (A, white arrowheads). At later stages, in 
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wild type cerebella, Nfasc is localized around the entire Purkinje soma and AIS (D, G, J, 

M, P, arrows), as well as the basket AIS (D, white arrowhead). Nfasc is also localized to 

basket axon terminals as they form the pinceau in wild type cerebella (D, G, J, M, P, 

green arrowheads). In Pcp2-Cre;Nfasc
Flox

 cerebella, Nfasc is ablated from the Purkinje 

soma/AIS (B, E, H, K, N, Q, arrows), but remains at the basket AIS (B, E, H, N, white 

arrowhead) and pinceau (H, K, N, Q, green, arrowheads). In Parv-Cre;Nfasc
Flox

 

cerebella, Nfasc is lost from the Purkinje soma/AIS (C, F, I, L, O, R, arrows), basket AIS 

and pinceau (I, L, O, R, green arrowheads). Higher magnification shows that Nfasc is 

present at the Purkinje soma/AIS and pinceau in wild type (S, T, green arrowheads), is 

missing from the Purkinje soma/AIS in Pcp2-Cre;Nfasc
Flox

 (U, V, stars), while remaining 

at the pinceau in Pcp2-Cre;Nfasc
Flox

 (U, V, green arrowheads), and is missing from both 

the Purkinje soma/AIS (stars) and the pinceau (green arrowheads) in Parv-Cre;Nfasc
Flox

 

cerebella (W, X). Scale bars: 10 m 



105 

 

3.3.3 Nfasc is Required for the Maturation and Maintenance of the Purkinje Axon 

Initial Segment 

 Studies examining the organization of the AIS in vivo and in vitro have led to a 

debate as to which proteins are critical in the initial organization of the AIS (Grubb and 

Burrone, 2010b). Loss of Nfasc globally does not affect initial clustering of AIS 

components AnkG, NaV channels and IV-Spectrin, but severely disrupts NrCAM 

localization at the AIS (Zonta et al., 2011). However, loss of Nfasc later in the adult life 

progressively leads to AIS disorganization (Zonta et al., 2011). RNAi knockdown of 

AnkG in in vitro hippocampal neuron cultures led to disorganization of the AIS and 

change in neuronal polarity, but AIS organization was relatively unaffected when Nfasc 

was knocked down (Hedstrom et al., 2008). These observations have suggested that 

initial AIS organization is dependent on AnkG, but independent of Nfasc, and that the 

maintenance of the AIS requires Nfasc. We wanted to address this question using the 

Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mice to determine the consequences of loss of 

Nfasc in Purkinje neurons and how that affected the developmental organization of the 

AIS. At P10 in the wild type Purkinje neurons, AnkG localizes at the AIS and its 

expression extends distally from the AIS (Fig. 3.4Aa, b; arrowheads). This initial 

distribution of AnkG at the AIS is unaffected when Nfasc is lost in Pcp2-Cre;Nfasc
Flox

 

and Parv-Cre;Nfasc
Flox

 mice (Fig. 3.4Ba, b; Ca, b, arrowheads). By P20, AnkG gets 

highly enriched at the AIS in the wild type (Fig. 3.4Da, b; arrowheads). In P20 Pcp2-

Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 cerebella AnkG fails to localize at the AIS and 

becomes mislocalized to the distal region of the AIS (Fig. 3.4Ea, b; Fa, b; arrowheads). 

By P30, in wild type cerebella, AnkG is concentrated at the AIS (Fig. 3.4Ga, b; 
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arrowheads), whereas no AnkG is detectable in Pcp2-Cre;Nfasc
Flox

 and Parv-

Cre;Nfasc
Flox

 mutant AIS (Fig. 3.4Ha, b; Ia, b; arrows). These data suggest that Nfasc is 

not essential for initial localization of AnkG at the AIS, but is for its proper retention and 

stabilization at the AIS. 

 We next determined the consequences of loss of Nfasc on the developmental 

localization of NaV channels at the Purkinje AIS. It has been previously reported that the 

Purkinje AIS initially contains only NaV1.1 and later NaV1.6 becomes enriched at the AIS 

(Van Wart and Matthews, 2006). We carried out immunostaining using panNaV and 

NaV1.6 specific antibodies. At P10, panNaV staining showed proper clustering of NaV 

channels at the Purkinje AIS in Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mutants (Fig. 

3.4Ka, b; La, b; arrowheads), which was indistinguishable from that observed in the wild 

type (Fig. 3.4Ja, b; arrowheads). Interestingly, immunostaining against NaV1.6 at P10 

showed localization of NaV1.6 distal to the AIS in the wild type cerebella (Fig. 3.4Ma, b; 

arrowheads; arrows point to AIS) and similar localization was observed in Pcp2-

Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mutants (Fig. 3.4Na, b; Oa, b; arrowheads). These 

data indicate that NaV1.6 clustering initially does not occur at the AIS, but in the 

immediate distal region of the AIS. By P20, panNaV immunostaining showed localization 

of NaV channels at the AIS in the wild type cerebella (Fig. 3.4Pa, b; arrowheads), but in 

Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mutants, NaV channel localization was 

already severely affected with localization toward the distal regions from the AIS (Fig. 

3.4Qa, b; Ra, b; arrowheads). Similarly, NaV1.6 immunostaining at P20 revealed that 

NaV1.6 becomes highly enriched at the wild type Purkinje AIS (Fig. 3.4Sa, b; 

arrowheads). In Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mutants, by P20, NaV1.6 
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remained mislocalized in the distal axonal region away from the AIS (Fig. 3.4Ta, b; Ua, 

b; arrowheads). At P30, both panNaV and NaV1.6 are enriched at the wild type Purkinje 

AIS (Fig. 3.4Va, b; Ya,b; arrowheads), but are undetectable at the AIS as well as at the 

distal region of the AIS in P30 Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mutants (Fig. 

3.4Wa, b; Xa, b; Za, b; Z’a, b; arrows). Together, these data clearly show that the initial 

phase of AIS organization is independent of Nfasc, and that Nfasc is critically required 

for the second phase, i.e. the maturation of the AIS with the localization of NaV1.6, and 

the maintenance of the molecular components of the AIS. 
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Figure 3.4 Early postnatal loss of Nfasc disrupts Purkinje AIS maturation and 

stabilization. 

Wild type, Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 cerebellar sections from mice ages 

P10-30 immunostained against AnkG (A-I, a, red), panNaV (J-L; P-R, V-X, a, red), 

NaV1.6 (M-O; S-U, Y-Z’, a, red) and Calb (A-Z’, b, green). AnkG is localized (between 
arrowheads) to the wild type Purkinje AIS at P10, P20 and P30. In both mutants, AnkG 

remains (between arrowheads) at the Purkinje AIS at P10, moves distally down the axon 

at P20 (E, F, between arrowheads) and is undetectable from the Purkinje axon by P30 (H, 

I, arrows). At P10 (J, between arrowheads), P20 (P, between arrowheads), and P30 (V, 

between arrowheads) panNaV shows AIS localization in wild type Purkinje AIS. 

Localization of panNaV remains the same as in the wild type in both mutants at P10 (K, 

L, between arrowheads), but at P20 panNaV shows severely reduced immunostaining at 

the mutant AISs (Q, R, between arrowheads), and is completely missing from the P30 

mutant AISs (W, X, arrows). Localization of NaV1.6 at the wild type AIS at P10 shows 

that NaV1.6 is located distally in the AIS (M, between arrowheads) and moves to fill the 

entire AIS at P20 and P30 (S, Y, between arrowheads). Localization of NaV1.6 remains 

the same as wild type in both mutants at P10 (N, O, between arrowheads) and remains 

distally localized at P20 (T, U, between arrowheads), and is undetectable at the AIS at 

P30 (Z, Z’, arrows). The white line indicates the location of AIS in E, F, M-O, Q, R, T 

and U). Scale bars: 10 m 
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3.3.4 Nfasc is Required in both Basket Neurons and Purkinje Neurons for the 

Organization of the Pinceau 

A hallmark of the Purkinje neuron AIS is that the basket neuron collaterals 

establish a unique structure, the pinceau, at the AIS (refer Fig. 3.1). Our finding that, in 

addition to Nfasc localization at the Purkinje AIS, Nfasc is also expressed in the basket 

axon collaterals has raised an interesting question whether Nfasc is bidirectionally 

required for proper pinceau organization. Since Pcp2-Cre caused loss of Nfasc in 

Purkinje neurons and Parv-Cre resulted in the loss of Nfasc in both Purkinje and basket 

neurons, we compared the development of the pinceau and the phenotypes thereof 

between Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mutants. We carried out triple 

immunostaining against pNfl, KV1.2 and Calb (refer Fig. 3.1) to determine the extent of 

pinceau disorganization in these mutants (Fig. 3.5).  As noted earlier (Fig. 3.1) at P10 and 

P12, very few basket axon collaterals have reached the Purkinje AIS by these 

developmental stages and no significant differences were observed at the Purkinje AISs 

between wild type, Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mutants (Fig. 3.5Ba-c; 

Ca-c; compare with Fig. 3.5Aa-c; Ea-c; Fa-c; compare with Fig. 3.5Da-c). At P16, in 

wild type cerebella many basket axon collaterals reach the Purkinje AIS (Fig. 3.1Ga, c) 

and KV1.2 channels become enriched at the pinceau (Fig. 3.1Gb, c, arrowhead). In P16 

Pcp2-Cre;Nfasc
Flox

 cerebella, KV1.2 channels get enriched at the basket axon terminals 

that have reached the Purkinje AIS, but fail to get properly organized to form a compact 

structure compared to the wild type (Fig. 3.5Hb, c; arrowheads). In P16 Parv-

Cre;Nfasc
Flox

 cerebella, KV1.2 channels fail to get enriched at the Purkinje AIS and 

instead show small ectopic clusters near the Purkinje soma and regions distal to Purkinje 
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AIS (Fig. 3.5Ib, c; arrowheads).  Quantification of the percent of non-compact pinceau, 

based on KV1.2 localization, revealed that at P16, 33.3% of wild type pinceau were not 

compact (n=48 Purkinje cells from 4 separate animals), while this number increased to 

82.5% in Pcp2-Cre;Nfasc
Flox

 cerebella (n=42 Purkinje cells from 4 separate animals) and 

76.2% in Parv-Cre;Nfasc
Flox

 cerebella (n=40 Purkinje cells from 4 separate animals). In 

addition, quantification of ectopic KV1.2 clustering around the Purkinje soma at P16 

revealed that 52.4% of Purkinje neurons in Parv-Cre;Nfasc
Flox

 cerebella had ectopic 

clusters, compared to 35.0% in Pcp2-Cre;Nfasc
Flox

 and 8.3% in wild type cerebella at this 

age. In P20 Pcp2-Cre;Nfasc
Flox

 cerebella, KV1.2 channels get enriched at the basket axon 

terminals that have reached the Purkinje AIS area, but begin to form small unstructured 

KV1.2 clusters (Fig. 3.5Kb, c; arrowheads; compare with wild type Fig. 3.5Jb, c; 

arrowheads). In P20 Parv-Cre;Nfasc
Flox

 cerebella, KV1.2 channels either form tiny 

clusters or small stretched clusters near the Purkinje soma and regions distal to Purkinje 

AIS (Fig. 3.5Lb, c; arrowheads), or completely fail to form any KV1.2 clusters at the 

Purkinje AIS (data not shown). At P20, quantification of the percent of non-compact 

KV1.2 pinceau showed that 41.7% of pinceau were disorganized in Pcp2-Cre;Nfasc
Flox

 

cerebella (n=36 Purkinje cells from 4 separate animals) and 56.8% were disorganized in 

Parv-Cre;Nfasc
Flox

 cerebella (n=44 Purkinje cells from 4 separate animals), compared to 

14.0% in wild type cerebella (n=43 Purkinje cells from 4 separate animals). At P20, there 

were also ectopic KV1.2 clusters around 59.0% of Parv-Cre;Nfasc
Flox

 Purkinje neurons, 

30.0% of Pcp2-Cre;Nfasc
Flox

 Purkinje neurons, and 18.6% of wild type Purkinje neurons. 

