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Abstract 
The precise development and organisation of the neuromuscular junction (NMJ) is 

critical for the production of efficient neurotransmission signals. Disruption of these 

specialisations may result in severely altered transmission properties at the NMJ. 

Signalling and adhesion molecules have long been established to be key 

mediators in the distribution of synaptic specialisations. The basal lamina acts to 

maintain stability of the associated tissue and contains a number of these 

signalling and adhesion molecules. The laminins, a family of large multimeric 

proteins, are one of the key components of the basal lamina that act as specific 

cell regulators and provide mechanical stability. Laminins have been shown to form 

an interconnecting network that assists in stabilisation of the basal lamina and 

provides attachment sites for other basal lamina components. The synapse 

specific laminin chains, -α4, -α5, and -β2, play an essential role in differentiation 

and organisation of the NMJ. These chains form the laminin isoforms, laminin-221 

(α2β2γ1), laminin-421 (α4β2γ1), and laminin-521 (α5β2γ1). 

 

Laminin-β2, found in each of the three synapse specific isoforms, has been shown 

to organise presynaptic specialisations at the developing NMJ. In vitro laminin-β2 

is able to interact directly with N-type and P/Q-type voltage-gated calcium 

channels (VGCCs), suggesting a role in organising VGCCs in close proximity to 

active zones. During NMJ development and maturation different VGCCs mediate 

neurotransmission, with N-type VGCCs being dominant during early development 

but later switching to P/Q-type VGCC mediation as the NMJ matures. Mice 

deficient in laminin-β2 (lamb2-/-), present severely disrupted neurotransmission 

properties, and morphological abnormalities including invasion of the synaptic cleft 

by perisynaptic Schwann cell (PSCs) processes. The poor transmission properties 

observed at lamb2-/- NMJs may be attributed to the entry of the processes into the 

cleft, with laminin-521, containing the β2 chain, shown to directly prevent invasion 

of the synaptic cleft by PSCs. The laminin-α4 chain forms the unique short arm 

laminin-421 heterotrimer. Targeted mutation of the lama4 gene does not alter 

formation of active zones and junctional folds, though disruptions in the precise 

alignment of active zones and postsynaptic folds are seen at NMJs of laminin-α4 

deficient mice (lama4-/-). The functional consequences of loss in laminin-α4 had 

not been previously reported. 
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This study examined the role of laminin-β2 in the organisation of N- and P/Q-type VGCCs at 

active zones of developing postnatal day 8 (P8) and matured, postnatal day 18 (P18) NMJs. 

The contribution of each channel to the release of transmitter was assessed using 

intracellular electrode recordings of end-plate potentials (EPPs). The VGCC toxins, ω-

conotoxin-GVIA and ω-agatoxin-IVA, were used to specifically target N- and P/Q-type 

VGCCs respectively in order to assess the relative contribution of each subtype to 

neurotransmission in wild type (WT) and lamb2-/- mice. Utilising live Ca2+ imaging techniques 

we also assessed the capabilities of PSCs at postnatal day 14 (P14) lamb2-/- NMJs. The 

present study also investigated the functional consequences of loss in laminin-α4 at both P8 

and P18. Utilising electrophysiological recordings we characterised the neurotransmission 

properties of mutant mice compared to age-matched wild-type littermates. 

Immunohistochemical analyses were undertaken to support our functional studies. 

 

This study found that loss of either laminins-α4 or -β2 resulted in markedly different deficits 

in neurotransmission. Lamb2-/- NMJs demonstrated decreased calcium sensitivity with no 

change in calcium dependence compared to wild-type littermates. Mutants did not display 

the characteristic change in VGCC subtype involved with mediating neurotransmitter 

release. These mutants maintained dependence on N-type VGCCs with P/Q-type 

channels playing a minor role, in contrast to age-matched wild-type NMJs which 

predominantly relied on P/Q-type VGCCs at P18. Immunohistochemical analyses 

confirmed this finding with lamb2-/- NMJs displaying a significantly higher expression of N-

type channels at the presynaptic membrane than wild-type littermates. Laminin-β2 

deficient junctions also demonstrate poor maturation of perisynaptic Schwann cells. At 

lamb2-/- NMJs, PSCs fail to mature and remain dependent on the developmental 

purinergic signalling receptor (P2YR) rather than switch to the muscarinic signalling 

receptor (MR) family associated with maturation. The failure to switch signalling receptors 

resulted in poor decoding of neurotransmission signals, as shown by our functional work 

on the lamb2-/- soleus preparation at P14. At lama4-/- NMJs, we observed early 

perturbations in neurotransmission from P8, which became more evident by P18. Lama4-/- 

NMJs displayed significantly higher levels of synaptic depression under high frequency 

stimuli and altered paired pulse facilitation compared to wild-type littermates. Analysis of 

the binomial parameters of neurotransmitter release demonstrated a decrease in quantal 

release as a result of a decrease in the number of active release sites, but not in the 

average probability of transmitter release from these sites. Our functional findings suggest 

alterations in the short-term plasticity of the NMJ and possibly defective recycling of 
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synaptic vesicles and/or the calcium handling at lama4-/- NMJs. We propose that 

alterations to synapsin I and its associated molecules may be partly responsible for the 

changes in neurotransmission observed at lama4-/- NMJs. Our findings demonstrate 

altered distribution and expression of presynaptic components associated with active 

zones, specifically an increase in the number of synaptic vesicles and a decrease in the 

density of the fluorescently labelled Bassoon at the active zone region. Our results suggest 

that the fewer active release sites may compensate for the deficits of the lama4-/- NMJs by 

alterations to pre- and postsynaptic specialisations. 

 

In conclusion, this thesis has identified that laminins-α4 and -β2 play fundamental 

roles in establishing efficient neurotransmission properties at the NMJ. Results 

suggest that laminin-β2 is a key regulator in development of the neuromuscular 

junction, with its loss resulting in reduced transmitter release due to decreased 

calcium sensitivity stemming from a failure in the developmental switch from N- to 

P/Q-type VGCCs in mediation of transmitter release. Associated with this failed 

switch in VGCCs, we note a failure in the developmental expression and clustering 

of presynaptic N- and P/Q type VGCCs and associated presynaptic molecules at 

lamb2-/- NMJs. We are also the first to characterise the functional consequences of 

the loss of laminin-α4, finding subtle changes in neurotransmission properties at 

mutant NMJs. We suggest laminin-α4 plays a role in organisation of the NMJ during 

development, with its loss resulting in altered neurotransmission properties that do 

not significantly compromise the survival of the animal. 
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INTRODUCTION 
The skeletal neuromuscular junction (NMJ) is a highly specialised synapse formed between an 

innervating motor neuron and a skeletal muscle fibre. The precise molecular and architectural 

organisation of the NMJ enables efficient electro- chemical communication from the central 

nervous system (CNS) to the muscle fibres (Wu et al., 2010).  The NMJ is composed of three 

primary structural elements; the presynaptic nerve terminal capped by perisynaptic Schwann 

cells (PSCs), the synaptic cleft, and the postsynaptic end-plate region. At a mature NMJ the 

precise structural apposition is necessary for efficient release of neurotransmitter from the 

presynaptic motor neuron into the synapse. Released transmitter diffuses across the synaptic 

cleft, a region lined with basal lamina, and binds to ligand gated receptors at the postsynaptic 

muscle membrane ultimately culminating in muscular activity (Sanes, 1995). 

 

By comparison to other synapses, the accessibility and large structural size of the vertebrate 

NMJ has enabled a comprehensive understanding of the structure, function, and development 

of this synapse (Sanes & Lichtman, 1999). During development the NMJ undergoes a switch 

from polyinnervation to singly innervated synapses, with multiple neuromuscular connexions at 

birth reducing to single connexions during early postnatal development (Redfern, 1970; Balice-

Gordon & Lichtman, 1993; Katz & Shatz, 1996; Tapia et al., 2012; Turney & Lichtman, 2012). 

Polyneuronal innervation occurs due to excessive axonal branching during embryonic 

development, with multiple axon branches converging at a single end-plate region on each fibre, 

leading to innervation from multiple motor neurons (Brown et al., 1976). The reduction in the 

number of converging axons, termed synaptic elimination, occurs during the early stages of 

postnatal development, within the first two weeks postnatal in mice. This process essentially 

entails the withdrawal of multiple axons with only a single innervating axon remaining at the end-

plate, resulting in a mono-innervated muscle fibre (Walsh & Lichtman, 2003). Perisynaptic 

Schwann Cells (PSCs) are suggested to play a role in these remodelling processes by detecting 

strong versus weak synaptic axonal signalling, and actively ‘pruning’ away weaker axons 

(Darabid et al., 2013; Smith et al., 2013). During this period of neural development intricate bi-

directional exchange of signalling between the motor terminal and target muscle fibres leads to 

the formation of a functional synapse. As such, synaptic elimination coincides with a change in 

postsynaptic acetylcholine receptor (AChR) patterning. Nerve terminals are eliminated 

presynaptically from the same regions that lose AChRs postsynaptically. The occupancy of 

synaptic territory is highly dynamic and changes during the course of competition and 

elimination (Turney & Lichtman, 2012). 
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Recently, NMJ research has focused on a group of signalling and adhesion proteins located in 

the basal lamina in particular the laminin protein family. These proteins, specifically laminin 

chains; α2, α4, α5, β2 and γ1 form the three laminin isoforms, 221 (α2 β2 γ1), 421 (α4 β2 γ1), 

and 521 (α5 β2γ1), which are found exclusively at the synapse of the NMJ (Sanes, 1995; 

Aumailley et al., 2005). The laminin-α4, -α5, and -β2 chains have been identified to play a critical 

role in differentiation and function of pre- and postsynaptic regions of the NMJ (Patton et al., 

1997; Patton, 2000; Nishimune et al., 2004; Nishimune et al., 2008; Carlson et al., 2010; Chen et 

al., 2011; Nishimune, 2012). The laminin-β2 chain is found specifically in the basal lamina of the 

NMJ in each of the three-synapse specific laminin isoforms (221, 421 and 521). It has been 

shown that laminin-β2 is involved in the organisation of the presynaptic region (Noakes et al., 

1995a; Nishimune et al., 2004; Carlson et al., 2010; Nishimune, 2012). The laminin-α4 chain is 

found concentrated in the basal lamina as part of the laminin heterotrimer, laminin-421 (Patton et 

al., 1997). It has been suggested that laminin-α4 coordinates precise pre- and postsynaptic 

differentiation at the NMJ (Patton et al., 2001; Carlson et al., 2010). Laminin chain mutations lead 

to defects in organisation of pre- and postsynaptic structures that can result in reduced 

neurotransmission at the NMJ (Knight et al., 2003). Presently, studies of laminin mutations have 

largely focused on ultra-structural examination utilising electron microscopy and 

immunohistochemistry to observe alterations in molecular organisation. Consequently, we will 

investigate aberrations in neurotransmission at the skeletal NMJ in mice lacking the α4, and β2 

chains using functional electrophysiological and calcium imaging techniques. 

 

1.1 The Tripartite Structure and Function of the Neuromuscular Junction 
The skeletal NMJ is structurally organised to allow efficient communication of an electrical 

impulse from the motor axon to the muscle fibres via the release of neurotransmitter. The type 

of neurotransmitter released at the NMJ varies between species. For example, in order to 

initiate an excitatory response at the NMJ, acetylcholine (ACh) is released in vertebrates 

whereas in Drosophila glutamate serves the same function. The skeletal NMJ operates at a 

high safety factor, meaning transmitter is released in excess than that required to excite 

postsynaptic cells, which in turn aids in the production of strong and reliable neurotransmission 

under various physiological conditions and stresses (Wood & Slater, 1997, 2001). The NMJ is a 

tripartite structure comprising of three key cellular elements; the presynaptic nerve terminal, 

PSCs, and the postsynaptic region of muscle characterised by membrane infolding (termed 

postjunctional folds) (see Figure 1.1). The nerve terminal is capped by PSCs with both 

structures separated from the postsynaptic specialisations by the synaptic cleft, a region 

lined/filled with synaptic basal lamina (see Figure 1.1).  
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Figure 1.1 Electron Micrograph depicting Ultrastructure of the Mature Rodent Skeletal 
Neuromuscular Junction 

The three main structural components of a mature skeletal NMJ; the nerve terminal (NT) 

capped by Schwann cells (PSCs), and the muscle fibre (MF). The pre- and postsynaptic 

regions are separated by the synaptic cleft, which is lined by synaptic basal lamina (SBL). 

Synaptic vesicles (arrows) containing the neurotransmitter, ACh, are present throughout the 

nerve terminal, however they are primarily localised to the juxtamuscular half of the terminal. 

Vesicles form clusters in close proximity to active zones (*) at the presynaptic membrane. 

The SBL is comprised of adhesion molecules such as laminins, which are capable of 

modulating differentiation of the synapse. The postsynaptic region is characterised by 

invagination of the muscle fibre membrane. The peaks of these folds contain high 

concentrations (~10,000 µm2) of AChRs (dotted circles). Adapted from Wu et al. (2010). 
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1.1.1 The Presynaptic Region 
The presynaptic region is characterised by the nerve terminal containing synaptic vesicles 

and many structural and functional proteins necessary for the release of chemical 

neurotransmitters into the synaptic cleft. Upon arrival of the nerve impulse from the motor 

axon, the nerve terminal undergoes depolarisation. This membrane depolarisation results 

in the activation of voltage-gated calcium channels (VGCCs) (detailed in section 1.1.3). 

Following VGCC activation a number of complex interactions involving numerous proteins 

occurs in order to directly or indirectly aid synaptic vesicle function to release transmitter, 

and finally culminate in the propagation of the neurotransmission signal (De Laet et al., 

2002) (see section 1.2). These complex interactions occur at the highly specialised 

electron dense regions termed active zones (Couteaux & Pecot-Dechavassine, 1974; 

Heuser et al., 1979) (see Figure 1.2). At the mammalian NMJ, each active zone is 100-

200 nm in length separated by approximately 500 nm of presynaptic membrane, and is 

highly organised into two double rows of accessory proteins and VGCCs that ‘dock’ 

synaptic vesicles between the double rows (Walrond & Reese, 1985; Nagwaney et al., 

2009; Ruiz et al., 2011; Meriney & Dittrich, 2013) (see Figure 1.2). The synaptic vesicles 

interact with VGCCs and numerous accessory proteins to allow formation of nano-

domains and micro-domains that facilitate efficient transmitter release (see Figure 1.2A). 

 

At each NMJ, the motor nerve terminal itself is capped by three to five PSCs in close 

apposition to the presynaptic terminal (10-20 nm) (Auld & Robitaille, 2003; Griffin & 

Thompson, 2008). Numerous studies have demonstrated the key involvement of PSCs in 

the regulation of synaptic activity at the NMJ (Robitaille, 1998; Feng & Ko, 2007, 2008; 

Todd et al., 2010). More recent studies have demonstrated the capability of PSCs to 

influence synaptic inputs during the elimination stage of development, a finding that will be 

explored in this thesis (Darabid et al., 2013). 
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Figure 1.2 Theoretical Arrangement of Active Zones based on Assembly of unreliable single 
Vesicle Release Sites 
A, The mouse neuromuscular junction, innervated by the motor nerve (green trunk), is 

comprised of hundreds of active zones (green dots) co-localised to the postsynaptic AChR 

end-plate (yellow region). Each of these active zones, measuring 100-200 nm in length, is 

organised into linear arrays of double rows and separated from another by approximately 

500nm. These double rows comprise of closely associated VGCCs, a number of accessory 

proteins and synaptic vesicles, which are docked between the rows. Arrival of an action 

potential at the terminal results in Ca2+ influx through VGCCs, which open at a low probability 

in response to the stimulus, causing elevated background levels of Ca2+ (light blue regions). 

The influx of Ca2+develops into nano-domains of Ca2+ (dark blue regions) that in turn trigger 

tightly associated vesicles to undergo fusion and exocytose transmitter. Differences in 
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number, size, and vesicles arrangement at active zones are thought to contribute to varied 

synaptic properties. B, This theoretical arrangement is based on electron micrographs, which 

show electron dense regions (indicated by yellow arrowheads) tightly apposed to folds at the 

postsynaptic membrane, and C, freeze-fracture studies of the mouse diaphragm muscle, 

which displayed double rows of active zones aligned in parallel (indicated by yellow arrows). 

Scale bars B: 10 μm and C: 0.1 μm. Adapted from A, Tarr et al. (2013) B, Nishimune et al. 

(2004) and C, Fukunaga et al. (1983). 
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1.1.2 Perisynaptic Schwann Cells 
Regulation of Perisynaptic Schwann Cell Development and Maturation 
Immature PSCs present strikingly different morphology than mature PSCs. Immature 

PSCs display a globular ‘fried egg’ shape with a high degree of overlap and intermingling 

of cells. By contrast, mature PSCs present branched morphology and are 

compartmentalised into tile patterns when covering the NMJ (Brill et al., 2011). These 

differences are suggested to correspond with the transition in postsynaptic morphology 

from plaque-like to pretzel shape during maturation (detailed in section 1.1.3.2). 

Developing NMJs require neuregulin-1 (NRG1) and the ErbB receptors, ErbB2 and ErbB3, 

to aid in PSC survival and migration, as well as postsynaptic end-plate maturation (Lin et 

al., 2000; Ngo et al., 2012). The loss of NRG1, ErbB2 or ErbB3 resulted in a deficiency or 

absence of PSCs at embryonic NMJs of associated knockout mouse models (Erickson et 

al., 1997; Riethmacher et al., 1997; Lin et al., 2000; Wolpowitz et al., 2000).  During 

synaptogenesis the motor axon reaches target muscles and form nerve-muscle contacts 

but soon retract and mice die at birth. Brill et al. (2011) found PSCs at immature NMJs are 

highly dynamic, becoming quiescent at mature NMJs. The dynamic exploratory behaviour 

observed in the study may have implications in the process of axonal elimination during 

early development of the NMJ, becoming more static as the basal lamina develops at 

matured NMJs.   This is thought to be based on the activity of the associated NMJs, with 

weak inputs being ‘pruned’ and strong synapses being capped by the PSCs as the NMJ 

reaches maturity. Studies have previously shown PSC phagocytosis of retracting axons 

after elimination from the surface of the muscle fibre (Bishop et al., 2004). During the 

elimination of polyneuronal innervation, each of the excessive axons is pruned away from 

the end-plate individually. The retracting nerve bulbs are subdivided and subsequently 

phagocytised by the surrounding PSCs. The signalling cue responsible for directing this 

process has not yet been ascertained. Smith et al. (2013) observed the direct involvement 

of PSCs in phagocytosis of innervating nerve terminals during early development, 

suggesting a role in the process of postnatal synaptic elimination, which leads to a switch 

from polyneuronal innervation to single innervated NMJs (see Figure 1.3). 

 

Molecules located in the basal lamina, such as laminin-β2, interact and signal with PSCs 

to determine their state of activity and prevent invasion of the synaptic cleft (Patton et al., 

1998). Patton and colleagues (1998) demonstrate an increase in the extension of PSC 

processes in cultures lacking laminin-β2, while in the presence of laminin-β2 the 

processes remained rounded. The study concluded that laminin-β2, contained within the 
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synaptic basal lamina, actively inhibits entry of PSC processes into the cleft allowing close 

interaction between pre- and postsynaptic regions of the NMJ without disruption to 

neurotransmission. Loss of such interactions results in altered PSC morphology and 

function, such as extension of PSC processes into the synaptic cleft as seen at laminin-β2 

deficient NMJs. Reddy et al. (2003) found ablation of matured PSCs from frog NMJs did 

not result in any short term changes in structure or functional capacity of the junction. 

However, several days post ablation, a significant reduction in transmitter release, muscle 

twitch tension, and partial or complete nerve terminal retraction was observed.  These 

findings suggest PSCs do not play an acute maintenance role at the adult NMJ, but rather 

are involved in long term maintenance of the adult NMJ. By contrast PSCs at developing 

NMJs appear to be involved in strengthening of robust synaptic inputs, potentially aiding in 

synaptic competition (Darabid et al., 2013). 
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Figure 1.3 Schwann Cell Phagocytosis of a mouse Neuromuscular Junction at Postnatal Day 3  
A, Electron microscopic sections of a single PSC (indicated by red asterisk) penetrating the 

presynaptic nerve terminal (black arrow) during the process of synaptic elimination. B, The 

site of PSC entry into the terminal is indicated by the black arrow in. C, The edge of a 

phagocytic vesicle as indicated by the yellow arrowhead can be seen at the base of the 

PSC. D, The vesicle containing cytoplasm of the nerve terminal (yellow arrowhead) and is 

being pinched off from the PSC (black arrowheads). A–C, Adjacent 65 ηm sections. C & D, 

Two 65 nm sections apart. Scale bar: 500 ηm. Adapted from Smith et al. (2013). 
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Perisynaptic Schwann Cell Modulation of Neurotransmission 
Perisynaptic Schwann cells are non-myelinating glial cells capable of releasing internal Ca2+ 

stores in response to different stimulus, with elevations in Ca2+ indicating excitation of the 

cell, a finding conserved in both amphibian and mammalian NMJs (Jahromi et al., 1992; 

Rochon et al., 2001; Darabid et al., 2013). PSCs are capable of detecting the pattern of 

neuronal and synaptic activity, and in turn, respond by modulating the synaptic transmission 

by potentiating or depressing the signal (see Figure 1.4) (Pasti et al., 1997; Todd et al., 

2010). Castonguay and Robitaille (2001) found that by increasing intracellular calcium 

stores in PSCs utilising thapsigargin, they were able to observein an increase in evoked 

transmitter release. Conversely blockade of this potential increase in PSC calcium resulted 

in significantly depressed transmitter response. These findings suggest that PSCs are 

capable of potentiating transmitter release at the NMJ under high frequency stimuli. A 

growing body of evidence strongly suggests that PSCs are involved in the modulation of 

synaptic activity at the mature NMJ (Robitaille, 1998; Henneberger et al., 2010; Panatier et 

al., 2011).  

 

Robitaille and colleagues (2009) have proposed a signalling pathway involving the bi-

directional communication between all three cellular bodies at the NMJ that allows 

facilitation and depression of transmission (see Figure 1.4). The arrival of the action 

potential at the nerve terminal causes exocytosis of neurotransmitter which binds to the 

associated receptors at the postsynaptic region. The released transmitter also binds to PSC 

metabotropic receptors, ACh binds to mAChRs and ATP binds to P2YRs, which results in 

activation of G-proteins at the PSC membrane. To potentiate neurotransmission, the G-

Proteins subsequently activate phospholipase C (PLC), in turn cleaving the membrane lipid 

phosphatidylinositol bisphosphate into diacylglycerol and inositol trisphosphate (IP3). The 

cleaved IP3s bind to receptors on the endoplasmic reticulum, triggering Ca2+ release from 

internal stores in the PSC. This elevation in Ca2+ leads to the release of gliotransmitters 

such as, prostaglandins and neurotrophins, in conjunction with other molecules not yet 

identified. These gliotransmitters are thought to act on the nerve terminal and increase the 

level of transmitter release by unknown mechanisms. In order to depress 

neurotransmission, activation of G-Proteins activates a signalling cascade that culminates in 

the release of depressing gliotransmitters, nitric oxide, glutamate, endocannibinoids, and 

arachidonic acid. These gliotransmitters are suggested to act directly on the nerve terminal 

to decrease the release of neurotransmitter through unknown means. 
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A recent study has shown PSCs demonstrate differential activation based on the type of 

neuronal stimulus (Todd et al., 2010). Using continuous or bursting stimulus patterns in 

order to mimic endogenous motor neuronal activity, researchers observed changes in 

internal Ca2+ responses. The bursting pattern resulted in post-tetanic depression and 

oscillatory Ca2+ response in the PSCs with a slower and sustained elevation of Ca2+. By 

contrast, continuous stimulation induced post-tetanic facilitation and a single phasic Ca2+ 

response with a faster rise time and short duration compared to responses observed 

under bursting stimulus. These different elevations in calcium suggest PSCs are capable 

of decoding the pattern of synaptic activity, and may have a role in modulation of this 

signalling process. Rousse et al. (2010) observed PSC calcium responses are 

dependent on muscle fibre type. The calcium response at PSCs from fast twitch fibres 

displayed faster kinetics compared to those at slow twitch fibres, with PSCs at slow 

twitch fibres demonstrating a larger Ca2+ elevation in response to the same stimuli. 

Interestingly, the study found that the responses observed at the fast twitch fibres 

utilised only internal Ca2+ stores, while PSCs of slow twitch fibres involved both internal 

stores and entry of extracellular Ca2+. Though the functional consequences on the NMJ 

as a result of these differences are yet to be determined, these findings suggest PSC 

activation is governed in part by the synaptic properties of the associated synapse. 

 

These studies have focused primarily on matured adult synapses despite PSCs being 

shown to play a vital role in the formation and elimination of synapses during 

development (Eroglu & Barres, 2010). Darabid et al. (2013) demonstrated that PSCs at 

immature NMJs are capable of interacting with competing inputs during the development 

of the NMJ, suggesting that PSCs are capable of activity-dependent modulation of 

synaptic transmission. Developing PSCs are capable of detecting transmitter release 

primarily via purinergic (P2) signalling, however at mature NMJs PSCs modulate 

transmitter release via both muscarinic and purinergic (P1 and P2) receptors (Robitaille, 

1995; Rochon et al., 2001). At the developing NMJ, PSCs utilize P2Y receptors to detect 

neurotransmitter release even though muscarinic receptors were found to be present 

and active (Darabid et al., 2013). The investigators suggest that as the NMJ matures 

there is a switch from purinergic to a mixed muscarinic-purinergic signalling 

corresponding to the loss of polyneuronal innervation. This switch is proposed to be 

based on the change in PSC properties and function during maturation of the NMJ. 

Developing PSCs are highly dynamic, with exploratory behaviour involving constant 

repositioning of processes, and dependence on purinergic signalling. This PSC 
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dynamism during development may allow for flexible changes in function and structure 

of the still plastic NMJ with suitable detection of the neural signal. As the NMJ stabilises 

during maturation, the associated PSCs become less variable in their activity and 

mobility, which aids in stability of the NMJ structure and function. In addition to this, 

PSCs utilise a combination of both muscarinic and purinergic pathways to modulate the 

more sophisticated neural signals.  
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Figure 1.4 Proposed Perisynaptic Schwann Cell Modulation of Neurotransmission 
Schematic illustration of signalling between PSCs and the nerve terminal (NT) in 

modulating synaptic transmission at the muscle fibre (MF). Arrival of an action potential at 

the presynaptic terminal culminates in the release of acetylcholine (small circles) and 

ATP (triangles) into the synaptic cleft. Released transmitter binds to associated receptors 

at the end-plate and to PSC metabotropic receptors (ACh to mAChRs and ATP to P2Rs) 

which in turn activate G-proteins (GPs). To potentiate neurotransmission; A, GPs activate 

phospholipase C (PLC), which produces diacylglycerol and inositol trisphosphate (IP3). B, 

IP3s bind to receptors on the endoplasmic reticulum, triggering Ca2+ release from internal 

stores in the PSC (1). The elevated Ca2+ induces release of gliotransmitters 

(prostaglandins and neurotrophins) into the synaptic cleft (2), which act on nerve 

terminals. C, resulting in markedly increased release of transmitter from the terminal by 

unknown mechanisms (3), which in turn results in a larger end-plate potential (4). To 

depress neurotransmission; D, activation of GPs at the PSCs (1) results in the release of 
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gliotransmitters (nitric oxide (NO) and glutatamate) into the synaptic cleft (2), which act 

on the nerve terminals (3). E, these gliotransmitters act via retrograde and anterograde 

signalling, to decrease the release of transmitters by unknown mechanisms (2). The 

reduction in transmitter release leads to generation of a smaller end-plate potential. 

Figure adapted from Rousse and Robitaille (2006); Belair and Robitaille (2009). 
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1.1.3 Voltage Gated Calcium Channels 
Influx of calcium into the presynaptic nerve terminal following terminal depolarisation 

occurs through voltage-gated calcium channels (VGCCs). Calcium channels at the 

vertebrate NMJ are activated by nerve terminal action potentials with a time constant of 

~1.3 ms (Stanley, 1993). The VGCCs are multimeric transmembrane protein channels 

located at the membrane of the presynaptic nerve terminal (Weiss, 2008). Fatt and Katz 

(1953) first postulated the idea of VGCCs while investigating the electrical properties of 

crustacean muscle. It was found that removal of calcium from the biological buffer 

solution bathing the preparations resulted in a marked decrease or abolishment of 

electrical response, while increasing calcium concentration led to greater amplitude of 

activity. This finding suggested that an influx of calcium ions may be responsible for the 

transport of the charge (Fatt & Katz, 1953). Continued investigation of VGCCs has led to 

the identification of several different VGCC subtypes. Each subtype has been 

characterised based upon its pharmacological and molecular profiles (for review, 

seeLacinova, 2005). The VGCCs comprise of a single transmembrane pore forming α1 

subunit (Cavα) (~190–250 kDa) and associated auxiliary subunits (Cavβ), namely an 

intracellular phosphorylated β subunit (~55 kDa,), a transmembrane γ subunit (~33 kDa) 

and the disulfide-linked α2-δ dimer (~170 kDa) (see Figure 1.5) (Singer et al., 1991; Day 

et al., 1997; Walker et al., 1998; for review, see Klugbauer et al., 2003). Numerous 

isoforms of the α1 subunit have been identified and are thought to be the primary cause of 

variations in calcium currents and determinants for the binding of drugs and toxins (for 

review, see Moreno Davila, 1999). The auxiliary subunits regulate VGCC function by 

altering channel properties such as activation and inactivation kinetics, voltage 

dependency and ligand binding (Walker & De Waard, 1998). 

 

Each VGCC subtype possesses specific α1 subunits, which are the primary determinant of 

the pharmacological and electrophysiological properties used during early identification of 

channels. The five VGCC subtypes identified at present and their associated α1 subunit 

isoforms are; L-type (α1S, α1C, α1D, α1F), P/Q-type (α1A), N-type (α1B), R- type (α1E), and T-

type (α1G, α1H, α1I) (Birnbaumer et al., 1998; Ertel et al., 2000; Nudler et al., 2003). 

Channels can be identified in two physiologically distinct groups based on voltage 

activation; high voltage activated (more positive than -20 mV) or low voltage activated 

(more positive than -70 mV) (Kostyuk, 1999; Lacinova, 2005). Each channel displays 

different characteristics; the L-type channels (Cav1.1- 1.4) possess high voltage 

activation and slow kinetics of current decay (Fox et al., 1987), while the T-type channels 
16 

 



(Cav3.1- 3.3) have a low voltage activation threshold and fast current decay (Carbone & 

Lux, 1987). The remaining VGCCs possess current conductance between those of L- 

and T-type channels. N-type channels can be inhibited by ω-conotoxin GVIA (ω-CTX 

GVIA) isolated from the venom of the cone shell mollusc (Conus geographus) (Kasai et 

al., 1987). The P/Q-type channels are selectively blocked by the peptides ω-agatoxin VIA 

(ω-Aga IVA) and ω-conotoxin MVIIC (ω-CTX MVIIC) (Hillyard et al., 1992; Mintz et al., 

1992; Katz et al., 1996) as well as inhibition by the isolated toxin FTX from the funnel 

web spider (Llinas et al., 1989). The R-type channel (Cav2.3) is insensitive to ω-CTX 

GVIA and ω-Aga VIA (Zhang et al., 1993). 

 

Multiple types of VGCCs co-exist at a single synapse with possible interactions to induce 

release of transmitter (Regehr & Mintz, 1994; Dunlap et al., 1995). The primary VGCC 

isoforms involved with neurotransmission at the skeletal NMJ are N-type (Cav2.2) and 

P/Q-type (Cav2.1). The presence of VGCC isoforms varies as the NMJ undergoes 

maturation, with each channel supporting specific stages according to their characteristic 

properties (Rosato-Siri & Uchitel, 1999; Santafe et al., 2001), a similar finding is also 

observed at central synapses (Takahashi & Momiyama, 1993; Iwasaki et al., 2000). Both 

N- and P/Q- type channels are present and involved with the mediation of transmission 

during the early stages of development, approximately eight days postnatal (P8) in mice 

models (Rosato-Siri & Uchitel, 1999; Santafe et al., 2001; Rosato-Siri et al., 2002; Nudler et 

al., 2003). As the synapse matures, at approximately fourteen days postnatal (P14), the 

P/Q-type VGCCs become the dominant mediator of neurotransmitter release (Uchitel et 

al., 1992; Bowersox et al., 1995; Katz et al., 1997; Rosato-Siri et al., 2002), while N-type 

are suggested to take on a supporting role in regulating feedback and fine-tuned calcium 

influx. Studies have shown that G-protein mediated inhibition of P/Q-type VGCCs is less 

than that exhibited at N-type VGCCs (Currie & Fox, 1997). Investigators suggest that 

NMJs with P/Q-type VGCC dominance may operate over a smaller inhibition range and 

are therefore easier to activate, while N-type dominant NMJs have higher inhibition, 

thus only involved in regulating release under particular conditions (Currie & Fox, 1997, 

2002; Zaitsev et al., 2007). Katz and colleagues (1996) have shown that in the presence 

of the P/Q-type VGCC specific blocker, ω-Aga IVA, evoked neurotransmission was 

significantly decreased at P8. Rosato-Siri and Uchitel (1999) demonstrated that N- type 

VGCCs play a lesser role in neurotransmission at the mature NMJ through the use of the 

N- type channel blocker ω-CTX GVIA. It was found that this toxin significantly impaired 

neurotransmission, by preventing Ca2+ influx through N-type VGCCs at P8 but not at P14, 
17 

 



when the NMJ has developed to maturity and switched to P/Q-type VGCC mediated 

transmitter release. Both L- and R-type VGCCs have also been implicated in having a 

minor role in the release of ACh at healthy NMJ (Rosato-Siri & Uchitel, 1999; Correia-de-

Sa et al., 2000a, b; Urbano et al., 2003), while L-type VGCCs also play a role in transmitter 

release under pathological conditions such as amyotrophic lateral sclerosis (Fratantoni et 

al., 2000) and in botulinum toxic poisoning (Santafe et al., 2000). 

 

The presynaptic membrane is lined with domains, which comprise primarily of VGCCs 

and the associated calcium receptors and sensors (Augustine, 1990; Llinas et al., 1992; 

Yoshihara & Littleton, 2002; Koh & Bellen, 2003). Strong evidence suggests an 

overlapping of these domains. Mintz et al. (1995) showed that sequential application of ω- 

CTX GVIA and ω-Aga IVA resulted in a 27% and 50% decrease respectively in calcium 

currents. However, it was observed that the same toxins resulted in a 50% and 93% 

decrease respectively in postsynaptic currents. This finding suggests co-operativity 

between VGCCs, which has also been observed in other synaptic models (Regehr & 

Mintz, 1994; Wheeler et al., 1996). It is thought the number of these domains involved in 

transmitter release varies from synapse to synapse and the animal model being 

investigated. Amphibian models have shown dense clustering of VGCCs while in the 

giant synapse of squid channels are spatially separated suggesting little overlap in 

domains (Adler et al., 1991). The degree of micro-domain overlap is suggested to be 

indicative of calcium sensitivity of the terminal, which is the ability of the terminal to 

efficiently release transmitter in response to calcium influx. Thus micro-domains with no 

overlap require higher concentrations of calcium to initiate the release of transmitter 

(Augustine et al., 1992). Fogelson and Zucker (1985) suggested that the receptor or 

molecule(s) responsible for triggering the release of transmitter must be spatially located 

within a few tens of nanometres of the mouth of the associated VGCC. This close spatial 

relationship indicates the necessity for the precise localisation of all components involved 

in transmitter release. 

 

P/Q- type VGCCs are spatially located in closer proximity to release sites than N-type 

channels (Rosato-Siri et al., 2002; Nudler et al., 2003; Urbano et al., 2003). This close 

spatial locality may well be the reason P/Q-type VGCCs play a more prominent role in the 

mature NMJ where efficient bulk release of transmitter is required. Mice lacking P/Q-type 

VGCCs display decreased quantal content and synchrony of transmitter release, again 

highlighting the importance of P/Q-type channels in efficient transmitter release (Urbano 
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et al., 2003; Depetris et al., 2008). It was shown that N-type VGCCs were the primary 

mediators of transmitter release with R-type VGCCs also playing a role. Investigators 

suggested that the spatially dispersed but abundant N-type VGCCs interact with 

presynaptic machinery to mediate transmitter release at a decreased efficiency to P/Q-

type channels. This notion is supported by previous studies which have shown that 

elimination of the primary calcium channel subtype results in compensatory mechanisms 

to allow calcium entry through alternative channel types at decreased efficiency (Jun et 

al., 1999; Nudler et al., 2003; Inchauspe et al., 2004; Piedras-Renteria et al., 2004). 
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Figure 1.5 Putative Subunit Arrangement of the Voltage Gated Calcium Channel Complex 
The VGCC is comprised of a single pore forming α1 subunit (Cavα) containing a voltage 

sensor and binding site for calcium channel blockers. The pore subunit has an estimated 

diameter of 6 Å (McCleskey & Almers, 1985). Depolarisation of the presynaptic membrane 

results in activation of the VGCC and influx of Ca2+ ions (~2 Å diameter) through the channel. 

