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1. INTRODUCTION 

1.1. Statement of the Problem 

There are three distinct segments in this dissertation. First, I attempted to 

address the role of Schwann cells in mammalian neuromuscular junction (NMJ) 

development and function. Schwann cells at the NMJs do not form myelin 

sheaths and are known as terminal Schwann cells. Terminal Schwann cells are 

thought to be analogous to astrocytes in the central nervous system. Schwann 

cells (as described in details in the next sect1on) provide trophic support to motor 

axons and modulate synaptic activity by sensing neurotransmitter release at the 

nerve terminal. However, the role of Schwann cells in synapse formation and 

maintenance remains unknown. 

Second, during NMJ formation, anterograde signals from nerve to muscle, and 

retrograde signals from muscle to nerve are critical for the establishment of a 

functional synapse. Research over the last three decades has contributed to our 

understanding of the role of the anterograde signaling at NMJ. However, 

identification of muscle-derived retrograde signals involved in motoneuron 

terminal differentiation remains scarce. Recent work from our laboratory 

suggests that genes that are transcriptionally regulated by ~-catenin in muscles 

might play a crucial role in pre-synaptic differentiation at the NMJ. 
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Third, Agrin-LRP4-MuSK signaling is critical for NMJ formation. At the NMJ, 

LRP4-mediated activation of MuSK by neural Agrin is required for post-synaptic 

differentiation. Mice that lack any one of the three genes fail to form NMJs and 

die at birth. Due to perinatal lethality of these null mice, less is known about how 

Agrin-LRP4-MuSK might regulate NMJ maintenance. Moreover, mutations in 

Agrin, LRP4, and MuSK have been reported in patients diagnosed with 

congenital myasthenic syndrome (CMS), and autoantibodies against MuSK and 

LRP4 have been detected in patients with myasthenia gravis (MG). However, the 

role of Agrin-LRP4-MuSK in the etiology of these neuromuscular disorders is not 

clear. 
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1.2. Statement of Specific Aims 

Here, we studied the cellular and molecular mechanisms underlying NMJ 

formation and maintenance. We attempted to evaluate the function of Schwann 

cells during embryonic stages as well in adulthood by ablating them at critical 

time points. In order to identify muscle derived retrograde factor/ factors in 

synaptogenesis, I compared the transcriptome of mutant mice lacking ~-catenin 

in muscles with that of control mice. In addition, I tested the validity of the 

identified targets by rescuing the NMJ defects observed in the ~-catenin mutants. 

To study the role of LRP4 in NMJ maintenance we knocked out the LRP4 gene in 

skeletal muscles of adult mice. We performed mechanistic studies in the mutant 

mice to understand the molecular mechanisms of long-term synaptic 

maintenance. 

My specific aims were 

1. To evaluate the role of Schwann cells in nerve terminal differentiation, AChR 

clustering, and synaptic transmission at the NMJ. 

2. To identify muscle-derived retrograde signals required for differentiation of the 

pre-synaptic motoneuron terminal. 

3. To determine the role of LRP4 in structural and functional maintenance of 

NMJs. 



1.3. Review of literature 

1.3.1. Neuromuscular junction (NMJ): A large and accessible 

model for studying synapse formation and function 

1.3.1 .1. Peripheral synapse between nerves and muscles 

4 

Neuromuscular junction (NMJ) is the synapse between a motoneuron and a 

skeletal muscle in the peripheral nervous system. At the NMJs, motoneurons 

activate their target muscle fibers by releasing the neurotransmitter, 

acetylcholine. Following are the steps involved in the activation of muscle fibers 

by motoneurons (Figure 1 ). 

Motoneurons synthesize acetylcholine and package them into synaptic vesicles 

at the motoneuron terminal. This region of the motoneuron that contains a readily 

releasable pool of vesicles is termed the active zone (Figure 1 ). Activation of 

motoneuron by higher order neurons in the brain causes an influx of calcium at 

the active zone. Subsequently, acetylcholine-contaimng vesicles fuse with the 

plasma membrane of the motoneuron terminal and release their contents into the 

synaptic cleft (Figure 1). Acetylcholine, thus released, binds to ion-gated nicotinic 

acetylcholine receptors (nAChR) that are concentrated at the crests of the 
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junctional folds formed by the muscle membrane. Upon binding acetylcholine, 

ion-gated gated nAChRs open, and selectively allow the entry of positively 

charged sodium ions through a central pore. Consequentially, the muscle 

membrane is depolarized, triggering the activation of voltage-gated sodium 

channels that are present at the troughs of the junctional folds formed by the 

muscle membrane. This results in an action potential that is propagated through 

the muscle fiber, eventually resulting in its contraction. At the synaptic cleft, an 

enzyme, acetylcholine esterase, hydrolyses excess Acetylcholine into choline, 

and inactivates it. Choline, thus produced, is taken up and re-synthesized into 

Acetylcholine by the motor neurons for the next synaptic transmission. In this 

manner, a desire for movement that is initiated in the brain, is encoded as an 

electrical impulse, and communicated through the motoneurons, to the muscles 

that execute it. 
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Muscle 

Muscle 

Figure 1. Components of NMJs. Motor nerve termmals synapse on muscle membranes Top 

image IS a graphical representation of a synapse Bottom image is an electron micrograph of a 

matured NMJ from a one-month-old mouse Synaptic vesicles (SVs) Junctional folds (JFs), 

Acetylcholine receptors (AChRs); Sodium channels (Na channels); Extracellular matrix (ECM), 

Scale bar= 500 nm. 
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1.3.1.2. Major contributions to understanding synapses 

Unlike the central synapses in the brain or spinal cord, NMJs are relatively large, 

accessible, isolated, and simple. As a result, most of our understanding of the 

basic concepts of synapse formation , organization, maintenance and function 

come from studying NMJs. Morphological study of NMJs date back more than 

160 years. The process of synaptogenesis or synapse formation was first studied 

in the vertebrate NMJ. Fernando Tello, a student of Santiago Ramon Y Cajal, 

used light microscope to investigate the primary features of synaptogenesis both 

during development, and during regeneration following injury (Tello, 1907). 

In the 1800s, Gerlach put forth his reticular theory that proposed that synapses 

are anastomoses between partner cells, such as nerve and muscles. However, 

evidences from Claude Bernard's experiments in the mid-1800s indicated 

otherwise. While muscles that were bathed in curare, a potent paralytic 

neurotoxin, could not be stimulated , curare- bathed nerves retained the ability to 

induce contractions of untreated muscles (Bernard , 1856). This action of curare 

on muscles, but not nerves indicated that nerve and muscle were not continuous. 

Later, Otto Loew1 challenged the long-held idea that nerves and muscles are 

electrically coupled, by demonstrating that nerves communicate with muscles by 

secret1ng chemicals called neurotransmitters. This gave birth to the idea of a 

chemical synapse (Loewi, 1921), where chemical energy in the form of 

neurotransmitter is transformed into electncal energy. In 1936, Henry Dale 
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identified the neurotransmitter at the NMJ as acetylcholine (Dale, 1936). 

However, some scientists argued against the chemical nature of synaptic 

transmission because it could not explain the short duration of a single synaptic 

event- if a chemical was involved, it would persist and chronically stimulate the 

muscle. This argument was put to rest when Marnay and Nachmansohn 

(Marnay, 1937) discovered the presence of AChE at the NMJ terminal. The fact 

that AChE rapidly hydrolyzes and inactivates Acetylcholine provided an 

explanation for how a chemical signal could be so tightly regulated in time that it 

can activate its target only for a short duration. Thus, studies at the NMJs are 

crucial to our understanding of neurotransmission at the synapses. These 

seminal findings lead to the identification and characterization of the nicotinic 

acetylcholine receptor (nAChR) (Ouclert, 1995). 

However, the mode of secretion or release of neurotransmitters from the nerve 

terminal remained a mystery. Bernard Katz and colleagues answered this 

question by discovering the occurrence of miniature end plate potentials (mEPPs) 

in muscles. mEPPs are spontaneous changes in the postsynaptic membrane 

potential without any alterations of the amplitudes. Based on this discovery, 

'quanta! release hypothesis" was proposed . According to this hypothesis, ACh is 

packaged and released in specific quantities or quanta (Fatt, 1950; Fatt, 1952). 

This led to the question of how ACh was packaged in the nerve terminal. After 

viewing electron micrographs demonstrating the accumulation of vesicles at the 

motor neuron terminals (Robertson, 1956a; Robertson, 1956b), Katz and Jose 
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del Castillo proposed the 'vesicular hypothesis,' which stated that ACh is 

packaged into synaptic vesicles and released quantally from nerve terminals (Del 

Castillo, 1956). The advent of electron microscopy lead to the discovery of 

"active zones" at the NMJs. Active zones is specialized sites where Ach rich 

synaptic vesicles are aggregated and released . Intracellular recording with sharp 

electrodes (Ling and Gerard, 1949) enabled scientists to ask and answer detailed 

questions regarding the electrical properties of synapses. In 1953, Fatt and Katz 

were able to record the transmembrane potentials of short-term facilitation at 

crab muscle NMJs (Oudel et al. , 1963). Even phenomenon like long-term 

facilitation (l TF) (also called long term potentiation or L TP) that was discovered 

more recently (Sherman and Atwood, 1971), was first demonstrated at the NMJ. 

Most important to this thesis are the discoveries of synaptic organizers, the first 

molecules to be implicated in formation of synapses, and their interacting 

partners at the NMJ. They are described in detail in the next few sections. 
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Figure 2. Motoneurons, Schwann cells, and skeletal muscles interact to form NMJs. 

Muscles express pre-patterned AChRs on their surface Motor growth cones start to mnervate 

pre-patterned AChRs at E13 5. By E16.5, motoneurons stablftze the pre-patterned clusters and 

induce de-novo clusters. By birth, PO, all extra-synapttc AChR clusters dtsappear, and synapses 

stabilize and dtfferentiate Terminal Schwann cells cover the neuromuscular synapse. The role of 

Schwann cells however, remains unknown. Embryontc day (E) , 
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1.3.1.3. A tripartite synapse 

NMJ is formed by the close apposition and precise interaction of three cellular 

components - motoneuron, muscle fiber, and Schwann cell (Figure 2, 3). All three 

types of cells travel independently over long distances to meet at the synapse. 

Muscle fibers are derived from mesodermal cells that acquire myogenic identity 

in the dermatomyotomal portions of somites (Figure 3 A) (Brand-Saberi et al. , 

1996). Committed myogenic cells migrate to the site of muscle formation, where 

they divide and differentiate into myoblasts. Myoblasts fuse at the site of 

differentiation to form myotubes, which further differentiate and mature into 

muscle fibers (Figure 3 A, B). Motoneurons arise from the neuroepithelium that 

lines the ventral sides of the neural tube (Leber et al. , 1990). Cells bodies of 

motor neurons that are present in the spinal cord extend motor axons that exit 

through the ventral roots of the spinal cord and navigate to the sites of 

myogenesis. Motoneurons do not branch en route, but they do branch profusely 

intra-muscularly to innervate tens of hundreds of muscle fibers. Schwann cells 

originate from the neural crest cells adjacent to the somites (Figure 3 A, B). 

Proliferating Schwann cell precursors migrate along motor axons and remain in 

close association with these axons as they navigate to the synapse (Figure 3 C

E). Schwann cells begin to mature at the time when motoneurons innervate 

muscles, and form synapses. Axon terminals and synapses remain covered by 

Schwann cells throughout synaptic development and maturation, and adulthood . 
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Synaptic portions of motoneuron terminals and muscle membranes are enriched 

in organelles and specialized molecules, that are found at rather low 

concentrations extra-synaptically. Prior to the arrival of motor axons, muscle 

surfaces express AChRs in small, solitary clusters (Figure 2, 3 C-E), which are 

usually referred to as pre-patterned clusters. As the motor axon growth cone 

arrives, new AChR clusters are induced at the site of nerve contact and are 

called nerve-induced clusters (Figure 2, 3 C, F). Pre- and post-synaptic 

membranes at the mammalian NMJs undergo remarkable molecular and 

structural transformation during the weeks following birth (Sanes and Lichtman, 

2001 ; Shi et al. , 2012; Wu et al. , 2010). At birth, AChR clusters are innervated by 

multiple neurons. However, synaptic elimination during early post-natal weeks 

eventually results in solitary innervations (Sanes and Lichtman, 2001). In mice, 

by one month of age, NMJs reorganize into a complex and stable pretzel-like 

structure (Figure 3 F-1) (Balice-Gordon and Lichtman, 1993; Lichtman et al. , 

1987; Marques et al., 2000). 
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Figure 3. Visualizing the different components of NMJ during development. A, B, Whole 

mount mouse embryo at E9 5 A, Spinal neNe axons (green) are labeled by neurofilament. and 

somttes (red) are labeled by expression of the fluorescent protem, td tomato B, Somites (blue) 

are labeled by myogenm antibody, and neural crest cells are labeled by expresston of the 

fluorescent protein, td tomato, m neural crest cells. C, D, E, Schwann cell pre-cursors (blue) are 
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labeled by P75 antibody at E13 5, Schwann cells (blue) are labeled by S100f3 at PO and P30, 

nerves are labeled by neurofilament (green) at all ages, AChR clusters (red) are labeled by 

rhodamme conjugated Bungarotoxm (R-BTX) at all ages F, G, H, I, R-BTX labeling of AChR 

clusters (red) at dtfferent ages showing their maturation and extent of differentiation at the muscle 

membrane wtth age 
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1.3.1 .4. Schwann cells in NMJ formation and function 

Earlier it was assumed that NMJs are composed only of motoneurons and 

muscles. (Feng and Ko, 2008a). Only in the last two decades has it been 

demonstrated that at the NMJ, Schwann cells might not only be present, but also 

partake in synaptogenesis, both during development and following axonal injury 

(Feng and Ko, 2008a). A large body of work has shown that Schwann cells can 

sense synaptic activity at the NMJ and thus act as a modulator (Auld and 

Robitaille, 2003b). During development, Schwann cells along the motoneurons 

and at the NMJs exist in two forms - as Schwann cell precursor (SCP) and as 

immature Schwann cells. Postnatally, immature Schwann cells differentiate into 

either myelinating axonal Schwann cells, or non-myelinating terminal Schwann 

cells. Compared to our understanding of the role of myelinating Schwann cells, 

we do not know much about the functions of the non-myelinating, terminal 

Schwann cells. Myelinating Schwann cells can perform various functions. 

Primarily, they myelinate and insulate motor axons thereby facilitating smooth 

conduction of electrical charge along the axons. Myelinating Schwann cells also 

have other roles during axon regeneration and re-innervation after nerve crush or 

injury (Son and Thompson, 1995a; Son and Thompson, 1995b). When a nerve is 

injured, mature Schwann cells de-differentiate 1nto immature Schwann cells. 

These cells extend processes ahead of the injured, regenerating axons, and 

thereby guide these axons across the gap caused by the injury. In contrast, our 



understanding of the role of Schwann cells in axon guidance, during 

development, is limited. 
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Schwann cells are present at axon growth cones even prior to innervation (Figure 

3 C), suggesting that they might be involved in NMJ formation. The most critical 

evidence for this comes from genetic studies of mice lacking the growth factor, 

NRG1 , and its receptors ErbB2 and ErbB3 (Lin et al. , 2000; Meyer and 

Birchmeier, 1995; Newbern and Birchmeier, 2010; Riethmacher et al. , 1997). In 

the absence of Nrg1-ErbB signaling, Schwann cell precursors fail to survive, 

resulting in a severe reduction in the number of Schwann cell precursors at early 

developmental ages. Without Schwann cells, motoneurons can still project axons 

to their targets. However, in the absence of Schwann cells, the motoneurons 

have markedly defasciculated axons, and eventually die. This suggests that 

although Schwann cells are dispensable for axon path finding, they are essential 

for nerve fasciculation and survival. However, in these mutants, the respective 

genes were ablated in all cells including motoneurons and Schwann cells. 

Therefore, it is difficult to determine if the observed defects in motoneuron 

fasciculation and survival are cell autonomous or non-autonomous. At tadpole 

NMJs, preceding AChRs clustering and nerve terminal differentiation, Schwann 

cells extend processes that appear to guide nerve terminals (Reddy et al., 2003). 

When terminal Schwann cells were selectively ablated using complement

mediated cell lyses, synaptic growth was markedly reduced along with 

widespread terminal retractions (Reddy et al. , 2003). Schwann cells are also 
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known to secrete Z+ Agrin, a proteoglycan that can stimulate clustering of AChRs 

(Yang et al. , 2001). Thus Schwann cell might promote the growth and 

maintenance of NMJs (Feng and Ko, 2007; Feng and Ko, 2008a; Yang et al., 

2001 ). The role of Schwann cells in NMJ development in mammals is not known. 

For example, what will happen if Schwann cells are lost after nerves reach their 

targets? Or, what are the probable roles, if any, of Schwann cells in consolidating 

AChR clusters? Or, are Schwann cells important for inducing pre-patterned 

AChR clusters? Temporally regulated ablation of Schwann cells or molecules 

critical for Schwann cell function and survival might provide more conclusive 

evidence. 

Research over the last two decades by Dr. Richard Robitaille's group have 

demonstrated that perisynaptic or terminal Schwann cells can sense synaptic 

activity at the NMJs and in turn release neuroactive molecules that modulate 

neurotransmission (Auld and Robitaille, 2003b; Castonguay and Robitaille, 2001 ; 

Darabid et al. , 2013; Rousse and Robitaille, 2006; Rousse et al. , 201 0; Todd et 

al., 201 0). Terminal Schwann cells also have various neurotransmitter receptors, 

for example, L-type voltage dependent calcium channels, muscarinic, purinergic, 

and substance P receptors (Auld and Robitaille, 2003a), and are thought to 

communicate w1th neurons via a neuron-glia-neuron loop. Sim1lar to observations 

in astrocytes of the central nervous system, high-frequency stimulation of the 

nerve results in a transient elevation in intracellular Ca2+ level in Schwann cells. 

ACh and other molecules that are released from activated nerve terminals 
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probably elicit this elevation in Ca2+ level. Moreover, local applications of ACh, 

ATP, adenosine and substance P induce a Ca2+ transient in terminal Schwann 

cells. More recent studies have demonstrated that Schwann cell-derived factors 

including TGFP 1 can promote synaptogenesis in frog nerve-muscle co-cultures 

(Feng and Ko, 2008b) . However, it remains to be answered if Schwann cells can 

affect neurotransmission by affecting post-synaptic molecular components such 

as nicotinic AChRs. 

1.3.2. Molecular signaling at the mammalian NMJs 

1.3.2.1. Agrin-LRP4-MuSK signaling 

More than 30 years ago, McMahan and colleagues noticed that the extracellular 

matrix (ECM) at the synaptic cleft, also known as synaptic basal lamina (SBL), is 

sufficient to instruct synapses to re-form after denervation (Burden et al. , 1979; 

Sanes et al., 1978). Trophic factors in the SBL were hypothesized to be sufficient 

for differentiation of pre- and post-synaptic membranes (McMahan, 1990). Agrin, 

a heparan sulfate proteoglycan, was identified to be one such molecule, owing to 

its ability to cluster acetylcholine receptors (AChRs) on cultured muscle 

membranes (Nitkin et at. , 1987). Moreover, Agrin was also found to dose

dependent stimulate MuSK phosphorylation in a dose-dependent fashion, the 

kinetics of which resembled that of a ligand-kinase. However, MuSK did not bind 

Agrin suggesting that a third molecule might mediate the interaction between 
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Agrin and MuSK (Figure 4) (Glass et al. , 1996a; Glass et al., 1996b). 

Search for this third molecule that could serve as a receptor for Agrin resulted in 

the discovery of LDLR-related protein 4 (LRP4) (Kim et al. , 2008; Zhang et al. , 

2008). In the absence of LRP4, Agrin cannot induce MuSK phosphorylation. 

Moreover, mice lacking Agrin, MuSK or LRP4 lack pre- and post-synaptic 

differentiation and die at birth (DeChiara et al. , 1996; Gautam et al. , 1996; 

Weatherbee et al. , 2006). 