By P30, Pcp2-Cre;Nfasc
Flox

 cerebella show basket axon collaterals that are mistargeted to 

the distal areas of the Purkinje AIS and form broken clusters of KV1.2 channels at the 
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Purkinje AIS area (Fig. 3.5Nb, c; arrowheads; compare with wild type Fig. 3.5Mb, c; 

arrowhead). By P30, Parv-Cre;Nfasc
Flox

 cerebella show a total failure of KV1.2 channel 

clustering at the pinceau (Fig. 3.5Ob, c; arrowheads; compare with wild type Fig. 3.5Mb, 

c; arrowhead). In P30 Parv-Cre;Nfasc
Flox

 cerebella, 73.3% pinceau were disorganized 

(n=86 Purkinje cells from 4 separate animals), based on KV1.2 localization, compared to 

70.9% in Pcp2-Cre;Nfasc
Flox

 cerebella (n=55 Purkinje cells from 4 separate animals) and 

19.5% in wild type cerebella (n=77 Purkinje cells from 4 separate animals). Interestingly, 

ectopic clusters of KV1.2 around the Purkinje soma were not as high in P30 mutant 

cerebella, compared to P16, with ectopic KV1.2 clusters surrounding 24.4% of Parv-

Cre;Nfasc
Flox

 Purkinje neurons, 14.6% of Pcp2-Cre;Nfasc
Flox

 Purkinje neurons and 2.6% 

of wild type Purkinje neurons. 

We also analyzed 5-month old wild type, Pcp2-Cre;Nfasc
Flox

 and Parv-

Cre;Nfasc
Flox

 mutant cerebella to determine the extent of pinceau defects at the Purkinje 

AIS. While the wild type Purkinje AIS showed proper targeting of basket axon collaterals 

and cone-shaped pinceau (Fig. 3.5Pa, b; arrowhead), Pcp2-Cre;Nfasc
Flox

 (Fig. 3.5Qa, b; 

arrowheads) and Parv-Cre;Nfasc
Flox

 (Fig. 3.5Ra, b; arrowheads) mutant cerebella 

revealed severely disorganized pinceau. In Parv-Cre;Nfasc
Flox

 mutants, PSD95 clustering 

at the pinceau was either completely absent or formed small patchy clusters at ectopic 

locations at the Purkinje soma or somewhere around the Purkinje AIS. Quantification 

analyses of the basket axon collaterals that targeted the Purkinje AIS and soma area in 

P20 Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mutant cerebella are shown in Fig. 3.5S. 

This revealed that fewer basket axon collaterals surround the Purkinje AIS in both 

mutants, compared to wild type (WT: 14.42 axons per AIS, n=31 Purkinje cells from 3 
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separate animals; Pcp2-Cre;Nfasc
Flox

: 9.64 axons per AIS, n=22 Purkinje cells from 3 

separate animals, p=0.00008; Parv-Cre;Nfasc
Flox

: 10.35 axons per AIS, n=34 Purkinje 

cells from 3 separate animals, p=0.00014). However, no significant differences were 

found in the number of collaterals surrounding the soma in each genotype (WT: 17.55 

axons per soma, n=31 Purkinje cells from 3 separate animals; Pcp2-Cre;Nfasc
Flox

: 17.09 

axons per soma, n=22 Purkinje cells from 3 separate animals, p=0.73; Parv-

Cre;Nfasc
Flox

: 20.35 axons per AIS, n=34 Purkinje cells from 3 separate animals, 

p=0.11). A one-way ANOVA was also used to test for statistical difference in the mean 

number of basket axon terminals at the Purkinje AIS and at the Purkinje soma between 

the wild-type, Pcp2-Cre;Nfasc
Flox

, and Parv-Cre;Nfasc
Flox

 cerebella. The number of 

basket axon terminals at the Purkinje AIS differed significantly across the three 

genotypes, F(2,84)=13.05, p=0.000012. However, the number of basket axon terminals at 

the Purkinje soma did not differ significantly across the three genotypes, F (2,84)=2.27, 

p=0.109. These data show that loss of Nfasc from either the Purkinje neuron or Purkinje 

and basket neurons results in decreased basket axon targeting to the Purkinje AIS. 

However, it is not clear from these results whether decreased collaterals are due to 

destabilization defects or targeting defects. 
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Figure 3.5 Ablation of Nfasc disrupts basket axon targeting and pinceau 

organization. 

Wild type (A, D, G, J, M), Pcp2-Cre;Nfasc
Flox

 (B, E, H, K, N) and Parv-Cre;Nfasc
Flox

 (C, 

F, I, L, O) cerebellar sections from ages P10 (A-C), P12 (D-F), P16 (G-I), P20 (J-L) and 

P30 (M-O) immunostained against pNfl (a, red), KV1.2 (b, blue), and Calb (c, green, 

merged). Pinceau disruption becomes evident in Pcp2-Cre;Nfasc
Flox

 cerebella at P16, 

when fewer collaterals appear to reach the Purkinje AIS (Ha, c) and KV1.2 does not 

become as enriched as at the wild type pinceau (Hb, c). This trend continues at P20 and 

P30, where fewer collaterals reach the Purkinje AIS (Ka, Na) and potassium channels fail 

to cluster properly and appear as broken clusters compared to wild type (Kb, Nb). In 

Parv-Cre;Nfasc
Flox

 cerebella at P16, basket axon targeting is disrupted (Ia, c) and KV1.2 

clusters ectopically around the soma and at random places along the Purkinje AIS (Ib, c). 

This disruption continues at P20 and P30 in Parv-Cre;Nfasc
Flox

 cerebella with altered 

basket axon targeting (La, Oa) and ectopic KV1.2 clusters (Lb, Ob). Wild type (P, T), 

Pcp2-Cre;Nfasc
Flox

 (Q), Parv-Cre;Nfasc
Flox

 (R), Brevican knockout (Bcan, U) and 

NrCAM knockout (V) cerebella immunostained against PSD95 (a, red) and Calb (b, 

green, merged). At P150, the wild type pinceau maintains its cone-shaped PSD95 

localization (P, T), while it is completely disrupted in both Pcp2-Cre;Nfasc
Flox

 (Q) and 

Parv-Cre;Nfasc
Flox

 cerebella (R). (S) Quantification of basket axon collateral targeting to 

the Purkinje AIS and soma in Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 cerebella. The 

pinceau remains intact in both Bcan (U) and NrCAM (V) mutants. Scale bars: 10 m. ns--

not significant. ***--p<0.001. 
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Next we determined whether the pinceau disorganization defects observed in 

Nfasc mutants are also seen in Brevican (Bcan) and Nrcam mutants. Brevican encodes a 

proteoglycan which localizes to Purkinje AIS and has been shown to interact with 

Nfasc
NF186

 (Hedstrom et al., 2007). Interestingly, Brevican localization was not altered in 

either Pcp2-Cre;Nfasc
Flox

 or Parv-Cre;Nfasc
Flox

 cerebella (Fig. 3.6D-E, compare to Fig. 

3.6C). Nrcam encodes a neuron glia-cell adhesion molecule (NrCAM) that is enriched at 

the Purkinje AIS and gets mislocalized in Nfasc mutants (Zonta et al., 2011). Both 

Brevican (Bcan) (Fig. 3.5Ua, b; Fig. 3.6Ga, b; Fig. 3.6Ja, b; arrowhead) and Nrcam (Fig. 

3.5Va, b; Fig. 3.6Ha, b; Fig. 3.6Ka, b; arrowhead) null mutants revealed normal 

organization of Nfasc and the pinceau, as seen in the wild type cerebellum (Fig. 3.5Ta, b; 

Fig. 3.6Fa, b; Fig. 3.6I a, b; arrowhead), indicating that Brevican and NrCAM are not 

critically required for the localization of Nfasc or for the organization of the cerebellar 

pinceau. Together, our data suggest that loss of Nfasc in both basket and Purkinje 

neurons leads to more severe disorganization of the cerebellar pinceau than when Nfasc 

is lost only in the Purkinje neurons. 
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Figure 3.6 Pinceau formation is not affected in Brevican and NrCAM mutants. 

Wild type (A, C, F, I), Brevican-/- (Bcan, B, G, J), Pcp2-Cre;Nfasc
Flox

 (D), Parv-

Cre;Nfasc
Flox

 (E), and NrCAM-/- (Nrcam, H, K) cerebellar sections immunostained 

against Brevican (Aa – Ea, red), Nfasc (Fa – Ha, red), pNfl (Ia – Ka, red), and Calb (b, 

green, merged). Brevican is localized around the Purkinje soma and AIS in wild type 

(Aa, Ca) and is relatively unaffected around the Purkinje soma and AIS in Pcp2-

Cre;Nfasc
Flox

 (Da) and Parv-Cre;Nfasc
Flox

 (Ea) cerebella. Wild type Nfasc localization at 

the Purkinje soma and AIS (Fa) is maintained in both Brevican (Ga) and Nrcam (Ha) 

mutant cerebella. Basket axon collateral targeting is also unaffected in Brevican (Ja) and 

Nrcam (Ka) mutant cerebella, as revealed by pNfl immunostaining. 
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3.3.5 Nfasc is Required in Basket Neurons for Proper Axon Collateral Outgrowth 

and Targeting during Pinceau Formation. 

Our immunohistochemical analyses indicated that loss of Nfasc in Purkinje and 

basket neurons led to a decrease in the number of basket axon collaterals that targeted to 

the Purkinje AIS, and that pinceau formation was severely compromised. This phenotype 

could be caused by defects in basket axon collateral guidance and/or outgrowth during 

cerebellar development, or due to inability of basket collaterals to form stable contacts at 

the Purkinje AIS. Earlier studies using chick have suggested that Nfasc interacts 

homophilically to induce neurite outgrowth (Pruss et al., 2004) and that alternative 

splicing of Nfasc allows for expression of multiple Nfasc isoforms, which either promote 

or inhibit neurite extension and cell adhesion (Koticha et al., 2005; Pruss et al., 2006). 

However, the in vivo role of Nfasc in neurite outgrowth and adhesion has not been 

examined. Since Nfasc is localized to the basket axon terminals and loss of Nfasc in 

Purkinje (Pcp2-Cre;Nfasc
Flox

) or Purkinje and basket neurons (Parv-Cre;Nfasc
Flox

) 

caused different pinceau phenotypes, we hypothesized that Nfasc may play a unique role 

in basket axon terminals for pinceau formation. To address whether loss of Nfasc in 

basket neurons had any consequences on the basket axon collateral outgrowth and/or 

stabilization of basket axon collaterals, we performed single-cell fills of individual basket 

cells with biocytin in wild type, Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mutants to 

follow basket axon collateral targeting. Biocytin filled basket neurons were then 

immunostained to detect biocytin (refer Experimental Procedures for details). At P10, as 

previously observed by pNfl immunostaining (refer Fig. 3.1), few basket axon collaterals 

reach the Purkinje neuron layer and begin to extend toward the Purkinje soma and AIS 
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(Fig. 3.7A, arrow). In P10 Pcp2-Cre;Nfasc
Flox

 cerebella, the main basket axon extends 

through the molecular layer towards the Purkinje cell layer (Fig. 3.7B, arrow), but 

branches extensively into collaterals (Fig. 3.7B, arrowheads), indicating that Purkinje 

soma/AIS-localized Nfasc is required for terminating basket axon extension and forming 

stable contacts at the Purkinje AIS. In P10 Parv-Cre;Nfasc
Flox

 cerebella, the basket axons 

branched excessively, and failed to extend normally around the Purkinje soma (Fig. 3.7C, 

arrowheads), indicating that basket axon/collateral outgrowth fails to occur properly in 

the absence of Nfasc in basket cells. As development continues, wild type basket axons 

extend more branches towards the Purkinje cell layer (Fig. 3.7D; arrowheads). Similar to 

the phenotype seen in P10 Pcp2-Cre;Nfasc
Flox

 cerebella, at P20, the basket axons appear 

to target correctly to the Purkinje cell layer areas, but branch excessively once they arrive 

at the Purkinje cell layer (Fig. 3.7E, G; arrowheads), indicating that Nfasc at the Purkinje 

soma/AIS may be needed to terminate collateral extensions and to form stable contacts at 

the AIS. Remarkably, in P20 Parv-Cre;NFasc
Flox

 cerebella, the basket axons appear 

completely lost, branching in multiple directions and seeming to circle around the 

molecular layer, with no clear targeting pattern (Fig. 3.7F, H; arrowheads). In many 

instances, the collaterals fail to target towards the Purkinje soma/AIS (Fig. 3.7H; 

asterisks). A quantitative analysis of the basket axon collateral outgrowth and targeting 

revealed that loss of Nfasc in basket neurons causes more primary axon collateral 

branches than when Nfasc is only absent in Purkinje neurons (Fig. 3.7I). (P10 WT: 9.55 

branches per axon, n=11 basket neurons from 2 separate animals; P10 Pcp2-

Cre;Nfasc
Flox

: 10.17 branches per axon, n=6 basket neurons from 2 separate animals, 

p=0.77; P10 Parv-Cre;Nfasc
Flox

: 16.71 branches per axon, n=7 basket neurons from 2 
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separate animals, p=0.036; P20 WT: 12.5 branches per axon, n=6 basket neurons from 2 

separate animals; P20 Pcp2-Cre;Nfasc
Flox

: 13.91 branches per axon, n=11 basket neurons 

from 2 separate animals, p=0.42; P20 Parv-Cre;Nfasc
Flox

: 20.13 branches per axon, n=8 

basket neurons from 2 separate animals, p=0.0014). A one-way ANOVA was used to test 

for statistical difference in the mean number of branches off the primary basket axon in 

both P10 and P20 cerebella from the three genotypes. The number of branches coming 

off the basket axon differed significantly at both P10, F(2,21)=4.86, p=0.018, and at P20, 

F(2,22)=7.61, p=0.003. A schematic of the pinceau organization in wild type, Pcp2-

Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 mutant cerebella reflects the phenotypes that are 

observed when Nfasc is lost in Purkinje, and Purkinje and basket neurons (Fig. 3.7J). 