The associated auxiliary subunits (Cavβ), namely β, γ and α2-δ interact with the α1 subunit to 

modulate the ion conductance activity through the pore forming subunit. Importantly, the pore 

forming a1 subunit of VGCCs has been shown to directly interact with laminin-β2. The α2 

subunit is an extracellular, extrinsic membrane protein linked to the δ subunit via disulphide 

bridges (S-S). The α2δ subunit complex is encoded through post- translational proteolytic 

processing by the same gene. The intracellular β subunit has no transmembrane segments in 

contrast to the γ subunit, which possesses four transmembrane segments. 
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1.1.4 The Synaptic Cleft 
 The presynaptic nerve terminal and muscle fibre membranes are separated by a space 

of approximately 50-100 nm, termed the synaptic cleft (see Figure 1.1) (Heuser et al., 

1979; Wood & Slater, 2001; Hughes et al., 2006). The entire span of the cleft is 

comprised of basal lamina, within which are high concentrations of the enzyme 

acetylcholinesterase (AChE) (Marnay & Nachmansohn, 1938; Rauvala & Peng, 1997; 

Massoulié & Millard, 2009). The AChE enzymes are anchored to the basal lamina by two 

heparin sulphate proteoglycan-binding domains within a collagen tail (Krejci et al., 1991; 

Krejci et al., 1997; Rauvala & Peng, 1997). During early development AChE is expressed 

asymmetrically by the myotubes over the entire basal lamina surface. However it rapidly 

accumulates at newly formed synapses as the NMJ matures (Chiu & Sanes, 1984; 

Ziskind-Conhaim et al., 1984). After synaptic vesicle fusion at the presynaptic membrane 

(see section 1.3), ACh is exocytosed and quickly diffuses across the cleft due to the high 

diffusion constant of ACh, and binds to acetylcholine receptors (AChRs) at the 

postsynaptic membrane (See section 1.1.3) (Land et al., 1984). The exocytosed ACh is 

degraded by AChE through a process of hydrolysis producing a choline and acetate 

group, which later undergo re-uptake into the pre-synaptic terminal for recycling. This 

degradation of ACh occurs in less than a millisecond and diminishes the stimulation of 

AChR by decreasing presence of ACh, subsequently leading to a decay of the end-plate 

current and finally termination of neurotransmission (Katz & Miledi, 1965; McMahan et 

al., 1978; Rosenberry, 1979). Thus decreased expression of AChE will result in 

prolonged AChR activation, and subsequently a slower decay of the end-plate current 

will be observed (Katz & Miledi, 1973). Within the basal lamina are a number of signalling 

and adhesion molecules, which are capable of binding/concentrating ligands on adjacent 

cell membrane surfaces, thus allowing for signalling between NMJ components (Sanes, 

1995; Hughes et al., 2006). These molecules, such as the laminins, are critical for the 

development and organisation of the neuromuscular junction. 

 

Laminins are a family of glycoproteins forming large (~400 to ~900 kD) heterotrimeric 

complexes composed of α, β, and γ chains (see Figure 1.6) (Green et al., 1992; Noakes 

et al., 1995a; Aumailley et al., 2005). Each chain is homologous to the others and 

possesses similarly arranged sequence domains, contributing to the characteristic three 

stranded coiled-coil structure of the laminin trimer (for review, see Timpl & Brown, 1994). 

The first laminin isoform was discovered by Timpl and colleagues in 1979. The study 

extracted matrix from an Engelbreth- Holm- Swarm (EHS) mouse tumour capable of 
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producing matrix of the same composition as the basement membrane (Timpl et al., 

1979). From this matrix a collagenous protein was isolated as well as a second protein 

with a large molecular weight, that researchers named laminin. Beck and colleagues 

(1990) utilized rotatory electron micrographs to show that the EHS laminin formed a 

cruciform shape, with three short arms comprising of single laminin chains, and one 

long arm made from each of the chains forming α-helical coiled-coil (see Figure 1.6) 

(Beck et al., 1990). While numerous molecules have been shown to possess laminin- 

like domains, a key characteristic for a protein to be classed a laminin chain is the 

presence of this α-helical coiled-coil domain. To date, five α, three β, and three γ chains 

have been identified in both mouse and human (Miner & Yurchenco, 2004). Each of the 

short arms possesses a distal laminin N-terminal (LN) domain, which have been shown 

to allow interaction with other short arm LN domains to aid in basal membrane stability 

(see Figure 1.6A) (Yurchenco & Cheng, 1993). These interactions demonstrate a strong 

preference for ternary interactions involving one α, one β, and one γ chain to form a 

network that stabilizes the basement membrane architecture (Yurchenco & Cheng, 

1993).  At the C-terminus end of the long arm are five laminin G-like (LG) domains 

positioned in tandem (Sasaki et al., 1988). These LG domains interact with a number of 

cellular receptors such as integrins, α-dystroglycan, and heparan sulfate proteoglycans 

(such as agrin and perlecan), which enable laminin heterotrimers to anchor to the cell 

surface (Aumailley et al., 1990; Talts et al., 1999; Ido et al., 2004). Specifically, α-

dystroglycan, agrin and perlecan bind to the LG4-5 region (Talts et al., 1999), while 

integrins bind the LG1-3 region (Ido et al., 2004; Ido et al., 2007). 

 

Cell culture and in vivo studies suggest that laminins are responsible for organising the 

assembly of the basement membrane (Yurchenco & Orear, 1994; McKee et al., 2007). 

During early myogenesis embryonic muscle initially expresses laminin after the 

formation of the first myotubes with α2, α5, β1, and γ1 found to be the earliest laminin 

chains expressed in mice (Sorokin et al., 1997). As the embryo develops basal lamina 

becomes rich in laminin-α4, coinciding with the generation of secondary muscle fibres 

at approximately embryonic day 14 (Patton et al., 1997). Laminin-β2 is specific to the 

synapse from the earliest point of expression while in contrast laminin chains α4 and 

α5 are widely expressed during development but become synapse specific in adults 

(Miner et al., 1997; Patton et al., 1997). 
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It has been suggested that basal lamina are capable of functioning directly as both a 

mechanical superstructure and specific regulator of cell activity as well as providing 

attachment sites for cell surface receptors, such as dystroglycan, which are anchored to 

the intracellular cytoskeleton (see Figure 1.6) (Henry & Campbell, 1996). This ability 

provides structural support to the underlying membrane while distributing mechanical 

stress of the cell. Delwel et al. (1996) found basal lamina is also capable of acting as 

signalling molecules via receptors such as integrins. Such interactions enable the 

regulation of cellular proliferation, migration, differentiation and morphology. 

 

The basal lamina ensheathes each muscle fibre as well as passing into, and spanning the 

synaptic cleft of the NMJ (Hunter et al., 1989; Sanes, 1995; Sanes & Lichtman, 1999). Only a 

small fraction of the basal lamina, approximately 0.1% of the total lamina, actually separates 

the motor nerve from a muscle fibre and is termed synaptic basal lamina (Patton et al., 1997; 

Pedrosa-Domellof et al., 2000). The majority of basal lamina is extrajunctional and in adults is 

largely comprised of laminins-α2, -β1 and -γ1 (Sanes et al., 1990; Schuler & Sorokin, 1995; 

Sorokin et al., 1997; Tiger & Gullberg, 1997). Laminin-β2 is found concentrated at the 

myotendinous junctions and has also been reported to be present in extrajunctional basal 

lamina at varied levels in multiple species (Sanes et al., 1990; Cohn et al., 1997; Cohn et al., 

1998; Sieb et al., 1998). Synaptic basal lamina in the adult NMJ is comprised of several 

specific laminin isoforms; α2, α4, α5, β2 found only in this region in addition to γ1 (Patton et 

al., 1997) with the specific exclusion of laminin-β1 (Hunter et al., 1989; Sanes et al., 1990). 

The relative location of these synaptic laminin chains are presented in figure 1.6B. Synaptic 

basal lamina has previously been shown to play an integral role in the organisation of nerve 

terminal formation even in the absence of muscle fibres at the synaptic site (Sanes et al., 

1978; Kuffler, 1986). The synaptic laminins form three heterotrimers; laminin-221 (α2β2γ1), 

laminin-421 (α4β2γ1) and laminin-521 (α5β2γ1) (Patton et al., 1997; Aumailley et al., 2005) 

(see Figure 1.6C). These heterotrimers interact with the three main cellular elements that 

comprise the NMJ; the motor neuron, the muscle fibre and the PSC. Laminin-421 spans the 

entire synaptic cleft mediating contact between the motor neuron and muscle fibre (Patton et 

al., 2001). Laminin-221 lines the deep folds at the post-synaptic region mediating contact 

between invaginated membranes (Cho et al., 1998; Patton et al., 1998), while laminin-521 

covers the outer perisynaptic Schwann cell body, thus mediating contact with the perisynaptic 

space (Patton, 2000). Laminin-521 acts to prevent the intrusion of Schwann cell processes 

into the synaptic cleft resulting in a capping of the nerve terminal that is suggested to 

enhance neurotransmission efficacy (Patton et al., 1998). 
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Figure 1.6 Distribution of Laminin Chains at the Skeletal Neuromuscular Junction 
Specific laminin chains found within the synapse of the NMJ. A, Laminin heterotrimers 

interact via the short arms to form a network that aids in the stabilisation of the basal lamina 

membrane architecture. Long arms do not participate in this lamina network but rather 

interact with other components of the basal lamina. B, Laminin chains α2, α4, α5, β2, and γ1 

are found in high concentrations lining specific regions of the synaptic cleft. C, Laminin 

chains form three predominant heterotrimers; laminin-221 (α2β2γ1), laminin-421 (α4β2γ1) 

and laminin-521 (α5β2γ1). Laminin- 421 presents as “T” shaped heterotrimers due to the 

abbreviated short arm of the α4 chain, thus only possesses two LN domains. Of key note is 

the presence of β2 and γ1 chains in each of the three heterotrimers. Mutation in either of 

these two chains has been shown to result in severe disruptions in NMJ structure and 

function. Mutation in the γ1 chain in particular leads to embryonic lethality. Cell surface 

receptors, such as α-dystroglycan, integrin and perlecan, bind to laminin heterotrimers via 

the LG sites on the long arms to anchor the complex in the basement membrane. A. adapted 

from Patton et al., 2001, B & C. adapted from (Hohenester & Yurchenco, 2013).   
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The laminin subunit common to all three synaptic laminin heterotrimers is laminin-β2. 
Originally termed s-laminin, laminin-β2 was one of the first laminin chains to be cloned 

and as such has been highly investigated using in vitro experimentation. Laminin-β2 

promotes nerve terminal formation and has been shown to possess selectively adhesive 

properties to motor neurons (Hunter et al., 1989), inhibit neurite outgrowth (Porter et al., 

1995; Sann et al., 2008), and is capable of directly inducing presynaptic differentiation of 

axons (Son et al., 1999). Laminin-β2 is capable of inducing differentiation by regulating 

the maintenance of active zone components, the assembly of synaptic vesicles in close 

proximity to active zones, and in preventing Schwann cell processes from invading the 

synaptic cleft (Noakes et al., 1995a; Cho et al., 1998; Patton et al., 1998; Libby et al., 

1999; Sanes & Lichtman, 1999; Knight et al., 2003; Nishimune et al., 2004; Nishimune et 

al., 2008; Chen et al., 2011). 

 

Laminin-β2 is localised to the synaptic basal lamina approximately twelve hours after 

synapse formation at embryonic day 14.5 (Sanes et al., 1990; Patton et al., 1997). 

Laminin-β2 knockout mice (lamb2-/-) demonstrate normal synaptogenesis and synaptic 

elimination culminating in singly innervated motor end-plate (Noakes et al., 1995a). 

Immuno-histochemical staining of acetylcholine receptors (AChRs) and synaptic vesicles 

using α-bungarotoxin (αBTX) and synaptic vesicle protein 2 (SV2) respectively, showed 

normal apposition of pre- and postsynaptic regions at lamb2-/- NMJs (Noakes et al., 

1995a; Knight et al., 2003). Noakes et al. (1995b) found mice lacking laminin-β2 

compensated for this loss with an up-regulation of laminin-β1, at the synaptic basal 

lamina. While the basal lamina was structurally intact, the functional ability of mutants was 

impaired. Mice lacking laminin-β2 presented disrupted presynaptic differentiation at the 

NMJ with defects including; decreased number of active zones, diffuse distribution of 

synaptic vesicles at the nerve terminal, and invasion of Schwann cell processes into the 

synaptic cleft (see Figure 1.7)(Noakes et al., 1995a; Noakes et al., 1995b; Patton et al., 

1998; Knight et al., 2003; Nishimune et al., 2004). Laminin- 521, containing the β2 chain, 

is thought to directly prevent invasion of the synaptic cleft by Schwann cells (Cho et al., 

1998; Patton et al., 1998). These studies however did not investigate the role of laminin-

421(then known as laminin-9) as a potential stop signal for Schwann cell processes due 

to the unavailability of purified laminin-421 at the time. Thus the defects in transmission 

associated with laminin-β2 knockout may be partly attributed to the entry of Schwann cell 

processes into the cleft. 
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Knight et al. (2003) found lamb2-/- mice had a 15- fold decrease in the frequency of 

spontaneous transmitter release but not in spontaneous amplitude, when compared to 

wild type NMJs. This decrease was attributed to a reduced ability for transmitter 

release due to presynaptic differences between wild-type and laminin-β2 deficient 

NMJs. Lamb2-/- NMJs showed a 50% decrease in evoked neurotransmitter release 

when compared to wild-type, a result supporting the phenotypic morphological 

disruptions seen in mutants (Knight et al., 2003). Laminins are present in the peri-

neural sheathing of peripheral nerves, thus disruption of laminin-β2 expression may 

also result in diminished action potential propagation to the presynaptic nerve terminal. 

Knight and colleagues (2003) used extracellular electrophysiological recordings to 

investigate deficits in the propagation of action potentials along the nerve terminal in 

lamb2-/- NMJs. The study found no significant difference between wild-type and lamb2-

/- NMJs, concluding that the reduction in quanta of neurotransmitter was due to a 

breakdown in the presynaptic depolarisation-secretion coupling mechanism. Laminin-

β2 was initially believed to be involved in the actual formation of the active zone. 

However, further studies have found no difference in the number of active zones 

between wild-type and lamb2-/- mice at birth, but a significant decrease has been 

observed at postnatal day 4 suggesting a role in maturation rather than formation of 

active zones at the synapse, an observation substantiated by the findings presented in 

Chapter 3 (Nishimune et al., 2004). 

 

Similar findings have been observed in human subjects suffering from a severe form of 

congenital myasthenic syndrome (CMS), resulting from truncating mutations of the 

LAMB2 gene (Maselli et al., 2009). The human NMJs of this study displayed similar 

morphological and functional deficits that have been observed in the NMJs of laminin-

β2 deficient mice as previously discussed (Noakes et al., 1995a). Namely, NMJs from 

the CMS patient presented immature nerve terminals, decreased numbers of active 

release sites, invasion of the synaptic cleft by Schwann cell processes, and poor 

formation of the postsynaptic membrane. Functionally, NMJs from the CMS patient 

showed decreases in quantal content and spontaneous frequency. Investigators 

suggest that the perturbed postsynaptic folding may be due to the loss of interaction 

with cell surface receptors such as integrins, dystroglycan and podosomal complexes, 

which are involved in the maintenance of the synaptic scaffold stability (Tzu & 

Marinkovich, 2008; Proszynski et al., 2009). 
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Early studies proposed an interaction between laminin-421 and presynaptic voltage gated 

calcium channels (VGCCs), which enables the precise alignment and organization of 

synaptic components (Sunderland et al., 2000; Patton et al., 2001). Subsequent studies by 

Nishimune et al. (2004) found that laminin-β2 is capable of binding directly to the pore-

forming subunit of N- and P/Q-type VGCCs (see Figure 1.5). The study showed VGCCs 

acts as a laminin receptor and that laminins are the first extracellular proteins to act as 

ligands for VGCCs. Utilising protein pull-down assays, laminin-β2 were identified as the 

immediately adjacent protein to VGCCs (distance ≤ 2.3 nm). Laminin-β2 showed 

preference to N- and P/Q-type VGCCs, the primary VGCC subunits involved with 

neurotransmitter release at the NMJ. Beads coated in laminins containing β2 were capable 

of binding to cells expressing Cav2.1 (P/Q-type) and Cav2.2 (N-type) but not Cav2.3 (R-

type) while beads coated with laminin-111, possessing laminin β1 did not show binding 

capabilities to any of the Cav subunits investigated (Nishimune et al., 2004). These findings 

demonstrated an interaction between laminin-β2 and VGCCs that appears to be necessary 

for the development of structurally and functionally mature NMJs (Nishimune et al., 2004; 

Sann et al., 2008; Carlson et al., 2010; Chen et al., 2011; Nishimune, 2012; Nishimune et 

al., 2012). The laminin-β2 chain interacts with laminin-α4 to form the unique “T” shaped 

heterotrimer laminin-421, which is suggested to organise the alignment of pre- and 

postsynaptic specialisations.  
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Figure 1.7 Ultrastructure Comparisons of Neuromuscular Junctions of Wild-type and 
Lamb2-/- mice 
Electron micrographs illustrating the structural deficits observed in lamb2-/-NMJs 

compared to wild-type. A, Wild-type NMJs demonstrate clearly distinguishable regions of 

the synapse. Active zones appose the highly convoluted postsynaptic folds with no 

invasion of the synaptic cleft by PSCs. Synaptic vesicles are largely position in the 

juxtamuscular half of the nerve terminal.  B, By contrast, lamb2-/- NMJs present severe 

morphological disruptions such as poorly formed postsynaptic folds (red circle, D) and a 

decrease in active zone regions. Synaptic vesicles are dispersed throughout the nerve 

terminal. C, Wild-type NMJs show no aberrant changes in PSC structure or location. D, 
Evident invasion of the synaptic cleft by PSC processes which make direct contact with 

the basal lamina membrane (yellow arrow heads). Scale bar represents 1.5 μm for A & B; 

2.0 μm for C & D. Figure adapted from Patton et al., 1998.  
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Laminin- α4 is present extrajunctionally and junctionally during early embryonic stages, 

with it later being concentrated specifically to the synaptic cleft at embryonic day 14 

(Miner et al., 1997; Patton et al., 1997; Patton, 2000; Carlson et al., 2010). The laminin-α4 

chain, in contrast to other laminin chains expressed sub-synaptically, is found in highest 

concentrations at the depths of folds rather than at the crest of folds (Patton et al., 

2001). This finding suggests laminin- α4 plays an instructive role in the placement of 

postsynaptic specialisations, i.e. separating the postsynaptic folds themselves. Thus the 

presence of laminin-α4 may signal a region where active zones or folds, with dense AChR 

clusters, will not form during development. Loss of laminin-α4 does not lead to general 

disruption of synaptic basal lamina components or the distribution of other laminin 

isoforms. 

 

By contrast, decreased expression of laminin-β2 results in the loss of α5 (Patton et al., 

2001). Laminin-α4 may be actively suppressed by laminin-α2 signalling in adults, with loss 

of laminin-α2 resulting in increased expression of laminin-α4 in the extrajunctional basal 

lamina of nerves and muscle (Ringelmann  et al. ,  1999) . This finding has also been 

shown in humans afflicted with sufferers of congenital muscular dystrophy (CMD) 

displaying laminin-α2 deficiency culminating in up-regulation of laminin-α4 (Patton, 2000). 

Many of the key aspects of synaptogenesis, such as, formation of active zones and 

junctional folds occur normally in laminin α4 knockout mice (lama4-/-) as in wild-type mice 

(Figure 1.8). Loss of laminin-α4 does not influence the number of active zones and 

postsynaptic folds when normalized per micron of nerve muscle apposition (Patton et al., 

2001). However, it has been shown using electron microscopy, that the precise 

apposition of active zones and post-synaptic folds fails to develop in lama4-/- mice, with 

approximately 70% of active zones displaying a decrease in proper alignment (compare 

Figure  1.8A with 1.8B) (Patton, 2000; Patton et al., 2001). This finding indicates that the 

formation and placement of specific synaptic components is controlled independently 

(Patton et al., 2001), as well as a potential loss of adhesion between pre- and postsynaptic 

regions.  

 

Lama4-/- mice appear healthy and grow at a rate similar to wild-type mice. Histological 

analysis showed no evident signs of myopathy or dystrophy in muscle and muscle fibres 

with preserved size and shape (Patton et al., 2001). Contractile response of muscle fibres 

also showed no signs of dystrophic defects. Patton et al. (2001) utilised light and electron 

microscopy to investigate the potential effects on the nerve itself as a result of loss of 
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laminin-α4, with no defects observed in lama4-/- NMJs. Thus the loss of laminin-α4 results 

in morphological changes isolated to the NMJ. At two months of age, laminin-α4 deficient 

mice display uncoordinated hindlimb movement when held by the tail, and were noted to 

occasionally drag their hindlimbs when walking, suggestive of a central deficit leading to 

neuromuscular dysfunction (Patton et al., 2001). To characterise this potential dysfunction, 

the study analysed the ability of lama4-/- mice to walk along a narrow beam. At two months 

of age, wild-type mice were capable of crossing the beam with less than two foot slips 

while only 11% of lama4-/- mutants were able to do so. Utilising the same protocol, the 

same behavioural phenotypes were observed in eight-month old wild-type and mutant 

mice. These findings suggest that the defects seen in lama4-/- NMJs are maintained during 

ageing but are not progressive in nature (Patton et al., 2001). 

 

Recent research implicates laminin- α4 in playing a crucial role in the maintenance of the 

NMJ during ageing (Samuel et al., 2012). It was noted that NMJs of lama4-/- mice at six 

months of age morphologically resembled those of 18- 24 month old wild-type NMJs 

(Valdez et al., 2010). Approximately 50% of lama4-/- NMJs presented fragmented AChRs 

clusters, partial/full denervation, nerve sprouting, axonal swelling, and poly innervation, all 

of which are characteristic of an ageing NMJ (Valdez et al., 2010; Samuel et al., 2012). 

Wild-type mice rarely present these alterations in NMJ morphology at six months of age, 

however as the junction ages (12- 24 months of age) there are marked increases in the 

number of observed changes (Valdez et al., 2010). These findings strongly indicate that 

the loss of laminin- α4 may contribute to premature disassembly of the junction normally 

observed in ageing NMJs. Changes in these knockout junctions also suggest a possible 

role for laminin- α4 in maintenance of both presynaptic and postsynaptic components 

during ageing. Samuel et al. (2012), found normal protein expression of laminin- α4 at 24 

month old wild-type NMJs, however the distribution was often diffuse or lacking with some 

extrasynaptic expression observed. This finding indicates that during a normal ageing 

process changes in laminin- α4 distribution may be a factor that initiates the age-related 

disassembly of the NMJ.  Currently, no studies of lama4-/- mice have been conducted to 

characterise the functional synaptic capabilities at the skeletal NMJ. 

 

Mice lacking laminin-α4 do not display severe synaptic defects and abnormalities when 

compared to lamb2-/- mice (Patton et al., 2001). This may be a result of the laminin-β2 

chain being present in all three heterotrimers found specifically in the synaptic basal 

lamina, while the laminin-α4 chain is present only in laminin-421 (Patton, 2000; Carlson et 
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al., 2010). Carlson et al. (2010), propose that laminin-421 (α4β2γ1) may interact with both 

Cavα and α3 integrin to pattern active zones via the ability of individual laminin chains to 

interact with each component. Laminin-β2 interacts with Cavα to anchor the VGCCs at the 

presynaptic membrane, which in turn allows other active zone components to localise and 

tether to, or in proximity to the VGCCs (Nishimune et al., 2004). Such interactions would 

not only promote stability of the presynaptic region, but would also facilitate organisation of 

molecular components required for efficient neurotransmitter release. Laminin-α4 has 

been shown to interact with α3 integrin which is found in proximity to the presynaptic active 

zones (Suzuki et al., 2005). The integrins provide a link between the cytoskeleton and the 

extracellular matrix, and in addition are present at both pre- and postsynaptic regions, 

which aids in stability of the NMJ via interactions with LG1- 3 domains of laminin α chains 

(Wang et al., 1993; Martin et al., 1996; Colognato & Yurchenco, 2000; Ido et al., 2004). 

Integrins, α3β1, α6β1, α7β1 and α6β4 have been shown to be the major laminin-binding 

integrins (Belkin & Stepp, 2000). Loss of interaction between laminin-β2 and Cavα results in 

poor formation and stabilisation of active zones, while the loss of laminin-α4 leads to 

misapposition of active zones to postjunctional folds (Patton et al., 2001; Carlson et al., 2010). 

We propose that this link between pre- and postsynaptic regions, with laminin-421 acting as 

the primary mediator, is responsible for the stable architecture and organisation at a healthy 

NMJ, Voltage gated calcium channels act as the presynaptic receptor binding to laminin-β2, 

which as part of the laminin-421 heterotrimer directly associates with laminin-α4, in turn 

binding to postsynaptic cell surface receptors such as dystroglycan (see section 1.1.3). 
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Figure 1.8 Ultrastructure Comparisons of Neuromuscular Junctions of Wild-type and 
Lama4-/- mice 
Electron micrographs displaying the morphological changes observed in lama4-/-NMJs compared 

to wild-type. A, Wild-type NMJs demonstrate normal morphological structure with capping of the 

presynaptic nerve terminal by the Schwann cells. Wild-type NMJs also show direct apposition of 

active zones (black * and dashed lines) to the postsynaptic infolds (see C, for higher 

magnification). B, Lama4-/- NMJs display normal morphology with no change in active zone 

number or in the folding of the postsynaptic membrane. D, Lama4-/- NMJs show misapposition of 

active zones (red * and dashed lines) to infolds of the postsynaptic region. Wild-type and lama4-/- 

NMJs show no invasion of the synaptic cleft by PSC processes and synaptic vesicles are 

primarily positioned in the juxtamuscular half of the nerve terminal near active zones.  Scale bar 

represents 0.6 μm for A & B; 0.25 μm for C & D. Figure adapted from Patton et al., 1998.  
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1.1.5 The Postsynaptic Membrane 
The assembly and localisation of postsynaptic structures at the muscle membrane is highly 

optimised in order to receive and propagate an action potential signal from the presynaptic 

terminal to the muscle fibre. The most prominent ultra-structural feature of this region is the 

deep infolds at the membrane surface, termed synaptic folds. Anchored at the crest of 

these folds are highly dense clusters of AChRs (~10,000  µm2) (Fertuck & Salpeter, 1974; 

Fertuck & Salpeter, 1976; Land et al., 1980; Wood & Slater, 1997, 2001; Ngo et al., 2007). 

Activation of AChRs allows influx of cations through the AChR pore, resulting in generation 

of a muscle-cell action potential that eventually culminates in muscle contraction. At the 

depths of the postsynaptic folds are high concentrations of voltage gated sodium channels, 

which are activated by the depolarisation caused by cations flowing through AChR pores. 

The opening of these channels propagates electrical activity and results in further 

depolarisation of the postsynaptic membrane to threshold which triggers the generation of 

a muscle action potential. 

 

This high density of post-synaptic AChRs is brought about by the action of two nerve 

derived molecules, neural-agrin and neuregulin-1. During synaptogenesis, contact 

between the motor nerve terminal and the muscle fibre results in the release of agrin, a 

heparin sulfate proteoglycan from the terminal itself (Nitkin et al., 1987; Wallace, 1989). 

Agrin interacts with the transmembrane Muscle Specific Kinase (MuSK) to induce 

aggregation of AChRs in order to stabilise the synapse during development via binding of 

its co-receptor, low-density receptor-related protein (LRP4) receptor (Wallace, 1989; 

Valenzuela et al., 1995; DeChiara et al., 1996; Glass et al., 1996; Mittaud et al., 2004; 

Zhang et al., 2008; Ghazanfari et al., 2011). The degree of AChR clustering can be altered 

by the level of activation (phosphorylation) of MuSK, with Ab1 kinases acting to increase 

the level of MuSK phosphorylation and consequently lead to more AChR clustering (Mittaud 

et al., 2004). More recently, Ngo et al. (2012) demonstrated neuregulin-1 potentiation of 

MuSK phosphorylation leading to downstream AChR cluster formation. Reduced AChR 

clustering can be instigated by de-phosphorylation of MuSK by Shp2 (Madhavan & Peng, 

2005; Madhavan et al., 2005; Qian et al., 2008). Both MuSK and the receptor associated 

protein, rapsyn are required for the clustering of AChR at the postsynaptic membrane 

(Gautam et al., 1995; Qu et al., 1996; Lin et al., 2001; Sanes & Lichtman, 2001). Gervasio 

and Phillips (2005) suggested that the agrin-MuSK complex may increase the targeting 

ability of rapsyn, which binds directly to the β-subunit of AChRs, to further aid in synapse 

stabilisation. Agrin deficient mice demonstrate initial clustering of AChRs however within 
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days receptors are dispersed throughout the muscle fibre and impaired postsynaptic 

differentiation is observed (Gautam et al., 1996). Neuregulin-1 increases the transcription 

of synaptic genes for AChRα, AChRε, AChRγ subunit genes, and MuSK genes (Jo et al., 

1995; Moscoso et al., 1995; Ngo et al., 2004). These molecules are critical in the clustering 

and stabilisation of AChRs at the end-plate during maturation.  

 

Numerous other molecules have been shown to bind to or alter the signalling of agrin that 

may influence the degree of AChR aggregation. These molecules include laminins, 

integrins, neural-cell adhesion molecule (NCAM), and dystroglycan (Vogel et al., 1983; 

Sugiyama et al., 1994; Martin & Sanes, 1995; Martin et al., 1996; Martin & Sanes, 1997; 

Denzer et al., 1998; Sanes et al., 1998; Timpl et al., 2000). Laminin binds to both agrin and 

the cell surface receptor α-dystroglycan via the γ1 and α subunits respectively (Denzer et 

al., 1998; Kammerer et al., 1999; Talts et al., 2000; Timpl et al., 2000; Bezakova & Ruegg, 

2003; Yurchenco & Patton, 2009). The affinity of agrin for both laminin and dystroglycan 

may serve to increase laminin anchorage to cell surfaces in some tissues (Yurchenco & 

Patton, 2009). Importantly, dystroglycan aggregates at the postsynaptic membrane in the 

presence of laminins-α4 and -α5 to promote maturation of the end-plate (Nishimune et al., 

2008; Pilgram et al., 2010). These complex protein interactions demonstrate the 

multifaceted network that occurs at the postsynaptic membrane to aid in both maturation 

and stability of the end-plate, which in turn allows for efficient organization of the 

postsynaptic specialties at the NMJ. 

 

Acetylcholine Receptor Maturation 
At developing mammalian NMJs the AChRs comprise of two α-subunits with single β- and 

δ- subunits, in addition to the foetal γ-subunit. During the first two weeks postnatal the γ-

subunit is replaced by the adult ε-subunit (Takai et al., 1985; Gu & Hall, 1988; Horton et 

al., 1993). Within the first two weeks after birth the γ- are gradually replaced by ε-subunits 

however, the signals responsible for this switch have not yet been elucidated (Gu & Hall, 

1988; Martinou & Merlie, 1991; Yumoto et al., 2005). In addition to the developmental 

change in AChR subunit expression, the appearance of AChR end-plate distribution also 

undergoes change with maturation. Prior to muscular innervation (E12-14), AChRs are 

clustered in the centre of the newly formed embryonic fibre (Ziskind-Conhaim & Bennett, 

1982; Creazzo & Sohal, 1983; Lin et al., 2001; Ngo et al., 2007). The clustering of AChRs 

results in increased metabolic stability, with the turnover of AChRs in adult synapses 

34 
 



occurring at approximately 14 days compared to each day at embryonic stage 

(Fambrough et al., 1979). As the muscle develops foetal AChR clusters evolve from 

diffuse oval plaques to mature elongated structures, with invaginated folds containing 

high and low AChR densities (see Figure 1.9) (Lanuza et al., 2002).  

 

The proteins that drive this change in AChR patterning during maturation are yet to be 

fully determined, however it is suggested that the synaptic podosome complexes and 

proteins such as ephexin 1 are crucial for this process (Proszynski et al., 2009; Shi et 

al., 2010; Shi et al., 2012; Proszynski & Sanes, 2013). Laminins-α5 and -β2 co-

localise to the plaque-like AChR end-plate regions at immature NMJs (Proszynski et 

al., 2009). As the NMJ matures perforations appear at the end-plates, giving the 

characteristic pretzel shape (Proszynski et al., 2009). These perforations are formed 

by the presence of synaptic podosomes at the AChR end-plates and coincide with the 

loss of laminin-α5 from these regions (Proszynski et al., 2009). The edges of these 

perforations are ringed by laminins and actin-rich focal adhesion molecules such as 

vinculin. The expression of laminin at the edge of these perforations aids in the 

stabilisation of the AChR end-plates due to laminin interaction with molecules such as 

integrin and dystroglycan (Grady et al., 2000; Nishimune et al., 2008). Thus absence 

of laminins-α5 and -β2 may result in destabilisation of the end-plate and subsequently 

a loss of AChR clustering. In addition to this, signs of fragmentation and disassembly 

of the end-plate are associated with a change in expression of laminin-α4, thus it is 

likely that laminin-α4 interacts with postsynaptic molecules to maintain the integrity of 

the end-plate complex (Samuel et al., 2012). 
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Figure 1.9 Development of Acetylcholine Receptor Clustering Morphology at the Skeletal 
Neuromuscular Junction from Birth to Adulthood 
Synaptic AChR clusters progressively develop from A, diffuse oval plaques with indistinct 

boundaries found at the foetal NMJ to B, elongated oval plaque with development of non-

homogeneity in receptor density. C, Plaques begin to form non-innervated regions showing 

no fluorescence, with the borders of these regions showing higher density of receptors. D, 
Oval AChRs begin to form convoluted external borders with varying receptor densities. AChR 

regions show mature branching patterns with varying degrees of receptor density. E, Regions 

of high AChR density show innervation by nerve terminal branches while other regions are 

not. F, Intercalary growth of axon terminals results in the discontinuous patterning of AChR 

gutters as found in adult animals. Scale bars = 10 μm. Adapted from Lanuza et al. (2002).  
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1.2 Mechanisms of Transmitter Release 
The NMJ possesses a high safety factor, that is, quanta of ACh are released in excess 

to that required to induce an end-plate potential (EPP) greater than the threshold 

required to initiate an action potential (Wood & Slater, 2001). The safety factor of 

transmission at the NMJ varies between fast and slow twitch fibre muscles as seen in 

characteristic differences in neurotransmission properties (Gertler & Robbins, 1978; 

Reid et al., 1999). Differences such as quantal content, AChR density and the degree 

of postsynaptic folding are factors that may contribute to the varied safety factors 

observed between muscle fibre types. A number of protein interactions occur at the 

presynaptic membrane to produce this high safety factor allowing for efficient release of 

transmitter at the NMJ. The release of transmitter is regulated by release machinery 

proteins, which interact with VGCCs to coordinate vesicular trafficking, docking and 

priming, the release of vesicular contents, and membrane retrieval via endocytosis 

(Ceccarelli et al., 1973; Heuser & Reese, 1973; Hurlbut & Ceccarelli, 1973; for review, 

see Zheng & Bobich, 1998; Sudhof, 2004).  

 
Transmitter is released from the nerve terminal in quanta of less than 10,000 molecules 

of ACh, packaged within a single 50 nm diameter synaptic vesicle (Kuffler & Yoshikami, 

1975; Reid et al., 1999). Synaptic vesicles are organised and stored in two distinct 

pools within the presynaptic terminal. The first pool containing the majority of clustered 

vesicles is termed the reserve pool and is located away from the presynaptic 

membrane (approximately 150 nm to 200 nm) yet in close proximity to the active zone 

(Pieribone et al., 1995; Rizzoli & Betz, 2004; Fdez & Hilfiker, 2006). The second distinct 

cluster is referred to as the readily releasable pool. This pool, originally deriving from 

the reserve pool, is closely apposed to the presynaptic terminal membrane (see Figure 

1.10) (Schikorski & Stevens, 2001). The vesicles from the readily releasable pool are 

released first with depleted vesicles being replenished from the stores in the reserve 

pool (for review, see Sudhof, 2004). The size of the reserve pool and consequently the 

number of vesicles held varies among synapses. The size of the pool is related to the 

recycling ability and functional requirements of the terminal, thus high frequency activity 

requires a relatively large reserve pool (Brodin et al., 1997). The regulation of vesicle 

pool size at these clusters allows for control of quantal release from the presynaptic 

terminal. 
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At the matured mouse NMJ there are approximately 850 active zones per terminal, 

each with two docked vesicles (Nagwaney et al., 2009). Thus it may be assumed that 

there are approximately 1700 vesicles that are primed in and stored in the readily 

releasable pool. The same study showed that approximately 3000 quanta are 

released after a 100Hz train of 1 s duration. This value is equal to all vesicles that 

are tethered to active zones, i.e. primary and secondary docked vesicles, and non-

docked vesicles that are attached to active zone material. Vesicle recruitment is 

calcium dependent at a rate of 1 vesicle/ ms-1 (Hosoi et al., 2007; Neher & Sakaba, 

2008) thus vesicle replenishment post high frequency stimulus will be slower due to 

a global decrease in calcium stores (David & Barrett, 2000). The docking of synaptic 

vesicles involves a network of proteins that allow for optimal vesicle positioning to 

facilitate efficient transmitter release. 

 
1.2.1 Synapsin 
Synapsins are a family of phosphoproteins capable of binding to actin filaments and 

synaptic vesicles in a phosphorylation-dependent manner (Petrucci & Morrow, 1987; 

Greengard et al., 1993; Pieribone et al., 1995; Evergren et al., 2007). Studies have 

shown that phosphorylation of synapsin by specific protein kinase(s) can regulate 

their function by altering synapsin affinity for both F-actin and/or synaptic vesicle 

membranes (Jovanovic et al., 1996; Hosaka et al., 1999; Menegon et al., 2006). 

There are three distinct synapsin gene variants generally found in vertebrates; 

synapsin I, II, and III (Hosaka & Sudhof, 1998; Kao et al., 1998; Kao et al., 1999). 