Motoneuron-derived Agrin (nAgrin) that is synthesized in the cell bodies of 

motoneurons is transported along axons and deposited at the SBL (McMahan, 

1990; Nitkin et al. , 1987; Reist et al., 1992). Although its predicted molecular 

weight is 200 kDa, nAgrin displays a molecular weight of approximately 600 kDa 

on a SDS-PAGE gel due to extensive N-terminal glycosylation (Bezakova and 

Ruegg , 2003). Due to alternative mRNA splicing, two isoforms of Agrin are 

generated , one is secreted and another is trans-membrane. The secreted 

isoform contains a cleaved signal sequence (SS) followed by the amino (N) 

terminai-Agrin (NtA) domain (SS-NtA-Agrin). The transmembrane isoform 

contains a shorter amino-terminus with an internal, non-cleaved signal peptide 

(TM-Agrin). SS-NtA-Agrin can bind Laminin at the ECM via N-terminal domains 

(Figure 5) (Bezakova and Ruegg, 2003). However, at the ECM of NMJ, SS-NtA

Agrin undergoes proteolytic processing at the C-terminal, to generate 95 KDa 

and 21 kDa fragments (Figure 5) (Bolliger et al. , 2010; Burgess et al., 1999; 
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Burgess et al., 2000; Denzer et al. , 1997; Neumann et al. , 2001). The 95 kDa is 

known to contain all the necessary components for receptor binding, MuSK 

activation and AChR clustering activity. Agrin is also cleaved into a 21 kDa 

fragment which contains the last LG3 domain. Interestingly, this 21 kDa fragment 

is sufficient to induce AChR clusters, bind LRP4, and activate MuSK (Figure 5, 

6). However, it is few hundred times less potent than the 95 kDa fragment, 

suggesting that Agrin might have LRP4 independent functions in NMJ 

maintenance. This is plausible as Agrin is known to bind a-Dystroglycan, and 

genetic studies have shown a-Dystroglycan mutant mice can form NMJs but 

have difficulty maintaining them (Figure 5, 6) (Cartaud et al. , 2004; Cote et al. , 

1999; Ruegg and Brxby, 1998; Sugiyama et al. , 1994). Antibodies generated 

against this fragment detect enriched cleaved Agrin at the SBL of the NMJs 

(Bolliger et al., 2010; Eusebio et al. , 2003). LRP4 is a single-transmembrane 

protein composed of a large extracellular domain with multiple LDLR repeats -

EGF-Iike and p-propeller repeats, a transmembrane domain, and a short C

terminal region without an identifiable catalytic motif (Figure 6) (Johnson et al. , 

2005; Lu et al. , 2007; Tian et al. , 2006; Yamaguchi et al. , 2006) . Monomeric 

Agrin from either muscle or motoneurons interact with LRP4 to form a binary 

complex promoting the synergistic formation of a tetramer crucial for Agrin

induced AChR clustering (Figure 6) (long and Jin, 2012; long et al. , 2012). 

Local immobilization of nAgrin is thought to be important to maintain postsynaptic 

structures throughout adulthood (McMahan, 1990). This is supported by the fact 

that AChR-aggregating activity and Agrin-like immunoreactivity remain localized 



to the SBL for several weeks after nerve degeneration. However, how synaptic 

Agrin is maintained at the SBL remains unknown. 
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Figure 4. Molecular signaling at the NMJ. Nerve-denved Agrm or Wnt mteract w1th LRP4-

MuSK to induce AChR clusters. Muscles are known to express Wnt (Strochllc et al . 2012; Zhang 

et al., 2012). MuSK regulates AChR cluster formation by interacting with Dishevelled (Dvl), 

Casem kmase 2 (CK2), and Docking protein 7 (Dok7). Rae and Rho GTPases that are 

downstream of MuSK, regulate actin dynamics upon ligand bindmg (for rev1ew, see Wu eta/. , 

2010) Rapsyn leads to AChR-clustering upon Agrin bmdmg in a dose dependent way and 

interacts with {3--catenin and a-actmm to regulate the process Molecules downstream of muscle 

{3--catenm regulate pre-synaptiC dffferentiatiOn and funct1on Muscle LRP4 was shown to be 

suffic1ent for pre-synaptic differentiation (Yumoto et a/ . 2012) 
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Figure 5. Structural domain organization of Agrin with critical regions for NMJ formation 

and maintenance. Schematic representation of Agrin protein. The signal sequence (SS) and the 

amino terminal domains are believed to be responsible for NMJ localization. The N-terminal of 

Agrin is heavily glycosylated at the Serine! Threonine (SIT) s1tes. The C-terminal 95 kDa part of 

Agrin starttng with the epidermal growth factor (EGF)-Iike domatn (EG), and is a fully active, 

cleaved version of Agnn and contains binding sites for a-dystroglycan, heparin, some integrins, 

and LRP4. The 21 kDa Laminin G domain (LG3) is sufficient to induce clusters but with much 

lower efficiency than the 95 kDa isoform. Follistatin-like domatn (FS), Lammin EGF-Iike domain 

(LE); Laminin globular domain (LG); sperm protein enterokinase and Agrin domain (SEA). 

21 kDa 

LRP4 
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Figure 6. Agrin-LRP4-Musk complex. Two Agnn-LRP4 bmary complexes assoc1ate with each 

other w1th a non-crystallographic two-fold symmetry (Zong and Jm. 2012 Zong et a/ 2012) 

MuSK d1merizat1on 1s 1mportant for MuSK activation (St1egler et al . 2006) Agrin mteracts w1th 

LRP4 at the {31 propeller domam (Zong eta/., 2012). LRP4 and MuSK mteract through thetr {33 

propeller domam and /g1 domain, respectively {32 and {34 are mostly dispensable. Wnts interact 

w1th the CRD domain of MuSK. 
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1.3.2.2. Agrin-independent signaling at NMJs 

Interestingly, when either LRP4 or MuSK is mutated in mice, muscle cells neither 

form a neural AChR clusters, nor do they form Agrin-induced AChR clusters. On 

the other hand, however, Agrin is dispensable for the formation of aneural AChR 

clusters. These observations raise the following questions. Do Lrp4 and MuSK 

control muscle pre-patterning in an autonomous manner, i.e., without a ligand? 

Or, are they regulated by ligands that are yet to be identified? Recent evidence 

suggests that Wnt may regulate vertebrate NMJ formation by directly interacting 

with Lrp4 and MuSK. 

Wnts are secreted glycoproteins that are conserved among metazoans 

(MacDonald et al. , 2009). They are critical for establishment of body plan 

including gastrulation and the anterior-posterior axis (Logan and Nusse, 2004). In 

neural development, Wnts regulate axon path-finding, dendritic development and 

synaptogenesis (Ciani and Salinas, 2008; Hallet al. , 2000; Henriquez et al. , 

2008; Korkut and Budnik, 2009; Packard et al., 2002; Sahores et al., 201 0; 

Salinas and Zou, 2008; Speese and Budnik, 2007). There are multiple Wnt 

1soforms: 5 in worms, 7 in flies, 15 in zebrafish, and 19 in m1ce and humans. 

They transduce signals through Frizzled receptors that have 3 homologs in 

worms, 5 in flies, 12 in fish and 11 in mammals, and co-receptors such as low

density lipoprotein receptor-related protein 5 and 6 (lrp5 and Lrp6) (He et al. , 

2004). In the canonical pathway, binding of Wnt to Frizzled and LRP5/6 recruits 
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Dvl, following which LRP6 undergoes Frizzled/Dvl-dependent phosphorylation. 

This results in recruitment of the Axin complex. and inhibition of the protein, 

GSK3 in the complex which in turn inhibits the phosphorylation and accumulation 

of ~-catenin in the cytoplasm (Cievers and Nusse, 2012; Gordon and Nusse, 

2006; Logan and Nusse, 2004; Nusse and Varmus, 2012). ~-catenin then 

translocates to the nucleus where it associates with lymphoid enhancer factor/T 

cell factor (LEF/TCF) transcription factors and regulates gene transcription. 

When mouse MuSK was cloned, its cysteine-rich domain (CRD), the domain that 

binds to Wnt was found to be homologous to that of Frizzled (Figure 4, 6) (Glass 

et al. , 1996; Valenzuela et al. , 1995). Little was known then about the function of 

the CRD in AChR clustering or NMJ formation. The first hint that Wnt signaling 

may regulate vertebrate NMJ formation came when MuSK was found to interact 

with Dvl (Luo et al., 2003). Suppression of Dvl expression, or disruption of the 

Dvi-MuSK interaction inhibited Agrin- and neuron-induced AChR clustering. 

Inhibition of muscle Dvl by a dominant-negative mutant not only reduced the 

amplitude of spontaneous synaptic currents, but also their frequency, at 

neuromuscular synapses in culture, raising the possibility that Dvl signaling might 

play a role in both post- and pre-synaptic differentiation. Soon, adenomatous 

polyposis coli (APC), an adaptor downstream of Dvl1n the canonical pathway, 

was shown to regulate AChR clustering (Figure 4) (Wang, 2003). In the latter 

model, Agrin promotes the interaction between APC and AChR ~ subunit. AChR 

cluster numbers as well as the APC-AChR interaction were reduced in muscle 

cells that over expressed an APC fragment that is necessary the APC-AChR 
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association , indicating that this interaction is Involved for AChR clustering. 

Because APC is known to interact with actin and m1crotubules, Wang and 

colleagues proposed that APC might link AChRs to the cytoskeleton, thus 

localizing it to the NMJ (Wang et al. , 2003). More recent in v1tro studies suggest 

that 13-catenin regulates AChR clustering by bridging AChR and rapsyn with a

actinin-associated cytoskeleton (Dobbins et al. , 2008; Zhang et al., 2007). 

Despite strong in vitro evidence and the observation that the canonical Wnt 

signaling is active in mice skeletal muscles (Kuroda et al., 2013; Wu et al. , 

2012a), genetic evidence remains missing for Wnt signaling in NMJ formation. 

This may be due to the functional redundancy owing to the existence of multiple 

isoforms of Wnt and its signaling components. For example, mice without Wnt11 

are able to form functionally and morphologically normal NMJs (Banerjee et al. , 

2011). 

1.3.2.3. Muscle-derived factors in nerve terminal differentiation 

Both post-synaptic and pre-synaptic partners control synapse formation. Neuron

derived molecules that control post-synaptic differentiation are known, as 

anterograde signals and the reverse are retrograde signals. As described before, 

considerable amount of evidence exists for the role of nerve-derived molecules in 

post-synaptic differentiation. However, less is known about mechanisms by 

which postsynaptiC neurons in the brain or muscle cells 1n the NMJ control and/or 

mediate pre-synaptic differentiation (Wu et al., 2010). In the 1930s, V1ktor 

Hamburger observed hypoplasia in the spinal cord after removal of a limb bud, 
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which is now known to be caused by motoneuron apoptos1s (Hamburger. 1934). 

This finding provided the first evidence for the existence of a target-derived signal 

and led to the discovery of the nerve growth factor (NGF) family of neurotrophic 

factors (or neurotroph1ns) (Levi-Montalcim, 1987). Neurotroph1ns, however. 

appear to have only a limited role in motoneuron survival or differentiation. For 

example, muscle-specific ablation of BDNF has no detectable effect on NMJ 

morphology or function (Dong and Mei, unpublished observations). Muscle

derived TGFJ3 signaling has been implicated in the formation of Drosophila NMJ 

(Marques et al. , 2002; McCabe et al. , 2004; McCabe et al. , 2003; Rawson et al. , 

2003). Some of the other known retrograde factors are fibroblast growth factors 

(FGFs), signal regulatory proteins (SIRPS), collagens, and Glial cell line-derived 

neurotrophic factor (GDNF) (Umemori et al., 2004; Umemori and Sanes, 2008). 

Maturation and maintenance of pre-synaptic terminals require lam~nin J32 and 

synaptic collagens, a3 and a6 (IV) (Fox et al. , 2007; Nishimune et al , 2004; 

Noakes et al., 1995). Laminin J32 is thought to bind directly to and cluster P/Q

type calcium channels that flank active zones, which in turn recruit other pre

synaptic components (Nishimune et al. , 2004). Specific mutation of J31 integrin in 

muscle fibers, but not 1n motoneurons, leads to pre-synaptic deficits, suggesting 

a role for muscle J31 integrin in pre-synaptic development (Schwander et al.. 

2004). 

In vitro studies suggest that J3-catemn assoc1ates with the AChR complex via 

direct interaction with rapsyn (Zhang et al , 2007). Agrin stimulation Increases the 

association of J3-caten1n with surface AChRs. Suppression of J3-caten1n 



expression reduces AChR clusters in Agrin-stimulated muscle cells. When ~

catenin is ablated in muscle cells, AChR clusters increase 1n s1ze and are 

distributed in a wider central region (Li et al. , 2008). Agnn-induced clustering 
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does not require the transcriptional activity of TCF/LEF1 factors (Zhang et al. , 

2007) . It is likely that ~-catenin contributes to clustering by regulating the 

cytoskeleton, which is the other molecular function of ~-catenin , rather than by 

gene transcription. In muscle-specific ~-catenin mutants, AChR clusters are not 

limited to the central region, and are distributed over a wider area (Li et al. , 

2008). In addition, mutant mice show presynaptic deficits including mislocation of 

phrenic nerve branches and reduced of synaptic vesicle release. Interestingly, 

some of these phenotypes are also observed in muscle-specific ~-catenin gain

of-function mice (L1u et al. , 2012; Wu et al., 2012a) These observations suggest 

first, that ~-catenin may play a role in deciding where to form aneural as well as 

nerve-induced AChR clusters. Second, muscle ~-catenin might be a retrograde 

signal necessary for presynaptic differentiation. Third , levels of signaling of~

catenin in muscle fibers are tightly regulated - either an increase or decrease of 

~-catenin activity could impair NMJ formation. This raises the question of how the 

right balance of ~-catenin signaling is achieved 1n vivo. Since ~-catenin 

transcriptional activity in the muscles is involved in regulating pre-synaptic 

differentiation, Identification of down stream s1gnals rema1ns Important. 



30 

1.3.3. Agrin-LRP4-MuSK in NMJ maintenance and 

disease 

Emerging evidences indicate that synapses, once established, are maintained for 

a long period of time (Lin and Koleske, 201 0). However, identification of 

molecules and mechanisms involved remain scarce. In patients suffering from 

debilitating muscular dystrophic disease like congenital myasthenic syndrome 

(CMS) or autoimmune disorders like myasthenia gravis (MG) and Lambert-Eaton 

myasthenic syndrome (LEMS), NMJs often disintegrate and cause muscular 

weakness or fatigue (Engel et al. , 2003; Farrugia and Vincent, 201 0; Vincent, 

2002). These dysfunctions result from mutations in or autoantibodies against 

proteins associated with the motor nerve terminal, muscle membrane, or 

extracellular matrix (ECM) at the synaptic cleft. In motoneuron diseases like 

amyotropic lateral sclerosis (ALS) and spinal muscular dystrophy (SMA) , or in 

muscle membrane protein associated dystrophies like Ouchenne muscular 

dystrophy (OMO), NMJs deteriorate and contribute significantly to the observed 

pathologies (Ahn and Kunkel, 1993; Fischer et al., 2004; Goulet et al. , 2013). 

Intriguingly, mutations in Agrin, MuSK or LRP4 were Identified in human patients 

with CMS (Engel et al. , 2003; Ohkawara et al., 2013). In two independent 

studies, mutations in the C-terminal receptor binding domains of Agrin in patients 
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with CMS were discovered (Huze et al. , 2009; Maselli et al., 2012). Patients with 

mutations in the kinase domain of MuSK, and Agrin-binding domains of LRP4 

display severe forms of CMS (Maselli et al. , 2010; Ohkawara et al., 2013). 

Autoantibodies against MuSK and LRP4 were discovered in pat1ents with MG 

(Higuchi et al. , 2011; Hoch et al., 2001 ; Huijbers et al. , 2013; Pevzner et al. , 

2012; Zhang et al., 2012b). Mice with a single point mutation in a poorly 

characterized domain of Agrin gene, or the kinase domain of MuSK displayed 

robust CMS like phenotypes (Bogdanik and Burgess, 2011 ; Chevessier et al., 

2008). MuSK and LRP4 autoantibodies were shown to be pathogenic in mice 

immunized with the respective proteins (Punga et al. , 2011 ; Shen et al., 2013). 

These studies demonstrate the importance of Agrin-LRP4-MuSK signaling in 

NMJ maintenance and function and warrant further investigation. However, in 

CMS animal models, as the mutations were not conditional, the phenotypes 

observed maybe deficits acquired during early embryonic stages. In mice models 

of MG, NMJ deficits observed might be caused by complement-mediated 

degradation of cellular components (Coleman and Freeman, 201 0; Engel and 

Arahata, 1987; Shen et al., 2013). Thus, mechanistic studies geared towards the 

investigation of the role of Agrin molecular signaling pathway in genetic systems 

for NMJ maintenance is essential. To our knowledge, two studies address this 

issue, in the first one; MuSK was ablated conditionally from muscles during early 

postnatal weeks of NMJ formation, but not at an age when NMJs had fully 

matured (Hesser et al. , 2006). NMJs in these m1ce lost AChR clusters 

progressively and displayed myasthenic syndromes. However, since the ere was 
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active during early-postnatal weeks when NMJs are still developing, the 

experiments did not reflect the role of MuSK in matured NMJ maintenance. Next, 

Agrin was ablated from motoneurons in adult mice, in a mosaic fashion, causing 

destabilization of synapses (Samuel et al., 2012). In this dissertation, we have 

investigated the role of LRP4 in adult NMJ maintenance and function . 
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Figure 7. Statement of the problem and the specific aims. 1. What are the roles of Schwann 

cells in NMJ formatton and function? 2. IdentificatiOn of novel factors from muscles that can 

promote pre-synaptic differentiation and/or motor-axon gwdance 3. What are the roles of LRP4 

m NMJ mamtenance? 
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2. MATERIALS AND METHODS 

2.1. Mice strains 

In order to ablate Schwann cells at different ages, we crossed PLP-ereER r
2 

mice 

(Doerflinger et al. , 2003) with DTAIDTA mice (lvanova et al. , 2005), in which the 

toxin, diphtheria toxin fragment-A (DTA), is expressed upon ere-mediated 

excision of the /oxP-flanked EGFP and stop sequence (LoxP-EGFP/Stop-LoxP) 

that precedes the DTA sequence. In resultant PLP-ereER r
2

; DT AIDT A mice, ere 

is expressed in Schwann cells upon administration of tamoxifen (Oral gavage 

[pregnant dames] or intra-peritoneal injection [adult mice] of 10 mg tamoxifen 

dissolved in 100 Ill corn oil) . ere-mediated excision of the /oxP-flanked EGFP 

and stop sequence results in expression of DTA that ablates Schwann cells. In 

order to genetically label Schwann cells, we crossed PLP-ereER r
2 

mice 

(Doerflinger et al. , 2003) with Ai9 mice reporter mice, in which the fluorescent 

protein tdT omato is expressed upon ere-mediated excision of the /oxP-flanked 

STOP cassette (LoxP-Stop-LoxP) that precedes the tdTomato gene. In resultant 

PLP-ereER r 2;Ai9 mice, ere is expressed in Schwann cells upon administration 

of tamoxifen (Oral gavage [pregnant dames] or mtra-peritoneal injection [adult 

mice] of 10 mg tamoxifen dissolved in 100 Ill corn oil). ere-mediated removal of 



the /oxP-flanked stop sequence results in expression of tdTomato gene in 

Schwann cells. 
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In order to delete ~-catenin in muscles, we crossed ~-catenin floxed mice(~

catenin floxlflox) (Li et al. , 2008), with HSA-Cre transgenic mice (Li et al. , 2008). 

Resultant HSA-~-cat _,_ mice lacked ~-eaten in in skeletal muscles. To generate 

HSA-Siit2Tg mice. we introduced Flag-Siit2 gene into the pBSX-HSA vector by 

standard sub cloning techniques. Linearized vector was injected into donor 

zygotes by pro-nuclear injection. Injected zygotes were raised in pseudo

pregnant mothers. To generate rescue mice, we bred HSA-~-cat ·'- with HSA

Siit2Tg mice, which yielded HSA-~-cat -I-. HSA-Siit2Tg mice. This particular 

genotype lacked ~-catenin in the muscles, but over-expressed Slit2. 

In order to knockout LRP4 in adult skeletal muscles, we crossed LRP4f/t mice (Wu 

et al. , 2012b) crossed with 86;C3-Tg(tetO-Cre,ACTA1-rtTA) mice (Rao and 

Monks, 2009), that carry two transgenic constructs: tetO-Cre that expresses Cre 

under the control of the tetracycline-responsive regulatory element, tetO, and , 

ACT A 1-rtT A that expresses reverse tetracycline-controlled transactivator rtTA 

under the control of the the human alpha 1-actin gene (ACTA1) promoter. In 

resultant T g (tetO-Cre, ACTA 1-rtTA; LRP4f/f mice, administration of doxycycline 

allows the binding of the rtTA onto the tetO element. This enables ere 

expression. rtTA expression is driven by the skeletal muscle specific ACTA1 

promoter. To induce Cre expression, imKO mice were treated Doxycycline-
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treated drinking (2 mg/ml in 5% sucrose, in light proof bottle) ad libitum, at one 

month of age, for three weeks. After three weeks, doxycycline and glucose were 

omitted from the drinking water. 