Together, our results suggest that Nfasc function is required in both Purkinje and basket 

neurons for proper axon collateral extension and targeting to the Purkinje AIS and for 

their stabilization at the AIS to allow for the formation and organization of the pinceau 

during cerebellar development. 
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Figure 3.7 Loss of Nfasc in basket neurons causes mistargeting of basket axon 

collaterals. 

Wild type (A, D), Pcp2-Cre;Nfasc
Flox 

(B, E, G), and Parv-Cre;Nfasc
Flox

 (C, F, H) 

cerebellar sections from ages P10 (A-C) and P20 (D-H) in which basket cells were 

injected with biocytin and immunostained with Alexa-conjugated Streptavidin (green). 

Note that basket axons project towards the Purkinje neuron layer in Pcp2-Cre;Nfasc
Flox

 

mutants, but branch excessively at their terminals (B, E, G, arrowheads). In Parv-

Cre;Nfasc
Flox

 mutants, basket axons branch excessively from the beginning of the 

extension (C, F, H, arrowheads) and sometimes point in opposite directions (H, 

asterisks). Purkinje somas are outlined as red circles. 

(I) Quantification of the number of primary basket terminal branches coming off the main 

basket axon branch at each time point reveal an increase in branching along the length of 

the Parv-Cre;Nfasc
Flox

 basket axon compared to wild type and Pcp2-Cre;Nfasc
Flox 

basket 

neurons. 

(J) Representative drawings summarizing the pinceau structures observed in wild type, 

Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 cerebella. Scale bars: 10 m. ns--not 

significant. *--p<0.05. **--p<0.01. 
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3.3.6 Nfasc is Required for Proper Basket Axon Collateral Targeting and 

Compaction at the Pinceau 

 Several studies have proposed a role for Nfasc in GABAergic synapse formation 

at the AIS. Expression of a dominant-negative form of Nfasc in Purkinje cells disrupted 

pinceau synapse formation, based on GAD65 immunostaining (Ango et al., 2004). In 

addition, shRNA-knockdown of Nfasc in granular cells of the rat dentate gyrus resulted 

in a decrease of pre- and post-synaptic components (Kriebel et al., 2011). Although 

synaptic markers clearly define the cone-shape of the pinceau, only a few synapses are 

actually made by basket axons onto the Purkinje AIS at each pinceaux (Somogyi and 

Hamori, 1976; Sotelo, 2008). No ultrastructural analysis of the pinceau region has been 

carried out in AnkG mutants or animals that express transgenic dominant negative Nfasc 

(Ango et al., 2004) or in Nfasc adult mutants (Zonta et al., 2011).  To determine the 

ultrastructural changes that occur at the pinceau as a result of loss of Nfasc in Purkinje, 

and Purkinje and basket neurons, we carried out EM analyses. EM analysis of one month 

wild type cerebella at the Purkinje AIS and the pinceau revealed a high density of basket 

(B) axon collaterals surrounding the Purkinje (P) soma and AIS and presence of synapses 

between basket collaterals and the Purkinje AIS (Fig. 3.8A, arrowheads). The Purkinje 

soma/AIS membrane is highlighted by the red line to distinguish it from the basket 

collateral areas. In P30 Pcp2-Cre;Nfasc
Flox

 cerebella, we observed a decrease in the 

density of basket axons and clear gaps between the Purkinje soma/AIS and basket 

collaterals (Fig. 3.8B, arrows), but basket axons were able to form synapses with the 

Purkinje soma and AIS (Fig. 3.8B, arrowhead). In P30 Parv-Cre;Nfasc
Flox

 cerebella, we 

observed a further decrease of the basket collaterals at the pinceau and more gaps 
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between the Purkinje soma/AIS and basket axon collaterals (Fig. 3.8C, arrows). Again, 

basket collaterals were able to form synapses with the Purkinje soma/AIS, indicating that 

loss of Nfasc in Purkinje and basket neurons does not abolish synapse formation (Fig. 

3.8E, F, compare with wild type Fig. 3.8D). Quantification of the number of synapses 

formed on the Purkinje soma/AIS at one month revealed no significant differences in the 

total number of synapses between wild type, Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 

mice (Wild type: 5.03 synapses per soma, n=105 Purkinje neurons; Pcp2-Cre;Nfasc
Flox

: 

4.48 synapses per soma, n=75 Purkinje neurons; Parv-Cre;Nfasc
Flox

: 4.13 synapses per 

soma, n=68 Purkinje neurons; F(2,245)=2.65, p=0.073). These data suggest that basket 

axon collaterals retain their ability to form synapses with the Purkinje soma/AIS in the 

absence of Nfasc, indicating that Nfasc is not required for synapses formation. Next we 

analyzed 3 month old wild type cerebella, which showed that basket axon collaterals 

remain tightly compacted surrounding the Purkinje AIS area (Fig. 3.8G). However, at 3 

months, both Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 cerebella revealed more severe 

disorganization of the pinceau with glial processes, which may be from astrocytes 

undergoing gliosis, infiltrating the space between mistargeted basket axon collaterals 

(Fig. 3.8H, I; arrows). At 4 months, both mutants displayed more severe disorganization 

at the pinceau with increased infiltration of glial processes between mislocalized basket 

axon collaterals (Fig. 3.8K, L, N, O; arrows). Wild type cerebella at 4 months maintained 

a compact array of basket collaterals at the pinceau (Fig. 3.8J, M). Together, the 

ultrastructural analysis of Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 cerebella shows 

that loss of Nfasc disrupts the targeting and stabilization of the basket axon collaterals at 

the pinceau and does not affect Purkinje and basket neuron synapse formation. 
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Figure 3.8 Cerebellar pinceau disorganization and infiltration of glial processes in 

Nfasc-deficient Purkinje and basket neuron cerebella. 

(A-C) Electron micrographs of the pinceau region of cerebellar sections from one-month 

old wild type (+/+) pinceau show compact, electron-dense basket axon collaterals (B) 

surrounding the Purkinje soma/AIS highlighted by red line (A). Note the presence of 

synapses between Purkinje (P) AIS and basket collaterals (B) (A, arrowheads). In one 

month old Pcp2-Cre;Nfasc
Flox

 cerebella, the pinceau appears slightly disorganized, with 

spaces beginning to form between basket axon terminals (B) (B, arrows). Note the 

presence of a synapse between the basket terminal and the Purkinje soma (B, arrowhead). 

In one month old Parv-Cre;Nfasc
Flox 

cerebella the pinceau appears more disorganized 

with glial processes infiltrating spaces between basket axon terminals (C, arrows). 

(D-F) Electron micrographs at higher magnification showing synapses (black 

arrowheads) with presynaptic (basket terminal) and postsynaptic (Purkinje AIS) areas in 

the wild type (D), Pcp2-Cre;Nfasc
Flox

 (E) and Parv-Cre;Nfasc
Flox 

(F) cerebella.  

(G-I) Electron micrographs from cerebellar sections from 3-month old wild type 

cerebella show highly compact basket terminals surrounding the Purkinje AIS (G). Pcp2-

Cre;Nfasc
Flox

 pinceau at 3 months shows increased infiltration of glial processes (H, 

black arrows). A 3 month old Parv-Cre;Nfasc
Flox 

pinceau shows increased 

disorganization of basket terminals surrounding the Purkinje soma/AIS (I, black arrows).  

(J-O) Electron micrographs of the pinceau from 4 month old wild type (J, M), Pcp2-

Cre;Nfasc
Flox

 (K, N) and Parv-Cre;Nfasc
Flox

 (L, O) cerebella. Wild type pinceau show 

compact basket axon terminals surrounding the Purkinje soma/AIS. The Pcp2-

Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 cerebella show severely disorganized basket 

terminals with increased infiltrating glial processes (black arrows). In some instances, in 

Parv-Cre;Nfasc
Flox

 cerebella the entire pinceau areas are completely disrupted (O, black 

arrows). Scale bars: 0.5 m 
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3.3.7 Nfasc-Deficient Purkinje Neurons Lack Spontaneous Activity and Receive 

Reduced Inhibitory Input from Basket Neurons 

 Since loss of Nfasc resulted in a failure to assemble AIS molecular components, 

and also caused mistargeting of the basket axon collaterals at the Purkinje AIS, we 

wanted to address how loss of Nfasc affected the electrophysiological properties of the 

Purkinje neurons. In voltage-clamp mode, we tested if the spontaneous activity, defined 

as firing rate in the absence of any current injection, of Pcp2-Cre;Nfasc
Flox

 mutant 

Purkinje neurons was different from the control Purkinje neurons (Fig. 3.9A-B). In the 

control group, 13 of 19 wild type neurons (68.4%) produced action potentials 

spontaneously, while only 6 of 18 Pcp2-Cre;Nfasc
Flox

 neurons (33.3%) fired 

spontaneously, the rest of them remaining silent (Fig. 3.9A). The mean firing rate across 

all wild type neurons was significantly different from the mean firing rate across all 

Pcp2-Cre;Nfasc
Flox

 mutant neurons (24.6 +/- 5.6 spikes/ sec, n=19, and 7.7 +/- 3.3 

spikes/sec, n=18, respectively, p=0.02) (Fig. 3.9B). Comparing only the spontaneously 

active neurons, wild type neurons fired at 36.1 +/- 5.9 Hz (n=13) and Pcp2-Cre;Nfasc
Flox

 

mutant cells fired at 23.2 +/- 6.1 Hz (n=6, p=0.17). No significant difference in the mean 

amplitude of action potentials was noticeable (control: 60.4 +/- 2.5 mV, n=13, Pcp2-

Cre;Nfasc
Flox

 mutant: 61.0 +/- 2.9 mV, n=6) (p=0.96). We hypothesized that the silent 

cells had a more hyperpolarized resting potential, preventing their depolarization to 

threshold. However, the resting potential of the 12 silent Pcp2-Cre;Nfasc
Flox

 mutant 

neurons (-53.3 +/- 1.8 mV) was not significantly more hyperpolarized than the resting 

potential of the 13 spontaneously active control neurons (-50.5 +/- 0.6 mV, p=0.14) (Fig. 

3.9B). Thus, the trend to decreased spontaneous firing rate in the mutant neurons is not 
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caused by a more hyperpolarized resting potential. Furthermore, no significant 

differences in neuronal input resistance, series resistance or capacitance was detected 

between the control and Pcp2-Cre;Nfasc
Flox

 genotypes (data not shown), indicating that 

the active membrane properties of mutant and wild type neurons were similar. 