 

Predominantly synapsin I and II are expressed at the synapse (Kao et al., 1998) with 

preferential localisation to the reserve pool (De Camilli et al., 1983; Torritarelli et al., 

1990; Pieribone et al., 1995; Bloom et al., 2003). Deletion of synapsin I results in a 

decrease in synaptic vesicle number and in the size of the reserve pool (Li et al., 

1995; Takei et al., 1995). Ryan et al. (1996) found a diminished number of vesicles 

underwent exocytosis upon nerve stimulation in synapsin I deficient mice. There was 

also a decrease in the dense clustering of synaptic vesicles at the presynaptic 

membrane (Bogen et al., 2006; Hvalby et al., 2006). More recent studies comparing 

wild-type to mice lacking all three forms of synapsin (synapsin I, II, and III)  have 

shown a decrease in synaptic vesicle mobility in addition to the other phenotypes 

observed in single synapsin knockout models (Gaffield & Betz, 2007).  
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1.2.2 Rab3 
Synaptic vesicles are released from the reserve pool and move to active zones at the 

presynaptic terminal membrane. Vesicles then undergo a process termed ‘docking,’ which 

is the initial contact between vesicular proteins and presynaptic membrane proteins. The 

precise docking procedure is a targeted process, with the rab protein family implicated in 

playing a key role. Rab3A is a GTP binding protein that associates with the vesicle 

membrane (see Figure 1.11) (Johnston et al., 1991). This protein is thought to be involved 

in targeting, docking and fusion of vesicles (Nonet et al., 1997). Rab3A deficient mice 

show higher levels of depression during short trains of high frequency stimulation (Geppert 

et al., 1994a; Nonet et al., 1997) while partial depletion of vesicles and a reduction in 

synaptic transmission was seen in Rab3 mutants using C. elegans models. 

 
Rab3-interacting molecule (RIM) is an active zone protein suggested to be the central 

organiser of synaptic vesicle docking due to close association with all other known active 

zone proteins such as CAST and ELKs, as well as its binding to synaptic vesicles via 

Rab3A (detailed in Figure 1.11) (Wang et al., 1997; Wang et al., 2000; Mittelstaedt et al., 

2010; Kaeser et al., 2011). This idea is further supported by studies in mice lacking RIM, 

where defects in vesicle docking and priming have been documented (Koushika et al., 

2001; Castillo et al., 2002; Fourcaudot et al., 2008; Kaeser et al., 2008). A recent study 

has shown that RIM is crucial for the tethering of P/Q- type VGCCs to the active zone, 

through observations in RIM-deficient mice (Kaeser et al., 2011). Similar findings have 

also observed in Drosophila (Graf et al., 2012). Investigators proposed that VGCCs bind 

directly to RIM proteins via a PDZ-domain interaction as well as via an indirect interaction 

through binding of channels via RIM-binding proteins (Hibino et al., 2002). 

 

1.2.3 Soluble N-ethylmaleimide Sensitive Factor Attachment Protein Receptors 
Upon docking at the active zone, synaptic vesicles undergo a priming phase prior to the 

release of neurotransmitter (see Figure 1.10B and insert). The principal proteins involved in 

this process are the SNAREs (soluble N-ethylmaleimide sensitive factor attachment protein 

receptors) (Walker et al., 1998). The SNARE protein complex comprises of the vesicular 

v-SNARE synaptobrevin, and the plasma membrane t-SNAREs, syntaxin 1A and 

synaptosome- associated protein of 25 kDa (SNAP-25), which collectively dock synaptic 

vesicles and mediate fusion events at the presynaptic terminal membrane (see Figure 

1.10, insert) (Sutton et al., 1998; Catterall, 1999; Chen & Scheller, 2001; Jahn & 

Grubmuller, 2002; Kidokoro, 2003). Synaptobrevin, also known as vesicular associated 
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membrane protein (VAMP), binds to both syntaxin 1A and SNAP-25 on the presynaptic 

membrane in a 1:1:1 ratio to form a stable four helix complex, termed the SNARE complex 

(Figure 1.10 insert) (Sollner et al., 1993; Xiao et al., 2001). The SNARE complex draws 

the vesicle into close proximity to the active zones at the presynaptic membrane and 

primes the vesicle for exocytosis (Weber et al., 1998). It has been shown that the SNARE 

complex forms prior to stimulus evoked fusion, therefore suggesting that the complex is 

formed after vesicles have docked but prior to membrane fusion (summarised in Figure 

1.10B- 1.10C and insert) (Xia et al., 2001). 

 

The SNARE complex has also been suggested to interact directly with VGCCs to form 

a VGCC-active zone complex, through binding of intracellular loops of the α1 subunits 

on the channels to syntaxin 1A (see Figure 1.11) (Sheng et al., 1994; Kim & Catterall, 

1997; Xiao et al., 2001; Keith et al., 2007). Alteration of this binding is thought to result 

in modulation of transmitter release. Keith et al. (2007) have demonstrated that 

SNAREs positively modulate VGCCs in the presence of docked vesicles, while 

channels were inhibited in the absence of docked vesicles. These findings would 

suggest that calcium influx is likely to occur through VGCCs with docked vesicles, while 

calcium influx through VGCCs without docked vesicles is minimised. 

 

1.3 Synaptic Vesicle Fusion 
Dodge and Rahamimoff (1967) proposed that calcium binds to a critical receptor site 

in the presynaptic terminal. By measuring the postsynaptic potential at increasing 

calcium concentrations, it was found that calcium triggers transmitter release in a co-

operative manner. The fusion of vesicles occurs within approximately 150 µs after the 

arrival of an action potential and within 60 µs after calcium entry into the terminal 

(Sabatini & Regehr, 1996). It has also been demonstrated that a relatively high 

calcium concentration is required to elicit transmitter release (Uchitel et al., 1992; 

Neher, 1998; Neher & Sakaba, 2008). These findings indicated that the critical 

receptor, or calcium sensor, is localised to the active zones in close proximity to 

VGCCs and demonstrates a low affinity for calcium. One such candidate is 

synaptotagmin. 

 

Synaptotagmin is a vesicle membrane protein belonging to a family of proteins 

possessing two calcium and phospholipid binding domains (C2 domains; C2A and C2B) 

(Perin et al., 1991; Davletov & Sudhof, 1993; Adolfsen & Littleton, 2001). 
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Synaptotagmin has been shown to directly interact with the regulatory proteins 

syntaxin, SNAP-25 and Munc 13 (see Figure 1.11) as well as the α1 subunits of both 

N- and P/Q-type VGCCs (see section 1.1.3) (Sudhof & Rizo, 1996; Charvin et al., 1997; 

Kim & Catterall, 1997; Schiavo et al., 1997). Early studies by Brose and colleagues 

(1992) demonstrated the binding capabilities of synaptotagmin to both Ca2+ and 

phospholipids (Brose et al., 1992). More recently it has been suggested that different 

forms of synaptotagmin will determine the characteristic Ca2+ sensitivity of vesicle 

fusion (Johnson et al., 2010). Numerous studies using synaptotagmin deficient models 

have found diminished calcium-triggered transmitter release, strongly suggesting 

synaptotagmins role as the calcium sensor at the presynaptic terminal (DiAntonio et al., 

1993; Littleton et al., 1993; Nonet et al., 1993; Geppert et al., 1994b). 

 

Deletion of synaptotagmin has also been implicated in the severe reduction in synaptic 

vesicle numbers in C. elegans and Drosophila models suggesting involvement with 

endocytosis (Jorgensen et al., 1995; Reist et al., 1998; Poskanzer et al., 2003). In the 

absence of calcium, synaptotagmin is still capable of binding t-SNAREs via the C2A 

domain (Verona et al., 2000; Rickman & Davletov, 2003), while in high concentrations 

of calcium (100-300 µM), binding interaction to SNARE proteins is enhanced (Gerona 

et al., 2000; Adolfsen & Littleton, 2001). Fernandez-Chacon et al. (2002) showed that a 

point mutation in the C2A domain resulted in a significant decrease in Ca2+ sensitivity of 

transmitter release. Synchronous transmitter release has been abolished in Drosophila 

mutants that do not express any C2 domains (AD4 null) (Yoshihara & Littleton, 2002). 

Mackler et al. (2002) created Drosophila mutants in which the C2B aspartate residues 

were replaced with asparagines. These mutants showed a >95% decrease in evoked 

response at the NMJ. This study suggested that the C2B domain plays a key role as 

the calcium sensing component of synaptotagmin. Together these findings strongly 

support the proposed role of synaptotagmin as a presynaptic calcium sensor and also 

suggest a function in stabilisation of the SNARE complex. Close spatial arrangement of 

VGCCs and syntaxin 1A localises calcium ions to synaptotagmin, which in turn 

potentiates neurotransmitter release (Xiao et al., 2001; Chapman, 2002; Keith et al., 

2007; for review, see Kochubey et al., 2011). 
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Figure 1.10 Proposed Model of the Mechanism of Neurotransmitter Release from a Motor 
Nerve Terminal 
Synaptic vesicles are separated into two functionally distinct pools: the reserve pool 

located distal to the presynaptic membrane and, the releasable pool proximal to the active 

zones at the presynaptic membrane. Vesicles stored in the reserve pool are bound to actin 

filaments via synapsins. Synaptic vesicles are (a) released from reserve pool and targeted 

to the active zone where they undergo (b) docking and priming. Upon nerve terminal 

depolarisation and subsequent influx of Ca2+, the vesicles (c) fuse to the presynaptic 

membrane and exocytose their contents. Emptied vesicles undergo (d) exocytotic retrieval, 
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mediated by a clathrin- and dynamin-dependent pathway. Finally, (e) synaptic vesicle 

recycling which entails uncoating of clathrin and simultaneous uptake of neurotransmitter 

before vesicles are re-clustered in one of the two vesicle pools. Rab and Rab effector 

proteins are involved in multiple events including targeting and docking of SVs. The 

docking, priming and fusion events involve complex interactions between CAZ (see section 

1.3.3) proteins and other active zone proteins; GTP-Rab3 and RIM, Syntaxin-SNAP 25 and 

VAMP and, synaptotagmin with α1 subunits of VGCCs. Insert shows Ca2+ driven synaptic 

vesicle fusion; Ca2+ binding to synaptotagmin results in the latter binding to SNARE 

proteins, bringing synaptobrevin in closer proximity to SNAP-25 and syntaxin.  This 

complex undergoes Ca2+ dependent oligomerisation resulting in the formation of the fusion 

pore. Synaptotagmin then also undergoes oligomerisation that favours the complete 

collapse of the vesicle membrane into the presynaptic membrane.  Figure adapted from 

Haucke et al. (2011), insert from Koh and Bellen (2003).  
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1.3.1 Regulating Proteins 
The release machinery proteins described previously (see section 1.2) are the 

primary effectors of vesicular trafficking, docking and priming, and the release of 

vesicular contents. There are several regulatory proteins present in the presynaptic 

terminal capable of modulating the release machinery proteins, namely the SNARE 

complex, which subsequently results in altered transmitter release. The regulatory 

proteins of key interest are: Munc13 and Munc18 which bind to syntaxin 1A; 

synaptophysin which binds to VAMP; and SV2 which binds to the calcium sensor 

synaptotagmin (Schivell et al., 1996; Bean & Scheller, 1997; Betz et al., 1997). 

Genetic deletion of either Munc13 or Munc18 results in severe deficits in transmitter 

release, suggesting that they play a role in positioning syntaxin 1A at the docking 

complex as well as possibly resetting syntaxin 1A on the presynaptic membrane 

after vesicle fusion (Hosono & Kamiya, 1991; Hosono et al., 1992; Augustin et al., 

1999; Varoqueaux et al., 2002). Synaptophysin is a synaptic vesicle glycoprotein 

that binds to VAMP. This binding has been suggested to prevent the association of 

VAMP with syntaxin and SNAP-25 on the vesicle membrane (Walchsolimena et al., 

1995). The transmembrane synaptic vesicle associated protein (SV2) is found in 

large abundance within synaptic vesicles (Janz et al., 1998).  The exact role of SV2 

in transmitter release is not certain, however Pyle et al. (2000) found that the 

phosphorylation of SV2 alters its binding ability to synaptotagmin. This finding 

supported early suggestions that SV2 may act as a calcium dependent regulator of 

release machinery proteins (Crowder et al., 1999; Janz et al., 1999). 

 

1.3.2 Cytomatrix at the Active Zone proteins 
In addition to the above proteins concentrated at presynaptic release sites (active 

zones), there are a number of other relatively large proteins collectively termed 

cytomatrix active zone (CAZ) proteins, which have been suggested to associate with 

the above release machinery proteins. However, the exact mechanisms by which 

they regulate the function of the active zone remain unclear (Juranek et al., 2006). 

The key CAZ proteins include: Bassoon, Piccolo, ELKS and cytomatrix at the active 

zone-associated structural protein (CAST) (see Figure 1.11). Bassoon and Piccolo 

are structurally homologous with the later possessing additional PDZ and C2 

domains (Dieck et al., 1998; Fenster et al., 2000; Schoch & Gundelfinger, 2006). 

Both these proteins bind to the Rab3A- associated protein-1 (Pra1), thus suggesting 

a role in regulation of vesicular trafficking (Shapira et al., 2003; Takao-Rikitsu et al., 
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2004). It has recently been established that CAST and ELKS are of the same protein 

family (Wang et al., 2002; Deguchi-Tawarada et al., 2004; Deguchi-Tawarada et al., 

2006). Ohtsuka et al. (2002) have shown that all currently known active zone 

proteins are co-immunoprecipitated with CAST, suggesting a coherent network of 

protein-protein interactions within the active zone region. The direct interaction of 

CAST to bassoon and RIM1 is essential for efficient transmitter release (Hida & 

Ohtsuka, 2010). Disruption of this complex network of regulatory proteins can 

detrimentally affect the release of neurotransmitter at the NMJ. 
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Figure 1.11 Network of Protein-Protein Interactions within the Active Zone Cytomatrix 
A number of key proteins within the cytomatrix associate with release machinery proteins 

at the active zone, termed the CAZ proteins. Cytomatrix at the active zone-associated 

structural protein (CAST) and ELKs act as a scaffold by binding to the structurally 

homologous proteins, Bassoon and Piccolo. The COOH -terminal IWA motif of CAST and 

ELKs binds to the PDZ domain of RIM1. RIM1 binds directly to Munc13-1 via zinc-finger 

domain, which in turn associates with syntaxin 1A. The syntaxin 1A protein is a major 

component of the SNARE complex, which is critical in the release of neurotransmitter 

from the presynaptic terminal. The regulatory proteins, SNAP-25 and synaptobrevin 

(VAMP), associate with Syntaxin 1A and synaptotagmin to interact with the CAZ proteins 

to modulate docking, priming and fusion events. 

 

 

 
46 

 



1.4 Rationale 
Previous studies have shown that laminins α4, β2, and γ1 play a critical role in 

development and organisation of the mouse NMJ. There is now growing evidence 

linking the loss or mutation of specific laminin chains in a wide array of human 

disorders associated with defects in basal lamina membrane assembly and 

composition. These disorders include; MDC1A congenital muscular dystrophy, a 

disorder attributed to mutations in the basal membrane and extracellular matrix at the 

synapse involving the loss of laminins-α2 and β2 (Helbling-Leclerc et al., 1995; Cohn et 

al., 1997; Cohn et al., 1998); and Pierson syndrome, a disorder characterised by 

congenital nephrosis and ocular defects attributed to mutations in genes coding for 

laminin-β2 (Zenker et al., 2004; Zenker et al., 2005). Recent study by Liu and 

colleagues (2011) on human amyotrophic lateral sclerosis (ALS) donors observed a 

wide array of changes in laminin expression. The study found a loss of laminins-α2 and 

-β2 from extra-ocular muscles of ALS patients as well as a dramatic decrease in 

expression at limb muscle fibres and the NMJs. Laminin-α4 was found normally 

expressed at extra-ocular muscles with severely decreased expression at the limb 

muscles of ALS donors. The pathogenesis of these disorders is influenced by the 

destabilisation of matrix integrity, and the loss of receptor and ligand interactions. The 

continued investigation of these laminins will help elucidate their role in spatial 

organisation and maintenance of the developing and mature NMJs. Study of laminin 

function may also provide insights into the basis of auto-immune diseases such as 

Lambert- Eaton myasthenic syndrome (Fukuoka et al., 1987). This disease causes 

impaired neuromuscular function as a result of auto-immune attack on the extracellular 

loops of VGCCs, which consequently prevents the binding of laminin-β2 to calcium 

channels (Fukuoka et al., 1987; Nishimune et al., 2004). Changes in laminin-α4 

expression have recently been associated with ageing NMJs and therefore are thought 

to play a maintenance role at the NMJ (Samuel et al., 2012). At present, study of 

laminin-α4 has focused solely on characterising the molecular perturbations resulting 

from the loss of laminin-α4. The functional consequences for neurotransmission, 

stemming from the loss of laminin-α4, have not yet been investigated. The findings of 

this study may also provide insight in identifying pharmacological targets that may 

improve synaptic connections, and promote re-establishment of connections between 

motor nerves and muscle in the numerous nervous system diseases involving the loss 

of synaptic connections as well as those attributed to mutations in laminin chains.  
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1.5 Overall Aims 
1. To evaluate the involvement of VGCCs subtype/s in transmitter release at 

developing (postnatal day 8) and mature (postnatal day 18) neuromuscular 

junctions in mice lacking laminin-β2. 

 

2. To investigate the properties of perisynaptic Schwann cell activity at the mature 

neuromuscular junction of laminin-β2 deficient mice. 

 

3. To functionally investigate neurotransmission properties at developing (postnatal 

day 8) and mature (postnatal day 18) neuromuscular junctions of laminin-α4 

deficient mice. 

 

1.6 Overall Hypotheses 
1. a) Lamb2-/- mice would present similar VGCC subtype distribution as wild-type mice 

at the developing (P8) NMJ. 
 

b) Lamb2-/- mice would present NMJs with altered VGCC dependence and 

distribution of channel subtypes with respect to wild-types at the mature (P18) NMJ. 

• Loss of laminin-β2 will result in maintained presence of N-type VGCCs 

and decreased P/Q- type channel expression compared to wild-type 

NMJs.  

• N-type VGCCs will become the primary regulator of transmitter release at 

laminin-β2 deficient NMJs.  

 
2. a) Loss of laminin-β2 would result in altered PSC activity with properties phenotypic 

of immature Schwann cells at NMJs of P14 lamb2-/- mice. 
 

b) PSCs would maintain dependence on immature signaling receptor subtype with 

decreased cell response to stimuli at lamb2-/- NMJs. 
 

c) PSCs would demonstrate decreased ability to modulate high frequency synaptic 

transmission at lamb2-/- NMJs. 

 

3. a) Lama4-/- mice would display functional disruptions in neurotransmission 

properties compared to wild-type NMJs at both developing (P8) and mature (P18) 

age groups. 
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General methodology  
This chapter outlines the general methodology used throughout this thesis. Each method 

is described here in length; however any specific details pertaining to particular 

experiments are described in depth in their respective chapters. 

 

2.1 Animals  
The present study utilised wild-type mice (with two normal copies of all laminin genes) and 

homozygous mutant mice (with no normal copies of laminin-α4 or -β2 genes). Mice were 

obtained from the mating of heterozygous males and females, which were maintained on a 

defined C57BL/6-129SvJ genetic background. All mice had been backcrossed for over ten 

generations, thus all mice are C57BL/6 with the mutated locus being 129-SvJ (i.e. 

recombinant strain). The day of birth was termed postnatal day zero (Theiler, 1989). 

Identification of wild-type and homozygote mice was established by using a DNA tail assay 

(Hanley and Merlie, 1991, Noakes et al., 1995a). All wild-type and mutant mice used in this 

study were age-matched littermates for postnatal days 8 or 18 for investigations in 

Chapters 3 & 5 and, postnatal day 14 for the Schwann cell study of Chapter 4. Mice were 

anaesthetised with a rising concentration of carbon dioxide and then killed by cervical 

dislocation. The University of Queensland Animal Care and Ethics Committee approved all 

procedures undertaken (Ethics number 152/12) and were in accordance with the 

Queensland Government Animal Research Act 200, associated Animal Care and 

Protection Regulations (2002 and 2008), as well as the Australian Code for the Care and 

Use of Animals for Scientific Purposes, 8th Edition (National Health and Medical Research 

Council, 2013). 

 

2.2 Functional Investigation of Neuromuscular Junctions from mice lacking either 
Laminin-α4 or Laminin-β2 
2.2.1 Tissue Preparation 
Whole mouse diaphragms with intact phrenic nerves were dissected free and pinned to a 

bed of cured silicone rubber (Sylgard, Dow Corning Corp., MI, USA) at the bottom of a 

3mL organ bath (see Figure 2.1A). For functional study of laminin-α4 mutants (Chapter 5), 

extensor digitorum longus (EDL) and soleus with associated innervating nerves was also 

dissected free (see Figure 2.1B and 2.1C for respective muscle pinning). The extracted 

muscles were immersed in Tyrode’s solution (NaCl 123.4 mM; KCl 4.7mM; MgCl2 1.0 mM; 

NaH2PO4 1.3 mM; NaHCO3 16.3 mM; CaCl2 0.3 mM; and D-glucose 7.8 mM). Remaining 

connective tissue was removed from the surface to allow easier manipulation of the 
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innervating nerve and piercing of muscle fibres. The bath was continuously perfused with 

Tyrode’s at a rate of 2-3mL per minute, at a constant room temperature of 22±20C. The 

reservoir supplying the bath was continuously gassed with 95% O2 and 5% CO2. All 

chemicals unless specified were sourced from Sigma Aldrich (St. Louis, MO, USA). 

 

2.2.2 Stimulation Protocol  
The freed nerve, innervating the hemi-diaphragm, was gently sucked into a glass pipette 

filled with Tyrode’s solution. The pipette acted as a stimulating electrode utilizing two silver 

chloride wires, one passing within the pipette as a positive electrode and the other 

wrapped around the outside as the negative electrode. A Grass Instruments stimulator 

(SD48) (Natus Neurology Inc., RI, USA) was used to apply square wave pulses of 0.08ms 

duration and 10-20 volts strength at a frequency of 0.08-0.1Hz.  

 

2.2.3 Intracellular Electrophysiological Recordings  
Fine tipped intracellular glass recording electrode (40 to 60 MΩ) filled with 2 M KCl were 

used to record end plate potentials (EPPs), miniature end plate potentials (MEPPs) and 

resting membrane potentials (RMPs) in low calcium concentrations (0.3mM). Recorded 

signals were amplified using an Axoclamp 2B amplifier with a single head stage (Molecular 

Devices, CA, USA) and then digitised to 20- 40 kHz sampling rate using MacLab system 

and Scope software (version 3.5.5, A/D Instruments, CO, USA). The digitised data was 

stored digitally for later analysis.  

 

Muscular action potentials were prevented by partially blocking nicotinic acetylcholine 

receptors with 2.5 μM d-tubocurarine (Sigma Aldrich), when necessary. The electrode was 

positioned within 0.5mm of the motor end-plate. Proximity to end plate region was confirmed 

through analysis of EPP and MEPP rise times, with sites presenting rise times greater than 

1.5 ms being rejected for wild-type and values greater than 2 ms rejected for laminin 

knockouts. Initial resting membrane potential values ranged between 75-85 mV and 60-80 mV 

for wild-type and laminin mutants respectively. The RMP underwent gradual decrease to a 

steady value between 55- 65 mV. The recordings were terminated if the RMP fluctuates by 

more than 10% from these steady values. At least 100 EPPs and 30 MEPPs were recorded 

for each NMJ under basal conditions. 
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2.2.4 Extracellular Electrophysiological Recordings  
Coarse microelectrodes (2-10 μm diameter) filled with Tyrode’s solution was used for 

extracellular recordings of the nerve terminal impulse (NTI), end-plate currents (EPCs) and 

miniature end-plate currents (MEPCs). Recorded signals were amplified as explained for 

intracellular electrophysiological recordings (see above 2.2.3). The electrode position was 

manipulated until the rise times of both EPCs and MEPCs was less than 1ms. The 

frequency of EPCs and MEPCs was monitored as the microelectrode is lowered, as 

electrode pressure is known to give rise to increased frequency of spontaneous activity 

(Fatt & Katz, 1952; Bennett et al., 1986a; Bennett et al., 1986b). After a site was located, 

the stimulus was halted for a five-minute period before commencing recording of MEPCs 

and EPCs. Five to six NMJ sites were selected from each muscle preparation with at least 

30 MEPCs and 100– 200 stimulations recorded at each site.  

 

2.2.5 Toxin Preparation and Application 
The use of VGCC specific toxins as a tool to evaluate the contribution of VGCC subtypes 

in mediating transmitter release is well established (Kasai et al., 1987; Llinas et al., 1989; 

Hillyard et al., 1992; Katz et al., 1996; Iwasaki et al., 2000; Santafe et al., 2001; Pardo et 

al., 2006; Depetris et al., 2008). Here, the toxins ω-CTX GVIA and ω-AGA IVA were used 

to elucidate the VGCC subtypes present and involved in mediation of transmitter release 

at both, wild-type and lamb2-/- NMJs during development. Toxins were prepared as stock 

solutions dissolved in distilled water with ω-CTX GVIA as 0.5 mM stocks and ω-AGA IVA 

as 100 μM stocks, and stored at -200C (Regehr & Mintz, 1994). The concentration of these 

toxins varies considerably in literature (ω-CTX GVIA; 1-5 μM, ω-AGA IVA; 30-200 ηM), 

primarily due to preparations investigated ranging from neuronal cells, and neonatal to 

adult rodent skeletal muscle (Protti & Uchitel, 1993; Katz et al., 1996; Plomp et al., 2003; 

Depetris et al., 2008). This study required a suitable concentration to be selected given the 

age groups investigated and the focus on observing the developmental switch from N- to 

P/Q-type VGCC mediation in transmitter release. The toxin concentrations selected for use 

in this protocol were 50 ηM ω-Aga IVA and 100 ηM ω-CgTx GVIA, similar to prior studies 

investigating VGCC mediation of NMJ transmission (Rosato-Siri et al., 2002; Depetris et 

al., 2008). 

 

Once a stable site was found and control recordings taken, the stimulus was ceased for 

twenty minutes to allow vesicle replenishment. During this period the perfusion of the bath 

with Tyrode’s solution was also halted to allow toxin incubation. The muscle preparation 
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was continuously oxygenated during incubation. A single VGCC specific toxin was applied 

directly to the 3mL organ bath with the tissue left to incubate during this twenty minute 

period (Protti & Uchitel, 1993). After the incubation period the stimulus commenced and 

recordings taken for a further twenty minutes at the same site as control recordings were 

taken. Upon completion of the first toxin phase the stimulus was again stopped for a 

further twenty minutes. The second VGCC specific toxin was then added during this time 

and left to incubate for a further twenty minutes. After incubation the stimulus will once 

again commence and recordings of the second toxin phase taken for twenty minutes. 

Toxin administration order was randomised in order to observe the effects of each VGCC 

specific toxin on the NMJ of wild-type and lamb2-/- deficient mice.  

 
2.2.6 Cryosectioned Immunohistochemistry 
Extensor digitorum longus (EDL) muscle was dissected free from wild-type and mutant 

mice. Tissue was fixed with 4% paraformaldehyde in 0.1 M phosphate buffered saline pH 

7.4 (PBS) at room temperature for 30 minutes, and then washed 3 x 10 minutes with 0.1% 

glycine in PBS. Muscles were then immersed in 15% sucrose in PBS overnight followed by 

30% sucrose in PBS overnight. The muscles were embedded in Tissue-Tek® optimal 

cutting temperature compound (Sakura Finetek, Torrance, CA, USA) and snap frozen in 

liquid nitrogen. The frozen muscles were sectioned longitudinally at 30 µm using a 

Cryostat.  

 

Immunofluorescence double labelling was performed to localise molecular components at 

the presynaptic nerve terminal, see each Chapter 3 for details regarding antibody dilutions. 

These presynaptic components were immunolocalised with antibodies with respect to 

postsynaptic acetylcholine receptors (AChRs) labelled with Alexa Fluor-555-conjugated α-

bungarotoxin (αBTX), at the NMJ. Cryosections were blocked in PBS containing 2% 

bovine serum albumin (BSA), 2% goat serum with 0.1- 0.2% TX-100 for 30 minutes at 

room temperature. All primary antibodies were diluted in PBS containing 2% BSA and 

0.1% TX-100 or 2% BSA and 0.2% TX-100. EDL cryosections were then washed 3 x 10 

minutes with PBS prior to incubation with appropriate Alexa Fluor 488-conjugated 

secondary antibodies (Molecular Probes, Invitrogen, Eugene OR, USA) in combination 

with Alexa Fluor 555-conjugated αBTX (Molecular Probes , Invitrogen) at room 

temperature for 2 hours. Sections were then washed with PBS and mounted in Prolong 

Gold anti-fade reagent (Molecular Probes, Invitrogen) and cover-slipped. 
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2.2.7 Wholemount Immunohistochemistry 
Muscles were dissected free from wild-type and lama4-/- mice at P18. The muscles were 

incubated with Alexa Fluor 555 α-bungarotoxin (αBTX) for 30 minutes followed by washing 

with Tyrode solution. The tissues were then fixed with 2% paraformaldehyde in 0.1 M 

phosphate buffered saline, pH 7.4 (PBS) at room temperature for 20 minutes followed by 

consecutive washing with PBS. Immunofluorescence double staining was performed to 

determine the localisation and distribution of presynaptic components with respect to 

postsynaptic AChRs in diaphragm muscles (see Chapter 5 for antibody details). The fixed 

diaphragm and EDL muscles were blocked with PBS containing 2% bovine serum albumin 

(BSA), 2% goat serum and 0.5% Triton X-100 (TX-100). The tissues were rinsed with 

0.5% TX-100 prior to incubation with the appropriate Alexa Fluor 488-conjugated 

secondary antibodies (Molecular Probes, Invitrogen, Eugene OR, USA) at 40C for 5 hours. 

The tissues were then washed with PBS, mounted in Prolong Gold anti-fade reagent 

(Molecular Probes, Invitrogen) and cover-slipped. 
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Figure 2.1 Muscle Preparation and Electrophysiological Setup 
A, hemi-diaphragm, B, extensor digitorum longus (EDL), and C, soleus preparations with 

intact innervating nerves (yellow arrows) were dissected free and pinned to the Sylgard-

coated recording chamber (D2). Tissue was stretched and pinned to allow visualisation of 

the nerve branching by light intensifying camera (D3). Connective tissue was excised 

from the preparations to permit clean electrode piercing during electrophysiology. The 

electrode manipulator (D4) allowed for positioning of the recording electrode to obtain 

suitable end-plate recordings. Innervating nerves were sucked into glass stimulating 

electrodes and stimulus patterns applied according to experimental protocol described. 

Tyrode’s solution flows from the reservoir (D1) to the organ bath set-up (2). This allowed 

tissue to be continuously bathed.  
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2.3 Investigation of Perisynaptic Schwann Cell activity at Neuromuscular 
Junctions from mice lacking Laminin-β2 
2.3.1 Tissue Preparation  
The soleus muscle with innervating nerve were dissected free under oxygenated 

(95% O2, 5% CO2) Rees’ Ringer’s solution (in mM): 110 NaCl, 5 KCl, 1 MgCl2, 25 

NaHCO3, 2 CaCl2, 11 glucose, 0.3 glutamate, 0.4 glutamine, 5 BES, 0.036 choline 

chloride, and 4.34 x 10-7 thiamine pyrophosphate. The extracted soleus were pinned 

to the bottom of a Sylgard-coated recording chamber and innervating nerve 

stimulated by a suction-stimulating electrode (square wave pulses; 0.2mV-5.0V, 0.1 

ms duration) using a Grass Instruments stimulator (SD48) coupled to a Grass 

stimulus isolator (SIU5). 

 
2.3.2 Electrophysiological Recordings of Synaptic Transmission  
Intracellular recordings of end-plate potentials (EPPs) were performed at room 

temperature using sharp glass microelectrodes (40 to 60 MΩ) filled with 2 M KCl. 

Proximity to end-plate regions was confirmed through analysis of EPP and MEPP rise 

times, sites with rise times greater than 1.5 ms were rejected for wild-type mice and 

times greater than 2 ms rejected for mutant mice. During recordings the initial resting 

membrane potential (RMP) values were in the range of 70- 85 mV with these values 

undergoing a gradual decrease to steady values between 45- 60 mV. Recordings 

were terminated if the RMP fluctuated by more than 10 % from the steady values. 

Recorded signals were amplified using an Axoclamp 2B amplifier (Axon Instruments) 

and digitised to 20 kHz sampling rate using MacLab system and Scope software 

(Version 3.5.5, ADInstruments). The neurotransmission properties of each NMJ were 

determined by measuring their respective basal quantal content, and post tetanic 

facilitation after high frequency stimuli (50 Hz for 20 s). These were determined using 

a modified Ringer’s solution with low Ca2+ (1 mM)/high Mg2+ (6–7 mM) solution. The 

innervating nerve was stimulated at a frequency of 0.2 Hz with an intensity that was 

twice the threshold for eliciting EPPs. Quantal content (𝑚�) was determined using 

method of failures (Del Castillo & Katz, 1954):  𝑚�  = loge (number of stimuli/number of 

failures). 
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2.3.3 Ca2+ Imaging of Perisynaptic Schwann Cells 
For calcium imaging of the perisynaptic Schwann Cells (PSCs), the extracted soleus 

muscle and intact innervating nerve were pinned to a Sylgard-coated chamber. The tissue 

was immersed in Ringer’s solution and oxygenated with 95% O2 and 5% CO2, as 

described previously. Muscle preparations were incubated in oxygenated Ringer’s solution 

containing 2mM fluo-4 AM (Invitrogen Inc., NY, USA), 0.02% pluronic acid (Sigma Aldrich), 

and 1% DMSO (Sigma Aldrich). Following the loading period of forty minutes, tissue was 

perfused with standard Ringer’s solution for twenty minutes. The innervating nerve was 

gently sucked into a stimulating electrode. Stimulus will be set at twice the threshold level 

to initiate a visible muscle contraction (Grass Instruments stimulator, SD48) with a 

frequency of 50Hz for continuous trains of 20 seconds. For imaging purposes muscular 

contractions will be prevented by partial blocking of nicotinic receptors using 60 μM α-

bungarotoxin (Sigma Aldrich).  

 

Tissue was imaged using a Zeiss LSM 510 upright confocal microscope. Excitation of fluo-

4 AM was through the use of the 488nm line of an argon laser. Light microscopy with a 

40x water immersion objective (Zeiss, BW, Germany) was used for localisation of NMJs. 

Changes in fluorescence of PSCs were measured and expressed as: 
 

% ΔF/ F = (F − Frest)/ Frest × 100 
 

In order to standardise across experiments basal fluorescence values were maintained 

between ranges of 20- 30 pixel intensity values. Experimentation hardware settings were 

also standardised with offset values between 4.9 and 5.1, and the gain set between 8 and 

9. The PSCs were considered responsive when the response amplitude was greater than 

5 pixel intensity above resting levels.  
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CHAPTER 3 
 

Loss of β2-Laminin Alters Calcium Sensitivity 

and Voltage Gated Calcium Channel Maturation 

of Neurotransmission at the Neuromuscular 

Junction 
 
Chand, K.K., Lee, KM., Schenning, M.P., Lavidis, N.A., and Noakes, P.G. (2014)  

Loss of β2-laminin Alters Calcium Sensitivity and Voltage Gated Calcium Channel 

Maturation of Neurotransmission at the Neuromuscular Junction. J Physiol. DOI: 

10.1113/jphysiol.2014.284133 Incorporated as Chapter 3. 
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ABSTRACT 
Laminin-β2 is a key mediator in the differentiation and formation of the skeletal 

neuromuscular junction. Loss of laminin-β2 results in significant structural and functional 

aberrations such as decreased number of active zones and reduced spontaneous release 

of transmitter. In-vitro laminin-β2 has been shown to bind directly to the pore forming 

subunit of P/Q-type voltage gated calcium channels (VGCCs). Neurotransmission is 

initially mediated by N-type VGCCs, but by postnatal day 18 switches to P/Q-type VGCC 

dominance. The present study investigated the changes in neurotransmission in mice 

during the switch from N- to P/Q-type VGCC mediated transmitter release at laminin-β2 

deficient junctions. Analysis of the relationship between quantal content and extracellular 

calcium concentrations demonstrated a decrease in the calcium sensitivity, but no change 

in calcium dependence at laminin-β2 deficient junctions. Electrophysiological studies on 

VGCC sub-types involved in transmitter release indicate N-type VGCCs remain the 

primary mediator of transmitter release at matured laminin-β2 deficient junctions. 

Immunohistochemical analyses displayed irregularly shaped and immature laminin-β2 

deficient neuromuscular junctions when compared to matured wild-type junctions. Laminin-

β2 deficient junctions also maintained presence of N-type VGCC clustering within the 

presynaptic membrane, which supported the functional findings of the present study. We 

conclude that laminin-β2 is a key regulator in development of the NMJ, with its loss 

resulting in reduced transmitter release due to decreased calcium sensitivity stemming 

from a failure to switch from N- to P/Q-type VGCC mediated synaptic transmission.  
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3.1 INTRODUCTION 
The precise alignment of pre- and postsynaptic elements of the neuromuscular junction 

(NMJ) facilitates efficient and rapid neurotransmission between motor nerve terminals and 

muscle fibres. Formation of this specialised synapse relies upon an intricate bi-directional 

exchange of signalling between motor nerve terminals and target muscle fibres during 

development (Sanes & Lichtman, 1999; Li et al., 2008; Ghazanfari et al., 2011). Numerous 

molecules are involved in these signalling processes during specific stages of 

development. Signalling and adhesion proteins located within the basal lamina, in 

particular the laminin protein family, are capable of influencing development and 

organisation of the NMJ. Laminin-β2 chain is present in each of the three synapse specific 

isoforms; laminin-221 (α2β2γ1), laminin-421 (α4β2γ1), and laminin-521 (α5β2γ1) (Patton 

et al., 1997; Aumailley et al., 2005). 