The sequences of primers used for genotyping are mentioned in Table 1. All 

mice were housed in cages that were maintained in a room with 12 hr light/dark 

cycle. Mice had libitum access to water and rodent chow diet (Diet 1/4" 7097, 

Harlan Teklad). Embryonic age was monitored by two techniques- one, based 

on the day of appearance of vaginal plug, which was counted as E0.5, and two, 

by counting the number of somites in the embryos. The Institutional Animal Care 

and Use Committee (IACUC) of the Georgia Regents University approved all 

experiments. 

Table 1. Primers for genotyping mutant mice 

G ene Forward primer ] 
Reverse primer I -

-catenin wild-type AAG GTA GAG TGA TGA AAG TIG TI I 
llele CAC CAT GTC CTC TGT CTA TIC 

1 -catenin floxed AAG GTA GAG TGA TGA AAG TIG TI 
I 

~ ~ 
' a 

a llele TAC ACT ATI GAA TCA CAG GGA CTI 
\ 
I 

J 
SA-Cre ATG CCC AAG AAG AAG AGG AAG GT I I 

I 
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GAA ATC AGT GCG TIC GAA CGC TAG A 

PLP-CreER T2 
ATG CCC AAG AAG AAG AGG AAG GT 

GAA ATC AGT GCG TIC GAA CGC TAG A 

LRP4 floxed allele CTC TCC CAG CTA AGT CCA GGA 

CC TCC ATA CTG TCT GTG AAT 

LRP4 wild-type ATA TIC AGG TGA GCT GGT ATA 

allele GTC GGA T AA AGC GGT GAA TC 

ACTA1-rtTA AGG TGT AGA GAA GGC ACT TA 

CTA ATC GCC ATC TIC CAG CA 

tetO-Cre ACT GAG AGG TGG GAA GCT CA 

GGC GAG TTI ACG GGT TGT TA 

~TA/DTA AAA GTC GCT CTG AGT TGT TAT 

Wild-type GGA GCG GGA GAA ATG GAT ATG 

DTA/DTA AAA GTC GCT CTG AGT TGT TAT 

-
Flo xed GCG AAG AGT TIG TCC TCA ACC 

-
~ 
Ai9 AAG GGA GCT GCA GTG GAG TA 

Wild-type CCG AAA ATC TGT GGG AAG TC 

Ai9 GGC ATI AAA GCA GCG TAT CC 

I Floxed CTG TIC CTG TAC GGC ATG G 

2.2. Reverse transcription quantitative PCR (RT -qPCR) 
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Total RNA was isolated from embryonic limb muscles using Trizol (Invitrogen) 

and purified using the RNeasy mini kit (QIAGEN). Reverse transcnption 

quantitative PCR (RT -qPCR) was performed as described previously (Liu et al. , 

2011 ). Equal amounts of total RNAs (1 ~g) were reverse transcribed by random 

hexamer primers using Maxima Enzyme Mix (Fermentas). Quantitative PCRs 

were run in a PTC-200 Peltier Thermal Cycler (Bio-Rad MJ Research) using 

SYBR Green/ROX (Fermentas). The sequence of primers used for reverse 

transcription are in Table 2. 

Table 2: Primers for qRT-PCR 

Gene Forward primer/Reverse primer 

C-MYC TGACTCTCCTICCAGATCCCAI TGCCCACACTAGGCTGACA 

AXIN2 
GCGTACCCTGACACCAATCTC/CTCCTCTICGCACTICTGCTC --

FGF7 
GCTCTCCATCCTATGTIGCGG/TCCAAGTAACTCGGTCATCATCT--

FGF10 GCCACCGATGAGATGATCCC/TIGATGTCGGCTAAGTCGCC 

FGF22 
CTCATCAA TICCAACGCGATCAI GCCCTCATAGAGAACTCCCG ·-

~ 

MMP9 
AAAGCTGACCCCTTI AGCCT AI TTCGGAGTTICTIGTGATCTICC 

MMP13 GAGGAGTTICCATCACGAAG/TCTCCACTCCCTIGAGGTAA 

lntegrin a3 
TICCTACGCAGCCTIAACCT/TICACGGCACTCGATACTIC 

lntegrinf11 
GAAGATGAACGCTGTITCTCG/AAATGGCAATICCGAAACC 

EphrinA3 
TCACTGCGAAAGCTACTCCAI CACCACCGTCAGCAACAG 
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Sema3b 
TGTGGTCCAGCACGTCTTAG/TACACAATAACGAGGCGGGT 

Sema3c 
CCAGGCCAGGAATCTTGTT/ACGTGTTTCTCTGCTTTGGC 

Sema4c 
TCTGATTCAGTGCCAAGGCT/TGCGAGGCTCTGCTCTTT 

Sema7a 
ACCTGAGGATTGACAAACGAGG/CCACGGTCCTGATTTCCATGA 

Sema5a 
AGGATCACAGTCTCTTCGGTATC/GTCATTCATCCCAAGGTACAG 

Netrin 
TCTTTCGATATTGCAGCGGTT/GCCTACTTTGTCACTTGTTAGCC 

Slit1 
CCAT AAGGACGCGGACTTGT AI TTTGCGGCATCCAGGT AA TTT 

Slit2 
GAAGATTCGTTCAGACCTGACTG/GGAGGTTCTCTTGGAGTCGC 

Slit3 
AACGGACACAGAGCTACTACG/CCATTAGGTATAAGGGAGGGGG 

Cxc/2 
ACTTCTGCCGGTCCTGTTGnGGGTCTTCCTTGGTAAGAGTAG 

Cxc/15 
GCCAGACAGGGTTGCCATAC/GGAGTGGGATGGATGATGTCAG 

Unc5b 
CGAGAAAA TGCAA TAGGGAGAI CGTGCTTTT AGGAA TGTTGTC 

Unc5c 
TGCTACCCCTATCCAGGACC/CTGTAGTCTGTAGTGTTGAGCAG 

VEGF 
GAGATGTGGTGGAACCTTGTG/CAGGGTCAGTGTCAGGAAGTC 

Reel in 
TTCTCCATCTCCGGTGAAAACAI ACCTCCCGACCAGAACATAGG -

Nrg3 
GAACTCAACGGCAACAACATC/TCAGGCAACACTTGTAGCTGG 

CDNF 
CTGTGTCATACGCCAAGAACAIGGGGAGGTACAGGATGTGGAT 

-
HGF 

AGAAAATCTGGGCATGGTG/TTGTACCATGTTAGGTGGTAGGAAT 

GDNF 
GCTAACAAGTTCTTTCCTATTCT/GAAGCAAGAGTCATAAATAGTT 

NT3 
GTGTAGTGGATAAACTTATCAT/AAGCCCTTCAGAAGTATTGTCA 

LAMA2 
GGTAGGGGCTGGCACACGATAICCACCTCACCCCTACCCATA 
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2.3. Chromatin immunoprecipitation (ChiP) 

Chromatin immunoprecipitation (ChiP) assays were performed according to the 

protocol provided by Upstate Biotechnology (Lake Placid , NY). C2C12 myotubes 

were washed twice with phosphate-buffered saline (PBS) and then incubated in 

1% formaldehyde in PBS at room temperature for 10 min. After washing twice 

with PBS, cells were scraped in PBS containing protease inhibitors including 1 

mM phenylmethylsulfonyl fluoride, 1 !lg/~tl pepstatin, 1 ~Lgl~tlleupeptin, and 2 

!lg/ml aprotinin. Cells were collected by a brief centrifugation at 2,000 rpm at 4°C 

and were resuspended in sodium dodecyl sulfate (SDS) lysis buffer containing 

1% SDS, 10 mM EDTA, 50 mM Tris-HCI (pH 8.0), 1 mM phenylmethylsulfonyl 

fluoride, 1 !lg/ml pepstatin, 1 !lg/mlleupeptin, and 2 ~tg/ml aprotinin. Cells were 

sonicated by Sonic Dismembrator model100 (Fisher, Suwanee, GA), strength 3, 

for 15 s three times, to shear chromosome DNA to 500 to 1,000 bp in length, 

which was monitored by gel electrophoresis. After centrifugation at 13,000 at 

4°C, the sonicated mixture was diluted 10-fold with ChiP dilution buffer 

containing 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI (pH 

8.1), and 167 mM NaCI. The mixture was precleaned once with salmon sperm 

DNA-protein A-agarose beads at 4°C for 1 h. The resulting supernatant was 

incubated with indicated antibodies at 4°C overnight, when salmon sperm DNA

protein A-agarose beads (50 !lg/~d) was added and the mixture was incubated for 

another hour at 4°C. Beads were washed sequentially with a low-salt wash buffer 

containing 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI (pH 8.1), 
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and 150 mM NaCI; a high-salt wash buffer contaimng 0.1% SDS, 1% Triton X-

1 00, 2 mM EDTA, 20 mM Tris-HCI (pH 8.1 ), and 500 mM NaCI; an LiCI wash 

buffer containing 0.25 M LiCI, 1% NP-40, 1% deoxycholic acid , 1 mM EDTA, and 

10 mM Tris-HCI (pH 8.1 ); and TE buffer. Beads were then incubated twice with 

250 1-11 of the elution buffer (1% SDS, 0 1 M NaHC03) for 15 min at room 

temperature to elute bound DNA. Combined eluates were added to 20 1-11 of 5 M 

NaCI to reverse cross-links by heating at 65°C for 4 h. After incubation with 10 1-11 

of 0.5 M EDTA, 20 ~d of 1 M Tris-HCI (pH 6.5), and 2 1-11 of 10 mg/ml proteinase K 

(1 hat 45°C), DNA was recovered by phenol-chloroform extraction and ethanol 

precipitation . CHIP MAPPER (Marinescu et al. , 2005) tool was used to predict 

putative TCF4/ LEF1 binding regions on Slit2 promoter upstream of ATG. 

Primers were designed across two putative TCF4/ LEF1 binding regions, for PCR 

us1ng PrimerBank. 

Slit2 (site 2) 

GTCCCCTTTAGGATCGCG/ CAGCGGGA GAACGAGG 

AGAGAAGGTTGAAAACACTACTCCCITGAAATAGATCTGCCTCCGTG 

2.4. In-vitro synaptogenic assay 

pFiag vector in which Slit2 is driven by CMV promoter (Hirata et al. , 2001 ), was 

transfected into HEK293 cells, to produce Slit2 conditioned media. Biotin

conjugated mouse monoclonal antibody, anti-FLAG BioM2 (F9291, Sigma), was 

conjugated with FluoSpheres NeutrAvidin-labeled Microspheres (1 .0 ~m. red 

fluorescent [580/605], F-8775, Invitrogen) by incubation in PBS for 4 hours at 4° 
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C. Next, Flag-Siit2 containing conditioned media or untransfected control 

conditioned media was added to the pre-incubated antibody mixture in 1:1 ratio 

and incubated overnight on a rotating shaker at 4° C. Flag-Siit2 conjugated 

neutravidin beads were isolated by spinning down the beads at 5000 rpm at 4° C. 

Beads were washed then twice with ice cold PBS and diluted in primary neuron 

culture media. For control experiments, the conjugated beads were boiled in 0.3 

% SOS in PBS in water bath for 5 minutes to achieve protein denaturation. 

Mouse hippocampal neurons were cultured as previously described (Ting et at., 

2011). In short, dissociated neurons were prepared from embryonic day 18 (E18) 

mouse embryos and cultured in neurobasal medium (catalog #21103-049; 

Invitrogen) supplemented with B27 (catalog #17504-044; Invitrogen), 600 

~M/ml-glutamine (catalog #25- 005-CI ; Cellgro), and penicillin-streptomycin 

(catalog #30-003-CI; Cellgro). For low-density cultures, cells were plated at a 

density of 2.5 X 104 cells/ well , in 12 well plates, on covers lips (1 .8 em in 

diameter; catalog #12-545-84; Fisher Scientific) that were coated for 12 h with 1 

~tg/ml poly-L-Iysine (catalog #P2636; Sigma) . Twice a week, half of the medium 

was replaced by freshly prepared medium. 

2.5. lmmunostaining in dissociated neurons 

Dissociated neurons were fixed with 4% ice-cold paraformaldehyde for 5 min at 

room temperature and washed twice (5 min each) with 1 ml PBS. Neurons were 

then permeab1lized by 1 ml PBS with 0.3% Tnton X-1 00 and 3% goat serum for 5 
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min at room temperature and incubated with primary antibodies in 1 X PBS with 

0.3% Triton X-100 and 3% goat serum for 2 d at 4°C. Neurons were rinsed three 

times with 1 ml PBS, 5 min each, and incubated with secondary antibodies in 1 X 

PBS with 0.3% Triton X-100 and 3% goat serum for 75 minutes at room 

temperature. After washing thrice with 1 X PBS, 5 min each, coverslips were 

mounted on glass slides and covered with Vectashield mounting medium (H-

1 000; Vector Laboratories). Images were obtained by confocal scanning 

microscopy (Zeiss LSM 10 meta). For a given sample, 10 - 15 images, taken at 

0.5 ~tm intervals, were collapsed to generate a projected image. Synaptophysin 

puncta number and size were measured by lmageJ (NIH). 

2.6. Measurement of muscle strength and weight 

Limb muscle strength was measured using an SR-1 hanging scale (American 

Weigh Scales) as described previously (Shen et al. , 2013). Briefly, with their 

forelimbs, mice were allowed to grip a square metal grid that was connected to 

the hanging scale. With hind limbs suspended , mice were gently pulled , 

horizontally by their tail, until they released their grip on the metal grid. Body 

weight was measured using a Mettler Toledo tabletop portable weighing scale. 
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2.7. Western blot analysis 

Muscles were dissected from TA muscles and lysed in modified RIPA buffer (50 

mM Tris-HCI, pH 7 .4, 150 mM NaCI, 1% NP-40, 2% SDS, 2% DOC, 1 mM 

PMSF, 1 mM EDTA, 5 mM sodium fluoride, 2 mM sodium orthovanadate, and 

protease inhibitors). Lysates were centrifuged at 10,000 RPM at 4°C for 15 

minutes. Supernatant was collected and used as sample lysates. Lysate protein 

concentrations were measured using Pierce BCA kit. Samples (50 ~g of protein , 

unless otherwise indicated) were resolved by SDS-PAGE and transferred to 

nitrocellulose membrane. The membrane was first incubated in blocking solution 

(tris-buffered saline (TBS)-containing 5% milk and 0.3% tween-20) overnight at 

4°C, and then incubated in primary antibodies prepared in blocking solution- P

catenin (1 :2000, Cell signaling #95G2); Slit2 (1:1500, Abeam, ab7665); anti

MuSK (1 :1 ,000) (Luo et al. , 2008; Wu et al , 2012b; Zhu et al., 2008); anti-a

tubulin (1 :2000, sc-23948, Santa Cruz); anti-Rapsyn (Luo et al. , 2008); anti-a

Dystroglycan (1 :1000, ab106110, Abeam); anti-Agrin clone-R132 (1 :1000, kindly 

provided by Peter Sonderegger); anti-Agrin C-95 (1 :500, kindly provided by 

Markus Ruegg); and anti-LRP4 (ECD) (1 :1,000, clone N207/27, UC Davis/NIH 

NeuroMab Facility). After washing , the membrane was incubated in blocking 

solution containing HRP-conjugated goat anti-mouse and rabbit secondary 

antibodies (goat anti-mouse, Pierce, 1:5,000, Pl-31430; goat anti-rabbit, Pierce, 

1:5,000, Pl-31460). Immunoreactive bands were visualized by enhanced 
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chemiluminescence technique (Pierce). Bands were quantified by densitometric 

analysis using Image J (NIH), as described before 0/VU et al., 2012b). 

2.9. Electron microscopy analysis 

Electron microscopy was performed as described previously (Shen et al. , 2013; 

Wu et al., 2012a; Wu et al., 2012b) . TA muscles were dissected in PBS and 

lightly stained with R-BTX (1:1000, in ice cold PBS at 4°C) to mark the central 

region where NMJs are enriched. The regions were dissected with a micro 

scatpel (Harvard apparatus, #PY2 56-5673) under a Leica fluorescent dissection 

scope and fixed (blocks of approximately 4mm x 4mm) in 2% glutaraldehyde and 

2% paraformaldehyde in 0.1 M PBS overnight at 4°C. Tissues were further fixed 

in sodiumcacodylate-buffered, (pH 7.3) 1% osmium tetroxide for 1 hr at 25°C. 

Fixed tissues were washed thrice with PBS, and dehydrated by immersing in a 

series of ethanol: 30%, 50%, 70%, 80%, 90% and 100%. After 3 rinses in 100% 

propylene oxide, samples were embedded in plastic resin (EM-bed 812, 

EMSciences). Serial sections (1-21-Jm) were stained with 1% Toluidine Blue to 

identify motor nerves , and cut into ultra-thin sections. Alternate longitudinal 

sections were not chosen to avoid duplicity of obtaining tmages from same 

terminals. Sections were mounted on 200-mesh unsupported copper grids and 

stained with a solution containing 3% uranyl acetate, 50% methanol, 2.6% lead 

nitrate ana 3.5% sodium citrate (pH 12.0) Electron micrographs were taken 

usmg a JEOL 1 OOCXII operated at 80 KeV. 
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2.1 0. Electromyography and electrophysiological recording 

Recording was performed as described previously (Shen et al., 2013; Wu et al. . 

2012a; Wu et al., 2012b). Briefly, mice were anesthetized with ketamine and 

xylazine (administered intraperitoneally, 80 mg/kg and 20 mg/kg, respectively) . 

For electromyography, the stimulation electrode was inserted into left thigh close 

to the path of sciatic nerves. The reference electrode was inserted near the 

Achille's tendon, whereas the recording needle electrode was inserted into the 

middle region of the gastrocnemius muscle. Supramaximal stimulation was 

applied to the sciatic nerve in trains of 10 stimuli at 2, 5, 10, 20, 40Hz. 

Compound muscle action potentials (CMAP) were collected by the reference and 

recording electrodes via axopatch 2008 amplifier and Digidata ·1322A (Molecular 

Devices). Peak to peak amplitudes were analyzed in Clampfit 9.2 (Molecular 

Devices). Mice were maintained at 3rC on a heating pad during the experiment. 

For analysis of neuromuscular transmission, mouse left hemi-diaphragms with 

ribs and phrenic nerve distal endings were dissected and pinned on Sylgard gel 

that was maintained in oxygenated (95% 02/5% C02) Ringer's solution (136.8 

mM NaCI, 5 mM KCI, 12 mM NaHC03, 1 mM NaH2P04, 1 mM MgCI2, 2 mM 

CaCI2 and 11 mM D-glucose, pH 7.3) at 26-28°C. Microelectrodes, 20-40 MW, 

filled with 3 M KCI were pierced into the center of muscle fibers (Shen et al., 

2013; Wu et al. , 2012b). Resting membrane potentials, -65- -75 mV, remained 

stable during the experiment. Five or more muscle fibers were recorded from 



47 

each hemi-diaphragm for over 3-min period. To record EPPs and pair pulse 

facilitation, the phrenic nerve was held by sucking and stimulated by a platinum 

electrode. Trigger signals (1 ms duration) were programmed in Clampex 9.2 

(Molecular Devices) and elicited from Digidata 1322A digital output channel to 

stimulus isolator (AMPI , !SO-Flex). The intensity of stimulation was maintained at 

about 130% or more of action potential threshold . When phrenic nerves were 

stimulated , muscle contraction was blocked by 2.5 mM m-Conotoxin GillS 

(Sachem Americas). Data were collected with Axopatch 2008 amplifier, digitized 

(10kHz low-pass filtered) with Digidata 1322A and analyzed in Clampfit 9.2. 