 Next, to further test the firing properties of Pcp2-Cre;Nfasc
Flox

 mutant Purkinje 

neurons, we recorded action potentials triggered by depolarizing current steps in both 

control and Pcp2-Cre;Nfasc
Flox

 mutant Purkinje neurons (Fig. 3.9C-F). In current-clamp 

mode, cells were held at -70mV, and 500 msec steps of 100 to 800 pA were applied (by 

increments of 100 pA). Characteristic responses of wild type and Pcp2-Cre;Nfasc
Flox

 

mutant cells to 200, 400, 600 and 800 pA injections are illustrated in Fig. 3.9C. All cells 

responded to depolarizing injections with a train of action potentials, a single spike, or a 

burst. The mean threshold of current injection at which cells started to fire was not 

significantly higher in mutants than in control cells (control: 268.4 +/- 40.5 pA, n=19, 

mutant: 427.8 +/- 75 pA, n=18, p= 0.23), indicating that Pcp2-Cre;Nfasc
Flox

 mutant cells 

are able to start to fire for similar intensity of depolarization. The number of spikes 

during each step was counted (Fig. 3.9D). The sustained firing rates were quantified as 

the number of spikes divided by the time between the first and the last spike; the firing 

rate for steps eliciting only a single spike was scored as 0 spikes/sec. Although the 

sustained firing rate was not different in control and mutant cells for every step (Fig. 

3.9E), the number of spikes generated in mutant cells was significantly lower than in 

control cells for current injections above 300 pA. These data show that Pcp2-

Cre;Nfasc
Flox

 mutant cells are able to fire repetitively like the control cells, but they are 

unable to fire more than about 10 spikes, resulting in a lower spike number (Fig. 3.9F). 
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Because the loss of Nfasc expression results in altered targeting of the basket 

axon collaterals, we investigated the possibility that inhibitory inputs could be impaired 

in Pcp2-Cre;Nfasc
Flox

 mutant Purkinje neurons. In the current-clamp mode, we recorded 

sIPSCs in Purkinje cells, in the presence of glutamatergic antagonists (NBQX and APV). 

In Pcp2-Cre;Nfasc
Flox

 mutants, the frequency of sIPSCs was significantly decreased, 

compared with control cells (WT: 1.5 +/- 0.2 Hz, n=5; Pcp2-Cre;Nfasc
Flox

 mutant: 0.2 +/- 

0.04 Hz, n=9, p=0.001). The amplitude of sIPSCs was not significantly changed in Pcp2-

Cre;Nfasc
Flox

 mutant cells compared with control cells (WT: 32.1 +/- 3.4 pA, n=5; Pcp2-

Cre;Nfasc
Flox

 mutant: 28.5 +/- 4.9 pA, n=9, p=0.52). The reduction in the frequency of 

inhibition observed in Pcp2-Cre;Nfasc
Flox

 mutants in the sIPSCs recordings indicates that 

inhibitory inputs are impaired in mutant cells. To determine whether the decreased sIPSC 

reflected a decrease in spontaneous action potential firing in basket neurons or a decrease 

in the number or release probability of inhibitory inputs, we recorded mIPSCs in the 

presence of TTX (1µM) and glutamatergic antagonists (Fig. 3.9G-H). No significant 

difference was found in the mIPSC amplitude (WT: 27.4 +/- 4.4 pA, n=11; Pcp2-

Cre;Nfasc
Flox

 mutant: 35.5 +/- 6.4, n=13, p=0.57; Fig. 3.9H). However, the mIPSC 

frequency was decreased [1.2 +/- 0.3 Hz in WT (n=11), 0.26 +/- 0.05 Hz (n=13) in 

mutant cells (p=0.026] (Fig. 3.9H). These data indicate that inhibitory inputs onto Pcp2-

Cre;Nfasc
Flox

 mutant Purkinje neurons are decreased in number or have a decreased rate 

of presynaptic release. 
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Figure 3.9 Purkinje neuron-specific ablation of Nfasc abolishes Purkinje neuron 

spontaneous activity and reduces inhibitory inputs to Purkinje neurons. 

(A) Representative traces of spontaneous Purkinje neuron firing in wild type (+/+) and 

Pcp2-Cre;Nfasc
Flox

 Purkinje neurons.  

(B) Plot of the spontaneous firing rates of wild type (black circles) and Pcp2-

Cre;Nfasc
Flox

 mutant (white circles) Purkinje neurons. Larger diamonds show average 

spontaneous firing rates of Purkinje neurons in wild type (black diamond) and Pcp2-

Cre;Nfasc
Flox

 mutants (white diamond). 

(C) Representative traces of the action potential train response of Purkinje neurons to 

injected current at increasing depolarizing steps.  

(D-F) Output responses from wild type (black circles) and Pcp2-Cre;Nfasc
Flox

 (white 

circles) Purkinje neurons to increasing levels of injected current. 

(G) Representative traces of mIPSC recordings from wild type and Pcp2-Cre;Nfasc
Flox

 

Purkinje neurons.  

(H) Plot of mIPSC frequency reveals decreased frequency in Pcp2-Cre;Nfasc
Flox

 mutant 

Purkinje neurons. 

(I) Plot of mIPSC amplitude revealing no change between the wild type and Pcp2-

Cre;Nfasc
Flox

 mutant Purkinje neurons.  
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To test whether excitatory inputs were altered in response to the disrupted 

inhibitory input onto Purkinje neurons, we also tested the parallel fiber (PF) inputs onto 

Purkinje cells in Pcp2-Cre;Nfasc
Flox

 cerebella (Fig. 3.10). In voltage-clamp mode, PF-

EPSCs were recorded in Pcp2-Cre;Nfasc
Flox

 mutant cells and compared to wild type PF-

EPSCs. No significant difference between genotypes was noticed when the intensity of 

stimulation was increased, and the paired-pulse facilitation was similar in both groups for 

different tested delays, suggesting that PF connections are not affected pre- or post-

synaptically by the abnormal inhibitory inputs and the disrupted AIS in mutant Purkinje 

neurons. Together, these results indicate that Purkinje neuron physiology is compromised 

with Nfasc ablation and inhibitory input onto Nfasc mutant Purkinje neurons is reduced. 
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Figure 3.10 Parallel Fiber (PF) inputs are unchanged in Purkinje neuron-specific 

Nfasc mutants. 

(A) Representative traces of PF-EPSCs in wild type (+/+) and Pcp2-Cre;Nfasc
Flox

 

Purkinje neurons. 

(B) Plot of the PF-EPSC1 amplitude evoked in wild type (black circles, n=14) and Pcp2-

Cre;Nfasc
Flox

 mutant (white circles, n=9) Purkinje neurons with increasing intensity of 

stimulation. 

(C) Paired pulse ratio of PF-EPSCs from wild type (black circles, n=16) and Pcp2-

Cre;Nfasc
Flox

 (while circles, n=10) Purkinje neurons to increasing stimulation intervals. 
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3.3.8 Loss of Nfasc in Purkinje and Basket Neurons Leads to Progressive Ataxia 

and Neurodegeneration 

 The synaptic circuitry of the cerebellum relies on the Purkinje neurons as the sole 

output source. Thus, Purkinje neuron dysfunction is thought to be the major contributing 

factor in most ataxias and motor coordination deficits (Manto and Marmolino, 2009; 

Zoghbi, 2000). Since loss of Nfasc in Purkinje neurons leads to Purkinje AIS and pinceau 

disorganization, we wanted to determine whether Pcp2-Cre;Nfasc
Flox

 and Parv-

Cre;Nfasc
Flox

 mice displayed any signs of motor incoordination and ataxia and Purkinje 

neuron degeneration. We first performed rotarod tests as a measure of motor coordination 

on Pcp2-Cre;Nfasc
Flox

 mice. These mice became progressively more ataxic and showed 

decreased latency to fall from the accelerating rotarod as they aged (Fig. 3.11B). We also 

utilized the Pcp2-Cre;Nfasc
Flox

 mice in an open field test to examine their locomotor 

activity levels. We found that the Pcp2-Cre;Nfasc
Flox

 mice were always less active than 

the wild type mice and these differences became more pronounced with age, until the 

mutant mice barely moved at all during the 60-minute test by age 13weeks old (Fig. 

3.11C). Interestingly, the ataxia is significant in these mutants weeks after the Purkinje 

AIS and pinceau are anatomically disrupted, based on our immunohistochemistry (refer 

Figs. 3.4 & 3.5). The Parv-Cre;Nfasc
Flox

 mice were not utilized for rotarod or open field 

tests as they displayed extremely severe motor deficits, owing to loss of Nfasc in other 

areas of the nervous system where Parv-Cre is expressed. It is important to note that 

Pcp2-Cre could also be expressed in other areas of the nervous system and this may 

affect the behavior of the animal. Visually, at around P90, the Pcp2-Cre;Nfasc
Flox

 mice 
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begin to display motor deficits, including a wide-based gait and stumbling in the cage. As 

these mice age, these phenotypes become more severe.  

 

 

Figure 3.11 Purkinje neuron-specific loss of Nfasc results in ataxia. 

(A) Weights of mice (in grams) during behavioral testing. Data shown are mean (± SEM) 

for each group. *<0.05. 

(B) Latency to fall from an accelerating rotarod. Pcp2-Cre;Nfasc
Flox

 mice show decreased 

latency to fall as they age. Data shown are means (± SEM) for each group. *<0.05. 

(C) Total distance traveled in a novel environment. Pcp2-Cre;Nfasc
Flox

 mice are less 

active than wild type mice and their activity decreases with age. Data shown are means (± 

SEM) for each group for a one-hour test session. *p<0.05. 
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To determine whether older Pcp2-Cre;Nfasc
Flox

 mice undergo neurodegeneration 

in the cerebellum, we carried out triple immunostaining of the cerebella from one year 

old (P365) wild type and Pcp2-Cre;Nfasc
Flox

 mutant littermates against Calb, Parv and 

KV1.2 to assess the loss of Purkinje and basket neurons, as well as the phenotypes at the 

pinceau in older mutants. As shown in Fig. 3.12A, B, the wild type cerebellum displays a 

well-ordered Purkinje neuron layer (Fig. 3.12Aa, d; Ba, d; white arrows), presence of 

basket interneurons (b) (Fig. 3.12Ab, d; Bb, d, red arrow) and normal shape pinceau (Fig. 

3.12Ac, d; Bc, d; blue arrowhead). In contrast, the Pcp2-Cre;Nfasc
Flox

 mutant cerebellum 

has essentially lost all its Purkinje neurons (Fig. 3.12Ca, d; Da, d; white arrows) and the 

molecular layer has been reduced in size to almost one third of that of the wild type 

(compare Fig. 3.12Cd with 3.12Ad). The Calb immunoreactivity is essentially absent in 

Pcp2-Cre;Nfasc
Flox

 mutant cerebella, except in some background cell nuclei (Fig. 

3.12Da, d; green arrows). Basket neurons (b) are present and their axon collaterals form 

bundles (Fig. 3.12Db; red arrowheads) with traces of KV1.2 immunoreactivity reflecting 

the disorganized pinceau (Fig. 3.12Dc; blue arrowheads). Similarly, we analyzed 

cerebella from 4 ½ month old Parv-Cre;Nfasc
Flox

 mutant mice, which also revealed 

Purkinje neuron degeneration (Fig. 3.12Ga; Ha; white arrows). The basket neurons (b) 

are still present (Fig. 3.12Gb; Hb), but their axon collaterals are mistargeted and display 

severely disorganized pinceau structures (Fig. 3.12Gc; Hc; blue arrowheads). The Parv-

Cre;Nfasc
Flox

 mutant mice become extremely uncoordinated as they reach ~6 months of 

age and rarely survive past this age. At this point they also display more Purkinje neuron 

degeneration (data not shown). To quantify the levels of Purkinje neuron degeneration 

that occurs before the Parv-Cre;Nfasc
Flox

 mice die, we counted the number of Purkinje 
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neurons in cerebellar loops I, II, III, IV, V, VIa, VIb, and VIII from several cerebellar 

sections from each of five separate mice for both wild type and Parv-Cre;Nfasc
Flox

 and 

averaged the total number of Purkinje cells per loop. We found that there were an average 

of 161.9 Purkinje cells per loop in wild type cerebella at 5 months (n=43 loops from 5 

separate animals) and 97.3 Purkinje cells per loop in Parv-Cre;Nfasc
Flox

 cerebella at 5 

months (n=79 loops from 5 separate animals) (p=0.00000024). This is a 40% decrease in 

Purkinje neurons by the time the Parv-Cre;Nfasc
Flox

 reach 5 months of age. These data 

show that loss of Nfasc in Purkinje neurons leads to progressive ataxia and Purkinje 

neuron degeneration. Together, the data presented in this study reveal critical roles for 

Nfasc in both Purkinje and basket neurons for proper basket axon outgrowth, 

organization of the pinceau, maturation of the Purkinje AIS, and thus cerebellar function. 
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Figure 3.12 Ablation of Nfasc in Purkinje neurons leads to progressive Purkinje 

neuron degeneration. 