 

Laminin-β2 is capable of inducing differentiation by regulating the maintenance of active 

zone components, the assembly of synaptic vesicles in close proximity to active zones, 

and prevents Schwann cell processes from invading the synaptic cleft (Noakes et al., 

1995a; Cho et al., 1998; Patton et al., 1998; Knight et al., 2003; Nishimune et al., 2004; 

Nishimune, 2012). The interaction between laminin-421 and presynaptic voltage gated 

calcium channels (VGCCs) enables precise alignment of the synaptic components 

(Sunderland et al., 2000; Patton et al., 2001; Carlson et al., 2010). Sanes and colleagues 

have revealed a direct interaction between laminin-β2 and P/Q-type VGCCs (Sunderland 

et al., 2000; Nishimune et al., 2004). It was also shown that laminin-β2 displayed 

preference to VGCC subunits involved with neurotransmitter release. Beads coated in 

laminin-β2 were capable of binding to cells expressing Cav2.1 (P/Q-type VGCCs) and 

Cav2.2 (N-type VGCCs) but displayed poor binding to Cav2.3 (R-type VGCCs), while 

beads coated in laminin-β1 did not show binding capabilities to any of the Cav subunits 

investigated (Nishimune et al., 2004). These findings strongly indicate a direct interaction 

between laminin-β2 and VGCCs that appears to be necessary for the development of a 

structurally and functionally mature NMJ. 

 

Depolarisation of the nerve terminal results in calcium influx into the terminal via VGCCs, 

which then triggers neurotransmitter release (Augustine & Charlton, 1986; Hughes et al., 

2006). The primary VGCCs involved with neurotransmission at the skeletal NMJ are N-

type and P/Q-type. Both N- and P/Q- type VGCCs are present and involved with the 

mediation of transmission during the early stages of development, at approximately 
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postnatal day eight (P8) in mouse models (Rosato-Siri & Uchitel, 1999; Santafe et al., 

2001; Rosato-Siri et al., 2002; Nudler et al., 2003). As the synapse matures, at 

approximately postnatal day fourteen (P14) (Uchitel et al., 1992), P/Q-type VGCCs 

become the dominant mediators of neurotransmitter release (Bowersox et al., 1995; Katz 

et al., 1996; Rosato-Siri et al., 2002; Urbano et al., 2002), while N-type are suggested to 

take on a supporting role in regulating feedback and fine-tuned calcium influx. Thus 

alterations in VGCC sub-type or number may result in significant aberrations in the release 

of transmitter at the NMJ. 

 

Loss of laminin-β2 results in severely perturbed neurotransmission with a 15- fold 

decrease in frequency of spontaneous transmitter release but not in amplitude (Noakes et 

al., 1995a), and a 50% reduction in evoked neurotransmitter release (Knight et al., 2003) 

when compared to wild-type NMJs. The causative factors presently attributed to the large 

reduction in quantal release observed in laminin-β2 deficient NMJs are; reduced number of 

active zones and synaptic vesicles, smaller terminal profiles, reduced nerve-muscle 

opposition, and invasion of Schwann cell processes into the synaptic cleft (Noakes et al., 

1995a; Patton et al., 1998; Knight et al., 2003). Here we propose that altered influx of 

calcium ions may contribute to the observed decrease in neurotransmission. To test this 

idea, we examined calcium co-operativity of NMJ synaptic transmission in mice lacking 

laminin-β2, compared to age-matched control mice. We also functionally determined the 

contribution, and distributions of VGCCs involved in the release of neurotransmitter at 

developing and mature NMJs of laminin-β2 deficient and control mice. 

 
3.2 METHODS 
3.2.1 Ethics Approval  
The University of Queensland Animal Care and Ethics Committee approved all procedures 

undertaken (Ethics number 152/12) and were in accordance with the Queensland 

Government Animal Research Act 2000, associated Animal Care and Protection 

Regulations (2002 and 2008), as well as the Australian Code for the Care and Use of 

Animals for Scientific Purposes, 8th Edition (National Health and Medical Research 

Council, 2013).  

 
3.2.2 Animals  
Wild-type mice (with two normal copies of all laminin genes) and homozygous mutant mice 

(with no normal copies of the LAMB2 gene) were used in this investigation. Mice were 
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obtained from the mating of heterozygous males and females and maintained on a 

defined C57BL/6-129SvJ genetic background. Animals were genotyped using a tail tip 

DNA tail assay (Hanley & Merlie, 1991). Mice used in this study were age-matched 

littermates for postnatal days 8, 16-18 of either sex. Mice were anaesthetised with 

rising concentrations of carbon dioxide and then killed by cervical dislocation. A 

minimum of five litter-matched pairs was used at each age group for electrophysiology 

and histological procedures detailed below. All reagents unless specified were supplied 

by Sigma Chemicals Australia.  

 
3.2.3 Electrophysiology 
Tissue Preparation  
Mouse diaphragm muscles with intact phrenic nerves were dissected free and pinned 

to the bottom of a Sylgard-coated recording chamber. The preparation was perfused at 

a rate of 3 mL min-1 with Tyrode’s solution (composition (mM): NaCl 123.4; KCl 4.7; 

NaH2PO4 1.3; NaHCO3 16.3; MgCl2 1.0; glucose 7.8; CaCl2 0.1 - 0.3; pH 7.3). The 

reservoir supplying the bath was continuously gassed with 95% O2 and 5% CO2 and 

maintained at room temperature 22 ± 20C.  

 

Electrical Stimulation  
The phrenic nerve supplying one hemi-diaphragm was sucked into a glass pipette filled 

with Tyrode’s solution. This pipette acted as a stimulating electrode utilising two silver 

chloride wires, one passing within the pipette as a positive electrode and the other 

outside as the negative electrode. The phrenic nerve was stimulated with square wave 

pulses of 10-20 V intensity, 0.08 ms duration at a frequency of 0.2 Hz, using a Grass 

Instruments stimulator (SD48) coupled to a Grass stimulus isolator (SIU5). 

 

Extracellular Recordings 

Extracellular recordings of nerve terminal impulses (NTI), end-plate currents (EPCs) 

and miniature end-plate currents (MEPCs) were obtained, as previously described 

(Knight et al., 2003).  In brief, coarse glass micropipettes (~2-10 µm in diameter) filled 

with Tyrode’s solution were positioned on the surface of muscle fibres until sharp rise 

times of less than 1 ms were detected for both EPCs and MEPCs. The frequency of 

EPCs and MEPCs were carefully monitored while the electrode was lowered as 

electrode pressure may give rise to increased frequency of spontaneous activity (Fatt & 

Katz, 1952; Bennett et al., 1986a; Bennett et al., 1986b). After a recording site was 
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located, the stimulus was ceased for a five-minute period before commencing 

recordings of EPCs and MEPCs. This allowed for replenishment of vesicular pools at 

the nerve terminals. Five to six recording sites were selected from each muscle 

preparation with 100-200 stimulations and at least 30 MEPCs recorded at each site. 

Extracellular recordings were used to determine quantal content, calcium dependence 

and paired pulse facilitation. 

 

Calcium Dependence 

Quantal content (𝑚�) was investigated at 0.1, 0.2 and 0.3 mM [Ca2+]o. Tissue was 

perfused for forty-five minutes between each change in [Ca2+]o and recording of 

electrophysiological data. Eleven wild-type and seventeen laminin-β2 deficient mice 

were examined aged between P16-P18. Calcium dependence was calculated by 

plotting quantal content against [Ca2+]o on double logarithmic coordinates. The 

resulting slope of the curve represents the power relationship (r), which was 

calculated using linear regression and represents the co-operativity of transmitter 

release. We further tested the calcium dependence of P18 wild-type NMJs (n = 5) by 

selectively blocking P/Q-type VGCCs. Dissected wild-type muscles were incubated for 

forty-minutes with ω-Agatoxin IVA (ω-Aga IVA) (50 nM) at each of the three [Ca2+]o 

before electrophysiological studies were performed. 

 

Paired Pulse Facilitation 

The facilitation of wild-type and mutant NMJs was investigated by applying twin 

pulses at 10, 20, 40 ms delays with Tyrode’s solution containing 0.3 mM [Ca2+] and 1 

mM [Mg2+] and 10 ms delay in 0.6 mM [Ca2+] and 3 mM [Mg2+] Tyrode’s . The amount 

of facilitation was evaluated using the facilitation index (fi): fi = A2/A1 where A2 is the 

average of the EPP amplitudes elicited by the second stimulus and A1 is the average 

of the EPP amplitudes elicited by the first stimulus (Rosato-Siri et al., 2002). A total of 

six wild-type and ten laminin-β2 deficient mice aged between P16-P18 were studied 

for low [Ca2+]/high [Mg2+] conditions, and five wild-type and six mutants at the high 

[Ca2+]/high [Mg2+] condition. 
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Intracellular Recordings  
Recordings were performed as per our previous study (Knight et al., 2003).  In brief, fine 

tipped glass microelectrodes (30 to 50 MΩ) filled with 2 M KCl recorded end-plate 

potentials (EPPs), miniature end-plate potentials (MEPPs) and resting membrane 

potentials (RMPs). Recorded signals were amplified using an Axoclamp 2B amplifier (Axon 

Instruments, USA) and digitised to 20-40 kHz sampling rate using MacLab system and 

Scope software (Version 3.5.5, AD Instruments, CO, USA). Electrodes were manipulated 

to impale muscle fibres within 0.5 mm of the end-plate region. Proximity to end-plate 

regions was confirmed through analysis of EPP and MEPP rise times, sites with rise times 

greater than 1.5 ms were rejected for wild-type mice and times greater than 2 ms rejected 

for mutant mice. During recordings the initial resting membrane potential (RMP) values 

were in the range of 70- 85 mV with these values undergoing a gradual decrease to steady 

values between 55- 60 mV. Recordings were terminated if the RMP fluctuated by more 

than 10% from the steady values. After a site was located stimulus was ceased for a rest 

period of ten minutes. Six mice of each genotype were used at P8 with the same number 

utilised at P18 for intracellular recordings of the toxin studies. 

 

Toxin Preparation and Application 

The synthetic polypeptides ω-conotoxin GVIA (ω-CgTx GVIA) and ω-Aga IVA were 

purchased from Alomone Laboratories (Jerusalem, Israel). Toxins were prepared as stock 

solutions dissolved in distilled water with ω-CgTx GVIA as 0.5 mM stocks and ω-Aga IVA 

as 100 μM stocks, and stored at -200 C (Regehr & Mintz, 1994). Once a stable site was 

found and control recordings taken, the stimulus was halted to allow synaptic vesicle 

replenishment. During this period, the perfusion of the bath with Tyrode’s solution was also 

halted however the muscle preparation was continually oxygenated. A single VGCC 

specific toxin was applied directly to the tissue with the preparation left to incubate during a 

forty-minute period. After the incubation period, the stimulus commenced and intracellular 

recordings were taken for twenty minutes at the same site as the control recordings were 

initially taken.  

 

Upon completion of the first toxin phase the stimulus was again stopped for forty minutes. 

The second VGCC specific toxin was added during this time and left to incubate. After 

incubation the stimulus once again commenced and recordings of the second toxin phase 

were taken for twenty minutes. Order of toxin administration was randomised to observe 

the characteristics of each VGCC specific toxin on the junction of wild-type and mutant 

65 
 



mice. The concentrations of toxins used in the protocol were 50 nM ω-Aga IVA and 100 

nM ω-CgTx GVIA. The concentrations used for each toxin are similar to prior studies 

investigating VGCC mediation of NMJ transmission (Rosato-Siri et al., 2002). 

 
Slow Cell-Permeant Calcium Chelator Loading  
The extracted diaphragm muscles from P18 wild-type and laminin-β2 deficient mice were 

incubated for two hours in Ca2+-free Tyrode’s solution in the presence of a cell-permeable 

(-AM) form of the calcium buffer EGTA. After the incubation period, the tissue was washed 

for fifteen minutes with the Ca2+-free Tyrode’s solution followed by a fifteen minute wash 

with normal Tyrode’s, as described above (Urbano & Uchitel, 1999). Electrophysiological 

recordings were undertaken to observe changes in quantal release at both wild-type and 

mutant NMJs in the presence of the slow calcium chelator. EGTA-AM was prepared as a 

10 mM stock solution dissolved in DMSO, and stored at -200 C (Rosato-Siri et al., 2002). 
 

3.2.4 Immunohistochemistry 
Extensor digitorum longus (EDL) muscle was dissected free from wild-type and mutant 

mice at both P8 and P18. Tissue was fixed with 4% paraformaldehyde in 0.1 M phosphate 

buffered saline pH 7.4 (PBS) at room temperature for 30 minutes, and then washed 3 x 10 

minutes with 0.1% glycine in PBS. Muscles were then immersed in 15% sucrose in PBS 

overnight followed by 30% sucrose in PBS overnight. The muscles were embedded in 

Tissue-Tek® optimal cutting temperature compound (Sakura Finetek, Torrance, CA, USA) 

and snap frozen in liquid nitrogen. The frozen muscles were sectioned longitudinally at 30 

µm using a Cryostat.  

 

Immunofluorescence double labelling was performed to localise the presynaptic 

components: i) active zone associated molecules - syntaxin 1A, Bassoon and SNAP25; ii) 

calcium sensor - synaptotagmin; and iii) calcium channels - N- and P/Q-type VGCCs. 

These presynaptic components were immunolocalised with antibodies with respect to 

postsynaptic acetylcholine receptors (AChRs) labelled with Alexa Fluor-555-conjugated α-

bungarotoxin (αBTX), at the NMJ. Cryosections were blocked in PBS containing 2% 

bovine serum albumin (BSA), 2% goat serum with 0.1-0.2% Triton X-100 (TX-100) for 30 

minutes at room temperature. This was followed by incubation with the following primary 

antibodies overnight at 40C; N-type VGCC with rabbit anti-Cav2.2 (Alomone Laboratories; 

Pagani et al., 2004) diluted at 1:1000; active zone associated molecules with mouse anti-

Syntaxin 1A (Sigma; clone HPC-1; Pardo et al., 2006) diluted at 1:500; mouse anti-
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Bassoon (Enzo Life Sciences; SAP7F407 clone; Nishimune et al., 2004; Chen et al., 

2011) diluted at 1:100 and mouse anti-SNAP25 (Sigma; Sadakata et al., 2006; Hata et 

al., 2007) diluted at 1:5000, and calcium sensor with rabbit anti-Synaptotagmin 2 

cytoplasmic domain (Synaptic Systems;  Johnson et al., 2010) diluted at 1:100. For the 

detection of P/Q-type VGCCs at the NMJ, cryosections were blocked with 1% BSA, 5% 

goat serum and 0.1% TX-100 followed by primary antibody overnight incubation at 40C 

with rabbit anti-Cav2.1 (Alomone Laboratories; Pagani et al., 2004) diluted at 1:500. 

 

All primary antibodies were diluted in PBS containing 2% BSA and 0.1% TX-100 or 2% 

BSA and 0.2% TX-100, except for rabbit anti-Cav2.1 which was diluted in 1% BSA and 

0.1% TX-100. EDL cryosections were then washed 3 x 10 minutes with PBS prior to 

incubation with appropriate Alexa Fluor 488-conjugated secondary antibodies 

(Molecular Probes, Invitrogen, Eugene OR, USA) in combination with Alexa Fluor 555-

conjugated αBTX (Molecular Probes, Invitrogen) at room temperature for 2 hours. 

Sections were then washed with PBS and mounted in Prolong Gold anti-fade reagent 

(Molecular Probes, Invitrogen) and cover-slipped. 

 

3.2.5 Image Acquisition and Analysis 
Sections were imaged on an Axio Imager microscope equipped with an AxioCamMRm 

CCD-camera (pixel size 6.45 µm x 6.45 µm, 1388 x 1040 pixels), running AxioVision 

4.8 software (Carl Zeiss, Jena, Germany). A 63x/ 1.4 Oil Plan-Apochromat objective 

was used in combination with ApoTome to provide optical sectioning and improved 

resolving of fine structures (Bauch & Schaffer, 2006). The images acquired using this 

configuration had a lateral pixel resolution of 0.1 µm and a Z-step size of 0.3 µm. The 

point-spread function of this configuration is approximately 0.31 µm in X-Y plane and 

0.8 µm in Z plane. This configuration was suitable for distinguishing the large sized 

VGCC puncta (0.7 to 1.0 μm) and small VGCC sized puncta (0.4 to 0.69 μm). Images 

were captured using identical exposure times and settings amongst different slides 

using the same antibody. Imaris x64 7.1.1. (Bitplane, South Windsor, CT, USA) was 

used to analyse captured Z-stacked images for quantification of VGCC puncta and 

volume of end-plate. Postsynaptic AChR end-plates stained with Alexa Fluor 555-

conjugated αBTX were reconstructed in 3-dimension (3D) using a surface-rendering 

algorithm based on local contrast in fluorescent z-stacks as previously described 

(Fogarty et al., 2013). We defined the entire 3D reconstructed AChR end-plate region 

including its interstitial space as the end-plate volume. Previous literature quantifed 
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active zone protein expression in relation to the two dimensional measure of 

postsynaptic AChR area (Chen et al., 2011). However, we utilised end-plate volume 

as this allowed for a more accurate measure of VGCC puncta in relation to the three 

dimensional expansion of the postsynaptic end-plate region (Johnson & Connor, 

2011). The number of VGCC puncta corresponding to the respective 3D surface-

rendered end-plates was measured and categorised based on their diameter; total 

puncta (≥0.4 µm), large puncta (0.7-1.0 μm) and small puncta (subtraction of large 

puncta from total puncta). The density of VGCCs at each junction was then 

determined by dividing the total number of puncta (based on each category stated) 

over the end-plate volumes. The area of each individual postsynaptic AChR end-plate 

was also measured using Image J software (Abramoff et al., 2004). This was done in 

order to compare the area occupied by AChRs in the muscle membrane over time (P8 

and P18). All image analysis was completed under double blinded conditions. Two-

way ANOVA with Tukey’s post-hoc test was used to compare the mean density of 

VGCCs and area of AChRs between wild-type and mutant junctions. Results are 

expressed as mean ± SEM with statistical significance accepted at P < 0.05. 

 
3.2.6 Data Analysis  
Extracellular recording sites were analysed if the frequency of EPCs and MEPCs did 

not change as a result of electrode pressure and if a single EPC was recorded within 

the first ten stimuli. Intracellular recordings were included if control and both toxin 

phases were recorded without interruption. Quantal content (𝑚�) was determined 

using method of failures (Del Castillo & Katz, 1954b): 𝑚�= loge (number of 

stimuli/number of failures) utilising extracellular electrophysiological recordings. 

Unpaired two-tailed t-tests were performed to compare wild-type and mutant mice for 

calcium dependence and sensitivity studies. Two-way ANOVA with Tukey’s multiple 

comparisons analysis were utilised to determine statistical significance between wild-

type and mutant mice after application of each VGCC toxin and for comparison across 

both age groups. Results are expressed as mean ± SEM with statistical significance 

accepted at P < 0.05. 
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3.3 RESULTS 
3.3.1 NMJs from Laminin-β2 Deficient Mice show no change in Calcium Dependence 
of Transmitter Release, but do exhibit lower levels of Calcium Sensitivity 
Our electrophysiological recordings of NMJs in laminin-β2 deficient mice showed 

significant reductions in mean quantal content (𝑚� ), and increased number of stimuli that 

result in failed responses (Table 3.1), supporting our previous results (Knight et al., 2003). 

Increasing [Ca2+]o resulted in increased EPC amplitudes at both wild-type and laminin-β2 

deficient NMJs at P18, though junctions lacking laminin-β2 were consistently lower when 

compared to control junctions for the same calcium concentration (Figure 3.1A). For 

example, EPC amplitudes in the presence of 0.3 mM calcium at laminin-β2 deficient NMJs 

were approximately the same as EPC amplitudes in the presence of 0.1 mM calcium at 

wild-type NMJs. 

 

We next examined the relationship between transmitter release and [Ca2+]o in order to 

better understand the reduced responsiveness to extracellular calcium seen at laminin-β2 

deficient NMJs. It has long been established that the relationship between transmitter 

release and [Ca2+]o is non-linear, with increasing [Ca2+]o associated with greater quantal 

content exhibiting a sigmoidal curve (Jenkinson, 1957; Dodge & Rahamimoff, 1967). When 

the relationship was plotted on double logarithmic coordinates it forms a straight line (as 

seen in Figure 3.1B), with the line slope representing the power dependence of [Ca2+]o to 

transmitter release. Previous research has shown at mammalian nerve terminals, this 

slope observes a fourth power relationship with transmitter release and calcium 

concentrations behaving in a co-operative nature (Dodge & Rahamimoff, 1967; Hubbard et 

al., 1968). In our study, we compared this power relationship between wild-type and 

laminin-β2 deficient NMJs and found no significant difference (line slope = 3.18 ± 0.07 for 

wild-type (n = 11) and 3.52 ± 0.16 for laminin-β2 deficient NMJs (n = 17), Table 3.1, Figure 

3.1B). While there appears to be no alterations in the power relationships between the 

NMJs from laminin-β2 deficient and wild-type mice at P18, we did observe a clear parallel 

rightward shift (2.3 fold shift) for laminin-β2 deficient NMJs (Figure 3.1B), suggesting a 

reduction in the calcium sensitivity compared to the NMJs from wild-type mice. To assess 

whether the rightward shift observed at laminin-β2 deficient NMJs was due to the lack of 

Ca2+ dependence on P/Q-type VGCCs, we blocked these channels with ω-Aga IVA at P18 

wild-type NMJs (data not shown). By utilising this P/Q-type VGCC blocker, we were able to 

assess the role of N-type VGCCs in quantal release at P18 wild-type NMJs. In the 

presence of ω-Aga IVA, we observed a rightward shift (1.6 fold shift) towards the lower 
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quantal values observed at mutant NMJs and a non-significant change in the slope of the 

line (wild-type plus ω-Aga IVA, n = 5 : 2.92 ± 0.25 vs. wild-type: 3.18 ± 0.07). These 

findings suggest that N-type VGCCs are not as proficient in the release of quantal content 

as P/Q-type channels, and supports our hypothesis that laminin-β2 deficient NMJs 

possess poor quantal release as a result of maintained dependence on N-type VGCC 

mediated transmitter release at P18. 

 

To examine NMJ calcium sensitivity further, we then investigated the dissociation constant 

of calcium, expressed as K[Ca2+]o (Del Castillo & Katz, 1954a), and the potential maximal 

quantal content (𝑚�max) of each NMJ. These values were calculated using a double 

reciprocal plot of 𝑚�1/r vs. [Ca2+]o (where 𝑚�  and r represent quantal content and the power 

relationship respectively). The plot converted the sigmoidal relationship to a straight line, 

where the x- and y-intercepts represents K [Ca2+]o and 𝑚�max values respectively (Figure 

3.1C). The y-intercept is where there is an infinite [Ca2+]o, and assumes all release sites 

are active, therefore corresponds to the 𝑚�max (Robinson, 1976; Bennett et al., 1977; 

Einstein & Lavidis, 1984). If we assume each release site only releases one quanta per 

stimulation then the 𝑚�max represents the number of release sites. Laminin-β2 deficient 

NMJs observed a 35% reduction in 𝑚�max and the total number of release sites (Table 3.1, 

Figure 3.1C). The K [Ca2+]o values were similar for wild-type and laminin-β2 deficient 

NMJs (Table 3.1), reinforcing that the relationship between quantal content and [Ca2+]o 

follows the same calcium dependence in wild-type and laminin-β2 deficient NMJs. This 

finding also suggests that interaction between the calcium sensor, synaptotagmin 

(Yoshihara & Littleton, 2002), and Ca2+ is not altered at the motor nerve terminals of 

laminin-β2 deficient NMJs. 
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Figure 3.1 The Ca2+ Dependence of Transmitter Release was unchanged but exhibited 
lower Calcium Censitivity at Laminin-β2 deficient Neuromuscular Junctions  
A, representative recordings from wild-type (black) and laminin-β2 deficient (β2-/-) (red) 

NMJs, showing evoked release increasing with [Ca2+]o in both genotypes. Laminin-β2 

deficient NMJ evoked release was significantly lower in all three recorded [Ca2+]o. B, 

calcium co-operativity curve plotting mean quantal content (𝑚�  ± SEM) against [Ca2+]o of 

wild-type and β2-/- NMJs shown on double logarithmic axes. Double logarithmic plot 

demonstrated the shift in the position of the unchanged gradient (black to red line plots) as 

a result of the lower quantal content in mutant NMJs, indicating a change in calcium 

sensitivity. C, Double reciprocal plot displaying similar K [Ca2+]o values for wild-type and 

β2-/- NMJs. The potential maximal quantal content values (𝑚�max) correlated to the number 

of release sites, which are lower in β2-/- NMJ (P < 0.01). Wild-type, n = 11 and β2-/-, n = 17. 
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Table 3.1 Overall Comparison of Biophysical Properties in Wild-type and 
Laminin-β2 Deficient Neuromuscular Junctions 
 
 P16-18 

Wild-type Laminin-β2 Deficient 
Number of animals (n)    

Ca2+ dependence 11 17  
Low Ca2+ facilitation 6 10  
High Ca2+ facilitation 5 6  

MEPC amplitude (µV)    
[Ca2+]o = 0.1 mM 95.2 ± 0.77 97.1 ± 0.59  
[Ca2+]o = 0.2 mM 99.1 ± 0.61  101 ± 0.89  
[Ca2+]o = 0.3 mM 105 ± 0.83 97.5 ± 0.52  

Percentage of failures (%)    
[Ca2+]o = 0.1 mM          73.08 ± 2.93     93.94 ± 1.46 *** 
[Ca2+]o = 0.2 mM          10.12 ± 5.56     59.10 ± 7.21 *** 
[Ca2+]o = 0.3 mM  0.5 ± 0.08 4.16 ± 3.36 *** 

Quantal content (𝑚�)    
[Ca2+]o = 0.1 mM 0.14 ± 0.01 0.04 ± 0.01  
[Ca2+]o = 0.2 mM 0.88 ± 0.07 0.39 ± 0.05 ** 
[Ca2+]o = 0.3 mM 4.66 ± 0.35 1.43 ± 0.12 ** 

Power relationship (r)            3.18 ±0.07 3.52 ± 0.16  
# Theoretical estimates of:    

K[Ca2+]o (mM) 0.91 0.91  
𝑚�max 402.20 260.50 ** 

Paired-pulse facilitation ratio    
Low Ca2+, delay of 10 ms 1.22 ± 0.04 1.17 ± 0.04  

20 ms 1.11 ± 0.03 1.16 ± 0.02  
40 ms 1.01 ± 0.02 1.03 ± 0.03  

High Ca2+, delay of 10 ms 1.23 ± 0.02 1.21 ± 0.04  
* P < 0.05; ** P < 0.01; *** P < 0.001 

 
#Formula used to calculate 𝑚�max and K[Ca2+]o; 𝑚� =  𝑚�max•(

[𝐂𝐚𝟐+]𝐨
𝐊[𝐂𝐚𝟐+]𝐨 + [𝐂𝐚𝟐+]𝐨

) 
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3.3.2 Facilitation of NMJ Transmitter Release is not affected by the loss of Laminin-β2 

Facilitation studies investigate the amount of additional release that occurs as a result of a 

second stimulus applied to the nerve terminal, causing a further influx of calcium (termed 

paired pulse facilitation; Rosato-Siri et al., 2002). The closer in time the two stimuli are the 

more calcium is present to cause facilitation of transmitter release. Given this, we 

conducted paired pulse facilitation experiments to determine if the drop in calcium 

sensitivity at laminin-β2 deficient NMJs resulted from disturbances to the VGCC sub-type 

and their localisation to the presynaptic release machinery, and/or alterations in either 

calcium sequestration or release probabilities.  These experiments were done in mice 

lacking laminin-β2 and wild-type littermates at P16-P18, and were conducted in Tyrode’s 

solution containing 0.3 mM [Ca2+] and 1 mM [Mg2+] at 10, 20 and 40 ms delays (Figure 

3.2C); and 0.6 mM [Ca2+] and 3 mM [Mg2+] at 10 ms delay (Figure 3.2A, 3.2B) in wild-type 

and laminin-β2 deficient junctions. The latter conditions accentuate facilitation and evoked 

amplitudes. Our findings showed an average of 70% decrease in evoked pulse amplitudes 

at laminin-β2 deficient NMJs compared to wild-type NMJs (Figure 3.2A, 3.2B). No 

statistical significant differences were observed in the facilitation ratios at all delay times 

and conditions investigated (Figure 3.2B, 3.2C; Table 3.1). These findings suggest that 

although there were severe perturbations in transmission at mutant NMJs under these 

conditions, the facilitation capabilities of active release sites in laminin-β2 deficient NMJs 

were comparable to release sites at wild-type NMJs. 
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Figure 3.2 The Facilitation of Laminin-β2 Deficient Release Sites was comparable to 
those in Wild-type Neuromuscular Junctions 
A, sample traces of paired pulse facilitation at 10 ms delay for wild-type (black) and 

laminin-β2 deficient (red) NMJs. B, corresponding plot of paired pulse facilitation data 

shown for 10 ms delay. C, plot of facilitation ratio against paired pulse delay times for 10, 

20, and 40 ms delays. As delay times increase the facilitation ratio decreased, clearly 

visible in the control animals (C; black line). There were no significant differences with the 

ratios in both conditions and all delay times. Laminin-β2 deficient NMJs consistently show 

similar trends but with lower amplitudes in comparison to wild-type mice (A and B). The 

stimulus artefact was decreased for better visibility in A. For B wild-type n = 5 and β2-/- n = 

6; for C, n = 6 and n = 10 respectively.  
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3.3.3 Neuromuscular Junctions from Laminin-β2 Deficient mice fail to switch from 
N- to P/Q- type VGCC Dominance of Transmitter Release as they Mature 
The study of VGCC specific antagonists on neurotransmission is an established tool in 

evaluating changes in sub-type/s of channels involved in the mediation of transmitter 

release (Nudler et al., 2003). Utilising this technique, we investigated the role of N- and 

P/Q-type VGCCs in mediating the release of transmitter at P8 and P18 NMJs lacking 

laminin-β2 due to their ability to bind laminin-β2 and their role in mature neurotransmission 

(Nishimune et al., 2004). At P8 both laminin-β2 deficient and wild-type mice demonstrated 

similar contribution of N- and P/Q- type VGCC in mediation of transmitter release (Figure 

3.3A, 3.3B). For wild-type NMJs, application of the N-type VGCC blocker, ω-CgTx GVIA, 

produced a 40% drop in EPP amplitudes (59.66 ± 14.94% compared to EPP amplitudes 

from untreated wild-type NMJs; 100%, represented by dashed line to black filled bar in 

Figure 3.3A; P < 0.05, n = 6). Subsequent addition of P/Q-type VGCC blocker, ω-Aga IVA, 

resulted in a further 20 % reduction in amplitude (P < 0.05, n = 6) to 39.32 ± 10.61% of 

control EPP amplitudes (Figure 3.3A, black filled bar to black checked bar). For laminin-β2 

deficient NMJs, application of ω-CgTx GVIA resulted in EPP responses at 53.15 ± 2.41% 

of control EPP values (Figure 3.3A, dashed line to red filled bar; P < 0.001, n = 6).  And for 

ω-Aga IVA, we saw a further 26% decrease in EPP responses to 27.36 ± 3.66% of control 

EPP amplitudes (Figure 3.3A, red filled bar to red-black checked bar; P < 0.001, n = 6). No 

statistical significance was observed between responses of wild-type and laminin-β2 

deficient junctions after addition of each toxin at this age group. 
  

75 
 



 
 

Figure 3.3 During Development there was a similar contribution of N- and P/Q- type VGCCs 
to Transmitter Release in Wild-type and Laminin-β2 Deficient Neuromuscular Junctions 

A, normalised mean evoked end-plate potentials (EPP) responses (± SEM) of wild-type (black) 

and laminin-β2 deficient (β2-/-) (red) at P8 NMJs after sequential addition of N- and P/Q-type 

VGCC specific toxins, ω-CgTx GVIA (filled bars) and ω-Aga IVA (checkered bars) respectively. 

Black dashed line represents base recordings (100%) prior to toxin administration for associated 

genotype. In wild-type NMJs (n = 6), application of ω-CgTx GVIA resulted in a 40% decrease in 

EPP amplitude (P < 0.05) from control values with subsequent addition of ω-Aga IVA resulting in 

a further 20% decrease in EPP amplitude (P < 0.05). In P8 β2-/-NMJs (n = 7), addition of ω-CgTx 

GVIA produced a 47% decrease in EPP amplitude (P < 0.001) from control values. Subsequent 

addition of ω-Aga IVA resulted in a further 26% reduction in amplitude (P < 0.001). B, 

representative recordings of EPP responses during control, after ω-CgTx GVIA application and 

subsequent ω-Aga IVA application for wild-type (black) and β2-/-(red) mice. #P < 0.05, ###P < 

0.001 compared to control recordings. *P < 0.05, ***P < 0.001 compared to response in the 

same NMJ after addition of previous calcium channel blocker.  
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At matured NMJs (P18), wild-type mice displayed a switch in VGCC sub-type with P/Q-

type VGCCs becoming dominant mediator of transmitter release. Addition of ω-CgTx GVIA 

resulted in a 22% decrease in EPP amplitude to 77.77 ± 11.01% of control EPP 

amplitudes (Figure 3.4A, dashed line to black filled bar; P > 0.05, n = 6; Figure 3.4B). 

Subsequent application of ω-Aga IVA displayed a further 57% decrease in response to 

20.16 ± 6.01% of control EPP amplitudes (Figure 3.4A, black filled bar to black checked 

bar; P < 0.0001, n = 6; Figure 3.4B). These responses to ω-CgTx GVIA and ω-Aga IVA 

were significantly different from those seen in the developing wild-type junctions (compare 

Figure 3.3A with 3.4A; Table 3.2, P < 0.05). This finding suggests that wild-type NMJs 

demonstrate a change from N- to P/Q-type VGCC dominance in transmitter release, a 

finding established in previous studies (Rosato-Siri et al., 2002; Urbano et al., 2002). By 

contrast, laminin-β2 deficient NMJs maintained its dependence on N-type VGCCs for 

mediation of transmitter release at P18. Application of ω-CgTx GVIA resulted in a 60% 

decrease in EPP amplitude to 43.26 ± 3.02% of control EPP amplitudes (Figure 3.4A, 

dashed line to red filled bar; P < 0.001, n = 6; Figure 3.4B). Addition of ω-Aga IVA resulted 

in a further 24% decrease to 19.31 ± 4.30% of control EPP responses (Figure 3.4A, red 

filled bar to red-black checked bar; P < 0.01, n = 6; Figure 3.4B). This percentage drop in 

EPP amplitude was similar to that seen at P8 laminin-β2 and wild-type NMJs, suggesting 

that laminin-β2 may be required for the switch from N- to P/Q-type VGCC dominance for 

transmitter release, as seen during NMJ maturation from P8 to P18. To eliminate possible 

confounding effects of toxin specificity for VGCC sub-type and their target binding 

efficiencies, we conducted reverse order toxin administration to the NMJs of both age 

groups for each genotype. We observed the same percentage drops in EPP amplitudes for 

the given toxins as we have seen with the original administration order, detailed in Table 

3.2.  
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Figure 3.4 N-Type VGCCs remained the Dominant Mediator of Transmitter Release at 
Postnatal Day 18 Laminin-β2 Deficient Neuromuscular Junctions 

A, normalised mean evoked end-plate potentials (EPP) responses (± SEM) of wild-type (black) 

and laminin-β2 deficient (β2-/-) (red) at P18 NMJs after sequential addition of N- and P/Q-type 

VGCC specific toxins, ω-CgTx GVIA (filled bars) and ω-Aga IVA (checkered bars) respectively. 