2.11. Light microscopic analysis of AChR clusters 

TA muscle fibers were fixed in 4% PFA overnight, and permeabilized and 

blocked for 2 hours in blocking solution (PBS containing 0.5% Triton X-1 00, 3% 

BSA and 3% goat serum). They were then incubated with the following 

antibodies or fluoroscent-conjugated toxins prepared in blocking solution, 

overnight at 4°C- rhodamine-conjugated bungarotoxin (R-BTX, 1:2,000, 

Invitrogen), Alexa488 conjugated Fasciculin II (488-FASII) (generously provided 

by Dr. Richard Rotundo, University of Miami), neurofilament (NF) (1 :1,000, 

ab7795, Millipore) and Synaptophysin (1:500, DAK-SYNAP, DAKO), S100p 

(1 :500, DAKO). After washing thrice with PBS, one hour each, muscle fibers 

were incubated with the following secondary antibodies prepared in blocking 

solution, overnight at 4°C- goat anti-mouse/rabbit lgG conjugated with Alexa 
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Fluor 488 or Alexa Fluor 633 (1 :500, Invitrogen) Images were collected on Zeiss 

510 upright confocal microscope. Three-dimensional reconstruction of confocal 

Z-stacks, and image analyses were conducted using FIJI (NIH). 

2.12. Cell Culture and transfection 

Mouse muscle C2C 12 myoblasts were propagated and induced to form 

myotubes as described previously (Luo et al. , 2002). C2C12 myoblasts were 

transfected with lipofectamine 2000 (Invitrogen, 11668-019) with a modified 

protocol. C2C 12 myoblasts, at 70-80% confluence, were rinsed once with 

serum-free medium before transfection because serum appeared to reduce 

transfection efficiency. After complete aspiration of the medium, myoblasts were 

incubated with a mixture of DNA, lipofectamine and serum-free medium for 8 

hours when the medium was changed to the growth medium. The DNA: 

lipofectamine ratio in the mixture was 1 ~g : 2 ~I. The optimal volume of the 

m1xture for 24-well dishes was 200 ~I per well that contained 2 1-Jg plasmid DNA. 

HEK293 cells were cultured and transfected as previously described (Luo et al. , 

2008). 

2.13. Statistical analysis 



Two-tailed , student t-test was used compare data between two groups Unless 

otherwise indicated, data were expressed as mean± SEM, and considered 

statistically significant if P value was less than 0.05. 
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3. Results 

3.1. Chapter 1 

3.1.1. Role of Schwann cells in the formation and maintenance of AChR 

clusters 

so 

NMJ formation is a complex process that involves timely interactions between the 

pre-synaptic motoneuron and post-synaptic muscle. Around E12.5 to E13.5, prior 

to the arrival of motor axons, muscles express aneural AChR clusters (Figure 2, 

3 C-E), which are usually referred to as pre-patterned clusters. Around E13.5, 

motoneurons begin to innervate existing pre-patterned clusters, and also induce 

de-novo clusters on the muscle surface, called nerve-induced clusters. By E16.5, 

most of the un-innervated, pre-patterned clusters disappear, and over the next 

few days, innervated clusters increase in size owing to addition of new AChRs to 

these clusters. These processes of cluster formation and maturation are critical 

for the formation of a functional synapse. Although Schwann cells are observed 

at the NMJ as early as E13.5, around the t1me when NMJs begin to form, their 

role 1n synaptogenesis is not known Therefore, we ablated Schwann cells at 

different stages during and preceding NMJ formation - E9.5, before pre-patterned 

clusters are formed , E13.5, before motoneuron innervation, and E16.5, before 

clusters begin to mature - to study the role of Schwann cells in these processes. 
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In order to ablate Schwann cells in mice in a time-dependent manner, we took 

advantage of two lines of mice- (a) ROSA26-DTAIDTA mice in which attenuated 

diptheria toxin type A (DT A) is expressed upon ere-mediated excision of the 

/oxP-flanked EGFP and stop sequence that precedes the DTA sequence 

(lvanova et al. , 2005), and (b) PLP-ereERT2 (Doerflinger et al. , 2003) mice, in 

which tamoxifen-inducible ere expression is spatially restricted to Schwann cells. 

Therefore, in order to restrict DTA expression to Schwann cells, we crossed PLP

ereERT2 mice with DTAIDTA mice. In resultant PLP-ereERT2; DTAIDTA mice, 

Schwann cells can be ablated at different time-points by administering tamoxifen 

(Figure SA). Successful induction of ere by tamoxifen was verified by crossing 

line PLP-ereER r 2 with Ai9 reporter mice, in which the fluorescent protein, 

tdT omato, is expressed upon ere-mediated excision of the /oxP-flanked STOP 

cassette that precedes the tdTomato gene. In order to visualize motoneurons 

alongside Schwann cells, resulting PLP-ereER r 2; Ai9 reporter mice were crossed 

with HB9:GFP mice (Wichterle et al., 2002), that express GFP in motoneurons. In 

these mice, we administered tamoxifen and induced ere at E9.5 and analyzed 

the diaphragms of embryos at E13.5. As expected , ere-driven expression of the 

tdTomato protein was observed in Schwann cells that were present along the 

phrenic nerve, indicating that ere could be successfully induced in PLP-ereER T
2 

mice upon tamoxifen administration. Since ere expression is tightly regulated by 

tamoxifen, we could induce ere expression within 24 hours of administrating 

tamoxifen (data not shown). 



3.1 .2. Schwann cells are not required for the formation of pre-patterned 

AChR clusters 
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First, we tested if Schwann cells are required for the formation of pre-patterned 

clusters. For this experiment, we administered tamoxifen to pregnant dames by 

oral gavage, for two consecutive days, at E9.5 and E1 0.5, before pre-patterned 

clusters begin to form, and analyzed the embryos at E13.5. At E13.5, 

neurofilament staining showed that the phrenic nerve was normal in Schwann 

cell-ablated mice. In order to visualize AChR clusters, we stained E13.5 embryos 

with Rhodamine-conjugated a-Bungarotoxin (R-BTX), a fluorescence-conjugated 

toxin that specifically binds to AChRs. R-BTX staining of PLP-creERT
2

; DTAIDTA 

embryos showed that the number of pre-patterned clusters was not reduced , 

suggesting that Schwann cells are not required for the formation of pre-patterned 

clusters (Figure 9). 
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Figure 8. Cre induced recombination in Schwann cells and strategy of cell ablation 

A. Schwann cell lmeage-specific tamoxifen mducible ere. PLP-creER
12

was used to drive 

expresston of Otptheria toxm type A (DTA) m Schwann cells Cre was mduced in embryos, by oral 

gavage of pregnant dames with tamoxtfen (TMX) Cre was tnduced tn adults by intraperitoneal 

injectiOn of tamoxtfen. 

B Confocal tmage from E13. 5 PLP-CreER12
, DT A/DTA: HB9 GFP embryo showmg ph rente nerve 

(green, labeled by GFP expressed m motoneurons, transgentc HB9·GFP) and Schwann cells (red, 

labeled by ere-driven tdTomato expresston in Schwann cells). Cre was induced in these embryos 

by oral gavage of pregnant pregnant dames at E9 5 
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Figure 9. Pre-patterned AChR clusters are formed in the absence of Schwann cells. 

Confocal images of whole-mount diaphragms from E13 5 embryos, m wh1ch, Cre was induced by 

oral gavage of pregnant dames with TMX at E9.5 and E10 5 S100f31mmunostainmg showing 

absence of Schwann cells in PLP-CreER12 DTAIDTA mice Phremc nerves (green, neurofi/ament) 

and aneural AChR clusters (red, R-BTX) are comparable m both the genotypes, md1cating that 

Schwann cells are dispensable for aneural AChR clustenng. 
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3.1.3. Schwann cells are dispensable for the formation of nerve-induced 

AChR clusters 

By E16.5, pre-patterned aneural AChR clusters disappear and nerve-induced 

clusters start to appear. Under light microscope, aneural clusters are more 

flattened compared to the plaque-like morphology of nerve-induced clusters 

(Figure 3, 1 0). Most of the AChR clusters are innervated by this time with 

occasional occurrence of aneural clusters. In order to determine if Schwann cells 

are required for the formation of nerve-induced AChR clusters, we analyzed 

E16.5 embryos and PO pups from pregnant dames that had been gavaged with 

Tamoxifen at E9.5 and E10.5. At both ages, in controls, a well-defined phrenic 

nerve could be identified , and nerve terminals contacted all R-BTX positive 

AChRs clusters. In contrast, in Schwann cell-ablated embryos and pups, 

neurofilament staining showed that the phrenic nerve was degenerated. However, 

staining with R-BTX revealed the presence of numerous plaque -like clusters like 

those observed in controls (arrows in Figure 10 and 11 ), suggesting that 

Schwann cells are critical for motoneuron survival, but do not directly affect the 

ability of motoneurons to induce clusters. Moreover, AChR density was 

noticeably higher in PLP-creER r 2
; DT AIDTA embryos. This is most likely due to 

the retraction of nerve terminals because, nerve-induced excitation of the muscle 

is thought to be the important for the disappearance of un-innervated AChR 

clusters. 
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Similarly, we analyzed PO pups of pregnant dames that had been gavaged at 

E13.5. Although the phrenic nerve was degenerated, most AChR clusters were 

found to be contacted by nerve terminal (Figure 12 A, B, white arrows), 

suggesting that this time window was not enough to cause complete nerve 

retraction. Moreover, there was no obvious reduction in the number of AChRs, in 

agreement with previous observations. Taken together, these data indicate that 

although Schwann cells are critical for the survival of motoneurons, they are 

dispensable for the induction of both aneural and neural AChR clusters. 
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Figure 10. Schwann cells are not critical for formation of nerve-induced clusters. Confocal 

1mage of whole-mount diaphragms from E16 5 embryos. in which, Cre was mduced by oral 

gavage of pregnant dames with TMX at E9 5 and E10 5 S100{J 1mmunostaining showing 

absence of Schwann cells in PLP-CreERT2. OTAIDTA m1ce Phrenic nerves (green, neurofilament) 

and aneural AChR clusters (red, R-BTX) 
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Figure 11. In the absence of Schwann cells, nerves die and AChRs gradually disappear. 

Confocal1mage of whole-mount diaphragms from PO pups, in which, Cre was induced by oral 

gavage of pregnant dames with TMX at E9 5 and E10 5 S100fJ 1mmunostaining showing 

absence of Schwann cells in PLP-CreERT2. DTAIDTA m1ce Phrenic nerves (green. neurofilament) 

and aneural AChR clusters (red, R-BTX) 
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Figure 12. AChR clusters are innervated in the absence of Schwann cells. 

A. B, Confocal1mage of whole-mount diaphragms from PO pups. in which. Cre was mduced 

by oral gavage of pregnant dames with TMX at E13 5 and E14 5 S1 00{3 1mmunostaimng 

showmg absence of Schwann cells m PLP-CreERr2
• OTAIDTA m1ce Phremc nerves (green. 

neurofilament) and aneural AChR clusters (red. R-BTX) 



3.1 .3. Schwann cells are important for AChR consolidation, but not for 

short-term maintenance 

Schwann cells secrete Agrin, a protein that is Important for AChR cluster 

maturation and maintenance. Therefore, they are thought to play an important 

role in both the processes (Yang et al. , 2001). However, evidence remains 

lacking for the involvement of Schwann cell-derived factors in post-synaptic 

differentiation. Since ablation of Schwann cells on or before E13.5 caused 

degeneration of motoneurons, we could not address the direct role of 

Schwann cells in AChR cluster maturation and maintenance. Therefore, to 

circumvent motoneuron death caused by early ablation, we ablated Schwann 

cells at later embryonic stages, at a time point that was sufficient to ablate 

Schwann cells without causing motoneuron death. Therefore, we gavaged 

pregnant dames at E16.5, which is around the time when AChR clusters 

begin to mature (Figure 13), and analyzed their pups at PO. As expected, in 

PLP-creERr 2; DTAIDTA mice, S100~+ cells were not detectable on 

motoneurons (Figure 13A), indicating that Schwann cells had been ablated in 

these mice. Neurofilament staining showed a normal phrenic nerve, whose 

term1nals were not retracted (Figure 13A), suggest1ng that the short duration 

of Schwann cell absence (E16.5-PO) was not enough to cause motoneuron 

death. However, absence of Schwann cells dunng this period had a 

sigmficant effect on AChR cluster maintenance and maturation. Detailed 
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characterization of AChR clusters revealed that the clusters were smaller in 

size compared to controls. AChR clusters occupied a smaller area (28.21 ± 

6. 73 ~m2) in PLP-creER r 2
; DT NOTA pups compared to that of controls 

(142.39 ± 4.86 ~m2) (Figure 138). Moreover, the fluorescence intensity of R-

8TX was reduced in PLP-creERT2
; DTNDTA pups (78.83 ± 2.67 MPU) 

compared to controls (58.01 ± 3.44 MPU), suggesting that the amount of 

AChR in clusters was reduced (Figure 138). Together, these results suggest 

that Schwann cells are required for the maturation of AChR clusters. 

Next we wanted to determine if Schwann cells are required for the 

maintenance of AChR clusters on muscles. AChR clusters. that originate as 

plaques, undergo tremendous transformation dunng the first month of life, 

and are mature by P30 (Figure 3) (Lichtman et al. . 1987). Therefore, we 

ablated Schwann cells in mice at P30, a time-point when AChR clusters were 

already mature and differentiated. We induced ere in PLP-creERT
2

; DTNDTA 

mice on two consecutive days, P30 and P31 , and analyzed these mice three 

days later, at P34 (Figure 14). Unlike, embryonic ablation, ablation at P30 did 

not result in complete elimination of Schwann cells. S100beta staining 

revealed persistence of some terminal Schwann cells in PLP-creER r
2

; 

DTNDTA mice (Figure 14, white arrow heads). However, we did not wait 

longer to achieve complete ablation because, in adult mice, the PLP promoter 

is active in other cells like myelinating Schwann cells (Doerflinger et al. . 2003) 

and oligodendrocytes, and a longer wait would cause widespread 



neurotransmission defects that eventually lead to death of mice (data not 

shown). Moreover, we took advantage of this partial elimination to address 

the function of Schwann cells in short-term AChR cluster maintenance and 

function (Figure 14A, B). In PLP-creERr2
; DTAIDTA, the phrenic nerve 

appeared normal suggesting that acute, partial ablation of Schwann cells 

does not cause immediate degeneration of motoneurons. Moreover, the 

number of AChR clusters that were contacted-i.e., covered by neurofilament 

and synaptophysin-was not reduced compared to controls, suggesting the 

motoneuron did not yet retract (Figure 14A, B). However, the intensity of R

BTX staining was significantly reduced in PLP-creERr 2
; OTAIDTA compared 

to controls, suggesting that the clusters had fewer AChRs (Figure 14B). 

(Figure 14B). These results suggest that Schwann cells might play a role in 

AChR cluster maintenance, which usually manifests as neurotransmission 

defects at the NMJ. 

62 



63 

A 

~ 
0 

~ 
0 
~-
0:: 
w 

~ 
a.. 
...J 
a.. 

TMX 

f t 
E 16.5-PO B E 16.5 E 17.5 PO 

~ 
0 

~ 
0 

R-Btx 

S'go 
a. 
:E 
~so 
~ ·v; 
~ 70 
c 
~ 60 
iii 
.2 50 
(.) 

~ 
N 

E150 
2: 
m125 
(ij 
Qj 100 
iii 
-5 75 
lr 
<3 50 
4: 

Figure 13. Nerve induced AChR clusters are smaller and have reduced R-BTX fluorescent 

intensity. 

A Confocal images of whole-mount diaphragms from PO embryos m whtch Cre was mduced by 

oral gavage of pregnant dames with TMX at E16 5 and E17 5 Schwann cell (blue S100fJ), 

phremc nerves (green. neurofilament) and aneural AChR clusters (red, R-BTX) 

B Htstogram showmg a significant reductton in AChR cluster intensity (top) and AChR cluster 

area (bottom) m PLP-CreERr2; DTAJDTA mtce (red) compared to control DTAJDTA mice (black) 

***, P < 0 001, **, P < 0 005, Student's t-test 



TMX 

f 
A P30 P31 

Merged 

rt 
P34 

S100~ 

P30-P34 
NF R-Btx 

8 
~ 

~ 100 

~90 

~80 
c 
~ 70 

·~ 60 

~ 50 
u 

100 

64 

Figure 14. Matured AChR clusters or associated motor nerve terminals do not degenerate 

immediately after loss of terminal Schwann cells. 

Confocal1mages of whole-mount diaphragms from P30 embryos. m wh1ch Cre was induced by 

mtrapentoneal m)ect1on of TMX at P30 and P31 Schwann cell (blue S100fi) phrenic nerves 

(green. neurofilament) and aneural AChR clusters (red. R-BTX) 

B Histogram showmg a sigmficant reduction in AChR cluster mtensity (top) and AChR cluster 

area (bottom) m PLP-CreERrz; DTAIDTA mice (red) compared to control DTAIDTA mice (black) . 

....... P < 0 001. ••. P < 0.005, Student's t-test 
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3.1.4. Defective neurotransmission in PLP-creERr 2
; DTAI DTA mice 

Proper maintenance of AChR clusters is required for normal synaptic 

transmission. In light of the cluster maintenance defects we observed in the 

Schwann cell-ablated mice, we tested their NMJ for functional defects. For this, 

we performed a technique called electromyography (EMG) that can be used to 

monitor the changes in electrical activity in the muscle in response to pre

synaptic stimulation. Therefore, in order to test synaptic function, we stimulated 

the sciatic nerve, and measured the Compound Muscle Action Potentials 

(CMAPs) that were generated in the target gastrocnemius muscle, using surface 

and needle electrodes (Shen et al., 2013) In DT A/DTA controls, CMAPs did not 

differ Significantly over 10 consecutive nerve stimuh that were delivered at a 

frequency from 20 Hz to 40Hz (Figure 15). In contrast, at 20 Hz, CMAPs in PLP

creER r 2; DT A/DT A mice began to decrease significantly after the fifth stimulus. 

The 1Oth CMAP was reduced by 15% compared to the first one (Figure 158). 

When the frequency was increased to 40Hz, CMAP reduction was observed 

after the second stimulus itself, and the 1Oth CMAP was reduced by 20% 

compared to the first one (Figure 15C). Th1s reduction of CMAPs in imKO+DOX 

mice was frequency-dependent (Figure 150), indicating progressive loss of 

successful neuromuscular transmission after repeated stimulation. Taken 

together, these observations indicate that Schwann cells play an important role in 

maintenance of AChR clusters, and that absence of Schwann cells could lead to 

synaptic dysfunction. 
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Next, we wanted to investigate if synaptic transmission defects were simply due 

to instability of AChR clusters on the post-synaptic s1de, or if it was also due to 

defects in the pre-synaptic motoneuron terminal. Therefore, we measured the 

amplitude and frequency of miniature end plate potentials (mEPPs), which are 

changes in muscle membrane potential caused by spontaneous release of 

vesicles by the pre-synaptic motoneuron (Meier, 1996; Shen et al. , 2013; Wu et 

al. , 2012a; Wu et al., 2012b). While changes in frequency are suggestive of pre

synaptic defects, changes in amplitude are suggestive of post-synaptic defects. 

Like we expected, mEPP amplitude was found to be significantly reduced (by 

60%, P < 0.05, n = 8) in induced PLP-CreERT2, ROSA26-LSL-DTA mice (0.78 ± 

0.06) compared to control mice (1 .94 ± 0.09) (Figure 16 A-C). However, the 

frequencies of miniature end plate potentials (mEPP) were not different between 

the two genotypes (control, 0.93 ± 0.04; PLP-CreERr2
; ROSA26-LSL-DTA, 0.89 

± 0.06, n = 8) (Figure 16 D), suggesting that vesicle release at the pre-synaptic 

terminal was not altered by the ablation of Schwann cells. Since amplitude, but 

not the frequency of mEPPs is changed in Schwann cell-ablated mice, the 

observed defects in AChR function in Schwann cell-ablated mice are not 

secondary to pre-synaptic defects. Thus, Schwann cells most likely play a direct 

role in funct1on of AChR clusters at the adult NMJ 
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Figure 15. Reduced CMAPs in PLP-creERr2
; DTAI DTA mice that were induced at P30. 

CMAPs were recorded from gastrocnemius muscles of PLP-CreER
12 

OT AI DTA and DT AIDTA 

mice in response to a tram of 10 submax1mal st1muli at different frequenc1es The first st1mulus 

response m control m1ce was ass1gned as 100% A, Representative CMAP traces of PLP-

ere ERn OT AI OTA and OT A/OTA m1ce B, C, Reduced CMAP amplitudes at 20Hz (B) or at 40 

Hz (C). D, Reduced CMAP amplitudes of the tenth st1mulat1on at dtfferent stimulation frequencies 

n = 8 for PLP-creERT2, OTAI DTA and DTAIDTA m1ce each, • P < 0 05 Student's t-test 
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Figure 16. Reduced mEPP amplitude in PLP-creERT
2

; DTAI DTA mice induced at P30. 