One-year old wild type (A, B), one-year old Pcp2-Cre;Nfasc
Flox

 (C, D), 4.5-month old 

wild type (E, F) and 4.5-month old Parv-Cre;Nfasc
Flox

 (G, H) cerebellar sections 

immunostained against Calb (a, green), Parv (b, red), KV1.2 (c, blue) and merged (d). 

One-year and 4 ½ month wild type cerebella maintain a full complement of healthy 

Purkinje neuron layer (Aa, Ba, Ea, Fa, arrows), while one-year old Pcp2-Cre;Nfasc
Flox

 

cerebella show decreased molecular layer size with loss of Purkinje neurons (Ca, Da, 

arrows). The pinceau is stably maintained in one-year and 4 ½ month old wild type 

cerebella (Bb-d, Fb-d, arrows). In Pcp2-Cre;Nfasc
Flox

 cerebella, the basket axons appear 

clumped together (Db, d, arrowheads), but do not form a pinceau structure as all Purkinje 

neurons have died (Da, arrows). In 4 ½ month Parv-Cre;Nfasc
Flox

 cerebella, some 

Purkinje cells have begun to degenerate (Ga, d; Ha, d, arrows) and the pinceau structure 

remains disrupted with ectopic clusters of potassium channels (Hb-d, arrowheads). Scale 

bars: 50 m --A, C, E, G; 10 m--B, D, F, H. 
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3.4 Discussion 

 The molecular organization of the cerebellar pinceau has intrigued neuroscientists 

since Cajal’s drawings of the cerebellum first appeared (Ramon y Cajal, 1894). This 

intrigue has heightened with observations that normal pinceau organization is required 

for normal motor behaviors (Bobik et al., 2004; Xie et al., 2010). The physiological 

function of the pinceau in modulating Purkinje neuron output remains to be understood 

(Bobik et al., 2004; Huang et al., 2007). Here we used cell-specific Cre recombinase to 

ablate Nfasc, revealing that Nfasc is expressed in both Purkinje and basket neurons, and 

that Nfasc function is required in both neurons for pinceau organization. Importantly, we 

demonstrate that loss of Nfasc does not abolish pinceau synapse formation. Instead, 

basket axon collaterals are mistargeted leading to pinceau disorganization. 

Electrophysiological analyses revealed a decreased probability of spontaneous firing and 

failure to maintain evoked action potential bursts in Nfasc mutant Purkinje neurons. 

Together, our studies establish that Nfasc is required in both Purkinje and basket neurons 

for proper basket axon outgrowth and targeting for pinceau organization. 

 

3.4.1 Neurofascin in Adhesive Interactions Between Purkinje and Basket Neurons 

 A key finding of this study is that Nfasc expression in both Purkinje and basket 

neurons may establish intercellular adhesion, either homophilically or heterophilically, to 

allow for stable interactions between the Purkinje soma/AIS and basket axon collaterals. 

While the role of Nfasc in AIS formation and stability is known (Hedstrom et al., 2008; 

Hedstrom et al., 2007; Zonta et al., 2011), Nfasc function in basket neurons is unknown. 

Our ultrastructural analysis showed that pinceau synapses formed in Parv-Cre;Nfasc
Flox
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mice, indicating that Nfasc is not critical for synapse formation (Fig. 3.8). CAMs similar 

to Nfasc have been shown to play a critical role in axon guidance (Shiga et al., 1993; 

Wiencken-Barger et al., 2004) and in establishing intercellular adhesion between 

extending axons and their target cells (Rader et al., 1993; Ushkaryov et al., 1992). Based 

on the abnormal branching of basket axon collaterals in Parv-Cre;Nfasc
Flox

 cerebella, 

Nfasc is needed for proper outgrowth and guidance of basket axons towards the Purkinje 

soma/AIS, and similarly, based on the extensive branching of the basket terminals around 

the Purkinje soma/AIS in Pcp2-Cre;Nfasc
Flox

 cerebella, Nfasc is involved in 

bidirectional, mostly heterophilic, interactions between the Purkinje soma/AIS and basket 

collaterals to stabilize the pinceau. Possible binding partners for Nfasc at the pinceau may 

include NrCAM, which localizes to the Purkinje soma/AIS. However, NrCAM ablation 

does not significantly disrupt pinceau organization (Fig. 3.5), but coordinated loss of 

NrCAM and Nfasc may lead to pinceau disruption. Another potential binding partner of 

Nfasc at the AIS/pinceau is the -subunit of NaV channels, which functions as a CAM, 

and has been shown to stimulate neurite outgrowth (Davis et al., 2004; Isom, 2002; 

Koticha et al., 2006; McEwen and Isom, 2004). Nfasc may also interact with ECM 

proteins to aid in pinceau organization. Elucidating the molecular nature of the Nfasc 

binding partners at the pinceau will allow for a better understanding of how Nfasc 

functions in basket and Purkinje neurons during cerebellar pinceau organization. 
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3.4.2 Loss of Nfasc in Basket and/or Purkinje Neurons and Consequences on 

Pinceau Organization 

Our comparative analyses revealed that pinceau organization was more severely 

affected in Parv-Cre;Nfasc
Flox

 than in Pcp2-Cre;Nfasc
Flox

 cerebella, leading to several 

possible interpretations. First, the increased loss of Nfasc could contribute to the more 

severe phenotype in Parv-Cre;Nfasc
Flox

 cerebella such that the compounded loss of Nfasc 

in basket and Purkinje neurons allows for mislocalization of other molecular components 

critical for pinceau organization. Thus, when Nfasc is lost in Parv-Cre;Nfasc
Flox

 

cerebella, these components are more disrupted than in Pcp2-Cre;Nfasc
Flox

 cerebella and 

the pinceau is further disorganized. Alternatively, if Nfasc function was only required at 

the Purkinje soma/AIS, then loss of Nfasc in Purkinje and Purkinje/basket neurons should 

lead to an identical phenotype. However, in Pcp2-Cre;Nfasc
Flox

 cerebella, a smaller 

pinceau, based on localization of KV channels and PSD95 can form. These molecules are 

more disrupted in Parv-Cre;Nfasc
Flox

 cerebella. This suggests Nfasc functions in a trans 

heterophilic manner during pinceau organization. Further, basket axon collaterals target 

the Purkinje AIS better in Pcp2-Cre;Nfasc
Flox

 than in Parv-Cre;Nfasc
Flox

 cerebella, 

suggesting that Nfasc in basket axons interacts with another molecule/s at the Purkinje 

soma/AIS. In Pcp2-Cre;Nfasc
Flox

 cerebella, that molecule/s is lost from the AIS in the 

absence of Nfasc. Our immunohistochemical results show that NaV1.6 channel, the 

marker of the mature AIS (Van Wart and Matthews, 2006), fails to become enriched at 

the Purkinje AIS. Thus, the primary function of Nfasc in Purkinje neurons is to ensure 

maturation and stabilization of the AIS molecules, including molecules that serve as 

receptors or ligands for basket neuron-expressed Nfasc. When Nfasc is also absent in 
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basket neurons, the axon collaterals fail to target properly and are unable to stably 

interact with the Purkinje AIS.  

The signaling mechanisms triggered by Nfasc in basket neurons remain to be 

determined. Alternative splicing and post-translational modifications of CAMs affect 

their interactions with downstream signaling effectors. For example, spatiotemporal 

control of functionally distinct isoforms of NCAM and L1 regulate their interactions with 

FGF tyrosine kinase receptors to modulate axon growth and guidance (Walsh and 

Doherty, 1997). Further, several CAMs induce neurite outgrowth by interacting with FGF 

receptors in growth cones (Doherty et al., 2000; Hansen et al., 2008). Importantly, Nfasc 

interacts with FGF receptors for neurite outgrowth, such that the cytosolic domain of 

Nfasc is critical for FGF receptor activation, while the extracellular domain is critical for 

regulating FGF receptor signaling in vitro (Kirschbaum et al., 2009). Our studies provide 

in vivo evidence that Nfasc is required for basket axon collateral outgrowth and targeting, 

and this may require receptor-mediated signal transduction pathways. 

 

3.4.3 Basket Neuron Inhibitory Input to Purkinje Neurons and the Role of Pinceau 

Nfasc functions in the organization of inhibitory synapses by clustering gephyrin 

at the future AIS in the developing hippocampus and in adult dentate gyrus stabilizes 

GABAergic synaptic components (Kriebel et al., 2011). Interestingly, only a few basket 

axon collaterals synapse with the Purkinje soma/AIS at the pinceau, while the remaining 

collaterals just surround the AIS (Palay and Palay, 1974; Somogyi and Hamori, 1976; 

Sotelo, 2008). Our patch-clamp recordings revealed that Pcp2-Cre;Nfasc
Flox

 Purkinje 

neurons show reduced spontaneous firing rates and failure to maintain depolarization-
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evoked high-frequency spike firing. These observations suggest that an intact AIS is not 

required for action potential initiation, but is essential for maintaining firing in response 

to current injection and for spontaneous firing. Similar observations were made in mice 

that lack NaV1.6 channels (Khaliq et al., 2003). Thus, the abnormal spike firing properties 

in Pcp2-Cre;Nfasc
Flox

 Purkinje neurons are likely related to the mislocalization of NaV1.6 

channels (Fig. 3.4). Recent studies by Zonta et al. (2011) also showed that ablation of 

Nfasc in adult Purkinje neurons results in silent Purkinje neurons that fail to maintain 

spontaneous firing. Together, these data confirm that Purkinje AIS is critical for Purkinje 

neuron spontaneous activity and maintaining action potentials.  

What role does the pinceau play in Purkinje neuron activity? Our studies 

uncovered a 5-6 fold reduction in mIPSC frequency, but not mIPSC amplitude, 

suggesting that the number of synaptic release sites, or their release probability, is 

decreased. This is consistent with our EM analysis, which revealed the presence of 

synapses between basket axons and Purkinje AIS, but fewer basket axon collaterals 

around the Purkinje AIS. Interestingly, mutations in Kcna2, which encodes basket axon 

collateral-specific KV1.2, also resulted in defective inhibitory input to Purkinje neurons 

(Xie et al., 2010). Together, these data suggest that pinceau plays an important role in 

modulating Purkinje neuron activity. 

 

3.4.4 Ataxia and Neurodegeneration in Nfasc Mutants  

Many genetic mutations are associated with Purkinje neuron degeneration and 

cerebellar dysfunction leading to ataxia (Perkins et al., 2010; Rinaldo and Hansel, 2010; 

Wang and Zoghbi, 2001). In this study, the Pcp2-Cre;Nfasc
Flox

 mice developed ataxia, 
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consistent with the Purkinje neuron loss found in older Pcp2-Cre;Nfasc
Flox

 cerebella, 

though possibly also due to ablation of Nfasc in other Pcp2-Cre-expressing neurons. 

Importantly, the ataxia does not develop in the Pcp2-Cre;Nfasc
Flox

 mice until weeks after 

the AIS and pinceau defects are found (refer Figs. 3.4, 3.5, & 3.11). It is possible that the 

Purkinje neurons are able to compensate for disrupted function for some period of time 

and only once they begin to degenerate is their function truly compromised. In addition, 

the behavior of the animal is the result of the entire nervous system, and thus other parts 

of the motor circuitry may be able to compensate for cerebellar dysfunction for a short 

time. Thus, the precise mechanisms leading to ataxia in our mutant mice are not 

completely understood. 

We are also left with the question of what might cause the Purkinje neuron death. 