Black dashed line represents base recordings (100%) prior to toxin administration for 

associated genotype. In wild-type NMJs (n = 6), application of ω-CgTx GVIA resulted in a 22% 

decrease in EPP amplitude (P > 0.05) from control values with subsequent addition of ω-Aga 

IVA resulting in a further 57% decrease in evoked response amplitude (P < 0.0001). In P18 β2-

/- NMJs (n = 6), addition of ω-CgTx GVIA produced a 57% decrease in EPP amplitude (P < 

0.001) from control values. Subsequent addition of ω-Aga IVA resulted in a further 24% 

reduction in amplitude (P < 0.01). B, representative recordings of EPP responses during 

control, after ω-CgTx GVIA application and subsequent ω-Aga IVA application for wild-type 

(black) and β2-/- (red) mice. ###P < 0.001 compared to control recordings. ****P < 0.0001 

compared to response in the same NMJ after addition of previous calcium channel blocker. ++ P 

< 0.01 compared to other genotype after application of specific calcium channel blocker.  
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Table 3.2 Overall Comparison of Responses to VGCC Specific Toxins at Developing 
and Mature Neuromuscular Junctions in Wild-type and Laminin-β2 Deficient mice  
 
  Genotype 

Wild-type Mutant 
Age(postnatal day) P8 P18 P8 P18 
 EPP amplitudes (% of control) 

A
pp

lic
at

io
n 

O
rd

er
 

 
ω-CgTx GVIA 59.66 ± 14.94 77.77 ± 11.01 * 53.15 ± 2.41 43.26 ± 3.02## 

ω-Aga IVA 39.32 ± 10.61 20.16 ± 6.01 * 27.36 ± 3.66 19.31 ± 4.30 

ω-Aga IVA 67.22 ± 8.70 29.11 ± 5.36 * 72.12 ± 9.36 84.42 ± 5.21### 

ω-CgTx GVIA 26.86 ± 12.61 15.19 ± 2.27 29.52 ± 11.79 18.44 ± 2.74 

* P < 0.05; significance between age groups within a genotype for corresponding toxin, ## P < 
0.01, ### P < 0.001; significance for corresponding toxin and age between genotypes (two-

way ANOVA with Tukey’s multiple comparisons test) 
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We next used EGTA-AM as a Ca2+ chelator with slow Ca2+ binding kinetics to further 

investigate the VGCCs involved with transmitter release at P18 (Adler et al., 1991; 

Augustine et al., 1991). Loading of P18 wild-type NMJs with EGTA-AM resulted in a non-

significant decrease (~4%) in normalised quantal content from control values (compare 

sample traces in Figure 3.5A; 96.05 ± 3.42%, n = 5). By contrast, incubation of laminin-β2 

deficient NMJs with EGTA-AM caused a 65% reduction from control values (compare 

sample traces in Figure 3.5B; 34.39 ± 6.64%, n = 5). This reduction in quantal release was 

significantly greater than that observed at age-matched wild-type NMJs (Figure 3.5C; P < 

0.0001, n = 5). 
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Figure 3.5 The Effect of a slow Cell-Permeant Calcium Chelator (EGTA-AM) on the Quantal 
Release at Postnatal Day 18 Wild-type and Laminin-β2 Deficient Neuromuscular Junctions 
A and B, representative traces of ten consecutive EPPs from wild-type (black traces) and 

mutants (red traces) under control conditions and in the presence of EGTA-AM (incubation in 

10 μM). C, histogram comparing normalised quantal content (mean ± SEM), where 100% 

represents quantal release in the absence of EGTA-AM (control) and in the presence of EGTA-

AM. Wild-type NMJs did not show a significant decrease in quantal content when incubated in 

the slow cell-permeant calcium chelator. By contrast, mutant NMJs displayed significant 

decreases in quantal release when incubated with EGTA-AM. **** P < 0.0001. For both wild-

type and β2-/-, n = 5. Stimulus artefacts have been reduced from sample traces for clarity.  
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3.3.4 The Motor Nerve Terminals from Laminin-β2 Deficient mice fail to up-regulate 
the expression of P/Q-type VGCCs clusters and down-regulate N-type VGCCs 
clusters as they mature 
Since NMJs from laminin-β2 deficient mice failed to switch from N- to P/Q-VGCC 

dominance of transmitter release from P8 to P18, we examined the expression of these 

channels at NMJs from laminin-β2 deficient and age-matched control littermates. This was 

investigated using immunohistochemistry. At P8, both wild-type and laminin-β2 deficient 

NMJs displayed a similar level of discrete punctate staining of N-type VGCCs (Figure 

3.6A, 3.6B top panels).  There were no significant differences in the densities of small, 

large and therefore total puncta of N-type VGCCs, between the two genotypes at this age 

(Figure 3.6C). Nor did we observe any difference in the overall size of their postsynaptic 

area between the two genotypes at this age (end-plate area for P8; Figure 3.6E). For P/Q-

type VGCCs at P8, we observed similar staining intensity to that seen for N-type VGCCs, 

at NMJs from both laminin-β2 deficient and wild-type littermates (compare Figure 3.6A, 

3.6B top panels for N-type with Figure 3.7A, 3.7B top panels for P/Q-type). Quantification 

of P/Q-type VGCC puncta showed no differences between genotypes at developing NMJs 

(P8, Figure 3.7C). 

 

We next compared the densities of small and large N- and P/Q-type VGCC stained puncta 

at this developing age (P8), which is indicative of the degree of VGCC clustering.  For N-

type, we observed more total puncta when compared to P/Q-type, but for both VGCC sub-

types, the contributions by small and large puncta was similar, with the majority of total 

puncta made up by small stained puncta (0.4- 0.69 μm) (Figure 3.6C for N-type, and 

Figure 3.7C for P/Q-type). These findings suggest that aggregations of small and large N- 

and P/Q-type VGCC puncta do not seem to be affected by an absence of laminin-β2, at 

this early stage of NMJ maturation. The observation that there were more total N-type 

VGCC puncta at P8 for both genotypes supports our functional findings that show N-type 

VGCC as the dominant contributor to transmitter release for both laminin-β2 deficient and 

wild-type NMJs (Figure 3.3). 

 

At P18 wild-type NMJs showed a significant drop in the number of large N-type VGCC 

puncta (compare Figure 3.6C with 3.6D; black bars, P < 0.001, n = 6), but at both ages 

these NMJs maintained a high density of small N-type puncta (Figure 3.6C, 3.6D; black 

bars). By contrast, P18 laminin-β2 deficient NMJs retained the same level of large N-type 

VGCC puncta to that seen at P8 (Figure 3.6C, 3.6D; red bars), however when comparing 
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the large N-type VGCC puncta at P18, we observed a higher density of large N-type 

VGCC puncta at laminin-β2 deficient NMJs (0.068 ± 0.004 puncta/ μm3) when compared 

to wild-type NMJs (0.051 ± 0.014 puncta/ μm3) (Figure 3.6D; black and red bars, P < 0.05, 

n = 6). These observations suggest that N-type VGCC clustering failed to be down-

regulated at NMJs lacking laminin-β2 at P18.   

 

Examination of P/Q-type VGCCs at wild-type NMJs showed increased staining intensity 

from P8 to P18 (Figure 3.7A left panels), consistent with increased P/Q-type VGCC 

expression and its emerging dominance to NMJ synaptic transmission (Figure 3.4).  

However in terms of P/Q-type VGCC puncta density, our analyses revealed that while 

there appeared to be an increase in small and large puncta from P8 to P18 this was not 

statistically significant (compare black bars in Figure 3.7C to those in 3.7D).  By contrast, 

staining intensity of P/Q-type VGCCs at the NMJs from laminin-β2 deficient mice appeared 

not to change from P8 to P18 (Figure 3.7B, left panels), remaining at a comparative level 

to that seen at P8 wild-type NMJs (compare Figure 3.7A top left, with 3.7B left panels).  

When we quantified P/Q-type VGCC puncta densities, laminin-β2 deficient NMJs 

displayed a significant decrease in the total density of P/Q-type VGCC puncta from P8 to 

P18 (Figure 3.7C, 3.7D; red bars, P < 0.05). 

 

Analysis between the two genotypes showed significantly less total puncta density at 

laminin-β2 deficient NMJs compared to wild-type NMJs at P18 (wild-type; 0.305 ± 0.022 

puncta/ μm3 vs. β2-/-; 0.205 ± 0.012 puncta/ μm3, P < 0.01).  This decrease was also 

observed for both small puncta (wild-type; 0.219 ± 0.018 puncta/ μm3 vs. β2-/-; 0.156 ± 

0.009 puncta/ μm3, P < 0.05), and for large puncta (wild-type; 0.086 ± 0.005 puncta/ μm3 

vs. β2-/-; 0.050 ± 0.004 puncta/ μm3, P < 0.001) (Figure 3.7D; black and red bars). 

 

These observations support our functional studies that show N-type VGCC dominance to 

synaptic transmission persists at P18 laminin-β2 deficient NMJs. By comparison, wild-type 

NMJs displayed a decrease in the presence and reliance on N-type VGCCs and an increase in 

P/Q-type VGCCs, consistent with an emergence of P/Q-type VGCC dominance of 

neurotransmitter release. Loading of P18 wild-type NMJs with EGTA-AM (10 μM) did not cause 

a significant effect on evoked amplitudes. By contrast, at mutant NMJs, incubation with EGTA-

AM caused a significant reduction in evoked amplitude, demonstrating maintained dependence 

on N-type VGCCs.  
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Figure 3.6 Laminin-β2 Deficient Neuromuscular Junctions displayed higher levels of N-
Type VGCCs staining compared to Wild-type mice at Postnatal Day 18 Junctions 
Immunohistochemical analysis of wild-type (A) and laminin-β2 deficient (β2-/-) (B) junctions 

doubly labelled for N-type VGCCs (Cav2.2) and αBTX at P8 and P18. Developing wild-type 

and laminin-β2 deficient NMJs displayed similar discrete punctate staining of N-type 

VGCCs (A and B top panels). At P8 wild-type and β2-/-NMJs showed plaque-like AChR end-

plates, however mutant junctions appeared to be less convoluted. At P18 β2-/-NMJs 

displayed clear punctate staining of N-type VGCCs with strong co-localisation to 

postsynaptic AChRs (indicated by arrows; B bottom right panel). P18 β2-/-NMJs also 

maintained its AChR plaque-like appearance. Size of punctate staining was characterised 

as small (single arrowhead), large (double arrowhead), and total puncta per volume 

calculated. C, density of N-type (Cav2.2) puncta at P8 (± SEM) showed no significance 

between genotypes for any of the puncta measurements.  D, density of N-type puncta at 

P18 (± SEM) revealed that laminin-β2 deficient NMJs displayed higher levels of large 

puncta (*P < 0.05) compared to wild-type junctions. P18 wild-type NMJs demonstrate a 

significant decrease in large puncta density compared to P8 wild-type junctions (P < 0.001, 

black bars in C and D for large puncta). E, area of AChR end-plates (± SEM) for P8 and 

P18 wild-type and β2-/- NMJs, showed increased end-plate area with age for both 

genotypes, with wild-type NMJs showing greater growth when compared to β2-/- NMJs at 
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P18. For P8 (C), WT (n = 5, NMJs = 65) and mutants (n = 6, NMJs = 80). For P18 (D), WT 

(n = 6, NMJs = 83) and mutants (n = 6, NMJs = 72). For P8 (E), WT (n = 6, NMJs = 191) 

and mutants (n = 6, NMJs = 174). For P18 (E), WT (n = 9, NMJs = 139) and mutants (n = 9, 

NMJs = 185). Panel E ** P < 0.01, *** P < 0.001, and **** P < 0.0001. Scale bars = 5 µm for 

corresponding age group.  
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Figure 3.7 Laminin-β2 Deficient Neuromuscular Junctions displayed lower levels of P/Q-Type 
VGCC staining compared to Wild-type mice as the Neuromuscular Junction Matures from 
Postnatal Day 8 to Postnatal Day 18 
Immunohistochemical analysis of wild-type (A) and laminin-β2 deficient (β2-/-) (B) NMJs doubly 

labelled for P/Q-type VGCCs (Cav2.1) and αBTX at P8 and P18. Developing wild-type and β2-/-NMJs 

displayed similar discrete punctate staining of P/Q-type VGCCs (A and B top panels).  β2 laminin 

deficient NMJs maintained low levels of P/Q-type staining at P18 NMJs in contrast to wild-type 

junctions, which displayed high levels of puncta co-localised to AChRs (indicated by arrows; A 

bottom right panel). Size of punctate staining was characterised as small (single arrowhead), large 

(double arrowhead), and total puncta per volume calculated. C, density of P/Q-type (Cav2.1) puncta 

at P8 (± SEM) showed no significance between genotypes for any of the puncta measurements. D, 

density of P/Q-type puncta at P18 (± SEM) revealed lower levels of small (*P < 0.05), large (***P < 

0.001) and total puncta per volume (**P < 0.01) of β2-/- compared to wild-type NMJs. Density analysis 

of total puncta showed a decreased density for β2-/- NMJs from P8 to P18, whereas for wild-type 

NMJs increased in density (red and black bars respectively in C and D; P < 0.05, significance not 

indicated). For P8 (C), WT (n = 6, NMJs = 95) and mutants (n = 5, NMJs = 67). For P18 (D), WT (n = 

9, NMJs = 102) and mutants (n = 9, NMJs = 100). Scale bars = 5 µm for corresponding age group.  
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3.3.5 Loss of laminin-β2 results in perturbed Maturation of Motor End-Plates 
Our immunohistochemical studies revealed distinct differences in the development of 

postsynaptic specialisations (AChR end-plates) between wild-type and laminin-β2 deficient 

NMJs, at P18. While the area of NMJ end-plates for each genotype were approximately 

the same at P8, wild-type NMJs doubled in size from P8 to P18 (from 166.5 ± 4.94 μm2 at 

P8 to 294.5 ± 8.02 μm2 at P18; P < 0.0001, Figure 3.6E; black bars). The expansion of 

NMJ end-plates in laminin-β2 deficient mice also occurred from P8 to P18, but it was 

significantly less when compared to wild-type NMJs (from 162.0 ± 4.78 μm2 at P8 to 230.4 

± 6.50 μm2 at P18; P < 0.001; Figure 3.6E; red bars). This resulted in P18 laminin-β2 

deficient NMJs being significantly smaller than corresponding wild-type junctions (wild-

type; 294.5 ± 8.02 μm2 vs. laminin-β2 deficient; 230.4 ± 6.50 μm2, P < 0.01; Figure 3.6E; 

red and black bars). At P18 wild-type NMJs develop characteristic pretzel shaped end-

plates dense in AChRs. By contrast laminin-β2 deficient junctions maintain the plaque-like 

formation observed at P8 NMJs. These findings indicate that laminin-β2 deficient NMJs 

suffer from a significant delay or cessation of developmental maturation, a feature that we 

have detailed in our original publication (Noakes et al., 1995a). 

 
3.3.6 Morphological examination of Laminin-β2 Deficient NMJs revealed altered 
Arrangement and Localisation of selected Pre- and Postsynaptic Components  
We next examined the arrangement of pre- and postsynaptic components implicated in 

synaptic transmission in wild-type and laminin-β2 deficient NMJs using 

immunohistochemistry at P8 and P18. Molecules that are able to associate with the 

presynaptic VGCCs such as syntaxin 1A, Bassoon, synaptotagmin and SNAP25 were 

qualitatively examined (minimum 30 NMJs from n = 3 at each age and genotype) for their 

molecular organisation within the motor nerve terminal with respect to the underlying 

postsynaptic AChRs (Kim & Catterall, 1997; Sheng et al., 1998; Zhong et al., 1999; Chen 

et al., 2011). 

 

Developing NMJs from both wild-type and laminin-β2 deficient mice at P8 displayed no 

overt differences in the staining intensities or organisation within their motor nerve 

terminals, for syntaxin 1A, synaptotagmin or SNAP 25 (Figure 3.8, left panels). However, 

Bassoon staining at the NMJ of laminin-β2 deficient mice was reduced compared to wild-

type control at P8 (Figure 3.8, left Bassoon panels). This is consistent with the findings by 

Nishimune et al. (2004) who showed decreased expression of Bassoon staining at the 

NMJ of laminin-β2 deficient mice at P4. As wild-type NMJs matured from P8 to P18, we 
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observed enlargement and transition from plaque-like to pretzel shaped AChR end-plates. 

These end-plates showed good co-localisation of presynaptic components, syntaxin 1A, 

Bassoon, synaptotagmin, and SNAP 25 (Figure 3.8, right panels). By contrast, laminin-β2 

deficient NMJs at P18 showed little if any development of their end-plates beyond P8. The 

AChRs remained plaque-like with poor co-localisation of presynaptic molecules; syntaxin 

1A, Bassoon, synaptotagmin and SNAP 25 (Figure 3.8).  These findings suggest that 

laminin-β2 deficient NMJs failed to develop beyond P8, which supports our functional data. 
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Figure 3.8 Laminin-β2 Deficient mice demonstrated decreased Co-localisation of Presynaptic 
Components to Acetylcholine Receptors as the Neuromuscular Junction Matures 
Wild-type and laminin-β2 deficient (β2-/-) NMJs doubly labelled with either syntaxin 1A 

(STX1A), Bassoon, synaptotagmin 2 (Syt2) or SNAP25 (green) against acetylcholine 

receptors labelled with Alexa Fluor 555-conjugated αBTX (red). At P8, similar staining 

patterns were observed for syntaxin 1A, synaptotagmin 2 and SNAP25 with good co-

localisation to postsynaptic AChRs stained end-plates in both wild-type and β2-/- NMJs. 
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However, reduced Bassoon staining was observed in β2-/- NMJs compared to wild-type. At 

P18, wild-type NMJs displayed extensive co-localisation of these presynaptic components 

with respect to AChR stained end-plates. By contrast, P18 β2-/- NMJs showed decreased 

levels of presynaptic co-localisation with AChR stained end-plates, for these pre-synaptic 

components. These NMJ immunostaining examples typify what we observed over ~ 30 

NMJs per age across and n = 3 per genotype. Scale bars = 5 μm. 
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3.4 DISCUSSION 
Here we have shown a clear change in calcium sensitivity at P18 laminin-β2 

deficient NMJs compared to wild-type junctions. We also functionally demonstrate a 

change in the VGCC sub-types involved in mediation of transmitter release at P18 

laminin-β2 deficient junctions. These functional changes were supported by our 

immunohistochemical findings, which display maintained presence of N-type VGCCs 

at P18 laminin-β2 deficient NMJs. We also observed that loss of laminin-β2 resulted 

in altered distribution of molecular components known to associate with VGCCs.  

 
3.4.1 Laminin-β2 Deficient mice demonstrate no change in Calcium Dependence but 
lower Calcium Sensitivity compared to Wild-type Junctions 
Studies have previously established that laminin-β2 deficient mice display significant 

alterations in the release of transmitter at the NMJ (Noakes et al., 1995a; Knight et 

al., 2003).  The loss of laminin-β2 results in significantly increased intermittence of 

transmitter release, as well as reduced mean quantal content, as supported by 

findings of the present study (Knight et al., 2003). Laminin-β2 deficient mice display 

higher failure rate than wild-type littermates but normal nerve terminal impulses, 

suggesting a defect in the depolarisation-secretion coupling mechanism at laminin-

β2 deficient junctions. 

 

The depolarisation-secretion coupling mechanism occurs in a precise sequence 

involving multiple components that comprise a micro-domain at the active zones. 

The micro-domains primarily involve the interaction of VGCCs and the calcium 

sensor, synaptotagmin, localised close to the active zones (Augustine, 1990; 

Augustine et al., 1992). Mammalian NMJs demonstrate a fourth order power 

relationship for binding of Ca2+ to synaptotagmin (Dodge & Rahamimoff, 1967; 

Hubbard et al., 1968). The VGCCs lining the active zone form micro-domains of 

Ca2+ when activated by depolarisation of the nerve terminal. The degree of micro-

domain overlap is suggested to be indicative of calcium sensitivity of the terminal, 

which is the ability of the terminal to efficiently release transmitter in response to 

calcium influx. Thus micro-domains with no overlap require higher concentrations of 

calcium to induce the release of transmitter (Augustine et al., 1992). 
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Analysis of the double reciprocal plot indicates a reduction in the number of release sites 

with a 35% reduction in laminin-β2 deficient junctions compared to wild-type junctions. The 

similar K[Ca2+]o values in wild-type and laminin-β2 deficient junctions indicates that the 

probability of release remains similar and the interaction between synaptotagmin and 

calcium remains dependent on the fourth power. The decreased number of release 

sites at mutant junctions may be the result of a selective loss of active sites not 

participating in regular transmitter release. The NMJ contains an abundance of active 

sites with only a small number actively participating in neurotransmission, while the 

majority remain relatively silent (Bennett & Lavidis, 1979; Robitaille & Tremblay, 1991). 

This non-uniform probability of transmitter release has been demonstrated in both 

amphibian and mammalian NMJs. Our findings indicate that given the large reduction in 

release sites at laminin-β2 deficient junctions, only functional sites that possess a 

similar probability of transmitter release to that of wild-type junctions remain. This 

finding is consistent with a previous study which found a decrease in the number of 

active release sites but no change in the probability of release at laminin-β2 deficient 

NMJs (Knight et al., 2003). 

 

In the present study, wild-type and laminin-β2 deficient junctions display similar slopes 

when quantal content is compared to [Ca2+]o. However, while the slopes are similar, 

laminin-β2 deficient mice demonstrate an evident parallel shift to the right (2.3 fold) 

compared to wild-type mice. This finding indicates a decrease in calcium sensitivity but 

not in calcium dependence. The decrease in calcium sensitivity observed means more 

calcium influx is required in laminin-β2 deficient junctions to release equal quantal 

content to wild-type junctions. A decrease in sensitivity of transmitter release in relation 

to extracellular calcium may be as a result of decreased density of VGCCs and 

therefore a decrease in overlap between micro-domains or potentially a greater 

distance between VGCCs and active zones (Augustine et al., 1992).  

 

3.4.2 Laminin-β2 Deficient Neuromuscular Junctions maintained dependence on 
N-type VGCCs throughout Development  
Given that the spatial locality or density of VGCCs in relation to active zones may 

potentially influence calcium sensitivity, we investigated the relative contribution of 

VGCC sub-types involved in transmission by utilising specific VGCC blockers such as 

ω-CgTx GVIA and ω-Aga IVA to block N- and P/Q-type channels respectively (Katz et 

al., 1996; Rosato-Siri & Uchitel, 1999). Nishimune et al. (2004) demonstrated that both 
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N- and P/Q-type VGCCs interact with the leucine-arginine-glutamate (LRE) tripeptide 

sequence of laminin-β2 via binding of α1a (Cav2.1) and α1b (Cav2.2) subunits. This 

interaction has been implicated in the clustering of VGCCs at the presynaptic 

membrane of the nerve terminal (Nishimune et al., 2004). Thus it is expected that the 

loss of laminin-β2 will result in changes of VGCC sub-types distribution and 

involvement in transmitter release as the NMJ matures. Multiple VGCCs sub-types co-

exist at a single synapse and interact to induce release of transmitter (Regehr & Mintz, 

1994; Dunlap et al., 1995). P/Q- type VGCCs are spatially located in closer proximity to 

release sites compared to the more abundant N-type VGCCs (Rosato-Siri et al., 2002; 

Nudler et al., 2003; Urbano et al., 2003; Nishimune et al., 2012). This close spatial 

localisation may well be the reason P/Q-type VGCCs play a more prominent role in the 

mature junction where efficient bulk release of transmitter is required (Rosato-Siri et al., 

2002). 

 

At the developing (P8) NMJs we demonstrate that both wild-type and laminin-β2 

deficient junctions exhibit similar dependence on N-type VGCCs with P/Q-type playing 

a secondary role in the mediation of transmitter release. Previous studies have shown 

both N- and P/Q-type VGCCs are present and functionally involved at developing 

NMJs, as observed in our study of both wild-type and laminin-β2 deficient junctions at 

P8 (Rosato-Siri & Uchitel, 1999; Rosato-Siri et al., 2002; Nudler et al., 2003). Knight et 

al. (2003) found that the probability of transmitter release is the same for both wild-type 

and laminin-β2 deficient NMJs at P8. Our functional data suggests that N-type VGCCs 

are the dominant channel for transmitter release for both genotypes but only allow for 

low levels of quantal release compared to P18 NMJs. At P18 wild-type junctions, we 

observed an evident switch from N- to P/Q-type VGCC dominance in the mediation of 

transmitter release. P18 laminin-β2 deficient junctions did not display this switch, but 

rather remain primarily dependent upon N-type VGCCs in the mediation of transmitter 

release. At the mature NMJ the switch from N- to P/Q-type VGCCs in wild-type mice is 

associated with an increase in quantal release, suggesting that P/Q-type VGCCs are 

co-localised with active zones to facilitate efficient transmission (Nishimune et al., 

2012). 

 

Urbano et al. (2003) investigated synaptic activity in mice lacking P/Q-type VGCCs. 

These mutant mice demonstrated similar characteristics to laminin-β2 deficient mice, 

with decreased quantal content and synchrony of transmitter release. The same study 
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observed a compensatory mechanism by which N-type VGCCs became the primary 

mediators of transmitter release in mice lacking P/Q-type VGCCs, a finding supported 

by numerous studies which demonstrate that elimination of the primary calcium channel 

sub-type results in calcium entry via an alternate channel at decreased efficiency (Jun 

et al., 1999; Nudler et al., 2003; Inchauspe et al., 2004; Piedras-Renteria et al., 2004). 

Investigators suggest that the spatially dispersed but abundant N-type VGCCs interact 

with presynaptic machinery to mediate transmitter release at a decreased efficiency to 

P/Q-type VGCCs. The activation threshold and opening times of both N- and P/Q-type 

VGCCs has been shown to be similar thus the changes in sensitivity are not likely due 

to these factors influencing influx of calcium ions into the terminal (Inchauspe et al., 

2004).  These findings may explain the maintained functional presence of N-type 

VGCCs that was observed in the present study. Functionally the N-type VGCCs 

become the primary mediators of transmitter release but are not capable of sustaining 

efficient release of transmitter that is required as the junction matures (post-P15; 

Marques et al. (2000)) 

 

As the NMJ develops and enlarges, new release sites are added with a predominance 

of P/Q-type VGCCs lining the membrane. Laminin-β2 deficient NMJs display smaller 

end-plate size compared to P18 wild-type NMJs. As the NMJ matures, these newly 

added sites may not be as active as the sites during development. We propose that 

these less active sites require the presence of laminin-β2 to maintain the clustering of 

P/Q-type VGCCs. Thus the loss of laminin-β2 contributes to the dispersal of P/Q-type 

VGCC clustering and the decrease in efficient release of transmitter observed in 

laminin-β2 deficient mice at P18. 

 
3.4.3 Laminin-β2 Deficient Junctions displayed maintained N-type VGCC 
expression at Matured Neuromuscular Junctions 
In order to investigate this potential change in expression of VGCCs, we examined the 

distribution of the primary VGCC sub-types known to mediate transmitter release at the 

NMJ. Immunohistochemical findings displayed maintained levels of clustering of N-type 

VGCCs from P8 to P18 in junctions lacking laminin-β2. Mutant NMJs displayed strong 

co-localisation of N-type VGCC staining to postsynaptic AChRs at P18. Wild-type NMJs 

demonstrated similar staining levels to laminin-β2 deficient NMJs at P8, however they 

did not exhibit the increased expression seen at P18 mutant NMJs. For P/Q-type 

VGCCs, both wild-type and laminin-β2 deficient NMJs displayed similar levels of 
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discrete punctate staining at P8. These findings support our functional analysis, which 

demonstrate similar dependence on N- and P/Q-type VGCCs at P8 NMJs for both 

genotypes. 

 

At P18, wild-type NMJs displayed increased levels of P/Q-type VGCC staining 

corresponding to the normal functional switch from N- to P/Q-type VGCC dependence 

for neurotransmitter release as the motor nerve terminal develops (Rosato-Siri & 

Uchitel, 1999; Santafe et al., 2001). By contrast, laminin-β2 deficient NMJs 

maintained discrete punctate staining of P/Q-type VGCCs, similar to expression levels 

seen at P8 (no increase observed with age). The maintained N-type clustering 

observed in laminin-β2 deficient mice from P8 to P18 may suggest that the clustering 

of N-type VGCCs occurs independently of laminin-β2. We propose that the loss of this 

VGCC switching and maintained presence of N-type VGCCs observed in laminin-β2 

deficient junctions contributes to the decreased transmission capabilities displayed in 

these mutants. 

 

In order to further our findings of maintained N-type VGCC dependence at mutant 

NMJs, we investigated neurotransmission in the presence of the membrane 

permeable slow calcium chelator, EGTA-AM at P18. The use of Ca2+ chelators 

provides an insight into the spatial organisation of VGCCs involved in transmitter 

release (Robitaille et al., 1993). EGTA is known to bind Ca2+ with a slow on-rate (K on 

≈ 3–10 μM−1·s−1) (Naraghi, 1997; Nagerl et al., 2000), and thus does not influence 

evoked transmission at matured NMJs, which predominantly rely on P/Q-type VGCCs. 

This finding is likely due to the close proximity of P/Q-type VGCCs to active zones 

and thus allowing less time and distance for EGTA to buffer the entering Ca2+. At P18, 

we propose based on functional findings already discussed here, that laminin-β2 

deficient NMJs maintain dependence on N-type VGCCs, which are located distally to 

the active zone regions (Nudler et al., 2003; Urbano et al., 2003). In the presence of 

EGTA-AM, neurotransmission at mutant NMJs was found to be significantly impaired. 

This observation is likely due to the larger diffusion distance that calcium entering via 

N-type VGCCs must undergo to bind to the calcium sensor in order to initiate 

transmitter release (Robitaille et al., 1993). These findings therefore support the idea 

that N-type VGCCs are the primary mediators of transmitter release at P18 laminin-β2 

deficient NMJs. 
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3.4.4 Laminin-β2 Deficient mice displayed defects in Pre- and Postsynaptic 
Structures as the Neuromuscular Junction Matures 
Immunohistochemical staining of wild-type and laminin-β2 deficient terminals 

demonstrated perturbations in the distribution of the presynaptic molecules; syntaxin 

1A, Bassoon, synaptotagmin and SNAP25 at the P18 age group. At P8, Bassoon 

expression and co-localisation was found to be decreased compared to age-matched 

wild-type littermates. This finding is consistent with previous studies which have 

shown a decrease in active zones from as young as P4 in laminin-β2 deficient mice 

(Nishimune et al., 2004). Here we show normal expression and cellular localisation of 

syntaxin 1A, synaptotagmin and SNAP25 at P8 in both wild-type and laminin-β2 

deficient NMJs. This finding suggests that the active zone associated molecules of 

laminin-β2 deficient mice maintain a structural integrity comparable to wild-type 

littermates at P8 NMJs. As the NMJ matured from P8 to P18 in laminin-β2 deficient 

mice this structural integrity failed to develop. We observed a significant decrease in 

the levels of co-localisation of these presynaptic molecules with respect to 

postsynaptic specialisations, when compared to P18 NMJs from wild-type mice. It 

appeared that the development of laminin-β2 deficient NMJs had not developed 

beyond that seen at P8. 

 

Prior research has shown that the maintenance of active zone composition, and the 

molecular organisation of key components is strongly influenced by P/Q-type VGCCs 

(Nishimune et al., 2004; Nishimune et al., 2012). Previous research suggests that 

P/Q-type VGCCs interact directly with SNAP25 and syntaxin via the pore forming α-

subunits, while Bassoon is capable of interacting with the β1b and β4 subunits of 

VGCCs (Kim & Catterall, 1997; Zhong et al., 1999; Chen et al., 2011; Nishimune et 

al., 2012). Thus the failure to up-regulate P/Q-type VGCC expression at P18 NMJs 

from laminin-β2 deficient mice, may have resulted in reduced expression of these 

active zone molecules with respect to postsynaptic AChRs. Our findings also indicate 

that the maintained presence of N-type VGCCs seen at P18 laminin-β2 deficient 

NMJs, was not capable of organising the molecular components at the active zone of 

the cytomatrix. 

 

Defects at the postsynaptic region were also observed in P18 laminin-β2 deficient 

NMJs. Normal pretzel-like AChR clusters with high convolution and branching were 

observed at NMJs from P18 wild-type mice. By contrast, the NMJs from P18 laminin-
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β2 deficient mice retained the plaque-like AChR end-plates seen for both genotypes 

at P8, suggesting a decline in or arrest of postsynaptic maturation in laminin-β2 

deficient mice. The proteins involved with AChR postsynaptic end-plate maturation 

are yet to be fully determined, but researchers have proposed that the focal adhesion 

complexes termed podosomes together with selected RhoA activators such as 

ephexin 1 are critical in this process. End-plate AChRs become perforated in the 

presence of podosomes that give the characteristic pretzel shape associated with 

matured end-plates (Proszynski et al., 2009), and mice lacking ephexin 1 develop 

fewer pretzel shaped AChR end-plates (Shi et al., 2012). At immature AChR end-

plates, laminin-β2 and laminin-α5 co-localise to the AChR end-plate region 

(Proszynski et al., 2009). As the podosomes form within the AChR end-plate 

perforations appear. At these perforations there was a corresponding loss of laminin-

α5 from these regions (Proszynski et al., 2009). Given that β2 laminin can interact 

with laminin-α5 to form laminin-521 (Aumailley et al., 2005), it is likely that laminin-β2 

is also lost at podosomes. This idea is aided by the observation that at laminin-β2 

deficient NMJs there is also a loss of laminin-α5 (Patton et al., 1997), and supports an 

earlier hypothesis that the loss of laminin-α5 results in delayed postsynaptic 

maturation (Nishimune et al., 2008). At the edges of these perforations, a ring of 

laminins remain suggesting that these laminins through their known interactions with 

other postsynaptic molecules such as dystroglycan can aid in AChR end-plate 

stability and growth (Grady et al., 2000; Adams et al., 2004; Nishimune et al., 2008). 

Together these findings along with our own suggest that both laminin-α5 and -β2 are 

required for postsynaptic maturation. 

 

3.5 CONCLUSION 
The findings of this investigation strongly support previous literature implicating 

laminin-β2 in the organisation of key synaptic components necessary for efficient 

synaptic communication and function. We demonstrate that the loss of laminin-β2 

results in a delay or halt in maturation of both pre- and postsynaptic apparatus, more 

specifically the presence of VGCC sub-types involved in mediation of 

neurotransmission and the optimal organisation of postsynaptic AChR end-plates. 

Combined these findings suggest that laminin-β2 is an integral synaptic component 

necessary for the proper development and maturation of the skeletal neuromuscular 

junction.  
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ABSTRACT 
Laminin-β2 is a key mediator in the differentiation and formation of the presynaptic 

region of the skeletal neuromuscular junction (NMJ). Mice lacking laminin-β2 

(lamb2-/-) present disrupted presynaptic differentiation with fewer active zones, 

dispersed synaptic vesicles and defective neurotransmission properties. Lamb2-/- 

NMJs demonstrate invasion of peri-synaptic Schwann cell (PSC) processes into the 

synaptic cleft. This PSC disorganisation may also contribute to the decreased 

transmission seen in mutants as PSCs have been shown to regulate NMJ stability, 

synaptic activity and plasticity. Here we functionally characterised PSC activity 

following laminin-β2 ablation by observing changes in Ca2+ responses and 

transmission properties in lamb2-/- and wild-type mice. Electrophysiological 

recordings of P14 soleus NMJs showed that lamb2-/- NMJs release less 

neurotransmitter than wild-type. Our findings also demonstrate a reduced ability of 

PSCs to detect transmission in lamb2-/- NMJs, as revealed by smaller Ca2+ 

responses and fewer responding cells to high frequency stimuli. This reduced PSC 

excitability may be due to changes in purinergic or muscarinic receptors, P2YRs and 

MRs respectively. Lamb2-/- NMJs display decreased muscarinic receptor signalling 

activation with smaller Ca2+ responses and fewer responding cells after local 

application of muscarine. Lamb2-/- and wild-type NMJs display similar responses in 

ATP-induced P2YR activity. Lamb2-/- NMJs display poor synaptic plasticity after high 

frequency stimuli by undergoing greater depression and demonstrating no 

facilitation of transmitter release compared to wild-type NMJs. Communication 

between nerve terminal structures and PSCs may play a vital role in the 

development of properly functioning synapses. It is not clear what comes first, the 

decrease in transmission or the decline in PSC function. These observations 

suggest that laminin-β2 is involved in establishing mature and structured PSCs that 

are capable of detecting and decoding synaptic activity, which consequentially 

possess the ability to appropriately modulate neurotransmission. 
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4.1 INTRODUCTION 
Schwann cells (SCs), peripheral glial cells, myelinate the length of the motor axon along 

the peripheral nerve to the muscle fibre. The ending of these motor axons are covered by 

a number of non-myelinating SCs, termed the perisynaptic Schwann cells (PSCs) (Love 

& Thompson, 1998). At the neuromuscular junction (NMJ), PSCs envelop most of the 

presynaptic nerve terminal but leave windows that allow the presynaptic face of the 

terminal to transmit to the postsynaptic membrane of the muscle. A single NMJ may be 

capped by three to five PSCs in close apposition to the presynaptic terminal (10-20 nm) 

with no basal lamina between (Auld & Robitaille, 2003; Griffin & Thompson, 2008; 

Darabid et al., 2013). The close association of these cellular bodies would suggest an 

intimate intracellular interaction to facilitate the ability of PSCs to influence 

neurotransmission. This idea is supported by several studies which have shown that 

PSCs are capable of regulating the development and functional properties of the NMJ, as 

well as responding to perturbations at the NMJ (Miledi & Slater, 1968; Georgiou et al., 

1994; Robitaille, 1998; Feng & Ko, 2008; Todd et al., 2010). Recently, Darabid and 

colleagues (2013) have demonstrated that PSCs can help regulate the elimination of 

excess synaptic inputs at the developing NMJ, a developmental stage of interest to the 

investigation presented in this chapter. 

 

During development PSCs present a globular morphological pattern with intermingling of 

cells, which mature into highly branched and compartmentalised patterning that cover the 

NMJ (Brill et al., 2011). This segregation of PSCs appears to be caused by spatial 

competition between individual Schwann cells as well as the interaction between the 

nerve terminal and PSCs, with disruption in coverage leading to axonal degeneration and 

breakdown of the synapse. This territorial development coincides with maturation of the 

postsynaptic end-plate region, with both processes requiring neuregulin-1 and the ErbB 

receptors to successfully form (detailed in Chapter 1) (Lin et al., 2000; Ngo et al., 2012). 

During synaptogenesis the motor axon reaches target muscles and forms nerve-muscle 

contacts. Deletion of PSCs during synaptogenesis leads to a cessation in growth of nerve 

terminal (Reddy et al., 2003). At immature NMJs, PSCs are highly dynamic and are 

thought to be involved in the process of axonal elimination, with weaker inputs being 

‘pruned’ away from the end-plate region while strong inputs become stabilised as the 

PSCs become more static and cap the terminal (Brill et al., 2011). This finding is strongly 

supported by recent work which demonstrated the direct involvement of PSCs in 

phagocytosis of innervating nerve terminals during early development, suggesting a role 
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in the process of postnatal synaptic elimination, which leads to a switch from polyneuronal 

innervation to single innervated NMJs (Smith et al., 2013). By employing live Ca2+ imaging 

of PSC activity, Darabid et al. (2013) found PSCs at developing NMJs are involved in 

strengthening of robust synaptic inputs, potentially aiding in synaptic competition. 

 

As discussed above, studies have demonstrated that perisynaptic Schwann cells are able 

to detect and regulate the synaptic transmission properties of the NMJ, a finding 

conserved in both amphibian and mammalian NMJs (Jahromi et al., 1992; Reist & Smith, 

1992; Robitaille, 1995; Rochon et al., 2001; Darabid et al., 2013). In response to the 

release of neurotransmitters such as ACh, ATP, and substance P during synaptic activity, 

the PSCs display elevated intracellular Ca2+. PSCs are capable of detecting the pattern of 

neuronal and synaptic activity, and in turn, respond by modulating the synaptic transmission 

by potentiating or depressing the signal via manipulation of G-protein pathways or internal 

calcium stores (Pasti et al., 1997; Robitaille, 1998; Henneberger et al., 2010; Todd et al., 

2010; Panatier et al., 2011). Robitaille (1998) induced a reduction in neurotransmitter 

release during 0.2Hz stimulation by activating G-proteins via injection of GTPγS. 