Intracellular recording shows pre- and post-synaptiC defects m PLP-creERT2, DTAI DTA m1ce. A, 

B, Representative mEPP traces. C, Reduced mEPP amplitudes. D, Unaltered frequenctes in 

PLP-CreERr2; DTA/DTA m1ce. N = 8, *, P < 0 05, Student's t-test 
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Figure 17. Graphical representations of observed defects in post-synaptic differentiation 

and maintenance in mice where Schwann cells were ablated at different time-points. Gila-

denved factors m1ght be involved m the consolidation of AChR clusters during late embryomc 

development Secreted factors m1ght s1gnal through LRP4-MuSK stgnalmg pathway At matured 

synapses. Schwann-ce/1 derived signals m1ght be crit1cal for mamtammg ACh in the synaptiC cleft 

or m1ght regulate AChR sensitivity 



3.2. Chapter 2 

3.2.1. Slit2 is a potential retrograde signal, downstream of ~-catenin in 

muscles 

70 

Previous studies have shown that P-catenin plays an important role in guiding the 

motor axon towards its target muscle. In mice that lack P-catenin in skeletal 

muscles, NMJ fails to form, resulting in perinatal death of these mice (Li et al. , 

2008). p-catenin has two distinct biological roles - cell adhesion, and gene 

transcription . p-catenin can regulate cell adhesion by Interacting with a-catenin 

and the cadherin complex in one-cell to form homoph1lic connections with the 

cadherin-catenin complex in the adjacent cell. Cytosolic p-catenin translocates to 

the nucleus and initiates gene transcription (Valenta et al. , 2012). At the NMJ, we 

do not yet know which function of p-catenin is critical for NMJ formation. 

Motoneuron-specific p-catenin mutants do not display any NMJ defects, 

suggesting that, the cell adhesion activity of P-catenin is dispensable for NMJ 

formation. Therefore, the transcriptional activity of P-catenin might be crucial for 

NMJ format1on and nerve terminal differentiation To identify genes that are 

regulated by p-catenin, we performed qRT-PCR, and probed for genes that were 

down-regulated 1n the limb muscles of muscle-specific P-catenin mutants, HSA-P

cat ·' , compared to control p-eat loxptloxp m1ce We found a number of genes that 

were down regulated in HSA-p-cat .,. m1ce, compared to controls (Figure 18) 
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(P<0.005; P<0.001 , n = 8). Out of 70 targets that were tested, 46 were expressed 

in muscles, and 8 showed reduced expression in conditional mutants (Figure 18). 

Out of all the target genes, four of the genes appeared to have greater relevance 

to NMJ formation because of their established roles in synapse development. 

The most notable genes were Slit2, a known axon guidance factor; HGF, a 

trophic factor critical for early motoneuron survival; COL9A 1, an extracellular 

matrix protein; BMP9, a member of the TGF~ family of growth factors. We 

selected Slit2 due to the following reasons. First, Slit2 has putative synaptogenic 

domains like leucine rich domains (LRR) and Laminin G domains (LG), that are 

shown to be involved in motor axon guidance (Jaworski and Tessier-Lavigne, 

2012). Second, mice lacking Slit2 or the receptors Robo1/2 display pre-synaptic 

defects identical to the phenotypes observed 1n HSA-~-cat toxp/loxp mice. Third, 

both protein and mRNA levels of Slit2 were reduced in HSA-~-cat _,_ compared to 

the ~-cat loxp/loxp mice (Figure 19). 

Next, we tested if transient over-expression of ~-catenin could drive the 

expression of endogenous Slit2 in cultured C2C 12 myotubes. For this we 

transfected C2C 12 cells with increasing amounts of plasmid that expressed HA

tagged ~-catenin. The HA tag allowed us to distmguish transfected ~-catenin 

from endogenous p-catenin. First, we observed the expression of Slit2 in cultured 

myotubes Indicating that Slit2 is expressed in muscle cells, because, unlike 

muscles in vivo, C2C12 cell lines do not contain contam1nant fibroblasts , neuron, 

or glial cells, thus confirming the expression of the prote1n in muscle cells (Figure 
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20). Second, over-expression of HA-P-catenin in C2C12 cells was able to 

increase the expression of Slit2 in a dose-dependent manner suggesting that P

catenin might regulate transcription of Slit2 (Figure 20). Next we investigated if P

catenin could bind the promoter regions of Slit2. Previous studies have shown 

that p-catenin binds to the transcription factors, TCF4 and LEF1 to regulate gene 

transcription. Using the MAPPER software, (Marinescu et al., 2005), we identified 

19 putative TCF4/ LEF1 binding sites in the 5000 bases preceding the Slit2 start 

codon. This was particularly interesting because, one of the most well known 

targets of p-catenin, Axin2, has 22 putative TCF4/ LEF1 binding sites, only 3 

more than the number of putative TCF4/ LEF1 b1nding sites on Slit2. Next, in 

order to determine if p-catenin can bind to the region upstream of the Slit2 

promoter, we performed chromatin immunoprecitation (ChiP) assay (Figure 21). 

First, we immunoprecipitated DNA from C2C12 myotubes using an antibody 

against p-catenin , next, using specific primers, we amplified the region around 

two putative TCF4/ LEF1 binding sites that are upstream of the Slit2 promoter. 

As demonstrated in Figure 18D, one of the primers (Primer 1) could amplify Slit2 

promoter fragment from the DNA pulled down by p-catenin, demonstrating that P

catenin can bind to the promoter regions of Slit2. 
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Figure 18. qRT -PCR array and identification of transcriptional targets of P-catenin in 

muscles . 

i! 
<:: 

I 

mRNA levels of indicated genes from HSA-{J-cat and {J-cat lo~P-io•p mice were measured by qRT-

PCR Genes are grouped based on the" known functtons and potenttal for mvolvement m 

retrograde signaling Data ts expressed as fold-change over levels of GAPDH expresston 

n = 3 ••. P < 0 01 ***, P < 0001, Student's t test 
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Figure 19. Slit2 is down regulated in the muscles of HSA-~-cat .J. mice. 

lmmunoblottmg of muscle cell lysates from HSA-fJ-cat.j. and fJ-cat JoxpAoxp m1ce showing reduction 
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amounts. 2. 4, and 6 pg m fused C2C12 myotubes lmmunoblottmg of protem lysates from 

transfected cells shows a dose-dependent increase m express1on of endogenous Slit2, HA-
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Figure 21 . Putative TCF4/ LEF1 binding motifs on Slit2 promoter. TCF41 LEF1 binding 

domams in the promoter sequence of mouse Sllt2 were predtcted usmg Chtp MAPPER 

(Marinescu eta/ . 2005). Two sets of primers were destgned to ampltfy the region surrounding 

two putative TCF4/LEF1 binding sites. Chromatm lmmunoprecipttatton assay of C2C12 myotube 

samples that were pulled down using anti-{J-catenm anttbody Slit2 promoter elements were 

detected usmg standard PCR, n = 3 for group each, ••. P < 0 005, Student's t-test. 
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3.2.2. Slit2 is sufficient to induce aggregation of pre-synaptic components 

in cultured neurons 

Slit2 has two domains, the LRR and Laminin G domains, which are known to be 

present in other molecules involved in synaptogenesis, both in the CNS and at 

the NMJ (Bezakova and Ruegg, 2003; de Wit et al. , 2011). Therefore, we 

hypothesized that Slit2 secreted from muscles could play a role in differentiation 

of the pre-synaptic terminal, a crucial step in NMJ formation. To test this, we 

treated hippocampal neurons with Slit2-containing conditioned media collected 

from Slit2-transfected HEK293 cells. We confirmed successful transfection and 

secretion of transfected Slit2 into the media, by immunoblotting with anti-Siit2 

antibody (Figure 22A). Treatment of hippocampal neurons with Slit2-containing 

media did not elicit any synaptogenic response, as assayed by immunostaining 

of synaptophysin (data not shown). This was not surprising because, since the 

SBL at the NMJ is highly specialized , immobilization and persistence of 

synaptogenic proteins onto the SBL is absolutely critical to drive either pre- or 

post-synaptic differentiation. So, next, we attempted to immobilize and 

concentrate Flag-Siit2 protein on small (1 ~tm diameter), fluorescently conjugated 

latex beads. If synaptogenic, Flag-Siit2 conjugated beads (in red , Figure 22A) 

should be able to cluster synaptophysin on hippocampal neuron axons (Figure 

22A, B). We used biotin-neutravidin beads lacking Flag-Siit2 as negative controls. 

As a second control , we immunoprecipitated Flag-Siit2 onto biotin-neutravidin 
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beads, but denatured the proteins in the beads by boiling. The number and size 

of synaptophysin clusters was increased in primary hippocampal neurons (Figure 

228, C) that were treated with flag-Siit2 beads compared to control beads (Figure 

228, C). We also quantified the ratio of bead-associated cluster to non bead

associated clusters (Figure 22C), and found that the percentage of bead

associated puncta was higher in hippocampal neurons maintained with Flag-Siit2 

beads (0.59 ± 0.05), compared to denatured (0.30 ± 0.02) and control conditions 

(0.29 ± 0.03) respectively. Similarly, the size of punctas associated with beads is 

considerably larger then the non-associated ones (Figure 22C). Together these 

results suggest that Slit2 is sufficient to induce synaptophysin clusters on 

cultured primary neurons. To our knowledge, Slit2 is the first demonstrated 

transcriptional target of ~-catenin that has the potential to be a positive regulator 

of synaptogenesis. 
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Figure 22. Slit2 is sufficient to induce pre-synaptic differentiation of cultured rat 

hippocampal neurons. 

A lmmunoblot usmg anti-flag-antibody showmg the presence of Flag-SIIt2 m cells lysates and 

cond1t1oned med1a obtamed from HEK293 cells that were transfected w1th Flag-SIIt2 Conditioned 

med1a was mcubated w1th btotin conjugated Flag-M2 antibody, and then Flag-Sitt2 was 

1mmob1l1zed and concentrated on nuorescently-con)ugated neutrav1dm coated beads 

B, lmmunostaming showmg an increase m the number and size of synaptophysm puncta (green) 

m hippocampal neurons that were incubated with Flag-Sitt2 coated beads compared to neurons 

treated with control beads coated with Ab alone. or denatured beads coated with Slit2. 

Synaptophysin m green, and neutravidin coated beads in red 

C, Synaptophysm pos1t1ve clusters were btgger and more numerous in hippocampal neurons that 

were mcubated w1th Flag-Sitt2 conjugated beads compared to controls n = 25 for each group, "'"', 

P < 0 01 Student 's t-test. Scale bar= 100 pm. 
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3.2.3. In-vivo rescue of pre-synaptic defects observed HSA-~-cat -1- mice 

Since our data strongly suggested that muscle-derived Slit2 might be a potential 

retrograde signal driving nerve terminal differentiation, we attempted to rescue 

the pre-synaptic defects observed in HSA-~-car'· mice by over-expressing Slit2 in 

these mice. We took advantage of the pBSX-HSA system, which allowed us to 

drive the over-expression of the Slit2 transgene specifically in the skeletal 

muscles (Figure 23). The Flag tag on the Slit2 allowed us to distinguish 

transfected Slit2 from endogenous Slit2. 

Next we bred HSA-Siit2T g transgenic with HSA-~-car'· in an attempt to rescue 

the axon guidance defects and pre-synaptic differentiation defects caused by P

catenin deficiency in skeletal muscles. To investigate the rescue of axon 

guidance defects, we performed whole mount staining of diaphragms from PO 

HSA-~-cat _,_ mice and compared it with that of control ~-cat noxt flox mice. In PO 

controls, primary phrenic branches, as visualized by neurofilament and 

synaptophysin (in green), traveled along the central region , perpendicular to the 

muscle fibers, sending out short, secondary or intra-muscular branches. R-BTX 

staining revealed the presence of AChR clusters in a central band (Figure 24). In 

contrast, in HSA- H -cat _,_ mice, the primary nerve branches were not in the 

middle of the muscle fibers, but were instead mis-located in the tendon region 

close to the central cavity. The secondary or intramuscular nerve branches were 
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longer and fewer in HSA- t3 -cat _,_ mice (Figure 24). The number of secondary 

branches was also decreased. These results indicate that pre-synaptic 

differentiation is defective in the absence of muscle p-catenin. Next, we 

compared the diaphragms of PO control {3 -cat loxp/loxp mice with that of p-eat_,_; 

HSA-Siit2Tg mice. Muscle-specific over-expression of Slit2 did not completely 

rescue the defects observed in muscle-specific p-catenin mutants. The number 

of secondary branches, and the bandwidth of the end plate were identical 

between p-eat loxptloxp and HSA-Siit2Tg littermates. However, we observed 

relatively small, but significant rescue of the pre-synaptic defects when Slit2 was 

over-expressed in HSA-p-cat _,_; HSA-Siit2Tg mice (Figure 24). For example the 

primary branch location and the length of the secondary branches were partially 

rescued in HSA-p-cat _,_; HSA-Siit2Tg mice. The mean distance from the central 

end plate is 308.25 ± 18 ~Lm in HSA- t3 -cat -/-mice, whereas in HSA-p-cat _,_; 

HSA-Siit2Tg mice the mean distance was 246.3 ± 25.95 ~Lm (n = 8, P < 0.005). 

This evidence indicates Slit2 can restore some of the axon guidance phenotypes 

observed in HSA- {3 -cat _,_mice. p-catenin can bind to promoter regions and 

transcriptionally regulate the expression of a few hundred known genes (Yochum 

et al. , 2008). Thus it is possible there are other targets apart from Slit2, lack of 

which m1ght be responsible for the defects observed in mice lacking P-catenin in 

muscles. 
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Second, we investigated if the lack of synaptic vesicles observed in HSA- (3 -cat _,_ 

mice was rescued in HSA-~-cat _,_; HSA-Siit2Tg littermates. In HSA- (3 -cat _,_ mice, 

although AChR clusters are formed and innervated , they lack synaptophysin 

coverage (li et al. , 2008), suggesting that synaptic vesicles fail to aggregate at 

the motoneuron terminals in mice lacking [3-catenin in the muscles. Our data 

indicated that AChR clusters were significantly large in HSA- {3 -cat -/-mice 

compared to control ~-cat loxp/loxp littermates. In HSA-p-cat _,_; HSA-Siit2Tg mice, 

synaptophysin coverage of AChR clusters was restored to ~-cat loxp/loxp levels 

(Figure 25 A-E). However, the AChR cluster size was not rescued (Figure 25 A

E). These observations indicate that over-expression of Slit2 in muscle lacking ~

catenin can restore the loss of synaptic vesicles from the NMJs, but cannot 

rescue the post-synaptic defects. 

Next, we performed electron microscopic analysis to evaluate if the structural 

defects observed in HSA-~-cat _,_ could be rescued by over-expression of Slit2. In 

control p-eat loxp/loxp PO NMJs, motoneuron terminals terminated at post-synaptic 

muscle membrane. Schwann cells covered the synapse. Motoneuron terminals 

contained synaptic vesicles that could be seen fusing with the plasma membrane 

at the active zones. Post-synaptic membranes displayed normal junctional folds. 

In contrast, in HSA- t3 -cat _,_littermates, the number of synaptic vesicles at the 

terminals were significantly reduced (Figure 26 A, B). This reduction in synaptic 

vesicle number was rescued in HSA-~-cat _,_; HSA-Siit2Tg mice. Quantification 

revealed that the number of synaptic vesicles at the motoneuron terminal was 
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comparable to that of control p-eat loxplloxp mice (Figure 26 A, B). Thus, Slit2 over

expression can rescue the loss of synaptic vesicle number in HSA- {3 -cat ·'-mice 

(Figure 26 A, B). Third, we evaluated if Slit2 expression in the skeletal muscles 

could rescue the functional deficits in terms of electrophysiological properties in 

HSA- R -cat -t·po mice. Previous studies have shown that loss of p-catenin in 

muscles results in reduced frequency of mEPP, unaccompanied by changes in 

amplitude. This reduction of frequency was attributed to the defects at the pre

synaptic nerve terminals as demonstrated by the loss of synaptic vesicles at the 

light and ultra-structural levels (Figure 25, 26). Our data indicated that although 

the frequency of mEPP in HSA- {3 -cat _,_; HSA-Siit2Tg rescue mice higher than 

that of HSA- R -cat _,_ mice, it was not restored to the control p-eat noxt nox levels 

(Figure 27). These results indicate that Slit 2 over-expression can partially rescue 

the functional defects caused by absence of muscle-~-catenin in HSA- {3 -car'· 

mice (Figure 27). 
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Figure 23. Generation of transgenic mice over-expressing Slit2 specifically in skeletal 

muscles. 

Top, Flag-SIIt2 was sub-cloned downstream of muscle spectfic promoter, HSA in pBSX plasmid 

using Not/ and Pacl restriction digestion sites. 

Bottom (right), lmmunoblot of protein lysates from HEK293 cells transfected with plasmid 

expressmg F/ag-S/112 under CMV promoter 

Bottom (left). lmmunoblot of protein /ysates from C2C12 cells transfected wtth plasmid expressing 

Flag-Sitt2 under HSA promoter 



85 

HSA-j3-cal ,_; 

B Nerve Nerve Nerve Nerve 

M M 

.. 
- 11-GioJJ>.IoJ' 

"E 
I""";";';; 

400 80 400 300 I I - HSA~call-.; 

i t ~ ~ - H$ASIIf1Tg 
• HSAikAtl- liSA.~g 

i 300 f 60 300 v 200 !! 

j 200 
~ .0 I 

40 ~ 
;I, l ~ i 

200 
~ 

f • 100 
.£ 100 20 100 ~ 

f 0 ~ £ (/) 

i 0 
~ 0 0 0 ... 

Figure 24. Slit2 over-expression in muscles can partially rescue axon guidance defects of 

HSA-~-cat .J- mice. Diaphragms were collected from newborn pups of indicated genotypes and 

stained for AChRs (red) and nerves (green) The left ventral half of the diaphragm is shown 

A, Primary phremc nerve trunk in HSA-{J-cat "' was moved towards the left leaflet of the central 

tendon compared to the control {J-cat lo•!'AO•P m1ce. md1catmg probable delayed entry of nerve mto 

the muscle (Li eta/ . 2008) In the HSA-Sflt2Tg m1ce the morphology 1s ident1cal to {J-cat loxi'AO•P 

m1ce Morphology m HSA-{J-cat loxi'AO•P. HSA-Sflt2Tg 1s mtermediate between HSA-{J-cat lo•Ptfo•P and 

fJ··Cat lo•Ptfo•p genotypes. 
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B, The axon guidance rescue phenotypes are demonstrated graphically and quantified. n = 6, **, 

P < 0 01. •••. P < 0 001, Student's t-test. Scale bar= 100 pm 
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Figure 25. Reduced Synaptophysin at the nerve terminals of HSA-j3-cat "'· mice is rescued 

by over-expressing Slit2 in the muscles. A, Whole mount diaphragm stammg shows, 

synaptophysm m cyan, nerves in green and AChR clusters in red Synaptophysm coverage of 

AChR clusters IS markedly reduced m HSA-{J-cat · compared to the f3-cat IOx¢o•P m1ce. The 

clusters are markedly larger m HSA-f3-cat mice Lack of synaptophysin m HSA-p.cat tox¢oxp m1ce 

1s restored in HSA-f3-cat .;._. HSA-SIIt2Tg mice The s1zes of AChR clusters are comparable 

between the two genotypes 

B-E, Quantification of md1cated parameters. n = 30 for each genotype, .... P < 0 001. Student's t-

test. Scale bar= 10 pm. 
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Figure 26. EM analysis of neonatal NMJs show restoration of the loss of synaptic vesicles 

in HSA-~-cat .J-; HSA-Siit2Tg mice 

A, HSA-jJ-cat ' NMJs display typical differentiated NMJ structures at PO The terminals are 

covered by termmal Schwann cells (SC), the pre-synaptiC termmals (N) are nch m synaptic 

vesicles (SV) w1th fused ones at the actiVe zones In the HSA-fJ-cat m1ce, the number of SVs is 

obviously reduced compared to p.cat loxpAoxp m1ce The lack of SVs m the HSA-p.cat -1- mice is 

rescued m the HSA-fJ-cat -t-. HSA-SIIt2Tg m1ce 

B, QuantificatiOn of various synaptic attributes, n = 6, **, P < 0 01, •••, P < 0.001, Student's t-test. 