Previous studies have shown that ion channels are essential for sustained high frequency 

firing by Purkinje neurons (Raman and Bean, 1997, 1999; Sacco et al., 2006; Zagha et 

al., 2008) and mutant forms of human channels are associated with cerebellar atrophy and 

spinocerebellar ataxias (Browne et al., 1994; Ophoff et al., 1996; Waters et al., 2006; 

Zhuchenko et al., 1997). A high density of ion channels at the Purkinje AIS is necessary 

for proper action potential propagation and as discussed above loss of Nfasc results in 

their mislocalization from the AIS, leading to Purkinje neuron dysfunction. Interestingly, 

mutations in Kcna2 also lead to ataxia suggesting that an intact Purkinje AIS is not 

sufficient to maintain normal Purkinje neuron firing, further highlighting an equally 

important role of the pinceau in ensuring proper Purkinje neuron output modulation (Xie 

et al., 2010). Additionally, Pcp2-Cre;Nfasc
Flox

 mice show progressive Purkinje neuron 

degeneration beginning around 7-8 months owing to secondary consequences. In several 
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instances Purkinje neuron dysfunction has been attributed to glutamatergic excitotoxicity, 

so this could also contribute to Purkinje neuron loss (Perkins et al., 2010; Slemmer et al., 

2005). Future studies in which Nfasc is only ablated in basket neurons may help 

differentiate Purkinje AIS versus basket Nfasc functions during pinceau organization and 

how inhibitory input to Purkinje neurons would be affected. In summary, we have 

provided in vivo evidence that cerebellar pinceau organization and function requires 

coordinated mechanisms involving distinct Nfasc functions in Purkinje and basket 

neurons. 

 



 
Chapter 4 

 

Discussion and Future Directions 
 

 The work presented in this dissertation elucidates molecular components and 

mechanisms responsible for the organization and maintenance of axonal domains in 

myelinated axons, as well as the cerebellar pinceau. First, we showed that protein 4.1B is 

a critical component for paranode stabilization, helping to maintain the AGSJs. Second, 

we found that protein 4.1B is required for the organization of the JXP domain. Third, we 

revealed a role for Nfasc in the maturation of the AIS. Fourth, we confirmed that Nfasc 

localized to Purkinje neurons is critical for the stabilization of basket axons to form the  

cerebellar pinceau. Finally, we revealed a novel role for Nfasc in proper axon outgrowth 

during the formation of the pinceau. Together, these findings help define the mechanisms 

by which axonal domains in myelinated axons are formed and stabilized. However, many 

questions remain to be answered. Below is a discussion of the findings of this dissertation 

with a perspective of where it leaves the field, where we must go next, and how this may 

affect disease therapeutics. 
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4.1 Axo-glial septate junctions link myelinating glia to the axonal 

cytoskeleton 

 Over the past decade, many studies have contributed to our understanding of the 

mechanisms responsible for axonal domain organization in myelinated axons. These 

studies revealed that the strict localization of ion channels to unique axonal domains is 

required for action potential propagation. Importantly, these studies elucidated the fence 

function of the AGSJs (Bhat et al., 2001; Boyle et al., 2001; Pillai et al., 2009). Loss of 

the AGSJ fence also disrupts the organization of the axonal cytoskeleton (Garcia-Fresco 

et al., 2006). The work presented in this dissertation takes these studies a step further, 

showing that one of the links of the AGSJs to the underlying axonal cytoskeleton is 

protein 4.1B.  When 4.1B is ablated, the paranodal AGSJs are able to form, but do not 

remain stabilized. At P30, the paranode is not compacted properly in the absence of 4.1B 

and eventually the AGSJs begin to fall apart. Thus, this work provides direct evidence for 

a molecular component involved in the regulation and stabilization of the paranodal 

AGSJs. 

 In addition, many studies have addressed the molecular organizers of the JXP 

domain. These studies found roles for Caspr2 and Tag1, but not PSD proteins, in the 

organization of the JXP (Horresh et al., 2008; Poliak et al., 2003; Rasband et al., 2002). 

Therefore, there was still a gap in the knowledge of the connection between the JXP 

membrane-bound proteins and the axonal cytoskeleton for stabilization of the JXP 

proteins. The work presented in this dissertation shows that protein 4.1B is required for 

organization of the JXP domain. When 4.1B is ablated, the JXP fails to form, with no 
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clustering of potassium channels, PSD95, or Caspr2. Thus, protein 4.1B acts as a 

molecular scaffold at both the paranode and JXP domains.  

 Within this dissertation we showed that paranode and JXP organization requires 

4.1B up to four months by looking at the β-Act-Cre;4.1B
Flox

 mice. However, we still 

wanted to know how this disruption in domain organization affected the long-term health 

of the axon. Interestingly, our in-progress studies show that axons undergo axonal 

degeneration as they age in the absence of protein 4.1B. In these follow-up experiments, 

preliminary results show the presence of swellings in Purkinje axons of one year old β-

Act-Cre;4.1B
Flox

 cerebella (data not shown). This suggests that the axonal cytoskeleton is 

disrupted, resulting in axonal transport defects and accumulation of organelles in 

swellings along the axon, signs of axonal degeneration (Garcia-Fresco et al., 2006). 

Intriguingly, it appears that the CNS paranodes are not completely disrupted in the one 

year old 4.1B mutants. This suggests that the AGSJs are able to undergo remodeling to 

re-cluster and form the paranode in the absence of 4.1B (Shepherd et al., 2012). 

However, the link from the AGSJs to the axonal cytoskeleton is still missing, resulting in 

disorganization of the axonal cytoskeleton and axonal swellings. The swellings reflect the 

role of the AGSJs in organizing the axonal cytoskeleton, which cannot maintain its 

proper structure without contacting the axonal membrane complexes. 

 In addition, the PNS paranodes appear to disorganize further as the β-Act-

Cre;4.1B
Flox

 mice age from four months to one year (data not shown). Overall, the 

paranodes appear more stretched out, with broken segments. These preliminary studies 

show that Caspr localization in 1-year 4.1B mutant paranodes looks a lot like that of 

inducible ablation of Nfasc
NF155

 (Pillai et al., 2009). In this study, tamoxifen-induced 
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ablation of Nfasc
NF155

 in the adult mouse leads to increasing loss of the paranode from the 

JXP side towards the nodal side until the paranode is completely disrupted. The 

phenotypes differ in that the JXP is completely disrupted in one year β-Act-Cre;4.1B
Flox

 

mice, whereas the JXP remains intact, albeit mislocalized towards the node, in the 

inducible Nfasc
NF155

 knockouts (data not shown; Pillai et al., 2009). There are also places 

in the β-Act-Cre;4.1B
Flox

 axons where nodal AnkG protein appears to enter the broken 

gaps in paranodal Caspr localization (data not shown). Examination of 1-year β-Act-

Cre;4.1B
Flox

 spinal cord and sciatic nerves by EM will help us to definitively understand 

what is happening within the axon with long-term loss of protein 4.1B. 

 Together, the results presented in this dissertation regarding protein 4.1B show 

that it functions much like the other 4.1 proteins to link the cellular membrane to the 

underlying cytoskeleton. Similar to the function of protein 4.1R in the maintenance of the 

shape of red blood cells (Shi et al., 1999), 4.1B is critical for maintaining the membrane 

organization of axonal domains in myelinated axons. Further, 4.1B function is conserved 

in 4.1 orthologs from vertebrates to invertebrates, where the protein Cora is critical for 

stabilizing the septate junction protein Nrx IV (Banerjee et al., 2006b; Baumgartner et al., 

1996; Fehon et al., 1994; Lamb et al., 1998; Ward et al., 1998). Thus, protein 4.1B 

functions as a cytoskeletal adaptor to organize the JXP and to stabilize the paranodal 

AGSJs. 
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4.2 Future directions for elucidating new paranodal proteins important 

for AGSJ stabilization 

 While we provide evidence for the role of protein 4.1B in the stabilization of 

AGSJs and organization of the JXP, the AGSJs are still able to form and do not 

immediately fall apart upon ablation of 4.1B. This suggests that other molecular players 

are involved in the stabilization of the AGSJs. We did not see a compensatory increase in 

protein 4.1R protein levels in β-Act-Cre;4.1B
Flox

 sciatic nerves or spinal cords. However, 

this does not rule out the function of other 4.1 proteins in paranode stabilization. A recent 

paper showed that protein 4.1G plays an important role in the organization of the 

internode (Ivanovic et al., 2012). Protein 4.1G is localized to Schwann cells (Horresh et 

al., 2010), and this new study showed that 4.1G functions to maintain proper localization 

of ion channels at the JXP and inner mesaxon of the Schmidt-Lanterman incisures 

(Ivanovic et al., 2012). In addition to 4.1B, 4.1N and 4.1R have been shown to be 

expressed in PNS sensory neurons (Arroyo et al., 2004; Ogawa et al., 2006; Ohara et al., 

2000; Poliak et al., 2001). Therefore, it is possible that even without a compensatory 

increase in the 4.1B mutants, these other 4.1 proteins could play some role in axonal 

domain organization. 

 While 4.1 proteins are clearly important for axonal domain organization, there 

must be other components to the complex that links the AGSJs to the underlying axonal 

cytoskeleton. Because the c-terminus of Caspr is the only axonal intracellular component 

of the AGSJs, we assume unidentified proteins must interact with the Caspr c-terminus. 

Previous studies in the lab utilized a yeast-2-hybrid screen with the Caspr c-terminus to 

identify binding partners, and identified the protein Whirlin (Green and Bhat, 
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unpublished studies). Whirlin contains three putative PDZ-binding motifs, suggesting it 

may be able to play a role in stabilization of membrane-bound complexes. In addition, 

whirlin has known roles for the coordination of defined cellular domains. For example, in 

the hair cells of the inner ear, whirlin interacts in complexes with the membrane-

associated guanylate kinase (MAGUK) protein, p55, the MAGUK CASK, and 4.1 

proteins, including 4.1R, 4.1N and 4.1B, to regulate hair cell development and 

maintenance (Mburu et al., 2006; Okumura et al., 2010). Therefore, it is possible that 

whirlin, along with protein 4.1B, is needed for stabilization of the paranodal AGSJs. 

However, there still may be other proteins involved in this paranodal complex as well. 

AnkB and αII/βII spectrin are enriched at the paranode (Garcia-Fresco et al., 2006; 

Ogawa et al., 2006). Thus, it is possible these proteins form a complex with Caspr at the 

paranode to stabilize the AGSJs. Further evidence for this possibility comes from the 

ability of Caspr to co-immunoprecipitate with 4.1B, spectrin and actin (Garcia-Fresco et 

al., 2006).  

 In order to elucidate further novel binding partners for Caspr at the paranode, one 

could immunoprecipitate Caspr from spinal cord and sciatic nerve lysates and use mass 

spectrometry to identify binding partners and complex components. It will be important 

to use spinal cord and sciatic nerve tissue separately because the AGSJs may be stabilized 

through different mechanisms in the CNS versus PNS. In this dissertation we showed, for 

the first time, that different isoforms of protein 4.1B are expressed in the PNS, compared 

to the known isoforms in the CNS. These different 4.1B isoforms likely play different 

roles in the PNS versus CNS and suggest that the axonal domains are organized and 

stabilized through different mechanisms in the PNS and CNS. 
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 Finally, examination of β-Act-Cre;4.1B
Flox

 sciatic nerve EM images revealed a 

possible defect in the organization of the Schwann cell (data not shown). To investigate 

the possibility of a role for 4.1B in Schwann cell development, like that of 4.1G, we have 

crossed the 4.1B
Flox

 mice to Cnp-Cre, which is expressed in glial cells (Lappe-Siefke et 

al., 2003; Pillai et al., 2009). Initial examination of the sciatic nerves from the Cnp-

Cre;4.1B
Flox

 mice at P30 reveal that Cnp-Cre expression is leaky in the axons and 4.1B is 

missing in some axons and is present in others. Our immunohistochemical analyses 

shows that axons with 4.1B remaining appear normal, while axons missing 4.1B 

phenocopy the β-Act-Cre;4.1B
Flox

 axons at this time point. However, we do not know if 

these axons are missing 4.1B in their myelinating glia. Because 4.1B expression is so 

abundant in the axon, it is impossible to differentiate glial versus axonal expression with 

immunohistochemistry alone. To parse this out, we could obtain Schwann cell cultures 

and run a western blot with the lysate from such a culture to see if 4.1B is specifically 

expressed in Schwann cells. Another option is to use immuno-EM to look for the 

localization of immuno-labeled gold particles in the myelin sheath versus the axon. These 

studies will help elucidate how 4.1B is able to organize and stabilize the paranode and 

JXP domains. 

 Further exploration of the molecular components of the paranode will help us 

better understand how these structures are affected in disease states. For example, in MS 

we know that the nodal and paranodal domains are targeted by auto-antibodies, leading to 

disrupted node, paranode, and JXP domain organization (Coman et al., 2006; Howell et 

al., 2006; Mathey et al., 2007; Wolswijk and Balesar, 2003). However, key questions 

remain to be addressed that relate to repair and stabilization of these domains. The more 
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we learn about how the paranode and other axonal domains are organized and stabilized, 

the more directed therapeutics can be developed in the future. 