Interestingly, inhibition of G-proteins with GDPβS did not alter neurotransmission under 

the same low-frequency stimulus conditions. This finding suggests that PSCs are not 

involved in the modulation of neurotransmission under tonic firing conditions. By 

contrast, inhibition of PSC G-proteins under high frequency conditions reduced the 

associated depression in neurotransmission (Robitaille, 1998). This finding suggests 

PSC involvement in the noted depression of neurotransmission after high frequency 

stimulus. Studies have since aimed to investigate whether these PSC responses are 

actively involved in modulation of neurotransmission.  

 

Castonguay and Robitaille (2001) found that increasing intracellular calcium stores in 

PSCs utilising Thapsigargin, an inhibitor of Ca2+-ATPase pumps of internal stores, 

resulted in an increase in evoked transmitter release. Conversely chelation of intracellular 

Ca2+ stores using BAPTA injection resulted in significantly depressed transmitter response 

after high frequency stimulus. These findings suggest that PSCs are capable of 

potentiating transmitter release in a Ca2+-dependent manner at the NMJ. This ability of 

PSCs to both potentiate and depress neurotransmission based on synaptic activity aids in 

short-term plasticity of the NMJ. 
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These functional studies have primarily focused on matured adult synapses despite the 

vital involvement of PSCs in the formation and elimination of synapses during 

development (Eroglu & Barres, 2010). Darabid et al. (2013) demonstrated that PSCs at 

immature NMJs are capable of interacting with competing inputs during the 

development of the NMJ. Developing PSCs are capable of detecting transmitter 

release primarily via purinergic (P2) signalling, however at mature NMJs PSCs 

modulate transmitter release via both muscarinic and purinergic (P1 and P2) receptors 

(Robitaille, 1995; Rochon et al., 2001). At the developing NMJ, PSCs utilise P2Y 

receptors to detect neurotransmitter release even though muscarinic receptors were 

also found to be present and active (Darabid et al., 2013). The investigators suggest 

that as the NMJ matures there is a switch from solely purinergic to mixed muscarinic-

purinergic signalling corresponding to the loss of polyneuronal innervation. Darabid 

and colleagues (2013) propose that the switch in signalling from the purinergic 

signalling pathway during development to a combination of muscarinic and purinergic 

at matured NMJs, may be due to a change in the properties and function of PSCs. In 

conjunction with findings by Brill et al. (2011), developing PSCs are highly dynamic, 

with exploratory behaviour involving constant repositioning of processes, and 

dependence on purinergic signalling. This PSC dynamism during development may 

allow for flexible changes in function and structure of the still plastic NMJ. As the NMJ 

stabilises during maturation, the associated PSCs become less variable in their activity 

and mobility, which aids in stability of the NMJ structure and function. These changes 

are of particular importance in the present study.  

 

Signalling and adhesion molecules located within the basal lamina spanning the synaptic 

cleft act as cues to direct PSCs. Of particular interest is laminin-β2, which has been 

shown to interact and signal with PSCs to determine their state of activity and prevent 

invasion into the synaptic cleft (Patton et al., 1998). A key morphological characteristic 

associated with the loss of laminin-β2 is the dramatic invasion of the synaptic cleft by 

Schwann cell processes (Noakes et al., 1995a; Patton et al., 1998). In addition to this 

morphological phenotype, these mutant NMJs demonstrate severely perturbed 

neurotransmission, which to some degree is thought to be associated with PSC 

processes penetrating into the synaptic cleft (Noakes et al., 1995a; Knight et al., 2003). 

In conjunction with findings presented in Chapter 3, which suggest immature pre- and 

postsynaptic elements at P18 laminin-β2 deficient NMJs, I propose that each of the three 

cellular bodies comprising the NMJ; the perisynaptic Schwann cells, presynaptic nerve 
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terminal, and the postsynaptic end-plate, maintain immature functional and 

morphological characteristics compared to wild-type littermates. To examine this idea, 

we compared the calcium transients within the perisynaptic Schwann cells of wild-type 

and laminin-β2 lacking NMJ’s. We also identified the receptors involved with modulating 

such calcium transients both during development and maturity. 
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4.2 METHODS 
4.2.1 Animals and Ethics Approval  
Wild-type mice and homozygous mutant mice (with no normal copies of the laminin-β2 

gene) age-matched littermates for P14-P16 were used in this investigation. Mice were 

obtained from the mating of heterozygous males and females and maintained on a defined 

C57BL/6-129SvJ genetic background. Animals were genotyped using a tail tip DNA tail 

assay (Hanley & Merlie, 1991). Mice were anaesthetised with rising concentrations of 

carbon dioxide and then killed by cervical dislocation. The University of Queensland 

Animal Care and Ethics Committee approved all procedures undertaken (Ethics number 

152/12) and were in accordance with the Queensland Government Animal Research Act 

200, associated Animal Care and Protection Regulations (2002 and 2008), as well as the 

Australian Code for the Care and Use of Animals for Scientific Purposes, 8th Edition 

(National Health and Medical Research Council, 2013).   

 

4.2.2 Muscle Preparation 

The soleus muscle with innervating nerve were dissected free under oxygenated (95% O2, 

5% CO2) Rees’ Ringer’s solution (in mM): 110 NaCl, 5 KCl, 1 MgCl2, 25 NaHCO3, 2 CaCl2, 

11 glucose, 0.3 glutamate, 0.4 glutamine, 5 BES, 0.036 choline chloride, and 4.34 x 10-7 

thiamine pyrophosphate. The extracted soleus were pinned to the bottom of a Sylgard-

coated (Dow Corning Corp., MI, USA) recording chamber and innervating nerve stimulated 

by a suction-stimulating electrode (square wave pulses; 0.2mV-5.0V, 0.1 ms duration) 

using a Grass Instruments stimulator (SD48) (Natus Neurology Inc., RI, USA) coupled to a 

Grass Instruments stimulus isolator (SIU5). 

 

4.2.3 Electrophysiological Recordings of Synaptic Transmission 
 Intracellular recordings of end-plate potentials (EPPs) were performed at room 

temperature using sharp glass microelectrodes (40 to 60 MΩ) filled with 2 M KCl. Proximity 

to end-plate regions was confirmed through analysis of EPP and MEPP rise times, sites 

with rise times greater than 1.5 ms were rejected for wild-type mice and times greater than 

2 ms rejected for mutant mice. During recordings the initial resting membrane potential 

(RMP) values were in the range of 70- 85 mV with these values undergoing a gradual 

decrease to steady values between 45- 60 mV. Recordings were terminated if the RMP 

fluctuated by more than 10 % from the steady values. Recorded signals were amplified 

using an Axoclamp 2B amplifier (Axon Instruments, USA) and digitised to 20 kHz sampling 

rate using MacLab system and Scope software (Version 3.5.5, ADInstruments, CO, USA). 
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The neurotransmission properties of each NMJ were determined by measuring their 

respective basal quantal content, and post tetanic facilitation after high frequency stimuli 

(50 Hz for 20 s). These were determined using a modified Ringer’s solution with low Ca2+ 

(1 mM)/high Mg2+ (6–7 mM) solution. The innervating nerve was stimulated at a frequency 

of 0.2 Hz with an intensity that was twice the threshold for eliciting EPPs. Quantal content 

(𝑚�) was determined using method of failures (Del Castillo & Katz, 1954b):  𝑚�  = loge 

(number of stimuli/number of failures). 

 

4.2.4 Calcium imaging  

The extracted soleus muscle and intact innervating nerve were pinned to a 3 mL Sylgard-

coated chamber. The tissue was immersed in Ringer’s solution and oxygenated with 95% 

O2 and 5% CO2, as described previously. Muscle preparations were incubated in 

oxygenated Ringer’s solution containing 10 μM fluo-4 AM (Invitrogen Inc., NY, USA), 

0.02% pluronic acid (Sigma Aldrich, MO, USA), and 1% DMSO (Sigma Aldrich). Following 

the loading period of forty minutes, tissue was perfused with standard Ringer’s solution for 

twenty minutes. The innervating nerve was gently sucked into a stimulating electrode. 

Stimulus was set at twice the threshold level to initiate a visible muscle contraction (Grass 

Instruments stimulator, SD48) with a frequency of 50Hz for continuous trains of 20 

seconds. 

 

Tissue was imaged using a Zeiss LSM 510 upright confocal microscope. Excitation of fluo-

4 AM was through the use of the 488 nm line of an argon laser with emitted fluorescence 

detected through a long-pass filter at 590 nm. Light microscopy with a 60x water 

immersion objective (Zeiss, BW, Germany) was used for localisation of NMJs. Changes in 

fluorescence over PSCs soma were measured and expressed as:   
 

% ΔF / F0 = (F − Frest) / Frest × 100 
 

In order to standardise across experiments basal fluorescence values were maintained 

between ranges of 20- 30 pixel intensity values. Experimentation hardware settings were 

also standardised with offset values between 4.9 and 5.1, and the gain set between 8 and 

9. The PSCs were considered responsive when the response amplitude was greater than 

5 pixel intensity above resting levels.  
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For experiments where Ca2+ responses in PSCs were elicited by agonists, a PV800 

Pneumatic PicoPump (World Precision Instruments Inc., FL, USA; positive pressure 

pulses of 10 PSI, 150 ms) with a glass pipette (5 MΩ, ~2-μm-tip diameter) positioned in 

close proximity of the PSCs was used to locally apply the agonists. The agonists, ATP (10 

μM, Sigma) and muscarine (10 μM, Sigma) were diluted in the extracellular Ringer solution 

used for the experiment. All Ca2+ imaging experiments were performed in normal Ca2+/ 

Mg2+ concentration Ringer’s solution at room temperature (~220C). Muscle contractions 

were prevented by blocking postsynaptic AChRs with D-tubocurarine chloride (~3.5 μM, 

Sigma Aldrich). 

 

4.2.5 Immunohistochemistry  

Immunohistochemical labeling was performed in whole by Houssam Darabid (collaborator 

from the Robitaille Laboratory, University of Montreal). The protocol used has previously 

been described in Todd et al. (2010). Dissected SOL muscles were pinned in a Sylgard-

coated dish and fixed for 10 min in 4% formaldehyde at room temperature. Muscles were 

then permeabilised in 100% cold methanol for 6 min at -20°C. Nonspecific labeling was 

minimized by incubating the muscles in a solution of 10% normal donkey serum (NDS) 

and 0.01% Triton X-100 for 20 min. Rabbit, anti-S100β (1:250, Dako) with 0.01% Triton X-

100 and 2% NDS was incubated overnight at 4°C, then washed in normal serum muscles, 

to be then incubated in goat, anti-neurofilament (1:250; SC16143, Santa Cruz 

Biotechnology) for 90 min. Secondary antibodies (Alexa 488 α-goat and 647 α-rabbit, 

1:500) were incubated together for 60 min at room temperature. Muscles were then 

incubated with α-bungarotoxin (Alexa 594) for 45 min. After each step, muscles were 

rinsed in PBS containing 0.01% Triton X-100 for 5 min. The preparations were then 

mounted in the Prolong Gold antifade reagent containing DAPI (Invitrogen) to visualize 

nuclear material. All labels were observed simultaneously using the spectral detection 

feature of an Olympus FV1000 confocal microscope. 

 

4.2.6 Data analysis  

Results are presented as mean ± SEM, and n represents the biological number for 

electrophysiology studies and the number of PSCs for calcium imaging. Unpaired t-tests 

were performed when comparing responses between genotypes. Analyses were deemed 

significant at P < 0.05. 
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4.3 RESULTS 
4.3.1 Laminin-β2 Deficiency leads to decreased Neurotransmission at Neuromuscular 
Junctions of Soleus Muscles 

We have previously shown that loss of laminin-β2 results in significant decrease in 

neurotransmission in the diaphragm muscle, a mixed fibre type muscle (Knight et al., 

2003). Here, the functional characteristics of the soleus, a predominantly slow twitch fibre 

muscle, were investigated using intracellular electrophysiology recordings of EPPs and 

MEPPs. We observed significant deficits in synaptic transmission at laminin-β2 mutant 

synapses compared to wild-type (Figure 4.1A). Evoked amplitude was decreased at 

lamb2-/- NMJs compared to wild-type junctions (wild-type; 1.34 ± 0.15 mV, n = 8, junctions 

= 37 vs. lamb2-/-; 0.76 ± 0.10 mV, n = 10, junctions = 53, P < 0.01; Figure 4.1B). Quantal 

size was also reduced at lamb2-/- synapses (wild-type; 1.04 ± 0.06 mV, n = 8 vs. lamb2-/-; 

0.77 ± 0.08 mV, n = 10, P < 0.05; Figure 4.1C). Quantal content was significantly reduced 

by approximately 49% in lamb2-/- NMJs when compared to wild-type synapses (wild-type; 

1.12 ± 0.19, n = 8 vs. lamb2-/-; 0.55 ± 0.06, n = 10, P < 0.01; Figure 4.1D). The frequency 

of spontaneous transmitter release was found to be 49% lower in lamb2-/- NMJs (wild-type; 

17.65 ± 2.78 min-1, n = 8 vs. lamb2-/-; 8.68 ± 1.64 min-1, n = 6, P < 0.05 Figure 4.1E). 

Intermittence of transmitter release was increased at mutant synapses compared to wild-

types (wild-type; 36.11 ± 5.49%, n = 8 vs. lamb2-/-; 58.26 ± 3.30%, n = 10, P < 0.01; Figure 

4.1F). 
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Figure 4.1 Laminin-β2 Deficient Neuromuscular Junctions presented Perturbed 
Neurotransmission Properties compared to Wild-type littermates in Slow Twitch Fibre 
Muscles 
A, ten consecutive representative intracellular electrophysiological recordings from wild type 

(black) and laminin-β2 deficient (Lamb2-/-) (red) NMJs, showing altered neurotransmission at 

mutant NMJs (# indicates stimuli that failed to evoke a response). B, Lamb2-/- NMJs showed 

smaller EPP amplitudes (P < 0.01), and C, MEPP amplitudes (P < 0.05) than those observed at 

wild-type NMJs D, Lamb2-/- NMJs demonstrated significantly decreased quantal content compared 

to wild-type NMJs (P < 0.01). E, Decreased spontaneous release frequency was observed at 
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mutant NMJs (P < 0.05). F, Mutant NMJs also presented significantly higher levels of intermittence 

than wild-type littermates (P < 0.01).  Values presented in histograms (B-F) are means ± SEM. 

Unpaired t-test was used to test for significance. For wild-type (n = 8) and lamb2-/- (n = 10) NMJs.  
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4.3.2 Transmitter Release during High Frequency Stimulation is altered in Laminin-
β2 Deficient Neuromuscular Junctions when Compared to Wild-types 
We compared vesicular dynamics at the active zone of lamb2-/- NMJs compared with wild-

type NMJs by applying high frequency stimulation (50 Hz for 20 s) and recording quantal 

content. As shown in Figure 4.2A, lamb2-/- NMJs displayed significantly increased 

depression during high frequency stimuli (50 Hz for 20 s) compared to wild-type NMJs 

(wild-type; 73.07 ± 4.17%, n = 5 vs. lamb2-/-; 35.50 ± 8.59%, n = 6 P < 0.005, Figure 4.2B). 

The potentiation observed in wild-type NMJs during and immediately after high frequency 

stimuli was impaired at mutant synapses with wild-type showing higher mean EPP 

amplitudes post high frequency stimuli (wild-type; 134.7 ± 13.06%, n = 5 vs. lamb2-/-; 44.44 

± 6.40%, n = 6, P < 0.001, Figure 4.2C), suggesting a possible decrease in vesicular 

availability to the active zone or altered Ca2+ handling in mutant NMJs. Wild-type NMJs 

demonstrate significantly higher potentiation with faster recovery back to baseline. By 

contrast, lamb2-/- NMJs displayed lower facilitation in comparison to wild-type (wild-type; 

109.30 ± 3.49%, n = 5 vs. lamb2-/-; 52.15 ± 8.26%, n = 6, P < 0.001, Figure 4.2D). These 

findings suggest altered vesicular dynamics at lamb2-/- NMJs, resulting in higher levels of 

depression during and after high frequency stimulation. 
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Figure 4.2 Laminin-β2 deficient NMJs undergo significantly higher levels of Depression and 
Demonstrate Altered Synaptic Plasticity 
A, Top, Changes in EPP amplitude before, during and post high frequency stimulus. Period 

of high-frequency stimulation is indicated. Bottom, Examples of EPPs induced by stimulation 

before, during, post high frequency stimulation and ten minutes after high frequency stimulus. 

Grey dashed line represents control values (100%). B, Lamb2-/- NMJs demonstrate 

significantly higher levels of synaptic depression induced by high frequency stimulus (P < 

0.005). C, Post high frequency stimulus, lamb2-/- NMJs display decreased synaptic facilitation 

compared to wild-type littermates (P < 0.001).  D, Long-term plasticity was impaired at lamb2-

/- NMJs (P < 0.001). Wild-type, n = 5 and lamb2-/-, n = 6.  
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4.3.3 Perisynaptic Schwann cell Excitability is decreased at Laminin-β2 Deficient 
Neuromuscular Junctions in response to High Frequency Stimuli 
A primary role of PSCs at the NMJ is thought to involve the detection and decoding of 

synaptic activity at the NMJ (Jahromi et al., 1992; Robitaille, 1995). In order to examine 

whether PSCs play a role in the decreased transmitter release observed at lamb2-/- NMJs, 

we investigated PSC excitability using the same high frequency stimuli parameters (50 Hz 

for 20 s). High frequency stimulus elicited a rapid changes in Ca2+ response (%∆F/F0) in 

wild-type PSCs (103.97 ± 12.65% ∆F/F0, n = 13, Figure 4.3A). By contrast, PSCs at 

lamb2-/- NMJs displayed poor responses to the same high frequency stimulus, with 

prolonged response times and decreased Ca2+ response amplitudes (50 ± 18.33% ∆F/F0, 

n = 6, Figure 4.3B). The change in Ca2+ response was found to be significantly lower at 

lamb2-/- NMJs than at wild-type littermates (P < 0.05, Figure 4.3C). In addition to these 

findings, we observed a decrease in the number of responding PSCs at each NMJ in 

lamb2-/- mice (P < 0.05, Figure 4.3D). These findings correspond with the poor synaptic 

response to high frequency stimuli observed at lamb2-/- NMJs (Figure 4.2), suggesting that 

the poor response of PSCs at mutant NMJs may be influencing the neurotransmission 

properties at lamb2-/- NMJs or vice versa. 
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Figure 4.3 Perisynaptic Schwann Cell Excitability is decreased at Laminin-β2 Deficient 
Neuromuscular Junctions in response to High Frequency Stimuli 
A, demonstrates the rapid response of wild-type PSCs to endogenous neurotransmitter release 

after high frequency stimulus (indicated on sample PSC response). B, PSCs at lamb2-/- NMJs 

show poor response to the same high frequency stimulus, with visually slower response times and 

decreased amplitude of response (%∆F/F0). Grey dashed line represents basal fluorescence with 

dashed boxes representing mean values of change in Ca2+ responses for the respective genotype. 

Corresponding snapshots of Ca2+ response for PSCs at wild-type and lamb2-/- NMJs can be seen 

below A and B respectively (PSCs are indicated by dotted circles). C, The change in Ca2+ 

response (%∆F/F0) is significantly smaller at lamb2-/- NMJs than wild-type littermates (P < 0.05). D, 

the ratio of responding PSCs at each NMJ was also significantly lower at mutant NMJs (P < 0.05). 

Wild-type, n = 13 and lamb2-/-, n = 6. 
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4.3.4 Perisynaptic Schwann Cell activation is Mediated by Purinergic Receptors at 
Wild-type and Lamb2-/- Neuromuscular Junctions 
We next examined the effect of purinergic transmission (P2YRs) at P14-P16 soleus, since it 

has recently been shown that purinergic receptors on PSCs have an important role in 

regulating transmitter release from motor nerve terminals during development of NMJs  

(Todd & Robitaille, 2006; Darabid et al., 2013). The significance of purinergic transmission 

on PSCs was ascertained by local application of the P2YR agonist ATP (10 μM) on PSCs 

at the NMJ. Local application of ATP resulted in matching Ca2+ responses between lamb2-

/- PSCs and wild-type littermates (compare Figure 4.4A and 4.4B). Both genotypes 

presented rapid responses with similar changes in amplitude after application of ATP (wild-

type; 295.4 ± 44.12% ∆F/F0, n = 27 vs. lamb2-/-; 350 ± 38.24% ∆F/F0, n = 31, P > 0.05, 

Figure 4.4C). The ratio of responding PSCs per NMJ investigated was the same at wild-

type and lamb2-/- NMJs (wild-type; 0.96 ± 0.03 PSCs/NMJ, n = 27 vs. lamb2-/-; 0.98 ± 0.03 

PSCs/NMJ, n = 31, P > 0.05, Figure 4.4D). These results indicate no change in the level of 

purinergic influence between lamb2-/- and wild-type PSCs.  
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Figure 4.4 Perisynaptic Schwann Cells at Laminin-β2 demonstrate normal Response to 
Local Application of ATP 
Both A, wild-type and B, lamb2-/- NMJs present comparable responses to local application 

of ATP (10 μM) (application indicated by arrow). Grey dashed line represents basal 

fluorescence with dashed boxes representing mean values of change in Ca2+ responses 

for the respective genotype. Corresponding snapshots of Ca2+ response for PSCs at wild-

type and lamb2-/- NMJs can be seen below A and B respectively (PSCs are indicated by 

dotted circles). C, No significant difference in Ca2+ response (%∆F/F0) was observed 

between genotypes (P > 0.05). D, the ratio of responding PSCs at each NMJ was not 

significantly different between genotypes. Wild-type, n = 27 and lamb2-/-, n = 31.  
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4.3.5 Perisynaptic Schwann Cell activation by Muscarinic Receptors is reduced at 
Lamb2-/- Neuromuscular Junctions 
The muscarinic receptors (mAChRs) have been shown to be the main receptor system by 

which matured PSCs regulate neurotransmission in adult NMJs (Rochon et al., 2001). As 

shown in Figure 4.5A, local application of muscarine elicited a strong rapid PSC Ca2+ 

response at wild-type NMJs. By contrast, Figure 4.5B shows that PSCs at lamb2-/- NMJs 

have significantly lower responses to local application of muscarine. Analysis of the 

changes in Ca2+ response confirm this, with PSCs at mutant NMJs displaying significantly 

lower changes in Ca2+ levels (wild-type; 172.50 ± 34.17% ∆F/F0, n = 34 vs. lamb2-/-; 70.83 

± 18.33% ∆F/F0, n = 37, P < 0.005, Figure 4.5C). The ratio of responding PSCs at each 

NMJ was also significantly lower at mutant NMJs (wild-type; 0.78 ± 0.06 PSCs/NMJ, n = 

27 vs. lamb2-/-; 0.49 ± 0.09 PSCs/NMJ, n = 31, P < 0.005, Figure 4.5D). These results 

suggest that the mature wild-type PSCs are more responsive to ACh via the muscarinic 

receptor than their lamb2-/-   littermates, indicating persistent plasticity of PSCs at mutant 

NMJs.  

 

  

116 
 



 

 
Figure 4.5 Perisynaptic Schwann Cell Excitability is decreased at Laminin-β2 Deficient 
Neuromuscular Junctions in Response to Local Application of Muscarine 
A, wild-type PSCs demonstrate rapid response to local application of muscarine (10 μM) 

(application indicated by arrow). B, PSCs at lamb2-/- NMJs demonstrate poor responses 

to muscarine application. Grey dashed line represents basal fluorescence with dashed 

boxes representing mean values of change in Ca2+ responses for the respective 

genotype. Corresponding snapshots of Ca2+ response for PSCs at wild-type and lamb2-/- 

NMJs can be seen below A and B respectively (PSCs are indicated by dotted circles). C, 

The change in Ca2+ response (%∆F/F0) is significantly smaller at lamb2-/- NMJs than wild-

type littermates (P < 0.005). D, the ratio of responding PSCs at each NMJ was also 

significantly lower at mutant NMJs (P < 0.005). Wild-type, n = 34 and lamb2-/-, n = 37. 
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4.3.6 Perisynaptic Schwann Cells at Lamb2-/- Neuromuscular Junctions display 
Perturbed Morphological Distribution 
Preliminary findings based on immuno-histochemical studies conducted by our 

collaborators (Houssam Darabid; Robitaille laboratory), indicate unusual distribution of 

PSCs at lamb2-/- NMJs. As shown in Figure 4.6, wild-type NMJs demonstrate good co-

localisation of pre- and postsynaptic regions. The entire presynaptic region is capped by 

multiple PSCs that may aid in stability of the functional properties observed at wild-type 

NMJs. Mutant NMJs on the other hand, demonstrate decreased co-localisation of pre- and 

postsynaptic regions. In addition to this finding, we observed ‘naked’ AChR end-plate 

regions that were sparse of both presynaptic nerve terminals and PSCs. This irregular 

distribution may suggest maintained dynamic movement of PSCs at mutant NMJs leading 

to invasion of the synaptic cleft, while wild-type PSCs become more static in conjunction 

with the increase in stability as the NMJ reaches maturation(Noakes et al., 1995a).  
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Figure 4.6 Immunohistochemical Labelling of Perisynaptic Schwann Cells at Wild-type and 
Lamb2-/- Neuromuscular Junctions 
A, Labelling of presynaptic terminals (green), postsynaptic AChRs (red), and PSCs (blue) 

of mono-innervated (P14-P16) soleus NMJs from wild-type (top row) and lamb2-/- (bottom 

row) mice. Pre + Post and merge panels demonstrate co-localisation of the cellular 

bodies that comprise the NMJ. Multiple PSCs (blue) cap the presynaptic terminal at NMJs 

of both genotypes. Also note that at wild-type NMJs, multiple PSCs (blue) covered the 

entire postsynaptic end-plate area (red), while at mutant NMJs there is a ‘naked’ region 

(indicated by *; lamb2-/- merge panel). Co-localisation of pre- (green) and postsynaptic 
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(red) regions at B, wild-type and C, lamb2-/- NMJs. Rendering shows an evidently larger 

area of postsynaptic area not covered by the presynaptic area at mutant NMJs. D, 

analysis of co-localisation shows a trend indicating a decrease in co-localisation of pre- 

and postsynaptic areas at lamb2-/- NMJs. Wild-type and lamb2-/-, n = 4.  Scale bars: 5 μm. 

Work conducted in whole by; Darabid, H. of the Robitaille Laboratory, Univ. Montreal. 
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4.4 DISCUSSION 
The present study has indicated a delay in switching from mainly purinergic transmission 

in immature PSCs to predominantly muscarinic transmission in lamb2-/- when compared to 

wild-type PSCs. We observed significant reductions in transmitter release which 

correspondingly coincided with delayed maturation of PSCs. Mutant NMJs remained 

dependent on the purinergic receptor signalling pathway, which has been shown to be the 

primary receptor signalling pathway in activation of immature PSCs. Wild-type PSCs 

showed increasing dependency on muscarinic receptor signalling with a progressive and 

corresponding decline in purinergic contribution. Finally, our preliminary immuno-

histochemical findings suggest poor arrangement of PSCs at the NMJ, which may 

contribute to decreased synaptic efficacy at lamb2-/- NMJs. We propose that the loss of 

laminin-β2 results in delayed maturation of PSCs at the NMJ, resulting in poor synaptic 

properties stemming from the functional and morphological traits of immature PSCs. 

 

4.4.1 Laminin-β2 Deficiency Induced a decrease in Neurotransmission when 
Compared to Wild-type Junctions 
Our electrophysiological recordings from the soleus NMJs are consistent with previously 

reported decreased neurotransmission in the diaphragm of lamb2-/- NMJs at postnatal day 

18 (Knight et al., 2003). Knight et al. (2003) observed a 15-fold decrease in the release 

frequency of spontaneous transmitter with no difference in quantal size at lamb2-/- NMJs, a 

finding attributed to reduced numbers of functional release sites due to poorly formed 

presynaptic terminals at mutant NMJs. The present study observed only a 50% decrease 

in spontaneous release frequency and decreased quantal size at lamb2-/- NMJs. These 

subtle differences in findings may be due to the muscle fibre types used in the 

investigations, with the soleus, a slow twitch fibre type muscle, perhaps able to sustain 

neurotransmission at low frequencies more effectively than the mixed fibre type diaphragm 

muscle. To ensure consistency with our electrophysiological studies we compared 

transmission in the diaphragm of lamb2-/- and wild-type NMJs from animals that we 

examined the soleus NMJs and obtained consistent results with those reported by Knight 

et al., (2003). We advanced our understanding by demonstrating that the reason for poor 

neurotransmission at lamb2-/- NMJs may be due to a change in calcium channel subtype 

expression (see Chapter 3). Furthermore the loss of laminin-β2 has been shown to lead to 

invasion of the synaptic cleft by Schwann cell processes (Noakes et al., 1995a; Patton et 

al., 1998), with laminin-521, containing the β2 chain, thought to directly prevent invasion of 

the synaptic cleft by Schwann cells (Cho et al., 1998; Patton et al., 1998). Thus the defects in 
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neurotransmission associated with loss of laminin-β2 may be partly attributed to the entry of 

Schwann cell processes into the cleft as a result of altered PSC activity. However, we do not 

know whether the decline in neurotransmission leads to Schwann cell invasion of the synaptic 

cleft of already inactive release sites or that the Schwann cell invasion initiates decline in 

neurotransmission.  

 
4.4.2 Laminin-β2 Deficient Neuromuscular Junctions respond differently in the Release 
of Transmitter during the Demands of High Frequency Stimulation  
We compared the capacity of lamb2-/- and wild-type NMJs in the soleus preparation to sustain 

neurotransmission during high frequency stimulus. High frequency stimulation mimics tonic 

firing of the developing motor neurons innervating the soleus (Navarrete & Vrbová, 1983; 

Gorassini et al., 2000; Buffelli et al., 2002; Eken et al., 2008). The activity of soleus motor units 

has been shown to progress from phasic short bursting activity to tonic activity after the first two 

weeks postnatal (Navarrete & Vrbová, 1983; Westerga & Gramsbergen, 1994; Buffelli et al., 

2002; Eken et al., 2008), which coincides with maturation of the cellular elements comprising the 

NMJ. This change in input activity is associated with a change in muscle fibre type expression 

and consequently the development of the slow twitch fibre properties observed at the soleus. 

Studies have shown that altering the motor unit activity can inhibit the conversion of fast twitch 

fibre type IIA into slow twitch fibres type I in developing rodent soleus (Blewett & Elder, 1993; 

Elder & Toner, 1998). The decreased motor unit activity at lamb2-/- NMJs, reported here, may 

result in maintained presence of type IIA fibres which are not energy efficient and fatigue 

resistant. Thus the soleus of lamb2-/- mice are not functionally capable of handling the tonic 

impulses required of a healthy soleus in providing reliable postural support.  
 
 
Here we show clear short and long-term deficits in neurotransmission at the NMJs of lamb2-/- 

mice. Mutant NMJs demonstrated a two-fold higher level of depression, which suggests that the 

terminals are not capable of sustaining tonic firing at high frequency, a demand required to be 

fulfilled by healthy soleus muscle in maintaining posture. Previous literature has shown a 

dispersal of synaptic vesicles at mutant NMJs, thus under high frequency stimulus lamb2-/- 

NMJs undergo severe depletion of the synaptic vesicles in the readily releasable pool (Noakes 

et al., 1995a; Knight et al., 2003). After high frequency stimulus, wild-type NMJs demonstrated 

potentiation due to priming of the nerve terminal by residual calcium that enters during 

successive  stimuli and via activation of the Ca2+ calmodulin protein kinase II (CaMKII) 

phosphorylation of synapsin I (Huttner & Greengard, 1979). Mutant NMJs displayed a 70% 

reduction in facilitation, indicating impaired priming and decreased availability of synaptic 
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vesicles due to poor synaptic vesicle recycling to replenish the readily releasable pool. 

Furthermore, mutant NMJs displayed a prolonged recovery from depression adding 

support to the suggestion that vesicular recycling or transport/translocation impairment 

is responsible for the decrease in transmitter release. Overall the present findings 

indicate that supply of vesicles to the active zone cannot keep up with the demand 

imposed by frequent stimulation in the laminin-β2 deficient NMJs.  

 

4.4.3 Perisynaptic Schwann Cell Excitability is decreased at Laminin-β2 Deficient 
Neuromuscular Junctions in response to High Frequency Stimuli 
Based on our functional findings, lamb2-/- NMJs are not capable of dealing with high 

frequency tonic stimulus patterns. PSCs are able to modulate neurotransmission by 

detecting and decoding synaptic activity thus enhancing or depressing transmitter 

release (Jahromi et al., 1992; Robitaille, 1995). This modulation is thought to be 

mediated by calcium handling involving PSC membrane receptors such as purinergic 

and muscarinic (Jahromi et al., 1992; Reist & Smith, 1992). Under high frequency 

activity the PSCs at mutant NMJs displayed significantly smaller Ca2+ responses (~50% 

of wild-type responses), suggesting poor PSC excitability by the release of endogenous 

neurotransmitter from the presynaptic terminal. The number of PSCs responding to the 

stimuli was also found to be decreased at mutant NMJs. These findings suggest a 

correlation between the poor PSC excitability at lamb2-/- NMJs and the perturbed 

neurotransmission properties observed. We suggest that PSCs at lamb2-/- are not be 

able to detect and decode the ‘foreign’ high frequency input as they may not possess 

the correct signalling receptors to be activated by endogenous neurotransmitter under 

high frequency conditions. The vesicles within motor nerve terminals store a number of 

transmitters including ACh and ATP, which are released during stimulation resulting in 

not only activation of postsynaptic receptors but also presynaptic receptors to enhance 

or auto-inhibit further release of transmitters (Bennett et al., 1991). PSCs also harbour 

these receptors which when activated alter their excitability and thus effect the micro-

extracellular environment of neurons and terminals. The decrease in transmitter 

release from the nerve terminals of lamb2-/- NMJs may contribute to the lower 

excitability of PSCs with subsequent lower feedback to the nerve terminals. 
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4.4.4 Perisynaptic Schwann Cells at Lamb2-/- Neuromuscular Junctions demonstrate 
normal Purinergic Signalling with poor Excitability via the Muscarinic Receptor 
Signalling Pathway  
In the present study we have shown that there is no difference in purinergic influence on 

neurotransmission between the developing wild-type and lamb2-/- NMJs. Robitaille and 

colleagues have previously examined the development and maturation of the receptor 

signalling pathways of PSCs. At developing NMJs, PSCs are almost completely activated 

via the purinergic receptors (P2YRs) while at matured NMJs transmission is modulated via 

a combination of purinergic and muscarinic receptors (Rochon et al., 2001; Darabid et al., 

2013). Here we found comparable PSC Ca2+ responses after local application of the 

purinergic receptor agonist (ATP) at wild-type and lamb2-/- NMJs, suggesting no difference 

in the receptor signalling pathway mediating activation of PSCs during development. 

Application of muscarine elicited poor responses at mutant NMJs, while PSCs at wild-type 

NMJs demonstrated a greater responsiveness. Investigation of the mAChR signalling 

pathway at lamb2-/- NMJs showed defective excitability of mutant PSCs, with less cells 

responding compared to PSCs at wild-type NMJ. These findings suggest that wild-type 

PSCs have developed suitable dependence on both the purinergic and muscarinic 

receptor pathways as expected at a matured NMJ. By contrast, PSCs at lamb2-/- NMJs 

demonstrated maintained dependence on purinergic receptor signalling, a characteristic of 

PSCs at immature NMJs. Darabid et al. (2013) demonstrated the presence of functional 

mAChRs at developing NMJs, however these receptors did not contribute to synaptic 

activation of PSCs. The study went on to propose that the absence of mAChRs in 

proximity to active zones may be responsible for the lack of involvement in synaptic-

induced PSC activation at developing NMJs. 

 

4.4.5 Perisynaptic Schwann Cells at Lamb2-/- Neuromuscular Junctions display 
Perturbed Morphological Distribution 
It has previously been shown that the development of the postsynaptic end-plate region in 

lamb2-/- NMJs remains immature (see Chapter 3). Mutant mice displayed smaller end-plate 

regions as well as poor morphological development, with maintained diffuse plaque-like 

structure compared to the convoluted wild-type end-plate region. The preliminary 

immunohistochemistry study conducted by Houssam Darabid (Robitaille Laboratory, Univ. 

Montreal), again highlights perturbed morphology of lamb2-/- NMJs and the associated 

PSCs. Wild-type NMJs, presented good co-localisation of pre- and postsynaptic regions. 

Of note, the entire presynaptic terminal was completely covered by multiple PSCs, this 
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close interaction between PSCs and pre-/ postsynaptic structures likely facilitates 

communication and thus promotes efficient modulation of neurotransmission. By contrast, 

lamb2-/- NMJs appear to show lesser co-localisation of pre- and postsynaptic regions. In 

addition to this it was noted that some regions of the presynaptic terminal contained 

regions bare of PSCs. These ‘naked’ regions may in part lead to poor detection of synaptic 

signals and subsequently lower levels of neuromodulation at mutant NMJs. We propose 

that these abnormal PSC and NMJ morphologies may be due to the immature phenotype 

of lamb2-/- NMJs. During development, PSCs are highly dynamic with movement and are 

constantly extending and retracting processes in response to neural signalling (Brill et al., 

2011). As PSCs mature they become more compartmentalised and territorial of regions 

which envelop the presynaptic terminal. This progressive loss of dynamism is associated 

with an increase in NMJ stability and enhanced reliability of neurotransmission. Thus, it is 

likely that the maintained dynamism contributes to irregular PSC distribution at the 

presynaptic terminal, subsequently resulting in poor ability of mutant PSCs to reliably 

detect and decode neurotransmission at lamb2-/- NMJs. 