Scale bar=500nm 
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Figure 27. mEPP frequency is rescued HSA-p-cat loxp/1o~tp; HSA-Siit2Tg mice. 

A. Representattve mEPP traces 

B, Amplitudes are unaltered m HSA-f3-cat compared to /)-cat IO•ptfo•P mtce, as well as in HSA-

Sitt2Tg mtce However. frequency is sigmficantly reduced m HSA-f3-cat + compared to /)-cat 



JoxpAoxp mtce Frequency remains unaltered in HSA-SIIt2Tg mice and rescued in HSA-~cat +; 

HSA-Siit2Tg mtce n = 5. **, P < 0. 01, Student's t-test 
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Figure 28. Graphical representation of role of muscle derived Slit2 in NMJ differentiation. 

~atenin transcnpt1onally regulates Slit2 expression m skeletal muscles The pre-synaptic 

defects observed in muscle specific ~catenin mutants (HSA-~cat .;") mice were rescued by 

forceful over-expression of Slit2 in HSA-~cat .f. mice (HSA-/}-cat .f·; HSA-Siit2Tg). Slit2 in the 

extra-cellular matrix might be involved in pre-synaptic differentiation at the mammalian NMJs. 
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3.3. Chapter 3 

3.3.1. Postnatal loss of LRP4 in the skeletal muscles leads to myasthemic 

syndromes in adult mice 

LRP4, a receptor of Agrin is critical for NMJ formation (Kim et al., 2008; 

Weatherbee et al., 2006; Wu et al. , 2012b; Zhang et al. , 2008). LRP4 mutant 

mice die at PO (Weatherbee et al. , 2006; Wu et al. , 2012b), thereby precluding 

the investigation of LRP4's role in NMJ stability in adulthood. To restrict the 

deletion of LPR4 to adult muscles, we utilized a conditional and inducible, 

tetracycline-controlled expression system (Tet-On) in which LRP4 can be deleted 

in a time- and muscle-specific manner (Rao and Monks, 2009). Tg(tet0-

Cre,ACTA1-rtTA) mice were bred with LRP4 floxed mice (LRP4flr), to obtain 

Tg(tet0-Cre,ACTA1-rtTA;LRP4'/f) mice, hereafter referred to as imKO (inducible 

muscle-specific knockout of LRP4) mice (Figure 29). To ablate the LRP4 gene, 

one-month-old (P30) imKO mice were fed doxycycline-containing drinking water 

ad libitum for 3 weeks (hereafter referred to as imKO+DOX mice) (Figure 29). 

LRP4''' mice with and with doxycyxline treatement, and imKO mice were used as 

controls (Figure 29). To determine whether LRP4 was reduced in DOX-treated 

1mKO mice, muscles were isolated from LRP4111
, LRP4'''+DOX, imKO, and 

imKO+DOX mice, and probed with anti-LRP4 antibody. LRP4 levels in wild-type, 

LRP41", LRP4flf+DOX, and imKO were similar, suggesting that neither the 
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doxycycline treatment nor the presence of transgenic alleles had an effect on 

LRP4 expression (Figure 29). LRP4 level was reduced in imKO+DOX mice, 

compared to controls, validating the deletion of LRP4 gene in imKO+DOX mice 

(Figure 29). Beginning 20 days after initiation of DOX treatment, imKO+DOX 

mice started losing weight and muscle strength, compared to untreated imKO 

control mice (Figure 30A, B). This observed reduction in body weight and muscle 

strength in imKO+DOX mice was due to doxycyline-mediated deletion of LRP4, 

and not a side-effect of doxycycline treatment itself, because, LRP4tlf+DOX mice 

did not display any changes in body weight and muscle strength (Figure 30A, B). 

20 days after the start of Doxycycline treatment, visible myasthenic symptoms 

were observed in imKO+DOX (Figure 30A-D). These mice developed scoliosis, 

seemed visibly weaker, and were less mobile compared to imKO controls (Figure 

30D). While control mice survived normally, imKO+DOX mice survived only 3-4 

months following doxycycline treatment. Death of imKO+DOX mice was 

observed as early as 79 days post-doxycycline treatment. None of the 

imKO+DOX mice survived past P160 (Figure 30C). These observations suggest 

that LRP4 may be critical for muscle function and survival, even after NMJs have 

completely differentiated. 

3.3.2. LRP4 is critical for maintenance of AChR-rich end plate 

In adult mice, AChRs clusters are organized into "pretzel" like structures that 

follow a complex and continuous pattern of branching along the muscle 
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membrane. Maintenance of AChR clusters is crucial for normal synaptic 

transmission. In patients with CMS or MG, the density of AChR clusters is 

significantly reduced , and AChR clusters are fragmented and lose the pretzel

shaped organization. In light of the myasthenic symptoms observed in 

imKO+DOX mice, we hypothesized that LRP4 may be critical for maintenance of 

pretzel-like AChRs clusters. In order to visualize AChR clusters, we stained them 

with rhodamine-conjugated a-Bungarotoxin (R-BTX). To determine if LRP4 is 

critical for maintenance of this structure. we compared confocal images of R

BTX-stained synapses from imKO+DOX mice with that of LRP4flf+DOX and 

imKO controls. In control mice, the synaptic area was uniform. Moreover, most 

synaptic branches contained few (two or less) gaps in AChR-rich areas (Figure 

31A). In contrast, the synaptic area in imKO+DOX mice was fragmented (Figure 

31A). Detailed quantitative analysis revealed that the area occupied by 

acetylcholine receptors in each synapse was significantly reduced in imKO+DOX 

compared to controls (Figure 31 B). Moreover, measurement of the number of 

fragments in each cluster revealed that AChR clusters were more fragmented in 

imKO+DOX mice compared to controls (Figure 31 B). The area occupied by each 

fragment in a cluster was also significantly reduced in the mutants (Figure 31 B). 

In order to determine the density of AChRs 1n each cluster, we measured the 

fluorescence intensity of R-BTX that was bound to AChR in each cluster, and 

found that in imKO+DOX mice, the intensity of R-BTX fluorescence was 

significantly less compared to control , suggesting that each mutant cluster has 

significantly fewer AChR proteins compared to controls (Figure 31 B). Loss and 
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fragmentation of AChR clusters are known to correspond to reduction in muscle 

strength and body weight. Therefore, these results suggest that LRP4 may play a 

critical role in NMJ maintenance. Based on physiological and morphological 

observations of LRP4tlf+DOX mice, we concluded that doxycycline treatment did 

not have any deleterious affect on NMJs or LRP4 protein levels and thus 

excluded LRP4flt+DOX controls from experiments that followed. 



96 

A 
Genoptype LRP4 

LRP4111+DOX + 

HSA-rtTA, tet-O:cre: LRP4" (1mKO) + 

imKO+DOX 

8 oi- oi-
~ ,~,<:J 0 o"<:J ?$,.,., 

"~<?!>. ,~~ ~~ \~~ 

250- - ,.._ l LRP4 

100- MuSK 

50- - - 1 ~-Acton 

Figure 29. LRP4 is depleted from NMJs of imKO+OOX mice following administration of 

doxycycline at P30. 

A. Table ltstmg the status of LRP4 expression m the muscles of m1ce of mdicated genotypes. 

B, Western blot of muscle (Tibialis anterior (TA)) lysates from 2 month old mice shows specific 

knockout of LRP4 in imKO+DOX mice. and not in control m1ce - LRP4 '" . LRP4 '" +DOX and imKO 

m1ce (n=3). 
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Figure 30. Loss of LRP4 results in myasthenic syndromes. 

A, lmKO+DOX mice lose weight progressively, compared to tmKO or LRP4'"+DOX mice (n=3, 

per genotype). two-way ANOVA, *, P < 0.05 

B, Decreased gnp strength in tmKO+DOX mice (n=3. per genotype). two-way ANOVA, *, P < 

0 05 . •• p < 0 01 

C, Kaplan-Meter survtval curves of imKO+DOX mtce. compared to controls The dtfference in 

morbtdtty ttmes of control LRP4 '11 or imKO mtce and tmKO +DOX mutants were stattsttca/ly 

sigmficant [ '2=22 67. P<00001. Log-Rank (Mantel-Cox) test} 

D, tmKO+DOX mtce are constderably smaller m stze compared to the tmKO mice, and develop 

scoltosts after 30 days of doxycyclme treatment 
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Figure 31 . LRP4 is critical for maintenance of AChR clusters at adult NMJs. AChR rich end-

plate area per synapse is s1gmficantly reduced (p<O 01 N=10) m 1mKO+DOX m1ce. Clusters are 

s1gmflcantly more fragmented m 1mKO+DOX mice. The mean area per fragment IS reduced in 

1mKO+DOX m1ce compared to controls The fluorescent mtenslty of the clusters, measured by 

mean p1xel value (MPU). was signrficantly reduced in imKO+DOX m1ce. n = 20. *", P < 0.01, 

Students t-test 
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3.3.3. Reduced CMAPs in imKO+DOX mice 

Next, to evaluate neurotransmission in the imKO+DOX mice. In control imKO 

mice, CMAPs did not significantly differ over 10 consecutive nerve stimuli 

delivered at frequencies ranging from 20 Hz to 40Hz (Figure 32). In contrast, 

under similar conditions, in imKO+DOX mice, there was a significant reduction in 

CMAP over 10 consecutive nerve stimuli. Both at 20 Hz and 40Hz, CMAPs in 

imKO+DOX significantly reduced over 10 consecutive nerve stimuli (Figure 32). 

In imKO+DOX, at a frequency of 20Hz, there was a significant reduction in 

CMAP after the 5th stimulation, and the tenth CMAP was reduced to 60% of the 

first one (Figure 32C). When the frequency was increased to 40 Hz, the reduction 

in CMAP was significant even after the second stimulation, and eventually the 

tenth CMAP was reduced by 40% compared to the first CMAP (Figure 320). This 

reduction of CMAPs in imKO+DOX mice was frequency-dependent (Figure 32E), 

suggesting that there was a progressive loss of successful neuromuscular 

transmission after repeated stimulation. Taken together, these observations 

indicate that NMJ transmission is impaired in imKO+DOX mice, most possibly 

resulting from pre- and/or postsynaptic dysfunctions, and also provide a 

physiological mechanism for the fatigable muscle weakness observed in 

imKO+DOX mice. 

To investigate whether the observed defects in neurotransmission result from 
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pre- and/or postsynaptic impairment, we measured the amplitude and frequency 

of miniature end plate potentials (mEPPs) which are changes in muscle 

membrane potential caused by spontaneous vesicle release at the synapses 

(Meier, 1996; Shen et al. , 2013; Wu et al., 2012a; Wu et al., 2012b). While 

changes in frequency are suggestive of pre-synaptic defects, changes in 

amplitude are suggestive of post-synaptic defects. mEPP amplitude was 

significantly reduced (by 30%, P < 0.05, n = 11) in imKO+DOX mice (0.78 ± 0.04 

mV) compared to imKO mice (0.51 ± 0.03 mV) (Figure 33A, B). This reduction in 

amplitude suggests that the density of AChR clusters on the post-synaptic side 

and/or the amount of ACh in each synaptic vesicle could be reduced in the 

mutants. Similarly, mEPP frequency was also decreased (by 90%) in imKO+DOX 

mice compared to controls (imKO, 1.18 ± 0.05 Hz; imKO+DOX, 0.17 ± 0.01 ; P < 

0.05, n = 11 ) (Figure 33A, C). This reduction in frequency is suggestive of a pre

synaptic defect most likely stemming from a reduction in the number of synaptic 

vesicles in the motoneuron terminal, and/or reduction in the spontaneous release 

of synaptic vesicles from the motoneuron terminal. Together, these results 

suggest that loss of LRP4 in muscle alone, could affect both, the pre- and post

synaptic component. Next, in order to determine if loss of LRP4 in muscle could 

affect the excitability of pre-synaptic motoneurons, in both controls and mutants, 

we stimulated the motoneuron, and measured (a) the changes in membrane 

potential within a single muscle fiber (end-plate potentials [EPPs]), and (b) the 

quantal content (ratio of EPP amplitude/ mEPP amplitude), which is a measure of 

the number of synaptic vesicles released by a stimulated motoneuron. Both 
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mEPP and quanta! content were significantly reduced in imKO+DOX mice 

compared to controls, suggesting that the evoked release of vesicles is impaired 

in mutants. Moreover, we also observed a significant reduction in paired-pulse 

facilitation (PPF) in the mutants, which is reflective of a reduction in the number 

of readily releasable vesicle pools and/or the probability of release per vesicle 

(Figure 330). Under normal conditions, an increase in the amount of intracellular 

calcium caused by the first pulse, causes the second EPP to be higher than the 

first EPP. At 10 ms interval, PPF was significantly higher at the NMJs of 

imKO+DOX mice compared to controls. This suggests that the number of 

synaptic vesicles and/or the release probability of synaptic vesicles could be 

reduced in the mutant. The difference in PPF between groups reduced with an 

increase in the duration of interpulse interval, and at 100 ms interval, there was 

no significant difference between the groups. This suggests that although the 

ability of endoplasmic reticulum to buffer calcium is not impaired in motoneurons 

of imKO+DOX mice, probability of calcium-dependent vesicle release is impaired. 

The results described above indicate that loss of muscle LRP4 in adulthood is 

sufficient to cause both pre- and post-synaptic defects at the NMJs. Thus, as with 

development, LRP4 is critical for maintaining differentiated pre- and post-synaptic 

membranes. Therefore, our studies suggest that in CMS patients with mutant 

LRP4 gene or MG patients who have autoantibodies against LRP4, dysfunctions 

at the NMJs maybe due to a reduction in the level of LRP4 in muscles. Moreover, 

our studies indicate that loss of muscle LRP4 in adulthood alone is sufficient to 

cause myasthenic syndromes. 
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Figure 32. CMAP reduction in imKO+DOX mice. CMAPs were recorded from the 
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gastrocnemius muscles of 1mKO+DOX and 1mKO m1ce m response to a train of 10 submax1mal 

st1mult at d1fferent frequencies The f1rst st1mulus response m control m1ce was assigned as 100% 

A, Representative CMAP traces of imKO and 1mKO+DOX m1ce Shown are the traces in 

response to the ftrst, second, and tenth st1muli. 

B, All 10 CMAP traces, shown stacked in success1on for better companson. 

C, D, Reduced CMAP amplitudes at 20Hz (C) or at 40Hz (D). E, Reduced CMAP amplitudes of 

the tenth st1mulat1on at different stimulation frequenc1es n = 7 ", P < 0 05, Student's t-test 
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Figure 33. Impaired neuromuscular transmission in lmKO+DOX mice. Intracellular recordmg 

show pre- and post-synapt1c defects in imKO+DOX m1ce 

A Representative mEPP traces. B, C, Reduced mEPP amplitudes (B) and frequencies (C). n=6 

m 1mKO+DOX and 1mKO mice each D, Reduced EPP amplitude and representative traces n=5 

m 1mKO+DOX and 1mKO mice each E, Increased pa1r-pulse facilitation, n = 5, •• P < 0 05, 

Student's t-test 



3.3.4. Reduced number of synaptic vesicles and junctional folds in 

imKO+DOX mice 

104 

During maturation, the postsynaptic muscle membrane at the NMJ becomes 

invaginated and forms deep folds at regularly spaced intervals (Porter and 

Barnard, 1976). As viewed through an electron microscope, AChRs are 

concentrated at the upper portions or crests of these junctional folds (Fertuck and 

Salpeter, 1976), and motoneuron terminals are normally apposed exactly to the 

crests of these junctional folds. Therefore, normal formation and maintenance of 

these junctional folds are important for maintaining the integrity of the pre- and 

post-synaptic components. In light of the functional defects in synaptic 

transmission, and structural defects in receptor clusters maintenance, we wanted 

to determine if the junctional folds could be maintained normally in mutants. 

Therefore, we examined electron micrographs of the pre- and post-synaptic 

components of their NMJs. In imKO mice, normal folding of the muscle 

membrane could be observed at the synaptic region. These regions were found 

to be electron dense, reflecting high concentration of AChRs (Figure 

34A)(Marques et al. , 2000). However, the NMJ of imKO+DOX mice was almost 

devoid of junctional folds. Quantification of the number of junctional folds per 

terminal revealed a significant reduction in mutants compared to controls (imKO, 

6 ± 0.27; imKO+DOX, 1 ± 0.44, P < 0.01 ; n = 15). Moreover, the electron dense 

material that is normally supposed to be concentrated at the junctional folds, was 

found to be diffused along the muscle membrane in imKO+DOX mice (as 
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indicated by arrows in Fig, 4A). Portions of the basal lamina were found to be 

devoid of electron dense material (as indicated by stars in Figure 34A). Our 

electrophysiological studies suggested that the number of ACh-laden synaptic 

vesicles could be reduced in mutants. Therefore, we also examined the pre

synaptic structure in mutants to determine number if there was a reduction in 

synaptic vesicle density at the active zone. In imKO NMJs, axon terminals were 

filled with synaptic vesicles; some of them were docked at active zones, that can 

be identified on electron micrographs as electron dense regions near the 

junctional folds (Figure 34A in the inset as, AZ) (Shen et al. , 2013). On the other 

hand, electron micrographs of mutant NMJS revealed significant pre-synaptic 

defects. The density of synaptic vesicles (vesicles per 0.04 11 m2
, imKO, 5 ± 

0.32 ; imKO+DOX, 3 ± 0.33; P < 0.01 ; N = 17), and number of active zones per 

terminal (imKO, 4 ' 0.41 tt m; imKO+DOX, 3 + 0.33 JJ m; P < 0.01 ; N = 17; 

P < 0.05; N = 13) were significantly reduced in imKO+DOX mice compared to 

controls (Fig, 4A, B). Normally, in electron micrographs of the muscle, the motor 

neuron terminal can be distinguished into two regions - one that faces the 

muscle, and one that does not. Usually, synaptic vesicles in the motoneuron 

terminal inhabit that half of the terminal the faces the muscle (Figure 34A) 

(Patton et al. , 2001 ; Shen et al., 2013). This phenomenon termed as polarization 

of vesicles is typical of a normal, functional synapse, and is quantifiable by 

measuring the ratio of the number of vesicles residing at the half of the terminal 

facing away from the muscle to the number of vesicles in the half facing the 

muscle. In mutants, this parameter was significantly increased compared to 
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controls (imKO, 1.3 ± 0.17; imKO+DOX, 2.2 ± 0.09; P < 0.01 , N = 10) (Figure 

34A, B), post LRP4 reduction (Fig, 4A, 8). Therefore, the total loss of synaptic 

vesicles in mutants was not evenly distributed between the two regions- the loss 

is greater in the region that faces the terminal compared to the other. This also 

suggests that the reduction in overall vesicle number in the mutants is not 

because of impaired production of vesicles. 

In addition to its role as ATP generators, mitochondria at the synaptic terminals 

also act as calcium buffering agents - they sequester calcium and thus maintain 

the concentration of cytosolic calcium at a level that is conducive for normal 

neurotransmission (Garcia-Chacon et al. , 2006). In diseases like ALS, 

degeneration of motoneuron is accompanied by loss and/or dysfunction of 

mitochondria at the motoneuron terminal. Therefore, presence of normal levels of 

mitochondria at the nerve terminal is a good indicator of nerve health. In 

imKO+DOX mice, the number of mitochondria per terminal (imKO, 6.6 ± 0.72; 

imKO+DOX, 7.2 ± 0.81 , n = 9), were not reduced suggesting that the 

motoneuron itself is not degenerated. This suggests that loss of LRP4 in muscle 

does not cause degeneration of motoneurons per se, and that the pre-synaptic 

defects observed in mutants are due to local changes in synaptic environment, 

and not a side-effect of motor neuron degeneration. In summary, LRP4 deletion 

in skeletal muscles during adulthood alone is sufficient to cause a loss of 

synaptic vesicles from the MN terminals, reduction of active zones, and retraction 

of synaptic folds. These defects observed at the ultra structural level are 
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commensurate with the electrophysiological defects and structural phenotypes 

observed by light microscopy. 

3.3.5. Partial denervation and neuro-glial sprouting are observed at 

imKO+DOX NMJs 

In adult mice, NMJs remain innervated and maintained throughout adulthood. 