 

4.3 Different mechanisms are responsible for AIS maturation versus 

initial formation 

 The data presented in this dissertation provides evidence for distinct phases of 

AIS organization. First, AIS CAMs and ion channels become enriched at the AIS. This 

initial formation is followed by the maturation of the AIS, which includes the enrichment 

of the mature sodium channel isoform NaV1.6. Finally, the AIS is stabilized for long-term 

activity. The first step, AIS formation, is regulated by AnkG. Without AnkG, the rest of 

the CAMs and ion channels fail to become enriched at the AIS (Hedstrom et al., 2007; 

Zhou et al., 1998). The data presented in this dissertation reveal that the second step, AIS 

maturation, requires the function of Nfasc, such that loss of Nfasc results in failure of 

NaV1.6 to cluster at the AIS. We also confirmed that the stabilization of the AIS requires 

Nfasc (Zonta et al., 2011).  

From these results, one can hypothesize that AIS organization occurs through 

specific and separate mechanisms that are required for distinct functions of the AIS. First, 

during AIS formation, a sieve forms that functions to regulate the proteins that are able to 

be transported into the axon. Next, during AIS maturation, the mature sodium channel 

isoform becomes clustered to the AIS for action potential initiation. One can speculate 

that AIS maturation is delayed so that the sieve at the AIS can be properly established 

first. Finally, the AIS is stabilized so that the sieve structure is maintained and proteins do 

not need to be constantly transported out of the axon. Thus, each step of AIS organization 
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is regulated by a different mechanism and understanding these mechanisms may allow us 

to have a better understanding of how we might treat an injured AIS. In ischemic injury 

models, the AIS is specifically degraded when the spectrin and Ank proteins responsible 

for AIS organization and stabilization are proteolyzed by calpain (Schafer et al., 2009). 

This degradation could be prevented with the use of protease inhibitors. Because we 

know that maintaining the integrity of Ank and spectrins is important for maintaining 

AIS structure, a targeted approach for prevention could be elucidated. If we begin to 

understand the mechanisms responsible for AIS maturation and stabilization, we may be 

able to treat developmental- or disease-related AIS disorders. 

 

4.4 Future directions for elucidating the primary organizer of the AIS 

 While AnkG is clearly required for initial clustering of the CAMs and ion 

channels that localize to the AIS, the molecular mechanisms responsible for AnkG 

enrichment at the AIS are unknown. As previously stated, it is thought that 

phosphorylated inhibitor of κBα (pIκBα) may function as a cofactor in AnkG trafficking 

to the AIS (Sanchez-Ponce et al., 2008; Schultz et al., 2006). One study showed that 

pIκBα, activated inhibitory κB kinase (IKK), and phosphorylated p65 are enriched at the 

AIS (Schultz et al., 2006). Phosphorylation of IκBα results in activation of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB), a transcription factor that helps 

neurons to avoid apoptosis (Barger et al., 1995; Bhakar et al., 2002; Kaltschmidt et al., 

1999a; Kaltschmidt et al., 1999b). This phosphorylation depends on the activation of IKK 

(Mercurio et al., 1997). Thus, restriction of these activated proteins to the AIS suggests 

that the AIS plays a role in NF-κB signaling (Schultz et al., 2006). Interestingly, pIκBα 
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associates with microtubules at the AIS and activated IKK associates with the membrane 

cytoskeleton at the AIS (Schultz et al., 2006). Another study showed that IKK activity 

and resulting phosphorylation of IκBα are necessary for AnkG localization to the AIS 

(Sanchez-Ponce et al., 2008). In addition, IKK activity is also required for axon 

formation (Sanchez-Ponce et al., 2008). Thus, it is possible that the initial mechanisms 

that specify the axon are involved in the clustering of AnkG at the AIS. The downstream 

targets of activated phosphatidylinositol 3-kinase (PI3-kinase), including Akt, glycogen 

synthase kinase-3β (GSK-3β), and collapsing response mediator protein-2 (CRMP-2), are 

known to be involved in axon specification (Shi et al., 2003; Yoshimura et al., 2006a; 

Yoshimura et al., 2006b). There are several other pathways downstream of PI3-kinase 

that have been implicated in neuronal polarization. Interestingly, before axon 

specification, the actin cytoskeleton is unstable in the neurite that eventually becomes the 

axon (Bradke and Dotti, 1999). Further, application of actin destabilizing agents causes 

the formation of multiple axons (Bradke and Dotti, 1999). In addition, several studies 

have shown that the IKK and IκBα pathways interact with other axon outgrowth 

pathways, including the PI3-kinase pathway (Alzuherri and Chang, 2003; Chen et al., 

2001; Deng et al., 2004; Hacker and Karin, 2006; Perkins, 2007; Sanchez-Ponce et al., 

2008; Wooten et al., 2000). The molecular players described here that are involved in 

axon specification function by organizing the axonal microtubule network. Therefore, it 

is possible these initial signals involved in microtubule organization also regulate the 

organization of pIκBα and IKK at the AIS and thus the activity of NF-κB, which has been 

shown to be important for AnkG localization to the AIS. If similar mechanisms are 

responsible for axon specification and AIS initial organization, it may be difficult to 
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differentiate the two. Future directions should be focused on downstream effects of NF-

κB regulation that could be important in AIS organization. One way to do this would be 

to use RNASeq to look at how the transcriptome changes in neurons with disrupted IKK 

signaling. This may elucidate novel genes that are regulated by NF-κB at the AIS. 

 It is likely that the organization of the axonal cytoskeleton at the AIS plays an 

important role in the initial assembly of the AIS. As previously mentioned, proteolysis of 

the spectrin/Ank cytoskeleton after ischemic injury results in disorganization of the AIS 

(Schafer et al., 2009). However, in vitro ablation of βIV-spectrin alone does not disrupt 

AIS organization (Hedstrom et al., 2007). Therefore, spectrin must play some other role 

at the AIS. It is possible that spectrin functions with actin to form and stabilize the sieve 

at the AIS. In addition, we wonder whether ablation of Nfasc disrupts the underlying 

axonal cytoskeleton when sodium channels and AnkG no longer localize to the AIS. To 

answer this question, future studies will examine the localization of βIV-spectrin at the 

Purkinje AIS of Pcp2-Cre;Nfasc
Flox

 and Parv-Cre;Nfasc
Flox

 cerebella. If βIV-spectrin 

remains at the Purkinje AIS, while all other AIS components fail to remain enriched, then 

this will suggest that the axonal cytoskeleton at the AIS is organized by a different 

mechanism than the plasma membrane at the AIS. These results will answer the question 

of whether initial AIS organization is independent of the axonal cytoskeleton.  

 

4.5 Nfasc is required in both Purkinje and basket neurons for pinceau 

organization 

 The balance of excitation and inhibition in the brain is critical for maintaining 

proper neuronal function. The complex circuitry of the cerebellum requires a balance of 



157 

 

communication between the cerebellar inputs (via climbing and mossy fibers), the 

cerebellar interneurons (granule, stellate, lugaro, and basket neurons), and the Purkinje 

neuron recurrent collaterals (Palay and Palay, 1974). Together, these inputs result in the 

Purkinje neuron receiving many inputs from both excitatory fibers and inhibitory 

interneurons (Palay and Palay, 1974). In addition, the Purkinje neuron regulates its own 

behavior by sending recurrent axon collaterals back to its soma and dendrites to function 

in feedback inhibition (Palay and Palay, 1974). The studies presented in this dissertation 

reveal that ablation of Nfasc results in disruption of these intricate circuits. 

 When Nfasc is ablated only in Purkinje neurons, the Purkinje AIS is not properly 

stabilized. As a result, the molecular cues responsible for binding with basket axon 

terminals are not properly stabilized at the Purkinje AIS/pinceau. Alternatively, Nfasc 

itself could be the cue required by basket axons to find the Purkinje soma/AIS and form 

the pinceau. We hypothesize that other molecular cues are also involved because some 

basket axons still reach the Purkinje soma/AIS area in both Nfasc mutants. 

 Importantly, when we ablated Nfasc from both Purkinje and basket neurons we 

found that the basket axon branches excessively and appears lost in its targeting (Fig 3.7). 

This suggests that Nfasc plays a role in regulating the outgrowth of the basket axon. It is 

possible that Nfasc is important for initiating signaling to the basket soma to 

communicate with the axon to stop branching. It is also possible that Nfasc interacts with 

the ECM or Purkinje soma to direct basket axon branching in the direction of the 

Purkinje AIS instead of into the molecular layer. As previously mentioned, several CAMs 

have been shown to function in axon outgrowth through the FGF receptor signaling 

pathway (Doherty et al., 2000; Hansen et al., 2008). This is one possible mechanism 
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through which Nfasc may function at the pinceau. It is also possible that Nfasc functions 

through a novel pathway that other CAMs do not utilize. Studies have shown that 

members within the same receptor families do not always function the same way during 

development of the nervous system. For example, semaphorins are traditionally known to 

function as repulsive guidance cues during neuronal development (Mark et al., 1997). 

However, a more recent study found that semaphorin 7A functions to enhance axonal 

outgrowth through integrin receptors and the mitogen activated protein kinase (MAPK) 

pathway (Pasterkamp et al., 2003). Thus, it is possible that Nfasc functions through 

integrin receptors, or receptor tyrosine kinases such as the FGF receptor, to different 

intracellular signaling cascades, which may or may not include the MAPK pathway. 

Future studies, described below, are aimed to determine the precise mechanism of 

function Nfasc uses to regulate basket axon outgrowth. 

 

4.6 The pinceau modulates Purkinje neuron function 

 Electrophysiological studies presented in this dissertation support the idea that the 

pinceau functions to inhibit Purkinje neuron activity. We found a decrease in mIPSC 

frequency, but not mIPSC amplitude, in Pcp2-Cre;Nfasc
Flox

 Purkinje neurons. This 

suggests that the number of basket synapses is decreased, but the quantal content is not 

affected. Because mIPSCs are measured in the presence of TTX to block action 

potentials, the decrease in mIPSC frequency could also be caused by a decrease in the 

frequency of spontaneous events in each basket terminal. One possible way to 

discriminate between these possibilities would be to do paired recordings in basket and 

Purkinje cells, which is a technically difficult experiment that relies on the chances of 
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patching on a pair of cells that are in direct synaptic contact. By combining our 

electrophysiology data with the analysis of our immunohistochemistry, which shows 

decreased numbers of basket axon collaterals surrounding the Purkinje AIS in the Nfasc 

mutants, we hypothesize that a decrease in basket synapses likely results in the decreased 

mIPSC frequency phenotype. The function of the Purkinje neuron was also severely 

disrupted in Pcp2-Cre;Nfasc
Flox

 cerebella. However, the decrease in Purkinje neuron 

spontaneous and evoked firing is likely due to disruption in the Purkinje AIS, not 

disrupted inhibitory input onto the Purkinje neuron. The only way to differentiate these 

phenotypes would be to ablate Nfasc in basket neurons alone and see how this affects 

Purkinje neuron activity. 

 Further support for the inhibitory role of the pinceau comes from histological 

studies that examined the localization of various ion channels at the pinceau. 

Interestingly, several studies found that there is a high density of several different 

voltage-gated potassium channel isoforms at the pinceau (Bobik et al., 2004; Laube et al., 

1996). In addition, aquaporins, which localize to astrocytes, have been shown to be 

enriched at the pinceau (Bobik et al., 2004). Aquaporin channels are involved in 

potassium buffering, suggesting the aquaporins function with the high density of 

potassium channels at the pinceau (Gardner-Medwin, 1983, 1986). Together, these data 

suggest that the pinceau forms an electrical field potential that inhibits the Purkinje AIS 

(Bobik et al., 2004; Korn and Axelrad, 1980). In addition, the basket axon collaterals 

form septate-like junctions between themselves (Gobel, 1971). These so-called axo-

axonic junctions can be seen in the EM data presented in this dissertation (refer Fig 3.8). 