 

4.5 CONCLUSION 
Deletion of laminin-β2 at the NMJ results in functional and morphological changes at the 

pre- and postsynaptic regions, as well as in the PSCs themselves. In comparing these 

changes with NMJs from wild-type littermates, we noted a decrease in quantal content 

which was attributed to a decrease in the number of active release sites. These functional 

observations were supported by previous morphological findings, which indicated a 

decrease in the number of active zones. Also it was noted that the laminin-β2 deficient 

NMJs had fewer PSCs associated with nerve terminal structures with some even being 

‘naked’. Terminal structures without the proper support of PSCs may be destined to be 

eliminated. Communication between nerve terminal structures and PSCs may play a vital 

role in the development of properly functioning synapses. It is not clear what comes first, 

the decrease in transmission or the decline in PSCs numbers and/or function. These 

observations suggest that laminin-β2 is involved in establishing mature and structured 

PSCs that are capable of detecting and decoding synaptic activity, which consequentially 

possess the ability to appropriately modulate neurotransmission.  

125 
 



 

 

CHAPTER 5 
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Laminin-α4 Deficient Mice during 

Development 
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ABSTRACT 
Synaptic basal lamina such as laminin-421 (α4β2γ1), mediate differentiation of the 

neuromuscular junction (NMJ). Laminins interact with other synaptic molecules to provide 

stability and ensure precise alignment of the pre- and postsynaptic specialisations. 

Targeted mutation of the lama4 gene does not alter NMJ morphogenesis, with normal 

formation and numbers of active zones and junctional folds.  However, mice deficient in 

laminin-α4 (lama4-/-) display disruptions in the precise alignment of active zones and 

postsynaptic folds at the NMJ. The functional consequences of laminin-α4 loss have not 

been previously examined. The present study investigated the differences in 

neurotransmission during early development and maturation of the NMJ in lama4-/- and 

wild-type mice. Our results indicated clear changes in neurotransmission between mutant 

and wild-type NMJs involving pre- and postsynaptic differences. In lama4-/- NMJs we 

observed a significant decrease in miniature end-plate potentials (MEPPs) frequency and 

an increase in the mean amplitude of MEPPs. In lama4-/-  NMJs we observed a significant 

decrease in quantal content which was wholly explained by an increase in intermittence of 

evoked transmitter release, as mean amplitude of end-plate potentials increased in 

mutants (when failures were excluded from analysis). Mutants also displayed significantly 

higher levels of synaptic depression under high frequency stimulus and altered paired 

pulse facilitation compared to wild-type littermates. Analysis of the binomial parameters of 

neurotransmitter release demonstrated a decrease in quantal release as a result of a 

decrease in the number of active release sites but not in the probability of transmitter 

release. Our findings demonstrate altered distribution and expression of presynaptic 

components associated with active zones, specifically an increase in the number of 

synaptic vesicles and a decrease in the density of the fluorescently labelled Bassoon at 

the active zone region. From these findings we conclude that laminin-α4 is critical for 

alignment of active zone elements like Bassoon and the ready releasable pool of vesicles 

with the high density of post-synaptic AChRs found at the crests of the postsynaptic folds. 

Our results suggest that the fewer active release sites may compensate for the deficits of 

the lama4-/- NMJs by postsynaptic alterations. 
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5.1 INTRODUCTION 
Signalling and adhesion molecules such as laminin-421 (α4β2γ1) have been shown to 

play an integral role in the organisation of the neuromuscular junction (NMJ) (Noakes 

et al., 1995a; Cho et al., 1998; Patton et al., 1998). The laminin-α4 chain, found 

concentrated specifically at the synaptic cleft from embryonic day 14, has been shown 

to be important for co-localisation of pre- and postsynaptic specialisations (Miner et 

al., 1997; Patton, 2000; Patton et al., 2001; Carlson et al., 2010). Mice deficient in 

laminin-α4 (lama4-/-) undergo normal synaptogenesis, with similar formation and 

number of active zones as well as normal postsynaptic membrane folding, as seen at 

wild-type NMJs (Patton et al., 2001). Notably however, the precise apposition of 

active zones and postsynaptic folds fails to develop at lama4-/- NMJs, with over 70% 

of active zone regions displaying misalignment to postsynaptic specialisations (Patton 

et al., 2001). These findings indicate that the laminin-α4 chain does not play a role in 

the formation and development of specific synaptic components. This hypothesis is 

supported by the presence of laminin-α4 in highest concentrations between 

postsynaptic folds rather than at the crest of the folds, suggesting it likely plays an 

instructive role in the placement of postsynaptic specialisations such as acetylcholine 

receptors (AChRs), by signalling regions where active zones or folds should not form 

during development. 

 

The NMJs of lama4-/- mice do not display severe morphological defects and 

abnormalities when compared to mice lacking laminin-β2 (lamb2-/-) (Patton et al., 

2001). Mice lacking laminin-α4 appear healthy and grow at a rate similar to wild-type 

littermates, whereas lamb2-/- mice display stunted growth and die after weaning. This 

may be a result of the laminin-β2 chain being present in all three heterotrimers found 

specifically in the synaptic basal lamina, while the laminin-α4 chain is present only in 

laminin- 421 (Patton, 2000; Carlson et al., 2010). Patton et al. (2001), found that at 

two months of age mice deficient in laminin-α4 displayed uncoordinated hindlimb 

movement when held by the tail, and were noted to occasionally drag their hindlimbs 

when walking, suggestive of neuromuscular dysfunction. Histological analysis showed 

no evident signs of myopathy or dystrophy in muscle fibres with preserved size and 

shape, as well as normal contractile properties in lama4-/- mice (Patton et al., 2001). 

However, no studies have yet investigated the functional capacity of 

neurotransmission at lama4-/- NMJs. 
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Given that literature has focused largely upon the morphological changes associated 

with loss of laminin-α4, the present study examined the functional neurotransmission 

properties at lama4-/- NMJs during development and maturation. Here, we functionally 

measured neurotransmission using electrophysiology to characterise these properties 

during development, from postnatal day 8 (P8) to postnatal day 18 (P18). We 

observed alterations in neurotransmission at lama4-/- NMJs at P8, which became 

more apparent by P18. Perturbations observed were comparable in each of the 

muscle fibre types investigated at P18. We also show that these functional changes 

are associated with a change in morphology of the pre- and postsynaptic regions, 

specifically we observed an increase in synaptic vesicle staining and a decrease in 

the active zone marker density. Our findings suggest modifications at both the pre- 

and postsynaptic regions, as a long-term compensatory response to the misalignment 

observed at lama4-/- NMJs. 
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5.2 METHODS 
5.2.1 Ethics approval  
The University of Queensland Animal Care and Ethics Committee approved all procedures 

undertaken (Ethics number 152/12) and were in accordance with the Queensland 

Government Animal Research Act 200, associated Animal Care and Protection Regulations 

(2002 and 2008), as well as the Australian Code for the Care and Use of Animals for Scientific 

Purposes, 8th Edition (National Health and Medical Research Council, 2013).  

 
5.2.2 Animals  
Wild-type mice (with two normal copies of all laminin genes) and homozygous mutant mice 

(with no normal copies of the lama4 gene) were used in this investigation. Mice were obtained 

from the mating of homozygous males and females and maintained on a defined C57BL/6-

129SvJ genetic background. Mice of either sex were used in this study and age-matched for 

postnatal days 8 and 18. Mice were anaesthetised with rising concentrations of carbon dioxide 

and then killed by cervical dislocation. A minimum of five age-matched pairs was used at each 

age group for both electrophysiological and histological procedures detailed below.  

 
5.2.3 Electrophysiology 
Tissue Preparation  

Diaphragm, extensor digitorum longus (EDL) and soleus (SOL) muscles with associated 

innervating nerves were dissected free and pinned to the bottom of a Sylgard-coated 

recording chamber. The preparation was perfused at a rate of 3 mL min-1 with Tyrode solution 

(composition (mM): NaCl 123.4; KCl 4.7; NaH2PO4 1.3; NaHCO3 16.3; MgCl2 1.0; glucose 7.8; 

CaCl2 0.1 - 0.3; pH 7.3). The reservoir supplying the bath was continuously gassed with 95% 

O2 and 5% CO2 and maintained at room temperature 22 ± 20C. All reagents unless specified 

were supplied by Sigma Chemicals Australia. 

 

Electrical Stimulation 

The innervating nerve supplying the associated muscle was gently sucked into a glass pipette 

filled with Tyrode solution. This pipette acted as a stimulating electrode utilising two silver 

chloride wires, one passing within the pipette as a positive electrode and the other outside as 

the negative electrode. The phrenic nerve was stimulated with square wave pulses of 15-20 V 

intensity, 0.08 ms duration at a frequency of 0.2 Hz, using a Grass Instruments stimulator 

(SD48) coupled to a Grass stimulus isolator (SIU5). 
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Extracellular Recordings  

Extracellular recordings of nerve terminal impulses (NTI), end-plate currents (EPCs) and 

miniature end-plate currents (MEPCs) were obtained, as previously described (Knight et 

al., 2003).  In brief, coarse glass micropipettes (2-10 µm in diameter) filled with Tyrode 

solution were positioned on the surface of muscle fibres until sharp rise times of less than 

1 ms were detected for both EPCs and MEPCs. The frequency of EPCs and MEPCs were 

carefully monitored while the electrode was lowered as electrode pressure may give rise to 

increased frequency of spontaneous activity (Fatt & Katz, 1952; Bennett et al., 1986a; 

Bennett et al., 1986b). After a recording site was located the stimulus was ceased for a 

five-minute period before commencing recordings of EPCs and MEPCs. This allowed for 

replenishment of vesicular pools at the nerve terminals. Five to six recording sites were 

selected from each muscle preparation with 100-200 stimulations and at least 30 MEPCs 

recorded at each site.  

 

Intracellular Recordings 

Fine tipped glass microelectrodes (30 to 50 MΩ) filled with 2 M KCl were used to record 

end-plate potentials (EPPs), miniature end-plate potentials (MEPPs) and resting 

membrane potentials (RMPs). Recorded signals were amplified using an Axoclamp 2B 

amplifier (Axon Instruments, USA) and digitised to 20-40 kHz sampling rate using MacLab 

system and Scope software (Version 3.5.5, ADInstruments, CO, USA). Electrodes were 

manipulated to impale muscle fibres within 0.5 mm of the end-plate region. Proximity to 

end-plate regions was confirmed through analysis of EPP and MEPP rise times, sites with 

rise times greater than 1.5 ms were rejected for wild-type mice and times greater than 2 

ms rejected for mutant mice. During recordings the initial resting membrane potential 

(RMP) values were in the range of 70-80 mV with these values undergoing a gradual 

decrease to steady values between 55-65 mV. Recordings were terminated if the RMP 

fluctuated by more than 10% from the steady values.  

 
Paired Pulse Facilitation  

The facilitation of wild-type and mutant NMJs was investigated by applying twin pulse 

stimuli at 10, 20, 40 and 60 ms delays with Tyrode solution containing 0.3 mM [Ca2+] and 1 

mM [Mg2+]. The degree of facilitation was evaluated using the facilitation index (fi): fi = 

A2/A1 where A2 is the average of the EPP amplitudes elicited by the second stimulus and 

A1 is the average of the EPP amplitudes elicited by the first stimulus.  A total of six wild-

type and six laminin-α4 deficient mice were studied at both age groups. 
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5.2.4 Wholemount Immunohistochemistry 
Diaphragm muscles were dissected free from wild-type and mutant mice at P18. The muscles 

were incubated with Alexa Fluor 555 α-bungarotoxin (αBTX) for 30 minutes followed by washing 

with Tyrode solution. The tissues were then fixed with 2% paraformaldehyde in 0.1 M 

phosphate buffered saline, pH 7.4 (PBS) at room temperature for 20 minutes followed by 

consecutive washing with PBS. Immunofluorescence double staining was performed to 

determine the localisation and distribution of presynaptic components such as the active zone 

marker; Bassoon, and synaptic vesicles with respect to postsynaptic AChRs in diaphragm 

muscles. The fixed diaphragm muscles were blocked with PBS containing 2% bovine serum 

albumin (BSA), 2% goat serum and 0.5% Triton X-100 (TX-100). The muscles were then 

incubated with the following primary antibodies overnight at 40C; mouse anti-Bassoon (Enzo 

Life Sciences; SAP7F407 clone; Nishimune et al., 2004; Chen et al., 2011), and mouse anti-

SV2 (Developmental Studies Hybridoma Bank; Knight et al., 2003; Chen et al., 2012). The 

tissues were rinsed with 0.5% TX-100 prior to incubation with the appropriate Alexa Fluor 488-

conjugated secondary antibodies (Molecular Probes, Invitrogen, Eugene OR, USA) at 40C for 5 

hours. The tissues were then washed with PBS, mounted in Prolong Gold anti-fade reagent 

(Molecular Probes, Invitrogen) and cover-slipped. 

 

5.2.5 Image Acquisition and Analysis 
Tissues were imaged with an Olympus Fluoview FV1000 confocal laser scanning microscope, 

equipped with two excitation diode laser lines (473 nm and 559 nm) running on Fluoview FV10-

ASW software version 01.07C. Images were taken at a resolution of 1024 by 1024 pixels, using 

a 100x/ 1.35 NA Oil Iris UPlan-Apochromat objective with a Z-step size of 0.3 µm. Images were 

captured using identical laser power levels, photomultiplier gain levels, scanning speed and 

pinhole size amongst different slides using the same antibody. Imaris x64 7.1.0. (Bitplane, South 

Windsor, CT, USA) was used to analyse Z-stacked images for volume measurement of 

synaptic vesicles and postsynaptic end-plate. Synaptic vesicles targeted by mouse anti-SV2, 

stained with Alexa Fluor 488-conjugated secondary antibody and postsynaptic AChR end-plates 

stained with Alexa Fluor 555 αBTX, were reconstructed into 3-dimension (3D) using a surface-

rendering algorithm based on local contrast in fluorescent z-stacks as previously described 

(Caillol et al., 2012; Fogarty et al., 2013). The density of synaptic vesicles at each junction was 

then determined by dividing the volume of the 3D reconstruced SV2-stained region over the 3D 

reconstructed end-plate volumes. The end-plate volume is defined as the entire 3D 

reconstructed end-plate inclusive of interstitial spaces.  
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The density of active zones as labelled by the presynaptic active zone marker, Bassoon was 

analysed from the captured Z-stack images. Fiji software was utilised to perform auto 

threshold on the Bassoon stained images, which then allowed for counting of number of 

Bassoon puncta objectively, as previously described in Chen et al. (2012). The density of 

Bassoon puncta was determined by dividing the number of Bassoon puncta at each junction 

over the area of the corresponding end-plates. The area of the end-plates were measured 

using Image J software (Abramoff et al., 2004). All image analysis was completed under 

double blinded conditions.  Student’s t-tests were used to quantitatively compare the 

expression of these NMJ components between wild-type and mutant junctions at P18. Results 

are expressed as mean ± SEM with statistical significance accepted at P < 0.05. 

 

5.2.6 Data Analysis 
Extracellular recording sites were analysed if the frequency of EPCs and MEPCs did not 

change as a result of electrode pressure and if a single EPC was recorded within the first ten 

stimuli. Intracellular recordings were included if at least 100 EPPs and 30 MEPPs   were 

recorded.  Quantal content (𝑚�) was determined using method of failures (Del Castillo & Katz, 

1954b): 𝑚�  = loge (number of stimuli/ number of failures) utilising intracellular 

electrophysiological recordings. Binomial parameters were calculated from intracellular 

recording data using methods previously described by Bennett and Florin (1974). The rise 

times, decay times, amplitude and frequency of evoked and spontaneous releases were 

calculated and tabulated for each experimental group. Unpaired two-tailed t-tests were 

performed to compare mean values of wild-type and lama4-/- mice. Results are expressed as 

mean ± SEM with statistical significance accepted at P < 0.05. 
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5.3 RESULTS 
5.3.1 Loss of Laminin-α4 resulted in altered Spontaneous and Evoked Transmitter 
Release 
The present study investigated the potential changes in neurotransmission properties that 

may arise from the misalignment of pre- and postsynaptic specialisation observed in 

lama4-/- NMJs. As this misalignment of synaptic specialisations occur from as early as 

P12, we examined NMJs from postnatal day 8 (immature) to postnatal day 18 (mature) 

(Balice-Gordon et al., 1993; Balice-Gordon & Lichtman, 1993; Balice-Gordon, 1997; 

Culican et al., 1998; Marques et al., 2000; Patton et al., 2001). At both age groups the 

resting membrane potential recorded via intracellular electrophysiology was comparable to 

that of age-matched wild-type muscle fibres (Table 5.1). Analysis of spontaneous 

transmitter release, showed a significant increase in MEPP amplitude at both P8 (P < 

0.05) and P18 (P < 0.01) at lama4-/- NMJs compared to wild-types of the same age (Table 

5.1, Figure 5.1A and 5.1B). At P8, both wild-type and mutant NMJs displayed a low 

frequency in spontaneous transmitter release. Difference in MEPP frequency become 

evident at P18 when the rate significantly increased from 3.45 ± 0.43 to 18.73 ± 2.65 min-1 

(P < 0.001) in the wild-type NMJs and for the lama4-/- NMJs MEPP frequency significantly 

increased from 2.56 ± 0.52 to 8.68 ± 0.76 min-1 (P < 0.0001, Table 5.1). A comparison of 

the relative change between lama4-/- NMJs and wild-type MEPP frequency indicated a 

greater increase in the wild-type NMJs (5.4 fold increase in the wild-type compared with a 

3.4 fold increase in the lama4-/- NMJs) (P < 0.01, Table 5.1). We observed an increase of 

60% in MEPP time course (rise time and decay time) at P8 mutant NMJs compared to 

wild-type (P < 0.01) (Figure 5.1A; compare black to red spontaneous traces). By P18, 

lama4-/- NMJs showed a decrease in MEPP time course but were still significantly longer 

than those observed at wild-type NMJs (P < 0.05). This increased time may be a result of 

decreased levels of acetylcholinesterase (AChE) in the synaptic cleft, which is necessary 

for the breakdown of bound ACh at the postsynaptic AChRs and/or a more diffuse 

distribution of AChRs, or potentially a broader delay in the release of transmitter release 

from active zones. 

 

Evoked transmitter release was examined under conditions of low probability of release 

(0.3 mM Ca2+ and 1.0 mM Mg2+). Comparison of the distributions of EPP amplitude and 

frequency of observations for wild-type and lama4-/- NMJs indicated positively skewed 

distribution with a large number of stimuli failing to evoke an EPP in both lama4-/- and wild-

type NMJs, at both ages (Figure 5.1A). Mutants however had higher levels of failures with 
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a slightly greater tail in the distribution indicative of greater EPP amplitudes being 

registered. Mutant NMJs displayed higher EPP amplitudes compared to wild-type (Figure 

5.1A; compare black evoked to red evoked traces). Importantly, we observed a significant 

increase in intermittence of transmitter release at lama4-/- NMJs compared to wild-type. At 

P8, the failure rate of evoked response for mutant NMJs was 53.47 ± 2.81% compared to 

29.28 ± 3.26% for wild-type, a 82.6% higher failure rate (P < 0.0001, Table 5.1). As the 

NMJ matured, the rate of failures increased at wild-type NMJs to 43.73 ± 3.24%, while 

lama4-/- NMJs maintained a failure rate of 58.30 ± 3.17%, which was 33.3% higher in 

intermittence than the wild-type (P < 0.01, Table 5.1 & Figure 5.1B). 
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Figure 5.1 Intracellular Recordings from Wild-type and Lama4-/- Neuromuscular Junctions in 
Diaphragm Muscle at Postnatal Day 18 
A, sample traces of MEPPs (10 consecutive spontaneous recordings) and EPPs (10 consecutive 

evoked recordings) from wild-type (black traces) and lama4-/- (red traces) NMJs. B, frequency 

histograms were constructed based on recordings of spontaneous (top row) and evoked (bottom 

row) amplitude recordings for wild-type (black hollowed bars) and mutant NMJs (red hollowed 

bars) respectively. Histograms shown are from a single NMJ recording from each genotype that 

exemplifies distributions observed in this study. Distribution of both MEPP and EPP responses 

displayed a rightward skew at lama4-/- NMJs compared to wild-type, indicating an increased 

number of higher amplitude responses observed at mutant junctions. As indicated by solid black 

bars, lama4-/- NMJs displayed higher rate of failures in response to stimuli compared to wild-type. 
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Table 5.1. Comparison of Neurotransmission in the Diaphragm Muscle using 
Intracellular Electrophysiological Recordings 

 

Age (Postnatal days) 

P8 P18 

Genotype Wild-type Lama4-/- Wild-type Lama4-/- 

n number 5 6 5 6 

Number of junctions  

MEPP 32 45 40 48 

EPP 30 44 41 50 

RMP (mV) -57.29 ± 1.43 -59.27 ± 0.90 -56.33 ± 0.73 -58.60 ± 1.29 

MEPP Amplitude (mV) 0.88 ± 0.05 1.09 ± 0.06* 0.95±0.04 1.18 ± 0.06** 

MEPP time course (ms) 6.14 ± 0.24 9.83 ± 0.54** 6.04 ± 0.39 7.11± 0.37* 

MEPP rise time (ms) 1.31 ± 0.01 1.56 ± 0.10 1.64 ± 0.04 1.44 ± 0.10 

MEPP decay time (ms) 4.83 ± 0.24 8.27 ± 0.52** 4.38 ± 0.32 5.56 ± 0.30* 

MEPP frequency (min-1) 3.45 ± 0.43 2.56 ± 0.52 18.73 ± 2.65 8.68 ± 0.76** 

Percentage Failures (%) 29.28 ± 3.26 53.47 ± 2.81**** 43.73 ± 3.24 58.30 ± 3.17** 

* P < 0.05; ** P < 0.01; **** P < 0.0001 
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5.3.2 Loss of Laminin-α4 did not alter Action Potential Conduction 
The higher intermittence of transmitter release observed at lama4-/- NMJs may be due to an 

impairment of action potential propagation along the nerve terminals. Patton et al. (1997) have 

previously shown the presence of laminin-α4 at the basal lamina of the peri-neural sheathing of 

peripheral nerve branches. Thus loss of laminin-α4 may result in failure of action potential to 

conduct along the motor axon and subsequently lead to the higher intermittence of transmitter 

release we observed in the present study. To address this possibility we used focal extracellular 

recordings to observe the nerve terminal impulse (NTI) at mutant NMJs at both P8 and P18. We 

found normal presence of NTIs with no variation or intermittence at both mutant and wild-type 

NMJs (Figure 5.2A, evoked responses). These findings suggest no significant change in 

conductance of action potentials at lama4-/- NMJs, therefore the observed increased 

intermittence of release is not due to a failure of action potential invasion of the presynaptic 

terminal but more likely due to failure of the depolarisation-secretion mechanisms. At both age 

groups investigated the latency at lama4-/- NMJs averaged 14.5% slower than those measured 

at wild-type junctions (P > 0.05, Table 5.2). This difference prompted us to closely examine for 

changes in the time course of MEPCs and EPCs during development and maturation of lama4-/- 

and wild-type NMJs. 

 

Analysis of spontaneous release demonstrated an evident increase in MEPC amplitude at 

lama4-/- NMJs compared to wild-types. During early development, the MEPC amplitude of wild-

type NMJs was 20% lower at 122.4 ± 5.73 μV compared to 147.1 ± 13.74 μV at lama4-/- NMJs 

(P < 0.05, Table 5.2). By P18, the difference in MEPC amplitude rose to 52%, with wild-type at 

106.1 ± 5.89 μV compared to lama4-/- NMJs at 162.1 ± 12.50 μV (P < 0.01) (Table 5.2 & Figure 

5.2). We also observed an increase in MEPC time course at lama4-/- NMJs compared to wild-

type NMJs, which increased further with maturation (P8; P < 0.05, P18; P < 0.01). MEPC rise 

time was significantly greater for P18 mutant NMJs compared to wild-type NMJs (wild-type; 0.26 

± 0.01 ms, n = 6 vs. lama4-/-; 0.30 ± 0.01, n = 7, P < 0.001). EPC amplitude was significantly 

increased at lama4-/- NMJs compared to wild-type, again becoming more evident as the NMJs 

reached maturation. At P8, wild-type displayed mean EPC amplitudes of 230.2 ± 10.8 μV 

compared to 281.0 ± 16.8 μV at lama4-/- NMJs (P < 0.05). By P18, mutant responses increased 

by 76% to 494.7 ± 58.8 μV while wild-type EPC amplitude was maintained at 233.0 ± 19.6 μV (P 

< 0.001, Table 5.2 & Figure 5.2A). These changes were clearly evident by a rightward shift in the 

examples of mean EPC amplitude versus number of observation histograms shown in Figure 

5.2B. Corresponding with this increase in EPC amplitude, we noted an increase in the rise time 

at P8 (wild-type; 0.64 ± 0.01 ms vs. lama4-/-; 0.82 ± 0.03 ms, P < 0.001) and P18 (wild-type; 0.52 

± 0.02 ms vs. lama4-/-; 0.63 ± 0.01 ms, P < 0.01).  
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Figure 5.2 Extracellular Recordings from Wild-type and Lama4-/- Neuromuscular Junctions 
in the Diaphragm Muscle at Postnatal Day 18 
A, sample traces of MEPCs (10 consecutive spontaneous recordings) and EPCs (10 consecutive 

evoked recordings) from wild-type (black traces) and lama4-/- (red traces) NMJs. Note the presence 

of the nerve terminal impulse (NTI), which displayed no variation or intermittence in both wild-type 

and mutant recordings. Frequency histograms were constructed based on B, recordings of 

spontaneous (top) and evoked amplitude (bottom) recordings for wild-type (black) and mutant (red) 

NMJs respectively. Histograms shown are from a single NMJ recording from each genotype that 

exemplifies distributions observed in this study. Distribution of both MEPC and EPC responses 

displayed a rightward shift in the mode of lama4-/- NMJs compared to wild-type, indicating an 

increased number in higher amplitude responses observed at mutant junctions. 

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
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Table 5.2. Comparison of Neurotransmission in the Diaphragm Muscle using 
Extracellular Electrophysiological Recordings 

 

Age (Postnatal days) 

P8 P18 

Genotype Wild-type Lama4-/- Wild-type Lama4-/- 

n number 5 6 6 7 

Number of junctions  

MEPC 35 42 54 50 

EPC 35 42 47 42 

EPC Amplitude (μV) 230.2 ± 10.8 281.0 ± 16.8* 233.0 ± 19.6 494.7 ± 58.8*** 

EPC rise time (ms) 0.64 ± 0.01 0.82 ± 0.03*** 0.52 ± 0.02 0.63 ± 0.01** 

Latency (ms) 0.75 ± 0.03 0.85 ± 0.04 0.48 ± 0.02 0.56 ± 0.04 

MEPC Amplitude (μV) 122.4 ± 5.73 147.1 ± 13.74* 106.1 ± 5.89 162.1 ± 12.50** 

MEPC time course (ms) 5.68 ± 0.5 8.49 ± 0.7* 3.61 ± 0.1 4.46 ± 0.2** 

MEPC rise time (ms) 0.36 ± 0.01 0.44 ± 0.03 0.26 ± 0.01 0.30 ± 0.01*** 

* P < 0.05; ** P < 0.01; *** P < 0.001 
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5.3.3 Quantal Content is reduced at Laminin-α4 Deficient Neuromuscular Junctions 

We next performed quantal analysis of the binomial parameters of release at wild-type and 

lama4-/- NMJs under conditions of low release probability to determine if the lower evoked 

transmitter release was due to a reduction in the probability of transmitter release at each 

release site or a reduction in the number of active release sites. Quantal content was 

calculated using the methods of failure due to the high intermittence of transmitter release 

observed at both wild-type and mutant NMJs (see Methods, Del Castillo and Katz 

(1954b)). Transmitter release was highly intermittent and variable between release sites at 

both wild-type and lama4-/- NMJs, as has been observed previously in a number of 

different wild-type preparations (Bennett & Lavidis, 1979; Bennett et al., 1986b; Walmsley 

et al., 1988; Lavidis & Bennett, 1992, 1993). Due to the high failure rate of transmitter 

release at most terminals in 0.3 mM calcium, a binomial analysis of transmitter release 

was only possible in the most active nerve terminals. Quantal content at lama4-/- NMJs 

was normalised to the mean quantal content value of wild-type NMJs at the corresponding 

age group (Figure 5.3). At P18, we observed a significant reduction in the quantal content 

(𝑚� ) at laminin-α4 deficient NMJs to 62.92 ± 4.74% of 𝑚�  at age-matched wild-types (P < 

0.01, Student’s t-test, Figure 5.3). We observed a no significant change in the average 

probability (�̅�) of release at mutant and wild-type NMJs (P > 0.05, Student’s t-test, Figure 

5.3). The reduction in 𝑚�  at lama4-/- NMJs was due to a decrease in the number of active 

release sites (n) to 57.58 ± 3.43% of that calculated for wild-type NMJs (P < 0.01, 

Student’s t-test, Figure 5.3). 
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Figure 5.3 The Quantal Content was reduced in Diaphragm Muscles of Lama4-/- mice at 
Postnatal Day 18 
Histogram of normalised binomial parameters of neurotransmitter release using data 

obtained from intracellular electrophysiology recordings of P18 diaphragm muscles. Data is 

normalised to binomial parameters obtained from P18 wild-type recordings, which represent 

control values (100%) as indicated by the dashed line. The results demonstrate a significant 

decrease in quantal content (** P < 0.01) at mutant NMJs, which is due to a decrease in the 

number of release sites (** P < 0.01). The probability of release was not significantly altered 

at lama4-/- NMJs compared to age-matched wild-type littermates (P > 0.05). 
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5.3.4 Quantal Content is reduced at Laminin-α4 Deficient Neuromuscular Junctions 
to a similar extent in Slow and Fast Muscle Fibre Types 

Patton et al. (2001) previously reported uncoordinated hindlimb movement at lama4-/- 

NMJs, which is indicative of muscular dysfunction. We functionally investigated the 

properties of hindlimb muscles of two different fibre types (Soleus; type I and EDL; type II) 

and compared our findings with observations made from the mixed fibre type diaphragm 

muscle. We observed similar changes in quantal content between the three muscles 

examined, as indicated by the distribution of MEPPs and EPPs shown in Figure 5.4A. 

Mutant NMJs displayed a rightward shift, indicating an increase in the number of higher 

responses observed at each muscle fibre type compared to wild-type littermates. Analysis 

of quantal content demonstrated similar decreases in quantal release for each of the fibre 

types, relative to the associated controls (EDL; P < 0.001, diaphragm and Sol; P < 0.01, 

Figure 5.4B). These findings suggest that hindlimb muscles are affected by the loss of 

laminin-α4 to the same degree as the diaphragm muscle, irrespective of muscle fibre type. 
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Figure 5.4 The Quantal Content was reduced at Lama4-/- Neuromuscular Junction in 
Muscles primarily composed of Fast or Slow Fiber Types at Postnatal Day 18 
A, Frequency histograms constructed from intracellular recordings of mixed fibre 

(diaphragm; Dia), fast twitch fibre (EDL), and slow twitch fibre (SOL) muscles in wild-type 

(black striped bars) and lama4-/- (red hollowed bars) NMJs. Mutant NMJs demonstrate a 

rightward shift in each of the three fibre types, indicating similar changes irrespective to 

synaptic inputs. Significantly higher levels of intermittence were noted at lama4-/- NMJs 

compared to wild-type. B, Quantal content was decreased by a similar degree in each of 

the fibre types investigated at postnatal day 18 lama4-/- NMJs compared to wild-type NMJs 

for corresponding muscle fibre type. Dashed line represents quantal content for wild-type of 

corresponding muscle fibre type (100%); ** P < 0.01 and *** P < 0.001. 
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5.3.5 Loss of Laminin-α4 results in altered Time Course of Facilitation  
The paired pulse facilitation was examined at P18 for wild-type and mutant NMJs, by 

comparing the test pulse (first stimuli) with the conditioning pulse (second stimuli) to 

observe the degree of facilitation. Wild-type NMJs, consistently produced high levels of 

facilitation at 10 ms paired pulse (PP) delay, with the amplitude of the second response 

being approximately 30% higher than the first response (Figure 5.5). As the interval 

between PP increased (20-60 ms), there was a decrease in facilitation at wild-type NMJs 

by approximately 5% for each additional 10 ms (Figure 5.5A and 5.5B; compare black 

traces). The time constant for decay in facilitation for wild-type NMJs was 46 ms. By 

contrast, lama4-/- NMJs showed a significantly different pattern of facilitation at 10 ms 

interval between PPs, with mutant NMJs producing approximately 10% facilitation 

compared to wild-types 30% (wild-type; 1.30 ± 0.05 vs lama4-/-; 1.13 ± 0.04, P < 0.05). As 

the interval between PPs increased to 60 ms facilitation increased by 3.5 times at the 

lama4-/- NMJs (Figure 5.5A and 5.5B; wild-type; 1.10 ± 0.03 vs. lama4-/-; 1.26 ± 0.05, P < 

0.05, n = 6 for both genotypes). Such changes in the dynamics of paired pulse facilitation 

may be indicative of alterations in the delivery of vesicles to the active zone or in the 

numbers of ready releasable vesicles. 
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Figure 5.5 The Facilitation of Laminin-α4 Deficient Release Sites was altered to those in 
Wild-type Neuromuscular Junctions 
A, representative sample traces of paired pulse facilitation at 10, 20, 40, and 60 ms delay for wild-

type (black) and lama4-/- (red) NMJs. B, plot of facilitation ratio against paired-pulse delay times for 

10, 20, 40, and 60 ms delays. As delay times increased, the facilitation ratio of wild-type NMJs 

decreased. Mutant NMJs showed poor facilitation at 10 ms paired-pulse delay time, which was 

significantly lower than wild-type (P < 0.05). Laminin-α4 deficient NMJs consistently showed 

increased facilitation as paired pulse delay time increased, becoming significantly higher at 60 ms 

delay (P < 0.05). The stimulus artefact was decreased for better visibility in A. For B wild-type and 

lama4-/- NMJs, n = 6. Results are presented as mean facilitation index ± SEM. 
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5.3.6 Laminin-α4 Deficient Neuromuscular Junctions display Higher Levels of 
Synaptic Depression 

Ultra-structural investigation has shown relatively normal distribution of synaptic vesicles in 

the juxtamembrane half of the presynaptic terminal (Patton et al., 2001). Thus we next 

examined the synaptic ability of mutant NMJs to sustain release of synaptic vesicles in 

response to high frequency stimulus. Mutant NMJs underwent synaptic depression to 

reach a plateau (60% of baseline), which was relatively similar to responses observed at 

wild-type NMJs when exposed to high frequency stimulus (Figure 5.6A). Under these 

conditions, mutant NMJs underwent a rapid depression reaching a plateau within 5 pulses 

that was 60 % in amplitude compared with the EPP amplitude of the first pulse in the train, 

By contrast, wild-types reached the same plateau after fifteen stimuli (Figures 5.6A and 

5.6B). This finding suggests a holding back of vesicles from release for short intervals of 

pulses which is eventually overcome with time. This finding is reflected in the cumulative 

quantal release, which showed significantly less release of quanta with each stimulus at 

mutant NMJs within the first second of high frequency stimulus (Figures 5.6C and 5.6D, P 

< 0.05). These findings suggest a decrease in the availability of synaptic vesicles from the 

readily releasable pool (RRP) at lama4-/- NMJs (Harlow et al., 2001).  Based on this 

finding, we applied a model that assumes initially all vesicles are derived from the RRP 

and upon its exponential depletion, the recruitment of vesicles is initiated to maintain the 

plateau at a steady level, as observed here in both genotypes (Elmqvist & Quastel, 1965). 

The RRP size can be estimated by plotting quantum content (y-axis) against accumulated 

quantum content (Figure 5.6B) and drawing a straight line through the declining phase; its 

x-axis intercept to give an estimate of the RRP size (Ruiz et al., 2011). Using this 

theoretical estimate it is evident that lama4-/- NMJs display a ~40% decrease in the RRP 

recruited under these high frequency conditions (Figure 5.6B, compare dashed lines 

through the declining phase). It must be highlighted that this is an approximation, and 

under conditions of low probability of release (0.3 mM [Ca2+]o) it may not be a true 

reflection of the RRP size. This aspect of the study must be re-undertaken under 

physiological conditions 1-2 mM [Ca2+]o to obtain a more accurate estimation, however the 

present findings do raise interesting questions in regards to the availability of synaptic 

vesicles when higher demands are place on mutant NMJs. 
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Figure 5.6 Lama4-/- Neuromuscular Junctions have lower Cumulative Quantal Release 
during High Frequency Stimulation 
A, Lama4-/- NMJs (red) undergo the same degree of depression as wild-type NMJs (black) under 

trains of high frequency stimulus (20 Hz for 5 seconds). B, the cumulative quantal release begins 

and is maintained significantly lower than that observed at wild-type NMJs throughout high 

frequency stimulus (P < 0.05). Dashed lines represent estimations of RRP size by plotting 𝑚�  (y-

axis) versus cumulative 𝑚�  (x-axis) and linearly extrapolating the initial decline to the x-axis (wild-

type; black, ~175 vs. lama4-/-; red, ~100) C, within the first second of the five second 20 Hz train, 

mutant NMJs displayed significantly lower quantal release as highlighted in D (P < 0.05). The grey 

shaded regions indicate the rapid decline in quantal release observed at lama4-/- NMJs within the 

first second of high frequency stimulus. Values are presented as mean ± SEM; * P < 0.05. 
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5.3.7 Altered Expression of Presynaptic Active Zone components at Lama4-/- 
Neuromuscular Junctions 
We next examined the arrangement of pre- and postsynaptic regions using 

immunohistochemistry at P18 wild-type and lama4-/- NMJs. In particular we investigated 

the distribution of synaptic vesicles as our functional findings suggest deficits in 

replenishment of vesicles during evoked release, in particular under high frequency 

conditions. The distribution of synaptic vesicles labelled with SV2 at the presynaptic 

terminal in relation to the AChR end-plate region labelled with αBTX was analysed (Figure 

5.7A). We observed a significantly larger AChR end-plate volume at lama4-/- NMJs 

compared to wild-type littermates (wild-type; 172.9 ± 5.69 μm3 vs. lama4-/-; 227.2 ± 6.67 

μm3, P < 0.0001, n = 143 and 148 respectively, Figure 5.7B). Mutant NMJs also displayed 

significantly higher SV2 volumes compared to wild-type NMJs (wild-type; 78.97 ± 2.57 μm3 

vs. lama4-/-; 107.6 ± 3.53 μm3, P < 0.0001, Figure 5.7C). The density of SV2 in relation to 

end-plate volume at mutant NMJs was also significantly larger compared to wild-type 

NMJs (wild-type; 0.47 ± 0.01 SV2 μm3/ AChR μm3 vs. lama4-/-; 0.51 ± 0.01 SV2 μm3/ 

AChR μm3, P < 0.05, Figure 5.7D), due to the proportional increase in size of both the pre- 

and postsynaptic regions. These findings suggest that both the pre- and postsynaptic 

regions of lama4-/- NMJs are significantly larger in size than age-matched wild-type 

littermates. 