Terminal Schwann cells extend processes that cover these synapses (Figure 

35A). When AChRs clusters disintegrate, nerve terminals often sprout, and 

Schwann cells tend to invade areas previously occupied by AChRs (Bogdanik 

and Burgess, 2011 ; Cull-Candy et al. , 1982; Samuel et al. , 2012). In two-month

old imKO+DOX mice, degradation of AChR clusters was accompanied by nerve 

sprouting (indicated by solid white stars in Fig, SA). In these mice, a significantly 

higher number of NMJs displayed nerve sprouting compared to controls (Figure 

358) (lmKO, 5.47 ± 1.12 %; lmKO+DOX, 36.59 ± 3.17 %, P<0.005). Schwann 

cell processes invariably accompanied the sprouting terminals in both groups of 

mice. Moreover, Schwann cell processes were found to invade regions of the 

endplates devoid of AChRs, where nerve terminals had retracted. While only 

1.76 ± 0.43 % NMJs in imKO mice displayed partial innervations, 45.41 ± 2.37 % 

of NMJs in imKO+DOX mice displayed partial innervations (Figure 358). Thus, in 

the absence of LRP4, nerve terminals often withdraw from portions of the end 

plate, accompanied by occasional sprouting of the glial end feet. 
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Figure 34. Electron micrographs of imKO+DOX NMJs show reduction of synaptic vesicles 

and junctional folds. Electron microscopic exammation of 1mKO+DOX NMJs A, 1mKO NMJs 

d1splay typ1cal d1fferenttated NMJ structures The termmals are covered by termmal Schwann 

cells (SC) the pre-synaptic termmals (MN) are nch m synaptiC vesicles (SV) w1th fused ones at 

the act1ve zones (AZ). The post-synaptic membranes mvaginated to form Junctional folds (JF) 

The mouths of the folds are electron dense. labelmg AChR nch reg1ons (arrowheads) In the 
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imKO+DOX m1ce, the number of synapt1c ves1cles IS obviously reduced The numbers of 

JUnctiOnal folds are obv1ously reduced (astensks) along w1th the d1ffus1on of AChRs along the 

membrane (arrowheads) B, Quantification of various synaptiC attributes. n = 4, *, P < 0.05, 

Student's t-test Scale bar=500nm. 
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Figure 35. Motor nerve terminal and Schwann cell coverage of NMJs in imKO and 

imKO+OOX mice. 

A, B, In the controls, the NMJs are completely innervated by nerve terminals, labeled by 

neurofilament (NF) labeled m green Termmal Schwann cells and the1r processes cover the 

NMJs ent1rely, labeled by $100 11. labeled m cyan Nerve termmals or the Schwann cell 

processes show negligible sproutmg In imKO+DOX mice though, the AChRs degrade 

s1gmficantly. the synapses remam mnervated and covered by termmal Schwann cells Some 

NMJs in 1mKO+OOX m1ce. Schwann cell processes mvaded the extra synaptiC regions, n = 12, **, 

P < 001 , Student's t-test Scale bar= 10 pm 
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3.3.6. Loss of LRP4 results in degradation of synaptic proteins at the NMJs 

of imKO+DOX mice 

Structural studies using electron and light microscopy, and functional studies 

using electrophysiology suggested that both the pre-and post- synaptic 

components were affected in imKO+DOX mutants. Normal synaptic function is 

dependent on the normal formation and maintenance of three synaptic 

components - pre-synaptic vesicles, post-synaptic AChRs, and synaptic basal 

lamina. Loss of one could adversely affect the other two, resulting in structural 

and functional defects at the NMJ. Therefore, in order to identify how loss of 

LRP4 from muscle could lead to synaptic dysfunction, we tried to determine the 

temporal order in which the various synaptic components disintegrate. To 

address this, we evaluated the integrity of all three components at different ages. 

First, we evaluated synaptic vesicle distribution at the motoneuron terminal using 

an antibody against synaptophysin, a protein expressed in synaptic vesicles. 

Synaptophysin co-localizes with R-BTX at the NMJs throughout development 

and in adulthood (Figure 36) (Colasante et al., 1993; Li et al. , 2008), and 

therefore marks functional synapses that are formed by the close apposition of 

pre- and post- synaptic components. At P50, the fluorescence intensity of 

synaptophysin was significantly reduced in imKO+DOX mice compared to 

controls, suggesting that synaptophysin levels are reduced at the synaptic 

region. Moreover, in imKO+DOX mice, the proportion of synaptophysin-covered 
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AChR clusters was also significantly reduced. In controls, while 100% AChR 

clusters were covered by synaptophysin, in mutants, only 73 ± 0.03% of AChR 

clusters were covered by synaptophysin. The remainder 27% of AChR clusters 

lacked synaptophysin, suggesting that loss of synaptophysin precedes the loss of 

a -BTX positive AChRs (Figure 36A, H, 1). 

The synaptic cleft between the muscle and motoneuron is filled with synaptic 

basal lamina (SBL), which is composed of extracellular matrix proteins secreted 

by motoneurons and muscles. Previous studies have shown that SBL contain 

molecules that are required for the formation and maintenance of pre-and post

synaptic structures at the NMJ (Patten, 2003). Therefore, we probed the SBL for 

the integrity of three different proteins that are known to be important for normal 

synaptic maintenance and function- dystroglycan, AChE, and Agrin. The first 

molecule, dystroglycan is a glycoprotein that is abundantly expressed at the NMJ. 

Dystroglycan can bind laminin, and mediate the aggregation and stabilization of 

AChR clusters (Montarao et al. . 1998) (Cote et al., 1999; Sugiyama et al. , 1994 ). 

The second one, acetylcholine esterase (AChE) plays a critical role in terminating 

synaptic transmission by hydrolyzing and inactivating the neurotransmitter 

acetylcholine (Augustinsson and Nachmansohn, 1949). Therefore normal 

synaptic transmission is contingent upon normal functioning of AChE. The third 

one, Agrin is a ligand of LRP4, and is known to be required for the formation and 

maintenance of nerve-induced AChR clusters on the muscle surface . It has been 

hypothesized that maintenance of Agrin at the SBL is crucial for the structural 
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and functional maintenance of pre- and post- synaptic components. Therefore, 

we stained NMJs with antibodies to visualize dystroglycan and Agrin, and a 

fluorescence conjugated snake o. -neurotoxin, Fasciculinll (488-FASII) to 

visualize AChE (Figure 368-D, H, 1). While the intensities of a: -Dystroglycan and 

AChE were not altered in mutants, the proportion of AChR clusters covered by 

dystroglycan and AChE was significantly higher in mutants compared to controls. 

This increase is AChR coverage is most likely due to the reduction in the number 

of AChR clusters itself in the mutants. Therefore, even though mutants had fewer 

junctional folds and AChR clusters, the synaptic basal lamina was intact, 

suggesting that the synaptic defects were not a consequence of defective S8L. 

Moreover, levels, and distribution of dystroglycan and AChE were unchanged in 

the mutants suggesting that fragmentation and instability of AChR clusters in 

mutants were not due to absence of dystroglycan or AChE from the S8L (Figure 

368-D, H, 1). In contrast, at P50, Agrin fluorescent intensity in imKO+DOX mice 

was significantly lesser compared to control mice (Figure 360, H, I) (imKO, 119 ± 

3.02 MPU; imKO+DOX, 43 ± 1.35; n = 10, P < 0.05). Consequently, 

approximately 70% of AChR clusters lacked Agrin, suggesting that loss of Agrin 

preceded the loss of AChR clusters in mutants (imKO, 1.2 ± 0.03; imKO+DOX, 

0.3 ± 0.49; n = 10, P < 0.01). These results suggest that loss of AChR leads to a 

selective loss of Agrin from the S8L. 

Third , in order to evaluate the integrity of the post-synaptic apparatus, we 

analyzed the distribution of three post-synaptic proteins in imKO+DOX mice -
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MuSK, Rapsyn and , utrophin (Figure 36E-G, H, 1). All three proteins are required 

for the clustering of AChRs at the NMJ. MuSK and Rapsyn are synapse specific 

proteins that co-localize with AChRs (Luo et al. , 2008). Utrophin, is a cytoskeletal 

protein that co-localizes with AChRs at the junctional folds (Blake et al. , 1994; 

Friese et al. , 2007; Weatherbee et al., 2006). The fluorescence intensities of 

MuSK, Rapsyn , and Utrophin were not altered in the mutants. Additionally, 

although the number of AChR clusters was reduced in mutants, MuSK, Rapsyn, 

and Utrophin covered approximately all the existing AChRs clusters (Figure 36E

G, H, 1). This suggests that loss of AChR was not caused by degradation of 

post-synaptic proteins that are required for cluster formation, and that the 

degradation of AChR clusters, MuSK and Rapsyn happen simultaneously. 
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Figure 36. Degradation of synaptic proteins in imKO and imKO+DOX mice. 

D1stribut1on of various synaptic protems at the NMJs of 1mKO and 1mKO+DOX m1ce. 

A, B, Confocal images of whole-mount tissues stained for indicated proteins 
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SBL protems like AChE (FASII) and o -Dystroglycan demonstrate that the SBL remains relatiVely 

stable compared to the degradmg AChR endplate in imKO+DOX m1ce C, Agrin depletion from 

the NMJs in 1mKO+DOX mice pnor to degradation of AChRs D, E, F, TA muscle cross-sections 

show loss of MuSK, Rapsyn and Utrophm from 1mKO+DOX NMJs along with AChRs. 

G, Quant1f1cat10n of fluorescent mtens1ty of md1v1dual synapt1c protems m 1mKO+OOX m1ce 

compared to controls, n = 15. *, P < 0 05, **, P < 0 01 , Student's t-test. H, Rat1o of area of 
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coverage of R-BTX by each individual synaptic protem m tmKO+DOX mtce compared to controls, 

n = 15 •, P < 0 05, ••, P < 0. 01, Student's t-test Scale bar= 1011 m 
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3.3.7. Agrin degradation precedes pre- and post-synaptic defects observed 

in imKO+DOX NMJs 

Thus far, we have demonstrated that the loss of AChRs in the NMJs of 

imKO+OOX mutants was preceded by the loss of Agrin from the SBL and 

synaptophysin from the pre-synaptic nerve terminals. Additionally, our 

immunostaining data also revealed that overall ; the SBL was not affected 

because the distribution of other SBL proteins like AChE and cx.-Oystroglycan was 

relatively normal (Figure 36). Next, we evaluated the temporal relationship 

between the loss of Agrin from the SBL, synaptophysin from the nerve terminal, 

and loss of AChR clusters from the muscle surface. For this we determined the 

proportion of AChR clusters that were covered by Agrin and synaptophysin at 

different ages. In controls, at P30 and P60, R-BTX completely co-localized with 

both synaptophysin and Agrin, suggesting that there was no loss of Agrin from 

SBL and synaptophysin from the nerve terminal (Figure 37 A, 8 , G, H). However, 

in the imKO+OOX mice, from P30 to P50, we noticed a gradual reduction in the 

proportion of AChR clusters covered by Agrin and synaptophysin. However, the 

loss of Agrin from the SBL occurred at a faster rate compare to the loss of Agrin 

occurred at a faster rate compared to the loss of synaptophysin (Figure 37C-F, G, 

H). This suggested that the loss of Agrin from the SBL preceded the loss of 

synaptophysin from the motoneuron terminal. Next, since there was a 

progressive loss of AChR clusters in imKO+DOX mice, we wanted to confirm that 

the loss of synaptophysin and Agrin were not secondary to the loss of R-BTX 
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positive AChR clusters. Therefore we compared the levels of Agrin and 

synaptophysin in relation to levels of AChE, a protein whose level did not reduce 

with age in imKO+DOX mutants. In imKO+DOX mice, from P30 to P50, the 

proportion of Fasll positive area in the SBL that was covered by Agrin and 

synaptophysin gradually decreased in the mutant (Figure 37C-F, G, H). This 

corroborates the finding that Agrin and synaptophysin are gradually lost from the 

SBL and nerve terminal, respectively. Moreover, as observed previously, loss of 

Agrin from the SBL was much faster compared to the loss of synaptophysin from 

the nerve terminal. Taken together, these data indicate that loss of LRP4 in 

muscle mice destabilize Agrin at the SBL, which initially results in the loss of 

synaptophysin from the nerve terminal and eventually the loss of AChR from the 

muscle surface. 

3.3.8. Progressive loss of 90kd cleaved Agrin in imKO+DOX mice muscles 

by western blots 

At the NMJ, motoneurons secrete Agrin, a glycoprotein that can induce the 

clustering of AChR on the muscle surface. The full length isoform of Agrin (220 

kDa) get cleaved at the C terminal, by protease-mediated cleavage, into two 

fragments- a 95 kDa fragment that contains the LRP4 binding sequences and 

functional domains sufficient to induce and maintain clusters in-vitro and in-vivo, 

and a 21 kDa fragment (Bolliger et al., 201 0; Neumann et al. , 2001 ; Ruegg et al. , 

1992). Our immunostaining data showed a gradual and selective loss of Agrin 
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from SBL of imKO+Dox mice. The Agrin antibody used for immunostaining, R132, 

was raised against the 95 kDa fragment. However, western blot analysis of Agrin 

using R132 showed that the antibody could recognize both, the full-length 

glycosylated Agrin (200-600 kDa), and also the 91 kDa fragment. Therefore, in 

order to determine which isoform of Agrin was lost from the SBL, we performed 

western blotting of muscles lysates obtained from control and imKO+DOX mice 

at different ages. 

In control imKO mice, we did not observe a decrease in the levels of LRP4, a -

Dystroglycan , MuSK, Rapsyn, or Agrin with age. (Figure 38 A, 8). In contrast, in 

mutants, there was a gradual reduction in the amount of LRP4 following 

administration of doxycycline at P30. While the level of full-length Agrin (-220 

kDa) did not decrease with age, there was a gradual loss of the 90 kDa isoform 

(90 kDa) with age (Figure 38 A, 8). To confirm , we reprobed the lysates with 

rabbit sera (C95) that was independently raised against the 95 kDa fragment of 

Agrin (Eusebio et al., 2003). In agreement with our previous observation, western 

blot with C95 showed a gradual depletion of the 95 kDa Agrin fragment from the 

SBL age (Figure 38 A, 8). Together these results suggest that muscle LRP4 

might play an important role in maintaining the 95 kDa fragment of isoform at the 

extracellular matrix of the adult NMJ. However, we could not rule out of the 

possibility that lack of LRP4 in muscles might alter the processing of Agrin in the 

motoneurons. Therefore, we probed Agrin (R132) in the spinal cord lysates, and 



observed unaltered amounts of full-length or 90 kDa Agrin (Figure 38 C), 

indicating that LRP4 is not involved in Agrin processing in the spinal neurons. 
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Figure 37. Time course of depletion of Agrin and Synaptophysin from the NMJs in the 

imKO+DOX mice 

By immunostaming, we evaluated the ttme-course of depletion of Agrm and Synaptophysin m 

tmKO+OOX mtce NMJs A-F Confocaltmages of NMJs at indicated ttme-points showing Agnn, 

Synaptophysm. R-BTX and FASII stammg There is a gradual depletion of Agnn and 

Synaptophysin from the synapses of imKO+OOX mice compared to control imKO mice. FASII 

levels remam unchanged Synaptophysm ts lost prior to AChR loss Agrin depletion precedes loss 
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of synaptophystn G, Quantmcation of the loss of Agnnl synaptophysin, relattve to R-BTX (n=6). H, 

Quanttfication of the loss of Agrinl synaptophysin, relattve to 488-FAS/1 (n=6) Scale bar=1 0 11 m. 
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Figure 38. 95 kDa Agrin is selectively lost from imKO+OOX muscles. 

A, Time-course of alteration of various synapt1c proteins m muscle lysates of imKO and 

1mKO+OOX mice 

B, Quantification of md1cated protein levels m muscles from 1mKO and 1mKO+OOX mice 

C, Total Agnn levels in 1mKO+DOX spinal cord lysates from 1mKO and 1mKO+OOX mice. n=3 
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Figure 39. Pre- and post-synaptic structural maintenance by LRP4 in adult mice NMJs. 

Graphical representation of events at adult NMJs lackmg muscle-LRP4. Loss of LRP4 results in 

foss of AChRs from the muscle membrane and synaptiC ves1cles from the motoneuron terminals. 

Proteins like and a-dystroglycan and acetylcholinesterase at the synaptic basal lamina remains 

unaltered, mdicatmg that the integrity of the synaptic basal lamina 1s not lost in the absence of 

LRP4 However, Agrin was degraded at the synaptic basal lamina. Agrin is cleaved at the 

synapse into a functional 95 kDa fragment that can bmd to its receptors, LRP4 and a

dystrogfycan Loss of LRP4 results in the deplet1on of th1s 95 kDa fragment from the basal lamina, 

md1cating that LRP4 may play a role m synapt1c Agnn maintenance. 
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4. Discussion 

4.1. Terminal Schwann cell and the synapse 

There are two kinds of Schwann cells in the peripheral nervous system - (a) 

myelinating Schwann cells that ensheath motoneuron axons, and (b) non

myelinating or terminal Schwann cells that cover the neuromuscular synapse. 

Considerable advance has been made in understanding the function of 

myelinating Schwann cells and the defects arising from loss of myelination. On 

the other hand, little is known regarding the function and properties of terminal 

Schwann cells. 

To address the role of Schwann cells in NMJ formation and function, we took 

advantage of a genetic system where Schwann cells could be ablated at various 

time-points acutely, and non-invasively. We ablated Schwann cells by expressing 

diphtheria toxin fragment A (DTA) selectively in these cells at different time points 

(Figure 8). This was our method of choice because of the efficiency of the toxin, 

DTA. It is well known that as low as one copy of DT A is enough to ablate a cell 

(Saito et al. , 2001 ). Use of tamoxifen-inducible PLP-CreERT2 allowed us to 

restrict DTA expression to Schwann cells where the Cre is active, and also 

control the time of of ablation, owing to the inducible nature of Cre. We ablated 
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Schwann cells at time points critical for synaptogenesis and synapse formation: 

First, we ablated cells at E9.5, before pre-patterned clusters are formed on the 

muscle, to determine if Schwann cells are required for pre-patterning. Second, at 

E13.5, before neural clusters are induced on the muscle, to determine if 

Schwann cells play a role in nerve-induced clustering of AChRs. Third , at E16.5, 

before clusters are consolidated and stabilized, to determine if Schwann cells are 

required for cluster maturation and stabilization. Finally, at P30 when AChR 

clusters are already mature, to determine the role of Schwann cells in synaptic 

transmission and maintenance. 

Our findings are as follows: First, Schwann cells are not required for the 

formation of pre-patterned clusters or nerve-induced clusters. R-BTX staining of 

embryos in which Schwann cells had been ablated at E9.5 did not display any 

defects in the expression of pre-patterned AChR clusters at E13.5, or the 

presence of nerve-induced clusters at E16.5. Moreover, AChR clustering was 

also normal in E16.5 embryos in which Schwann cells had been ablated at 

E13.5. Second , Schwann cells are required for the consolidation and stabil ization 

of nerve induced AChR clusters. R-BTX staining of PO pups in which Schwann 

cells had been ablated at E16.5, revealed the presence of smaller R-BTX 

positive clusters, with fewer AchRs. Third , Schwann cells are required for 

normal synaptic transmission at the NMJ. Ablation of Schwann cells at P30 lead 

to impaired CMAP, and reduced mEPP amplitude, unaccompanied by changes 

in frequency. Since amplitude, not frequency, was modulated these results 
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suggest that Schwann cell ablation directly affects the post-synaptic muscle and 

not the pre-synaptic motoneuron. 

The reduction in mEPP amplitude and CMAP, might be due to reduction in AChR 

density, impaired containment of ACh in the synaptic basal lamina (SBL) or 

reduced sensitivity of AChRs to Ach (Figure 17). R-BTX staining at the NMJs 

devoid of Schwann cells is comparable to that of controls, suggesting that 

reduction in amplitude and CMAP is not due to reduced AChR density (Figure 

14). This was not unexpected as the in-vivo half-life of AChRs is known to be- 4-

5 days (Friese et al., 2007). Moreover, surgically denervated NMJs do not lose 

AChRs until a week after the procedure. It remains unknown and difficult to test 

whether ablation of terminal Schwann cells in mice might result in loss of ACh 

from the SBL. However, in frogs, absence of Schwann cells does not cause a 

reduction in AChE in SBL (Reddy et al. , 2003). Since the defects in synaptic 

maintenance were seen within a short period of ablating Schwann cells, we 

hypothesize that Schwann cells, which are known to secrete neuroactive 

molecules (Auld and Robitaille, 2003a; Auld and Robitaille, 2003b), might play a 

role in regulating the sensitivity of AChR sensitivity to ACh. Experiments are 

underway to identify putative Schwann cell-derived molecules that might play a 

role in AChR function. 