Septate-like junctions function to separate and insulate domains between cells (Banerjee 
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et al., 2006b). For example, the paranodal AGSJs function to separate the potassium 

channels in the JXP from the node and paranode (Bhat et al., 2001). Thus, the 

localization of potassium channels, aquaporin channels and axo-axonic junctions at the 

pinceau point to a mechanism in which an inhibitory electric field is produced that 

surrounds the Purkinje AIS and dampens Purkinje neuron function (Bobik et al., 2004). 

Importantly, the mechanism by which this electric field functions is not understood. It is 

possible that the high concentration of potassium ions at the pinceau help prevent 

depolarization of the AIS, thereby regulating action potential initiation. However, the 

precise function of potassium channels at the pinceau is unknown. Support for the role of 

potassium channels in pinceau function comes from a recent study in which a mutation in 

the potassium channel KV1.2 isoform was identified in a forward genetic screen (Xie et 

al., 2010). Interestingly, in these KV1.2 mutant mice, Purkinje neuron sIPSCs were 

increased resulting in decreased Purkinje neuron firing and ataxia. The authors suggest 

that the pinceau potassium channels are important for modulating basket axon firing and 

disruption in potassium channel function results in overactive basket neurons that overly 

inhibit Purkinje neuron function (Xie et al., 2010). The results from this study reiterate 

the importance of a precise balance of excitation and inhibition in cerebellar circuitry for 

regulating motor coordination. 

 

4.7 Purkinje neuron degeneration, ataxia, and cerebellar disease 

 The cerebellum regulates motor coordination, so it is important to understand how 

it is functionally organized and regulated to better understand cerebellar diseases. Many 

disorders affect the function of the cerebellum. These include spinocerebellar ataxias and 
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other movement disorders such as essential tremor. The spinocerebellar ataxias are 

caused by mutations in any one of 29-discovered genes, including the Ataxin gene 

(Brusco et al., 2004; Harding, 1993). Though these ataxias are all grouped under one 

name, they present with different phenotypes, which may include incoordination during 

fine motor tasks such as writing, buttoning a shirt, or eating, involuntary eye movements, 

clumsiness, poor speech, and tremors (Banfi and Zoghbi, 1994; Harding, 1993; Zoghbi, 

1995, 2000). Importantly, pathology from these ataxias results from neurodegeneration of 

cerebellar Purkinje neurons (Manto and Marmolino, 2009; Zoghbi, 2000; Zoghbi and 

Orr, 2009). Genetically, spinocerebellar ataxias that affect the Ataxin gene are known as 

polyglutamine diseases, in that there is an increase of glutamines in the mutated genes 

(Zoghbi and Orr, 2009). In some cases of spinocerebellar ataxia, including 

spinocerebellar ataxia type 1 (SCA1), gain-of-function of Ataxin1 may be toxic to the 

Purkinje neuron leading to the pathogenesis (Zoghbi and Orr, 2009). Because there is still 

so much unknown about these disorders, it is critical to understand different mechanisms 

that lead to Purkinje neuron degeneration. Further, we need to understand which genes 

and proteins put the Purkinje neuron at risk for degeneration. The studies presented in 

this dissertation elucidate a route to Purkinje neuron degeneration whereby 

disorganization of axonal domains and altered function of inhibitory neurotransmission 

from the pinceau results in disrupted Purkinje neuron function. We hypothesize that the 

Purkinje neurons may be dying by way of glutamatergic excitotoxicity, due to the loss of 

basket neuron inhibitory input modulation and the decreased Purkinje neuron firing. Our 

preliminary follow-up studies suggest that vesicular glutamate transporter (vGlut), a 

marker of excitatory synapses, is increased in the cerebellar molecular layer of five 



162 

 

month old Parv-Cre;Nfasc
Flox

 mice (data not shown). The presence of swellings along the 

Purkinje axon during earlier stages of Purkinje neuron dysfunction also point to the 

disruption of the axonal cytoskeleton (Garcia-Fresco et al., 2006). This is likely 

preventing normal axonal transport of materials required by the distal Purkinje axon to 

survive. Evidence for this was found in EM images that revealed the accumulation of 

organelles along the axon of three-month Parv-Cre;Nfasc
Flox

 Purkinje neurons (data not 

shown). Further, disruption of Purkinje neuron function in the Nfasc mutants may disrupt 

postsynaptic trophic support that the Purkinje neuron requires for survival. Together, 

these data highlight the importance of maintaining normal Purkinje neuron 

neurotransmission and regulated input onto the Purkinje neuron for Purkinje neuron 

survival and proper cerebellar function. 

Another disorder that affects the ability of a patient to regulate motor coordination 

is essential tremor. The patient usually exhibits signs of tremors during movement, 

mostly in the arms and legs at first (Benito-Leon and Louis, 2007). Essential tremor can 

also affect the ability to walk and eventually may lead to dementia (Singer et al., 1994; 

Stolze et al., 2001). While some essential tremor cases are linked to genetic mutations, 

these represent only about half of the cases (Deng et al., 2007; Louis, 2001). Disease 

progression of essential tremor patients is thought to occur from an imbalance in the 

cerebellar network (Koster et al., 2002; Louis et al., 2007; Louis et al., 2009; Parisi et al., 

2006; Singer et al., 1994). Autopsy of essential tremor patient cerebella revealed the 

presence of Purkinje axonal swellings and Purkinje cell death (Louis et al., 2007; Shill et 

al., 2008), much like what we see in our Nfasc mutants. Interestingly, recent findings 

have shown that abnormal basket axon branching appears to be a common phenotype of 
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patients with essential tremor (Erickson-Davis et al., 2010). Further, there was an 

association in essential tremor patients with basket cell axons that were abnormally dense 

and tangled and Purkinje neuron degeneration (Erickson-Davis et al., 2010). This 

suggests that the proper branching of the cerebellar basket axon is critical for maintaining 

proper Purkinje neuron physiology and thus cerebellar function. Importantly, the authors 

point out that no transgenic mice exist to study essential tremor in vivo. Due to the 

abnormal basket axon branching found in the Parv-Cre;Nfasc
Flox

 mice, this may provide 

a unique model system within which to study treatments for essential tremor in vivo. The 

authors also suggest that the increased tangles found in essential tremor patients may be 

the result of basket axons converging together from adjacent Purkinje neurons that may 

have died already (Erickson-Davis et al., 2010). Our study is the first to show that this 

phenomenon does occur in the cerebellum in vivo. We found that loss of Purkinje 

neurons resulted in the clustering of basket axons in clumps (Fig. 3.12). Interestingly, this 

phenotype was also found in the hippocampus, where chandelier axons, which normally 

target the pyramidal AIS with inhibitory GABAergic synapses, clustered and reorganized 

themselves in response to pyramidal cell death (Arellano et al., 2004). The conservation 

of this abnormal interneuron axon branching in different brain regions may represent a 

compensatory mechanism initiated to maintain function during neuronal dysfunction. 

 

4.8 Future directions for elucidating Nfasc binding partners and the 

mechanistic role for Nfasc in basket axon outgrowth 

 The work presented here shows that Nfasc is critically required for pinceau 

organization and basket axon outgrowth. However, the mechanisms responsible for Nfasc 
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function at the pinceau remain elusive. Future experiments should be focused on 

understanding the molecular signaling mechanisms within both the basket axon and 

Purkinje neuron during pinceau organization. First, the binding partner for Nfasc at the 

Purkinje AIS and/or basket terminals must be elucidated. Then the intracellular signals 

relayed from Nfasc interactions at the pinceau must be determined. Because it appears 

that basket axons in the cerebellum may function under similar mechanisms of control as 

chandelier cells in the cortex, understanding the mechanisms of pinceau organization may 

allow for a more general application to the formation of inhibitory circuit formation 

elsewhere in the brain (Ango et al., 2004; Huang, 2006; Huang et al., 2007; Kriebel et al., 

2011; Buttermore et al., 2012). Understanding how these inhibitory interneurons are 

wired into neuronal circuits is critical since disruption of these circuits leads to severe 

neurological problems, including epilepsy, schizophrenia and autism (Denslow et al., 

2001; Farber et al., 1998; Martin et al., 2000; Volk and Lewis, 2002; Wallace et al., 

2001).  

We assume that Nfasc functions in a heterophilic complex at the pinceau because 

we see different phenotypes when Nfasc is lost from only Purkinje neurons and when it is 

lost from both Purkinje and basket neurons. If Nfasc strictly formed a homophilic 

complex, then we would expect a similar phenotype in the two mutants. However, to 

definitely answer this question, we must obtain a basket neuron-specific Cre line that will 

only ablate Nfasc in basket neurons. Unfortunately, at this time no such Cre line exists. 

Interestingly, we did not observe defects in pinceau organization in Brevican mutant 

cerebella, suggesting that pinceau organization occurs normally in the absence of the 

ECM protein Brevican (John et al., 2006). Previous in vitro studies have shown that 
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Nfasc is able to assemble a specialized ECM complex that includes Brevican at the AIS 

(Hedstrom et al., 2007). Brevican is clearly enriched around the Purkinje soma and AIS 

(Fig. 3.6) and ECM components have well-established roles in axon guidance throughout 

nervous system development (Moody et al., 1989; Porcionatto, 2006). It is possible that 

Nfasc in Brevican (Bcan) knockouts is sufficient to support pinceau formation, or that 

other ECM components may compensate for loss of Brevican. Additionally, other CAMs 

localized at the Purkinje soma and AIS, such as NrCAM, may play a role in pinceau 

formation as earlier studies have implicated NrCAM in proper circuit formation and axon 

guidance in vitro and in vivo (Demyanenko et al., 2011; Fitzli et al., 2000; Lustig et al., 

1999). However, NrCAM mutants did not display any disruption in pinceau organization, 

suggesting that NrCAM does not serve as a receptor for Nfasc at the Purkinje AIS in 

pinceau organization. Answers to these remaining questions will come from cell specific 

knockout, or knock down studies that affect the functions of these proteins 

simultaneously. 

To determine the binding partner for Nfasc, we will utilize immunoprecipitation 

of Nfasc from cerebellar lysate and have each of the proteins that were pulled down with 

Nfasc identified using Mass Spectrometry. This method requires a lot of work from a 

core facility with access to Mass Spectrometry and is costly, but would optimally give us 

a list of all the Nfasc binding partners in the cerebellum. After obtaining the list of Nfasc 

binding partners, immunohistochemistry of candidates would allow us to see which of 

these binding partners localizes to the Purkinje AIS or basket axon terminals at the 

pinceau. From there, the functional role of each protein in AIS and/or pinceau 

organization could be studied. 
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To elucidate the intracellular signaling mechanism responsible for basket axon 

outgrowth, as regulated by Nfasc, we are already in the process of utilizing the 

revolutionary RNA Seq technique to compare gene expression in the cerebellum of each 

of our mutants, compared to wild type. RNA Seq involves the processing of RNA from 

tissue, which is then made into a cDNA library that can be sequenced using high-

throughput sequencing machinery (Wang et al., 2009). Importantly, RNA Seq allows for 

quantitation of the level of expression of individual genes (Wang et al., 2009). By 

extracting RNA from P10 and P20 wild type, Pcp2-Cre;Nfasc
Flox

, and Parv-Cre;Nfasc
Flox

 

cerebella, we can see how the expression levels of different genes are affected by deletion 

of Nfasc in Purkinje and/or basket neurons. Our assumption is that the genes responsible 

for regulating basket axon branching will have altered expression, resulting in the 

abnormal branching observed in both Nfasc mutants (Fig. 3.7). Once the expression 

levels are compared between each of the tissues, candidate genes can be selected and 

immunohistochemistry for those proteins can be completed to see if protein levels are 

also changed in the mutants. These results will allow us to better understand the 

mechanisms responsible for basket axon branching and pinceau organization. Also, 

because Nfasc is important in nodal organization, we may discover additional novel 

genes that are important for the orchestration of axonal domains in myelinated axons. 

 

4.9 Conclusions 

 The organization of myelinated axons into distinct molecular domains is critical 

for nervous system development and function. This organization is not only critical for 

the function of the neuron itself, such as at the AIS and the paranode, but also for setting 
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up the signals that organize neuronal circuits, such as the importance of the Purkinje AIS 

in pinceau formation. Disruption of these domains and signals often leads to neuronal 

dysfunction and degeneration. Here, we have provided evidence for novel molecular 

signals responsible for the organization and stabilization of these structures. This 

knowledge will help us to better understand the consequences when these structures are 

disrupted in disease states, which may lead to more useful therapeutics for the repair or 

restoration of neuronal functions. 
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