4.2. Schwann cells and AChR function 
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Perisynaptic Schwann cells at the mammalian NMJs are sensitive to synaptic 

activity. High-frequency nerve stimulation can cause a frequency-dependent 

increase in the levels of intracellular calcium in perisynaptic Schwann cells (Auld 

and Robitaille, 2003a; Auld and Robitaille, 2003b; Rousse and Robitaille, 2006; 

Rousse et al. , 201 0). Though Schwann cells are not inherently excitable, they 

can respond to an action potentials generated at the synapse. Previously 

published literature in this regard has focused on the relationship between the 

pre-synaptic nerve terminals and terminal Schwann cells. It is not known if 

Schwann cell can communicate with the post-synaptic compartments. 

Schwann cells in the amphibian NMJ have been shown to have synaptogenic 

properties. Schwann cell-derived small molecules present in Schwann cell 

culture conditioned media were shown to potentiate spontaneous synaptic 

transmission, and drastically increase the number of synapses in frog nerve

muscle cultures (Cao and Ko, 2007). In the CNS, astrocyte derived signals like 

Thrombospondins and cholesterol have been shown to play a role in 

synaptogenesis (Christopherson et al. , 2005; Mauch et al. , 2001 ). TGFp could 

mimic the synaptogenic effects of Schwann cells (Cao and Ko, 2007; Feng and 

Ko, 2008b). TGFP from Schwann cells up-regulated Agrin levels in the 

motoneurons. However, the molecular mechanisms underlying modulation of 

AChR sensitivity by Schwann cells remains unknown. 
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4.3. Target derived retrograde signals at the NMJ 

Cooperation between the pre- and post-synaptic components is critical for 

functional synaptogenesis. Cascades of anterograde and retrograde signals are 

involved in this process. At the mammalian NMJs, both motoneurons and 

muscles secrete a large number of molecules into the heavily glycosylated SBL 

that is enriched in ECM proteins (Dani and Broadie, 2012). These molecules are 

immobilized, maintained and recycled at the SBL. Some of the critical molecules 

are Agrin, Laminin, Dystroglycans, and Collagens. Wu et al. , 2012b). Most of 

these secreted proteins are important for AChR clustering or maintenance on the 

muscle membrane. Identification of muscle-derived molecules responsible for 

motoneuron terminal differentiation remains scarce. At non-mammalian NMJs, 

such as in Drosophila, TGF~ signaling pathway is implicated in pre-synaptic 

differentiation (Aberle et al., 2002; Haghighi et al. , 2003; McCabe et al. , 2004; 

McCabe et al. , 2003). Mutations in genes encoding the TGFb ligands in fly, Glass 

bottom boat (Gbb), type I receptors Thickveins (Tkv) and saxophone (Sax), the 

type II receptor Wishful thinking (Wit), result in pre-synaptic defects. These 

mutants have fewer NMJs, fewer active active zones, and impaired 

neurotransmission at the synapse. However, there is no evidence of the 

involvement of TGF~ in motoneuron terminal differentiation at mammalian NMJs. 

Thus the morphological and functional defects observed at HSA-~-cat _,_ NMJs 

provided us with a unique opportunity to identify muscle-derived retrograde 

signals that coordinate XXX. When we compared the transcriptome of the muscle 
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specific mutants and control mice, we arrived at a number of targets or genes 

that were down regulated in mutant mice (Figure 18). We selected Slit2 as a 

target and tested if it can morphologically and functionally rescue the deficits in 

the HSA-P-cat _,_ mice. Our results indicate that Slit2 can partially rescue the 

deficits (Figure 23-26), implying that Slit2 might be one component of an elusive 

muscle-derived retrograde signaling network (Figure 27). 

Previously, we discussed why we chose to emphasize Slit2 over the other 

candidates (characteristics of Slit2 that make it an ideal candidate were 

introduced in the results section). Here, we willalso detail why we rejected the 

other targets Several factors had previously been implicated in NMJ formation, 

maturation, and/ or maintenance: First, MMP9 is a matrix metalloprotease that is 

enriched at the extra-cellular matrix of the NMJs and is known to moderate NMJ 

maturation by participating in Agrin processing (VanSaun et al., 2007; VanSaun 

and Werle, 2000a; VanSaun and Werle, 2000b). However, the mutant mice 

survive normally and have no obvious functional NMJ defects. Reelin is 

expressed at mice NMJs and effectssynaptic elimination post-natally (Quattrocchi 

et al. , 2003). There is no evidence, however, for Reelin involvement in NMJ 

neurotransmission or in pre-synaptic differentiation. Hepatocyte growth factor 

(HGF) is crucial for motoneuron survival (Wong et al. , 1997). HGF is expressed 

in skeletal muscles, however HGF at vertebrate NMJs has a negative effect on 

pre- and post-synaptic differentiation (Li et al. , 2012). Treatment of neurons with 

HGF resulted in reduced numbers of post-synaptic AChR clusters and pre

synaptic terminals. Thus, HGF was excluded as a potential target. Cxcl15 is a 
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chemokine that is secreted into the extracellular matrix. Although chemokine 

receptors are expressed in spinal neurons, mice lacking Cxcl1 5 are viable 

without any defects in neuromuscular junction (Chen et al. , 2001 ). The inability of 

Slit2 to fully rescue the defects observed in HSA-p-cat _,_ might be due to the 

usage of an exogenous promoter that does not match the properties of the Slit2 

promoter (Figure 23-26). Alternatively, there might be other critical factors, 

including ones observed to be down regulated in the mutant mice, that were not 

tested for rescue. 

4.4. LRP4 ablation from adult muscles destabilizes the NMJ 

Normal synaptic transmission at the adult NMJ is contingent upon proper 

maintenance of pre-synaptic and post-synaptic structures. Diseases of the 

neuromuscular synapse like congenital myasthenic Syndrome (CMS) and 

myasthenia gravis (MG), often involve structural defects of the motoneuron 

terminal and the muscle membrane including reductions in the number of 

synaptic vesicles and the density of AChRs, as well as retraction of the junctional 

folds. Patients also show functional defects including a reduction in compound 

muscle action potentials (CMAPs), which is a measure of the responsivity of the 

muscle to neuronal stimulation. However, the cellu lar and molecular mechanisms 

underlying these diseases are not well understood. Moreover, in patients 

with myasthenic syndromes, it is not clear if the NMJ defects are due to abnormal 

development and/or maintenance of NMJ. 
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Genetic and immunological studies of neuromuscular disorders has identified 

molecules that might be involved in the etiology of these diseases. In CMS 

patients, mutations in the genetic sequence encoding Agrin, MuSK and the 

Agrin-binding domains of LRP4 were found (Ohkawara et al., 2013). Moreover, 

autoantibodies against LRP4 and MuSK were discovered in patients with MG. 

Interestingly, all three molecules belong to the same signaling pathway, and are 

known to be critical for NMJ formation. However, the role of these proteins in 

NMJ maintenance is not known. Therefore, in this study, we ablated the LRP4 

gene in adult mice to determine, if loss of LRP4 in adulthood is sufficient to cause 

myasthenic syndromes, and to model cellular and molecular changes associated 

with loss of LRP4 in myasthenic syndromes. Loss of LRP4 in adult muscles, i 

resulted in severe structural and functional defects of both pre- and post-synaptic 

components (Figure 30-34), indicating that LRP4 plays a critical role in NMJ 

maintenance. 

Structural and functional studies of the NMJ in these conditional knockout mice 

yielded the following results. First, mice lacking LRP4 displayed weight loss, 

muscle weakness, scoliosis, and premature death, which are similar to 

observation in patients suffering from neuromuscular diseases. Second, 

microscopic analysis of the NMJ indicated severe defects in both pre- and post

synaptic compartments. There was a severe reduction in the number of AChR 

clusters in these mice. Existing clusters were severely fragmented , contained 
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reduced amounts of AChRs, and were partially innervated. The muscle 

membranes at the NMJ lack the characteristic junctional fold appearance. 

Moreover, mutants had fewer active zones and fewer synaptic vesicles at the 

pre-synaptic motoneuron terminal. Third, electrophysiological analysis revealed a 

significant reduction in compound muscle action potentials, indicative of the 

reduced excitability of the post-synaptic muscle. Moreover, the amplitude, and 

frequency of mEPPs were reduced suggesting that both, the pre-synaptic and 

post-synaptic compartments were affected. 

Fourth and final , temporal analysis of the impairments in various synaptic 

components - SBL, pre-synaptic terminal, and post-synaptic membrane provided 

clues on how loss of LRP4 might affect synaptic transmission. lmmunostaining 

and western blotting techniques revealed that pre-synaptic synaptic vesicles are 

lost prior to loss of AChR clusters, and post-synaptic molecules like MuSK and 

Rapsyn are lost alongside AChRs. Whi le the structural integrity of basal lamina 

was not compromised, the 90 kDa fragment of Agrin was gradually lost from the 

SBL, suggesting that LRP4 might play a direct role in maintaining Agrin at the 

SBL. Taken together, the above-described observations suggest that LRP4 is 

essential for maintaining the structural and functional integrity of the NMJ and 

that loss of muscle LRP4 in adulthood alone is sufficient to cause myasthenic 

syndromes. 

4.5. Agrin-LRP4-MuSK signaling in CMS and MG 
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LRP4 bound to Agrin forms a ternary complex with MuSK, which in turn induces 

MuSK phosphorylation and AChR clustering (Zong et al., 2012). This process 

involves downstream effectors of MuSK, like Rapsyn and Ook7 (Gautam et al. , 

1995; Okada et al. , 2006). In addition to LRP4, Agrin, and MuSK, mutations in 

Rapsyn and Ook7 have also been identified in CMS patients (Hamuro et al. , 

2008; Leshinsky-Silver et al. , 2012). Thus, evidently in CMS pathogenesis, Agrin

LRP4-MuSK signaling pathway is critical. Moreover, critical study of the specific 

mutations in these proteins associated with CMS, can provide further evidence in 

support of the notion that signal transduction mechanisms that are critical for 

development are also critical for synaptic maintenance. For example, mutations 

in Agrin in CMS patients reside within the receptor binding domain, mutations in 

MuSK gene are found in sequences encoding the kinase domain, and in LRP4, 

mutations lie in the MuSK interacting domains (Maselli et al. , 2010; Maselli et al., 

2012; Ohkawara et al. , 2013). 

In patients with MG. autoantibodies are generated predominantly against AChRs, 

but also MuSK, and against LRP4. Molecular mechanisms elucidated in this 

study, in addition to the experimental animal Myasthenia gravis (EAMG) models, 

can further our understanding of MG pathophysiology. For example, passive 

transfer of MuSK autoantibodies from anti-MuSK-positive patients induced MuSK 

dimerization, and activation in the absence of Agrin (Cole et al. , 201 0; Cole et al. , 

2008; Shigemoto et al. , 2008; Shigemoto et al., 2006), and thereby increased 
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basal AChR clustering (Hoch et al. , 2001). LRP4 autoantibodies from anti-LRP4-

positive patients inhibited Agrin induced AChR clustering, and LRP4 antibodies 

from LRP4-immunized mice inhibited Agrin-induced activation of MuSK. These 

results demonstrate that, anti-MuSK and anti-LRP4 autoantibodies cause NMJ 

dysfunctions through different mechanisms. In-vivo, LRP4 autoantibodies caused 

both, pre- and post-synaptic defects. The observed defects were attributed to 

diminished Agrin signaling caused by increased endocytosis of LRP4 and/or 

LRP4 ability of anti-LRP4antibodies to activate complements and mediate 

complement-dependent cell lysis. 

In CMS or MG, where NMJs are affected primarily; and in motoneuron diseases 

like ALS or SMA, where NMJ defects are believed to be secondary, AChRs are 

progressively lost and this is accompanied by structural and functional changes 

of the post-, and pre-synaptic compartments. Good animal models are not 

available where experiments can be designed to investigate and test 

ameliorating agents for these NMJ specific pathologies. Since the clinical, 

structural, and functional defects observed in LRP4 conditional knockouts 

recapitulate those defects observed in patients with myasthemic syndromes, 

inducible LRP4 knockout mice might be able to serve as an animal model for 

testing drugs that can structurally and functionally restore the NMJ. 

4.6. Agrin maintenance at the SBL by LRP4 

U.J. McMahan proposed the Agrin hypothesis more twenty years ago (McMahan , 
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1990). According to the hypothesis, Agrin, a glycoprotein that is synthesized in 

the cell bodies of motoneurons, travels along the motor axons and gets secreted 

into the synaptic cleft. Agrin immobilized at the synaptic basal lamina is required 

for the maintenance of the post-synaptic apparatus. The first half of the 

hypothesis has been extensively tested and proved by many investigators. 

However, it is not known, how Agrin remains concentrated at the synaptic basal 

lamina. Through its C-terminus, Agrin can bind a-dystroglycan, a glycoprotein 

that is critical for NMJ formation and maintenance (Cote et al., 1999; Sugiyama 

et al. , 1994) (Figure 5, 39). Our data shows that in LRP4 conditional mutants, 

despite normal expression and distribution of a-dystroglycan in the SBL, there is 

a gradual loss of Agrin following LRP4 ablation. Based on this evidence, we 

propose that LRP4 that is expressed on the muscle surface immobilizes Agrin at 

the SBL. 

4.7. Molecular signal modulation by the ecto-domain of LRP4 

The LDL receptor family is a large group of evolutionarily conserved, 

transmembrane proteins (Nykjaer and Willnow, 2002), which were primarily 

known as endocytic receptors, due to their role in transporting lipoprotein into 

cells by receptor-mediated endocytosis. The LDL receptors were mainly known 

to regulate the concentration of lipoproteins in the extracellular fluids by 

delivering them to cells. However, recent studies have demonstrated that LDL 

receptors are involved in transducing a variety of signaling cascades. For 
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example LRP5/6 act as co-receptors in the Wnt signaling cascade (Pinson et al. , 

2000; Tarnai et al. , 2000; Wehrli et al. , 2000). LRP4 was first discovered by 

Nakayama et al. (Nakayama et al. , 1998) while screening for novel proteins with 

multiple EGF-Iike motifs in mammalian cells. Although LRP4 is present in the 

Drosophila (Adams et al., 2000) and Zebrafish genomes (Wang et al. , 2013), 

biological functions of this protein are not known. Recent evidences indicate that 

the LRP4 extracellular domain is sufficient for inducing and maintaining AChR 

clusters at the mammalian NMJ (Choi et al. , 2013; Gomez and Burden, 2011 ). 

Surprisingly, expression of LRP4 in either motoneurons or muscles is sufficient to 

induce AChR clusters (Wu et al., 2012b). The ectodomain of LRP4 can induce 

MuSK phosphorylation and concomitant AChR clustering, independent of Agrin 

stimulation in-vitro. Moreover, the ectodomain of LRP4 is sufficient for pre

synaptic differentiation (Wu et al. , 2012b; Yumoto et al. , 2012). Thus, the 

ectodomain of LRP4 might be sufficient for maintaining synaptic Agrin and in turn, 

sustain differentiated NMJs. LRP4 ecto-domain is large and composed of eight 

LOLa (Low Density Lipid class A) repeats at the N-terminal, followed by four 

homologous YWTD motif containing b-propeller domains, which are separated by 

EGF-Iike modules. The minimum Agrin binding domain lies in the first b-propeller 

domain (Zong et al., 2012). However, the third b-propeller might contain binding 

sites of WNT modulators like SOST, and Dkk1 apart from their receptors LRP5/6 

(Bourhis et al. , 2011 ; Choi et al. , 2009). Thus, the LRP4 extracellular domain 

might be the site of convergence for Agrin and WNT signaling during NMJ 

formation and maintenance (Zhang et al. , 2012a). Moreover, LRP4 is known to 
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bind a number of ligands of BMP, Shh or APP molecular pathways, thus 

participating in diverse physiological events (Choi et al. , 2009; Choi et al. , 2013; 

Herz and Willnow, 1994; Nykjaer and Willnow, 2002). For example, Wise, a 

secreted BMP inhibitor binds LRP4 apart from BMPs and regulates tooth 

morphogenesis (Ohazama et al. , 2008; Ohazama et al. , 2010). Thus the 

extracellular domain of LRP4 can integrate two major signaling pathways in 

executing one physiological function. In summary, insights garnered from LRP4-

mediated ligand maintenance at the ECM might be beneficial for delineating the 

signaling pathways that are important for NMJ formation and maintenance. 
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5. Summary 

Molecules from pre-synaptic motoneurons, post-synaptic muscles, and terminal 

Schwann cells interact with each other to give rise to a functional NMJ. 

Motoneuron-derived signals drive post-synaptic differentiation, muscle-derived 

proteins are critical for pre-synaptic development, and molecules from Schwann 

cells modulate both pre- and post-synaptic components during synaptogenesis. 

While the roles of muscles and neurons in NMJ formation are relatively well

established, the role of terminal Schwann cells in NMJ formation and function are 

not clear. To address this, I genetically ablated Schwann cells during 

development and in adulthood and studied the effect of the loss of Schwann cells 

on various steps in NMJ formation, and synaptic transmission. The major 

conclusions of my studies are as follows. Schwann cells are dispensable for the 

formation of aneural AChR clusters, nerve-induced clusters, and innervation of 

pre-existing clusters by the motoneurons. However, Schwann cell are necessary 

for the consolidation of innervated AChR clusters during late embryonic 

development, also for normal synaptic transmission in adulthood. Acute ablation 

of Schwann cells resulted in a reduction in the amplitude, but not frequency of 

mEPP, suggesting that Schwann cells may play a direct role in regulating the 

response of the post-synaptic muscle to neuronal stimulation. 

Identification of muscle-derived molecules or retrograde signals involved in pre-
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synaptic differentiation at the NMJs remain scarce. Previous studies have shown 

that genes regulated by the transcriptional factor, ~-catenin , in muscles, might 

play a role in axon guidance, and pre-synaptic differentiation of the motoneuron 

axon during NMJ formation. In order to identify retrograde factors, downstream of 

13 -catenin in muscles, I compared the transcriptome of mutant mice lacking f3 -

catenin in the muscle (HSA- 13 -catenin-1·). A search for genes that were down 

regulated in the HSA- 13 -catenin_,_ muscles yielded Slit2, a well-known axon 

guidance factor. Our studies demonstrate that Slit2 is sufficient to induce 

synapses in-vitro in hippocampal neurons. In-vivo, we were able to achieve 

partial rescue of the synaptic defects observed in HSA- 13 -catenin-1- mice by 

over-expressing Slit2 in the skeletal muscles of these mice, suggesting that Slit2 

might be a potential ~-catenin regulated retrograde signal at the NMJ. 

Structural and functional abnormalities of the NMJ underlie the pathology of 

neuromuscular defects diseases like congenital myasthenic syndromes (CMS) 

and myasthenia gravis. However, it is not known if the structural and functional 

defects of the NMJ that are observed in these patients are due to defective 

formation and/or maintenance of the synapse. Genetic and clinical studies of 

these patients have identified mutations in the MuSK, LRP4, and Agrin genes. 

Intriguingly, these genes play an important role in NMJ formation. Neural Agrin 

acts through its receptors, LRP4 and MuSK, to induce clustering of AChR on the 

muscle surface, a critical step in the formation of a functional NMJ. Mice that lack 

any of the three molecules fail to form NMJs and die at birth, thereby precluding 
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the study of their roles in NMJ maintenance. Therefore, we ablated the LRP4 

gene in adult mice to determine, if loss of LRP4 in adulthood is sufficient to cause 

myasthenic syndromes, and also study the cellular and molecular mechanisms 

underlying the loss of LRP4 in myasthenic syndromes. Structural and functional 

analysis of the mutant NMJs revealed a significant defect in both pre- and post

synaptic structures, suggesting that LRP4 plays an important role in NMJ 

maintenance. Careful investigation of the NMJs revealed a loss of AChRs from 

the post-synaptic muscle in mice lacking LRP4, which was preceded by the loss 

of synaptic vesicles from the pre-synaptic terminal, and Agrin from the synaptic 

basal lamina. This suggests that LRP4 might play an important role in 

maintaining its ligand, Agrin at the synaptic basal lamina. More importantly, our 

studies demonstrated that loss of muscle LRP4 in adulthood alone is sufficient to 

cause myasthenic syndromes. 
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