 

As our functional analysis of binomial parameters indicated a decrease in the number of 

active release sites, we next investigated the expression of active zone proteins at the 

NMJ of P18 wild-type and lama4-/- mice. This was undertaken by quantitatively analysing 

the punctate density of the active zone marker Bassoon in relation to postsynaptic AChR 

end-plates (Figure 5.8). At wild-type and lama4-/- NMJs, Bassoon was well expressed 

throughout the entire end-plate area (Figure 5.8A). We noted a significant increase in the 

end-plate area at mutant NMJs compared to wild-type littermates (wild-type; 137.3 ± 4.49 

μm2, n = 3, NMJs = 65 vs. lama4-/-; 173.4 ± 7.16 μm2, n = 3, NMJs = 72, Figure 5.8B). 

Bassoon punctate were also significantly higher at mutant NMJs (wild-type; 229.0 ± 7.40, n 

= 3, NMJs = 64 vs. lama4-/-; 253.1 ± 9.19, n = 3, NMJs = 71, Figure 5.8C). However, 

normalisation of Bassoon puncta to end-plate area, displayed a significantly lower density 

at lama4-/- NMJs compared to wild-type littermates (wild-type; 1.73 ± 0.06 puncta/ μm2 vs. 

lama4-/-; 1.53 ± 0.06 puncta/ μm2, Figure 5.8D). These findings indicate that Bassoon is 

still present but the loss of laminin-α4 results in decreased expression density of the active 

zone marker Bassoon. 
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Figure 5.7 Laminin-α4 Deficient mice demonstrated increased Expression and normal Co-
localisation of Synaptic Vesicles to Acetylcholine Receptors 

A, representative immuno-staining of NMJs from postnatal day 18 wild-type and lama4-/- mice. 

Confocal microscopy was undertaken on wholemount diaphragm muscles co-stained with SV2 

antibodies (green) and conjugated aBTX (red). Wild-type and mutant NMJs demonstrate good co-

localisation of synaptic vesicles in relation to postsynaptic AChR end-plates. B, lama4-/- NMJs 

possessed significantly larger AChR end-plate volumes compared to wild-types. C, the volume of 

synaptic vesicles, measured using staining for SV2, was again significantly higher at mutant 

terminals. D, mutant NMJs possessed a higher density of SV2 when vesicle volume was 

normalised to the AChR end-plate volume. For B-D; boxplots display median with 25-75% box, 

max-min whiskers, with mean values for parameters represented by ‘+’ for each genotype. B-D; 

wild-type, n = 3, NMJs = 143, and lama4-/-, n = 3, NMJs = 148; significance is indicated for mean 

values for each genotype per parameter quantified * P < 0.05, **** P < 0.0001. Scale bar: 10 μm. 
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Figure 5.8 Decreased Bassoon Density at Lama4-/- Neuromuscular Junctions compared to 
Wild-type Junctions at Postnatal Day 18 
A, Left panels stained for the active zone marker Bassoon, middle panels show AChRs labelled 

with αBTX, and right panels displaying merged staining. At P18, wild-type and lama4-/- NMJs 

showed similar patterns of Bassoon staining, with good co-localisation to AChRs. B, quantification 

of staining showed a higher number of Bassoon puncta at mutant terminals. C, end-plate area was 

also enlarged at lama4-/- NMJs. D, Bassoon density was decreased at mutant NMJs. For B-D; 

boxplots display median with 25-75% box, max-min whiskers, with mean values for parameters 

represented by ‘+’ for each genotype. B-D; wild-type, n = 3, NMJs = 65, and lama4-/-, n = 3, NMJs 

= 72; significance is indicated for mean values for each genotype per parameter quantified * P < 

0.05, **** P < 0.0001. Scale bar: 10 µm.  
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5.3.8 Early Signs of Ageing are observed at Lama4-/- End-Plates 

Our immunohistochemistry studies raised an interesting observation in regards to the 

changes in morphology of hindlimb muscles. Preliminary immunohistochemistry work on 

two-three month old lama4-/- NMJs has shown clear signs of perturbed postsynaptic 

morphology (Figure 5.9). At P18, mutant NMJs began to show irregular postsynaptic 

morphology, with early signs of AChR regions separating and ‘budding’ off from the end-

plate (Figure 5.9, see bottom left panels). Age-matched wild-type NMJs displayed strong 

convolution of the postsynaptic area and nerve terminal arbors overlayed the end-plate 

region (Figure 5.9, top left panels). By two-three months of age, we observed an increase 

in the number of end-plate regions showing small islands, as well as irregular convolutions 

and elongated end-plate regions at mutant NMJs compared to wild-type littermates (Figure 

5.9, compare right panels). Together these findings indicate that loss of laminin-α4 may in 

fact result in a poorly maintained NMJ, which culminates in premature disassembly of the 

postsynaptic AChR end-plate. 
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Figure 5.9 Lama4-/- Neuromuscular Junctions display signs of Premature Disassembly 
compared to Age-matched Wild-type Junctions in EDL Muscles 
Wild-type and lama4-/- NMJs from EDL muscles at postnatal day 18 and 2-3 months of age, stained for 

presynaptic SV2 (green fluorescence) and postsynaptic AChR end-plates with αBTX (red fluorescence). 

Both genotypes present good co-localisation of pre- and postsynaptic regions. Lama4-/- NMJs begin to 

display perturbed morphology of the end-plates at P18. At 2-3 months of age, lama4-/- NMJs show signs 

of fragmentation indicative of a disassembling end-plate, a process normally associated with ageing 

NMJs. By contrast, wild-type NMJs maintained their structural integrity at the both age groups with no 

evident signs of fragmentation or disassembly. Scale bars: 5 µm.……………..……………….     a
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5.4 DISCUSSION 

Loss of laminin-α4 results in misalignment of pre- and postsynaptic specialisations at 

the skeletal NMJ (Patton et al., 2001). Previous study has focused upon 

morphological changes in lama4-/- NMJs, with little examination of functional 

consequences associated with these changes. Here, we have provided the first 

functional characterisation of neurotransmission properties at lama4-/- NMJs from 

early development (P8) to maturity (P18). We observed evident alterations to 

neurotransmission at laminin-α4 deficient NMJs compared to wild-type junctions that 

can be explained by the reported morphological differences, with similar functional 

differences observed in all three muscles examined. Quantal content decreased at 

lama4-/- NMJs due to a decrease in the number of active release sites. Facilitation in 

transmitter release induced by paired pulse stimulation was reduced for short PP 

intervals but significantly increased as the PP interval increased. Depression in 

transmitter release induced by high frequency stimulation increased in the lama4-/- 

NMJs. Utilising immunohistochemistry, we demonstrated an increase in the volume of 

SV2 at the presynaptic terminal as well as an enlarged postsynaptic region at mutant 

NMJs. In addition to this we observed a decrease in the active zone marker Bassoon 

at the presynaptic nerve terminal. Together these findings suggest modifications to 

both pre- and postsynaptic elements at NMJs lacking laminin-α4. 

 

5.4.1 Altered Spontaneous Release Properties suggest Presynaptic and 
Postsynaptic Modifications 
At both P8 and P18, mutant NMJs displayed a lower frequency of spontaneous 

release compared to wild-type littermates, a finding observed in each of the muscle 

fibre types investigated. The loss of laminin-β2, another laminin chain that comprises 

the laminin-421 heterotrimer, also resulted in significantly decreased spontaneous 

release (Noakes et al., 1995a; Knight et al., 2003). Investigators suggested that this 

decrease in MEPP frequency was due to presynaptic alterations (Robitaille & 

Tremblay, 1989; Knight et al., 2003). Interestingly, loss of laminin-β2 did not result in 

increased MEPP amplitude that was observed in the present study on lama4-/- NMJs. 

Here we observed significantly larger quantal size at lama4-/- NMJs compared to wild-

type at both ages investigated. Kriebel and Gross (1974), hypothesised based on the 

first reports of sub-quantal MEPPs, that MEPPs are composed of the synchronous 

release of multiple vesicles. Alternative hypotheses, suggest that larger MEPPs 

represent the whole release of transmitter from a single vesicle, while sub-quanta 
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occur as a result of short spurts of transmitter. The release of spontaneous 

transmitter resulting in larger than normal MEPPs has previously been observed in 

multiple models, including the SOD1G93A model of ALS (Liley, 1957; Alkadhi, 1989; 

Sellin et al., 1996; Rocha et al., 2013). These ‘giant’ MEPPs are caused by the single 

release of a large volume of ACh, which saturates AChRs at the postsynaptic 

membrane. It is possible that these giant MEPPs occur as a result of giant vesicles 

releasing their transmitter, these arise infrequently (less than 1 out of 50 releases). 

Higher concentrations of ACh may result in lateral diffusion after release, which 

subsequently activates further AChRs resulting in a prolonged period of current at the 

end-plate region. Increased prevalence of abnormally large MEPPs has been noted 

under pathological conditions such as nerve terminal degeneration, NMJ remodelling 

and motor end-plate diseases (Birks et al., 1960; Miledi, 1960; Weinstein, 1980). 

 

These large MEPPs may be a consequence of impaired processing of recycled 

vesicles, with the formation of bulk endocytotic structures which may be released 

before budding into smaller vesicles by dynamin. This phenomenon has been 

described to occur during high levels of exocytosis (Harper et al., 2011). Changes in 

vesicle filling may perhaps be an adaptive mechanism brought about by the 

misalignment seen at lama4-/- NMJs. Decreased AChE, the enzyme responsible for 

degrading bound ACh, could also produce large MEPP amplitudes with more 

transmitter likely to activate AChRs at the end-plate. The prolonged spontaneous 

decay time at lama4-/- NMJs would support a decrease in AChE, resulting in altered 

ACh hydrolysis and subsequently a longer activation of AChRs after spontaneous 

release. Another possible cause for the increased MEPP amplitude is a higher density 

of postsynaptic AChRs. The larger end-plate volume at mutant NMJs may result in 

increased AChR density which means more receptors are available to bind the 

released transmitter. It is possible that each of the factors discussed above may be 

acting synergistically to contribute to the increased MEPP amplitude observed at 

lama4-/- NMJs. These changes however may be counter adaptive mechanisms in 

order to overcome the decreased quantal content we observed in this study. 
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5.4.2 Lama4-/- Neuromuscular Junctions display altered Properties in Evoked 
Transmitter Release 
The present study also observed significantly increased evoked amplitudes at lama4-/- 

NMJs at both P8 and P18. In addition to this, we noted higher levels of intermittent 

transmitter release at mutant NMJs compared to wild-type littermates leading to a 

decrease in mean quantal content at lama4-/- NMJs. Our extracellular recordings of the NTI 

and EPCs indicated no intermittence in the NTI even though intermittence in EPC 

responses was higher in lama4-/- NMJs when compared to wild-type NMJs at P8 and P18. 

In addition, we noted a slightly greater latency (~14.5%) between the NTI and the start of 

rise in EPCs at lama4-/- NMJs compared to wild-type. In support of these findings, prior 

study has shown normal morphology of peripheral nerves in lama4-/- mice, thus the loss of 

laminin-α4 results in morphological changes isolated to the NMJ (Patton et al., 2001). 

These findings would suggest an issue in the depolarisation-secretion coupling 

mechanism at the presynaptic active zones of mutant NMJs, possibly in the supply of 

vesicles to the active zone. There are a number of vesicular associated proteins which 

influence the docking and supply of ready releasable vesicles prior to calcium triggered 

exocytosis such as Rab, Rabphilin, and synapsin I (Li et al., 1994; Li et al., 1995; Sudhof, 

1997; Burns et al., 1998; Sudhof, 2004). Synapsin I is an interesting vesicular associated 

protein as it has been shown to influence the pattern of transmitter release during single 

and trains of stimulation. Synapsin I is closely associated with a calcium binding protein 

kinase (Ca2+/ calmodulin-dependent protein kinase II; CaMKII), which affects the 

phosphorylation of synapsin I subsequent to formation of calcium micro-domains, and is 

thought to contribute to facilitated transmitter release (Hosaka et al., 1999; Menegon et al., 

2006). 

 
5.4.3 Loss of Laminin-α4 results in decreased Quantal Content due to fewer Active 
Release Sites 
We next performed analysis of the binomial parameters of release at wild-type and lama4-/- 

NMJs. Our analysis confirmed that the reduction in quantal content was due primarily to a 

reduction in the number of active release sites at lama4-/- NMJs, with no significant change 

in the average probability of transmitter release from those active sites. Together our 

functional findings indicate the maintenance of the most active release sites, and loss of 

release sites with low probabilities of transmitter release. We also functionally investigated 

the neurotransmission properties of fast and slow twitch fibre muscles in the hindlimb of 

lama4-/- mice as prior research has shown deficits in hindlimb co-ordination. Patton et al., 
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(2001) used a narrow beam to test possible changes in co-ordinated movement in lama4-/- 

mice. Wild-type mice were capable of crossing the beam with less than two foot slips while 

only 11% of lama4-/- mice were able to do so. We observed comparable decreases in 

quantal content irrespective of fibre type at mutant NMJs compared to wild-type 

littermates. These findings suggest that peripheral hindlimb muscles are affected by the 

loss of laminin-α4 to the same degree as the diaphragm muscle, irrespective of muscle 

fibre type. Our behavioural observations suggest that under lower levels of muscle activity 

NMJs in lama4-/- mice show no obvious deficits, however if animals are made to increase 

muscular activity the effects of lama4-/- on NMJs becomes evident most likely because the 

normal large safety factor in transmission is reduced in the lama4-/- NMJs. 
 
5.4.4 Altered Plasticity and Replenishment of Synaptic Vesicles at Lama4-/- 
Neuromuscular Junctions 
We used paired pulse facilitation in transmitter release to investigate short term 

plasticity at lama4-/- junctions. Facilitation studies employ the application of test 

conditioning pulses in close succession to assess intracellular calcium handling and 

vesicular dynamics at the active zone. The level of facilitation has been easily predicted 

by the time course of calcium sequestration. Unexpectedly, we observed increased 

facilitation at higher delay times between stimuli (40-60ms delays) with minimal 

facilitation occurring at lower times (10-20ms) in lama4-/- NMJs. By comparison, wild-

type NMJs displayed the expected time course for decline in facilitation of 46 ms which 

is comparable to the value of 40 ms reported by Bennett et al. (1977). These findings 

suggest alterations in the short-term plasticity of the NMJ and possibly defective 

recycling of synaptic vesicles and/or the calcium handling at lama4-/- NMJs. We 

propose that alterations to synapsin I and its associated molecules may be responsible 

for the changes in neurotransmission observed at lama4-/- NMJs. The synaptic vesicle 

associated phosphoproteins, synapsin I, has been shown to preferentially localise to 

the reserve pool of synaptic vesicles (Pieribone et al., 1995; Bloom et al., 2003). 

Synapsin I maintains the reserve pool in close proximity of active zones via tethering of 

synaptic vesicles to the actin cytoskeleton, and regulate the  availability of vesicles by 

releasing them in a phosphorylation dependent manner (Chi et al., 2001). The 

synapsins are targeted for phosphorylation by protein Kinase A and CaMKII to 

modulate neurotransmission (Huttner & Greengard, 1979; Hosaka et al., 1999; 

Menegon et al., 2006). Thus a decrease in synapsin I expression may result in altered 

availability of synaptic vesicles. This effect has been observed in synapsin I knockout 
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mice, which showed that transmitter release is increased during the first stimuli but 

subsequent stimuli induce a greater depression (Gaffield & Betz, 2007). 

 

To further examine the above mentioned possibility, we conducted studies using 

trains of high frequency stimuli (20 Hz for 5 s) to investigate synaptic depression in 

mutant NMJs. The relative degree of depression was similar to that observed at 

wild-type NMJs, however mutants underwent a rapid decline within the first five 

stimuli compared to fifteen in wild-types. Both genotypes underwent depression and 

reached a steady plateau of transmitter release as the nerve terminal attempted to 

replenish the supply of synaptic vesicles at the readily reserve pool (RRP) by 

drawing from the recycling and reserve pools (Bennett, 2001; Rizzoli & Betz, 2004, 

2005). The cumulative quanta released during the high frequency train was 

approximately 50% lower for the lama4-/- NMJs when compared with the wild-type 

NMJs. Combined, these findings suggest a decrease in the availability of synaptic 

vesicles from the RRP at lama4-/- NMJs (Harlow et al., 2001). Knight et al. (2003) 

observed similar deficits in response to high frequency stimuli at laminin-β2 deficient 

NMJs, which they attributed to the reduced number of vesicles positioned at the 

juxtamuscular half of the terminals and therefore a decrease in delivery of vesicles 

to the active regions. Using theoretical estimations of the RRP recruited during the 

20 Hz stimulus we observed a 40% decrease in the number of vesicles in this pool 

at lama4-/- NMJs. However, depletion of the RRP is not likely to be the cause of the 

decreased cumulative quantal release, as the number of synaptic vesicles in the 

RRP is thirty to forty times greater than the number of vesicles released with each 

stimulus (Rowley et al., 2007). In addition to this, previous ultra-structural studies of 

lama4-/- NMJs did not observe aberrant distributions of synaptic vesicles (Patton et 

al., 2001). These findings suggest a normal presence of synaptic vesicle numbers at 

mutant terminals, but the docking process may be defective resulting in altered 

neurotransmission. Again these defects may relate to changes in synapsin I 

expression, as previous study has shown that mice deficient in all three synapsins 

demonstrate an increase in the rate of synaptic depression during trains of stimuli 

(Gitler et al., 2004). 
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5.4.5 Morphological examination of Laminin-α4 Deficient Neuromuscular Junctions 
revealed normal Arrangement and Localisation of Pre- and Postsynaptic 
Components  
We next examined the arrangement of pre- and postsynaptic regions using immuno-

histochemistry at P18 wild-type and lama4-/- NMJs. Our functional findings suggest 

changes to both pre- and postsynaptic regions at mutant NMJs. Firstly we investigated 

the distribution of synaptic vesicles in relation to the AChR end-plate region. We 

observed good co-localisation of SV2 to the AChR dense postsynaptic region at both 

lama4-/- and wild-type NMJs. We also observed an increase in SV2 staining at mutant 

terminals, indicating a greater density of vesicles at the presynaptic terminal. Caillol 

and colleagues (2012), have previously reported increased SV2 volume in mice with 

motor end-plate disease at postnatal day 19. This accumulation of synaptic vesicles is 

suggested to be a compensatory mechanism in response to a failure in 

neurotransmission (Mantilla et al., 2007; Mantilla & Sieck, 2009).  

 

Investigation of ultrastructure of mutant NMJs has demonstrated relatively normal 

active zone numbers and arrangement (Patton et al., 2001). We observed higher 

numbers of Bassoon puncta at mutant nerve terminals, however when punctae were 

normalised to the larger end-plate area we noted a significant decrease in the density 

of Bassoon compared to wild-type littermates. Carlson et al. (2010), propose that 

laminin-421 (α4β2γ1) may interact with cellular surface receptors to pattern active 

zones and stabilise the NMJ. This is achieved via individual laminin chains ability to 

interact with each component, laminin-β2 with the pore forming α-subunit of VGCCs 

(Cavα), and laminin-α4 with α3 integrin, a cell receptor located close to active zones 

(Cohen et al., 2000; Talts et al., 2000; Fujiwara et al., 2001; Nishimune et al., 2004; 

Suzuki et al., 2005). Based on this it would be expected that loss of laminin-α4 would 

also result in decreased active zone patterning. We have previously shown a decrease 

in the density of Bassoon puncta at P8 which became more evident by P18 at lamb2-/- 

NMJs, a finding which was in agreement with previous studies (see Chapter 3; 

Nishimune et al., 2004; Chand et al., 2014). Our current study on lama4-/- NMJs did not 

demonstrate as drastic decreases that could be determined qualitatively, however we 

did find a significant decrease in Bassoon density using quantitative analysis. The 

interaction between laminin-β2 and Cavα is fundamentally important in the active zone 

patterning with its loss resulting in significant changes at the nerve terminal, while 

laminin-α4 acts more as a guiding cue via interaction with α3 integrin. Thus loss of 
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laminin-α4 does not drastically influence active zone number, but rather, the placement 

in relation to end-plate folds culminating in misapposition of pre- and postsynaptic 

specialisations.  

 

There are numerous molecules involved in the development and maturation of the 

postsynaptic end-plate region of the NMJ. Of particular interest is dystroglycan, which has 

been shown to aggregate at the postsynaptic membrane in the presence of laminins-α4 and 

-α5 to promote maturation of the endplate (Nishimune et al., 2008; Pilgram et al., 2010).  It 

has been shown that loss of laminin-α4 does not alter the expression or presence of 

dystroglycan and in turn has no effect on the clustering of AChRs, as supported by our 

immunohistochemical studies which showed normal expression levels of AChRs (Nishimune 

et al., 2008). This is likely due to the presence of laminin-α5 which is capable of interacting 

with dystroglycan to maintain postsynaptic expression of AChRs. However, the end-plate 

regions of lama4-/- NMJs displayed altered morphological characteristics, with irregular 

convolution and size. We quantified both the area and volume of mutant AChR end-plates, 

finding significant increases compared to age-matched wild-type NMJs. Studies have 

previously shown that paralysis of diaphragm muscle resulted in enlarged nerve terminal 

and postsynaptic end-plate regions (Prakash et al., 1999; Mantilla et al., 2007; Mantilla & 

Sieck, 2009). We propose that the increased postsynaptic end-plate regions are another 

compensatory mechanism of the NMJ to deal with the misalignment of specialisations at 

mutant NMJs. It is widely believed that one of the functions of the postsynaptic folds and the 

voltage gated sodium channels (VGSCs) in their depths is to enhance the efficacy of 

neurotransmission by amplifying the potential generated by the released transmitter from the 

presynaptic nerve terminal. Thus an enlargement of this region could allow for a higher 

degree of folding and density of VGSCs, which in some part may explain the higher 

amplitude in spontaneous and evoked responses that we observed at lama4-/- NMJs. 

Laminin-α4 is produced by myotubes and inserted into the basal lamina associated with the 

postsynaptic specialisations (Patton, 2000). In contrast to other laminin chains expressed 

sub-synaptically, laminin-α4 is found in highest concentrations at the depths of folds rather 

than at the crest of folds (Patton et al., 2001). This finding suggests laminin-α4 plays an 

instructive role in the placement of postsynaptic specialisations, i.e. separating the 

postsynaptic folds themselves. Thus, NMJs deficient of laminin-α4 may lose the signal which 

guides precise placement of postsynaptic specialisations resulting in the misapposition 

observed by others at lama4-/- NMJs. 

 

160 
 



In addition to this, our preliminary immunohistochemistry studies raised interesting 

observations in regards to altered NMJ morphology of two-three month old lama4-/- 

mice.  We observed an increase in the number of end-plate regions showing small 

islands, as well as irregular convolutions and elongated end-plate regions at mutant 

NMJs compared to wild-type littermates. Together these findings indicate that loss of 

laminin-α4 may in fact result in poorly maintained NMJs, which culminates in premature 

disassembly of the postsynaptic AChR end-plate. 

 

5.5 CONCLUSION 
In summary, this investigation is the first to demonstrate the functional consequences 

associated with the loss of laminin-α4 at the NMJ. Laminin-α4 acts as a trans-synaptic 

coordinator via interactions with pre- and postsynaptic cell surface receptors which 

align specialisations of these regions. Loss of laminin-α4 results in altered 

neurotransmission, with decreased quantal content irrespective of muscle fibre type 

and compromised vesicular supply to the immediate area of the active zone. These 

functional changes lead to hindlimb weakness when the NMJs are intensely stimulated, 

indicative of a possible reduction in the safety factor of neurotransmission. We also 

demonstrate altered expression of synaptic vesicles and active zone components at the 

presynaptic nerve terminal. In addition to this, we noted enlarged postsynaptic AChR 

end-plates at mutant NMJs. I propose that these morphological and functional changes 

are compensatory responses to the early misalignment in pre- and postsynaptic 

specialisations observed at lama4-/- NMJs. 
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General Discussion 
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6.1 Thesis Summary 
This thesis has made a number of important observations, which have greatly contributed 

to our understanding of the functional importance of laminins-α4 and –β2 in developing 

and matured NMJs. The findings demonstrate that the loss of laminin-β2 resulted in a 

delay or cessation in maturation of each of the three key structures comprising the NMJ; 

the presynaptic terminal, perisynaptic Schwann cells, and the postsynaptic end-plate. 

Specifically lamb2-/- NMJs failed to undergo a developmental switch in VGCCs mediating 

transmitter release resulting in disorganisation of active zone proteins at the presynaptic 

terminal, and also contributing to the deficits in neurotransmission observed at laminin-β2 

deficient NMJs. Laminin-β2 may also play a role in the maturation of the postsynaptic 

apparatus, as the majority of AChR end-plates studied in this thesis were of the immature 

plaque-like form. Functional examination of perisynaptic Schwann cells at lamb2-/- NMJs 

also demonstrated a delay or cessation in development. Mutant PSCs remained reliant on 

the developmental purinergic signalling pathway rather than switching to muscarinic 

signalling. The PSCs of lamb2-/- NMJs displayed irregular responses to stimuli, suggesting 

severe perturbations in decoding neurotransmission signals and thus failing to achieve 

their functional role as neuronal support cells. Combined, these findings suggest that 

laminin-β2 is an integral synaptic component necessary for the proper development and 

maturation of the neuromuscular junction. Furthermore, this is the first study to functionally 

characterise the neurotransmission properties of laminin-α4 deficient NMJs. The NMJs of 

lama4-/- mice presented early perturbations in transmission which progressed as the NMJ 

matured. These findings allow us to better understand the functional consequences 

associated with loss of laminins-α4 and -β2, and their interactions with molecular 

components of the neuromuscular junction. This chapter will summarise the findings from 

this thesis in context with both the general literature and other work performed within our 

laboratory. 
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6.2 The Functional Consequence of Laminin-β2 loss at the Developing 
Neuromuscular Junction 
In agreement with previous literature, we observed significant impairment of 

neurotransmission at the NMJs of laminin-β2 deficient mice (Noakes et al., 1995a; Knight 

et al., 2003). The study by Knight et al., (2003) reported altered functional transmission 

properties between wild-type and lamb2-/- NMJs at early stages of development (P8), with 

mutants later showing drastic decreases in quantal transmitter release by P18. It was 

proposed that this reduction was due to a failure in the depolarisation-secretion coupling 

mechanism, a process driven by the influx of calcium into the nerve terminal after arrival of 

the action potential. One of the key findings of the present study was a clear decrease in 

calcium sensitivity at the NMJ of lamb2-/- mice at P18 compared to wild type littermates. 

We suggest that this decreased calcium sensitivity is a result of decreased overlap in 

calcium domains effectively reducing the calcium concentration around synaptotagmin 

close to the active zone (Augustine, 1990; Augustine et al., 1992). Altered VGCC 

distribution and/or channel subtypes involved in mediating transmitter release may 

contribute to this reduced domain overlap, with P/Q-type VGCCs suggested to be more 

proximal to active zones than N-type VGCCs (Rosato-Siri et al., 2002; Nudler et al., 2003; 

Urbano et al., 2003; Nishimune et al., 2012). Interestingly loss of laminin-β2 did not 

influence the VGCCs involved in mediation of transmitter release at the NMJs during early 

development (P8). Both wild-type and mutant NMJs demonstrated similar dependence on 

N- and P/Q-type VGCCs at this stage in development. By postnatal day 18, wild-type mice 

demonstrated an evident shift towards P/Q-type VGCCs mediated transmitter release with 

N-type channels playing a supporting role. By contrast, lamb2-/- NMJs displayed 

maintained dependence on N-type VGCCs with P/Q-type channels playing a minor role in 

mediating transmitter release. These functional changes were supported by our 

immunohistochemical findings. 

 

During early development, both wild-type and mutant NMJs displayed similar expression of 

N-type VGCC puncta staining with lesser P/Q-type VGCCs. This was confirmed by our 

quantitative analysis, which showed higher total N-type VGCC puncta compared to total 

P/Q-type VGCC puncta. This finding is in support of prior literature which states that, N-

type VGCC are more abundant at the nerve terminal than P/Q-type channels during early 

development of the NMJ (Rosato-Siri et al., 2002). The N-type VGCCs are however 

located more distal to active zones compared to P/Q-type VGCCs, resulting in further 

diffusion distance for Ca2+ to reach the active zones and initiate propagation of 
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neurotransmission. As a result of their distal proximity to active zones, N-type VGCCs are 

purported to be involved in fine tuning calcium influx depending on stimulus patterns, while 

P/Q-type VGCCs are directly involved in bulk release. This hypothesis suits the functional 

demands required of a developing mammalian NMJ, as maturation generally leads to 

more locomotive activity. At P18, wild-type NMJs demonstrate an evident increase in 

expression of P/Q-type VGCCs, while lamb2-/- NMJs maintained presence of N-type 

VGCCs. Given this finding and the hypothesis described above it is plausible that the poor 

mobility of lamb2-/- mice may be attributed in part to the maintained dependence on N-type 

VGCCs, which are not capable of sufficient release to facilitate proper locomotive ability. 

 

The findings presented in this thesis demonstrate that loss of laminin-β2 resulted in altered 

distribution of molecular components known to associate with VGCCs. We propose that 

laminin-β2 interacts with P/Q-VGCCs to aid in organisation and stability of the active zone. 

Nishimune and colleagues (2012) showed similar expression patterns of both P/Q-type 

VGCCs and the active zone protein Bassoon across the end-plate and within the depths of 

gutters themselves. This finding suggests close interaction and localisation between P/Q-

type VGCCs and active zones, which allows Bassoon to directly modulate P/Q-type 

VGCCs in a similar fashion to RIM1 on VGCCs by supressing inactivation of the channel 

to allow longer opening times and augment Ca2+ influx (Kiyonaka et al., 2007; Kaeser et 

al., 2011; Nishimune et al., 2012). Previous literature has demonstrated interactions 

between active zone proteins and the β-subunit of VGCCs acts as scaffolds to aid in 

stability and anchoring of active zone complexes (Chen et al., 2011; Billings et al., 2012). 

Together these findings show a close interaction of active zone components and P/Q-type 

VGCCs, which suggests a role in anchoring of the active zone complexes, and thus they 

likely play a significant role in the structural integrity of the mature NMJ. We propose that 

this enhancement of structural integrity during maturation coincides with the functional 

switch from N- to P/Q-type VGCC mediated transmitter release, a process which is 

defective at lamb2-/- NMJs.   

 

Nishimune et al., (2004) used in vitro studies to demonstrate that laminin-β2 is capable of 

binding directly to VGCCs. Thus, loss of laminin-β2 could result in dispersal of P/Q-type 

VGCCs, as supported by the functional and morphological findings presented in this 

thesis. While the same study demonstrated laminin-β2 is also capable of binding to N-type 

VGCCs, we propose that the interaction with P/Q-type VGCCs is critical for maturation and 

active zone stability in vivo. The functional switch in VGCC mediation of transmitter 
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release may also benefit the stability of active zones and the NMJ itself. Maintained 

presence of N-type and lesser P/Q-type VGCCs in lamb2-/- mice, as demonstrated in our 

studies, may result in poor active zone stability as the mutant NMJ develops. By contrast 

wild-type mice showed higher levels of P/Q-type VGCCs and therefore a more stable 

matured active zone complex at P18. Together the findings of the studies conducted 

herein suggest that laminin-β2 is an integral synaptic component necessary for the proper 

development and maturation of both the pre- and postsynaptic elements of the NMJ. 

 

6.3 Perisynaptic Schwann cell activity at the Neuromuscular Junctions of Laminin-
β2 Deficient mice 
Literature has shown PSCs are capable of regulating the development and functional 

properties of NMJs, as well as responding to perturbations at the NMJ effectively 

attempting to compensate for such perturbations (Miledi & Slater, 1968; Georgiou et al., 

1994; Robitaille, 1998; Feng & Ko, 2008; Todd et al., 2010). During development, PSCs 

are plastic and are capable of directing processes to regulate the function of NMJs by 

pruning inactive sites during the elimination stage of development. Robitaille and 

colleagues have shown PSCs are capable of detecting and modulating synaptic 

transmission via purinergic and muscarinic signalling receptors during different stages of 

NMJ development (Rochon et al., 2001; Darabid et al., 2013). Such signalling may be 

responsible for regulating the level of interposition of Schwann cell finger like projections 

within the synaptic cleft (Bennett et al., 1989). The loss of laminin-β2 results in invasion of 

the synaptic cleft by perisynaptic Schwann cell processes, with a fifteen fold increase in 

the direct apposition of PSCs to the basal lamina (Noakes et al., 1995a; Patton et al., 

1998). Investigators propose that laminin-521, possessing the laminin-β2 chain, actively 

inhibits the invasion of the synaptic cleft by PSC processes. Thus laminin-β2 may serve to 

maintain the integrity of pre- and postsynaptic components and ensure that these synaptic 

elements are not disrupted by PSC processes. We are the first to functionally characterise 

the activity and capacity of PSCs at lamb2-/- NMJs. Interestingly we found mutant PSCs 

generally demonstrated immature phenotypes, with irregular responses to stimuli. During 

development, PSCs influence transmission by purinergic signalling which later switches to 

muscarinic signalling (Darabid et al., 2013). The purinergic agonist, ATP, is co-released 

with ACh from the nerve terminal and from activated skeletal muscle (De Lorenzo et al., 

2006; Burnstock, 2009). Lamb2-/- NMJs remained dependent on the purinergic receptor 

signalling pathway, which has been shown to be the primary receptor signalling pathway in 

activation of immature PSCs. Wild-type PSCs showed increasing dependency on 
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muscarinic receptor signalling with a progressive and corresponding decline in 

purinergic contribution. These findings strongly indicate a failure in the developmental 

switch of signalling receptors involved in neuromodulation at mutant NMJs. The loss of 

laminin-β2 also coincided with higher synaptic depression after high frequency 

stimulation was induced at lamb2-/- NMJs. Darabid et al., (2013), demonstrate that 

PSCs are capable of detecting and decoding input stimulus and altering the activity at 

the NMJ to enhance or depress neurotransmission signals. Our findings suggest that 

PSCs at lamb2-/- NMJs are incapable of properly detecting these signals and therefore 

cannot aid in enhancing synaptic activity when the stimulus pattern is applied at the 

terminal. It is possible that mutants are not exposed to such stimulus patterns and thus 

the PSCs are unfamiliar with how to decode and deal with such signalling. It is yet to be 

elucidated if the decrease in neurotransmission precedes the alterations in PSC 

function or whether a decline in the latter results in poor transmission properties. 

 

This thesis is also the first to examine neurotransmission at slow twitch fibre type 

muscle (soleus) from lamb2-/- mice. We found comparable trends in neurotransmission 

deficits to those previously reported at the diaphragm, a mixed fibre type muscle 

(Noakes 1995; Knight et al., 2003). The observed significant reductions in quantal 

release at lamb2-/- NMJs coincided with the delayed maturation of PSCs. The 

similarities in neurotransmission defects at both slow twitch and mixed twitch fibre type 

muscles suggests loss of laminin-β2 results in compromised development of NMJs 

leading to a decrease in the safety factor for transmission, irrespective of fibre type. We 

propose that the defects in transmission properties are in part due to poor PSC 

modulation of synaptic transmission at lamb2-/- NMJs. Or it is equally plausible, that as 

a consequence of the defects in neurotransmission, there is compromised maturation 

of the supportive PSCs. In conclusion, we propose that the loss of laminin-β2 results in 

delayed maturation of PSCs at the NMJ, resulting in poor synaptic properties stemming 

from the functional and morphological traits of immature PSCs. This hypothesis will 

have to be further tested. A possible experiment would be to chronically inhibit the 

muscarinic receptors with atropine during the developmental period P0 to P15 on wild-

type NMJs and examine the changes in neurotransmission this produces. 
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6.4 The Functional consequence of Laminin-α4 loss at the Developing 
Neuromuscular Junction 
This study was the first to functionally characterise the neurotransmission properties of 

neuromuscular junctions lacking laminin-α4. Previous studies have focused on the 

morphological changes associated with loss of laminin-α4, showing normal formation 

but misalignment of presynaptic specialisations to the postsynaptic AChR end-plate 

(Patton et al., 2001). Laminin-α4 is found in highest concentration between the folds 

rather than at the crests of the folds themselves, suggesting a role in signalling where 

active zones or folds should not form during development, resulting in tight apposition 

of active zones to dense AChR clusters at the end-plate. Thus, the misalignment 

observed by Patton et al., (2001) may be attributed to this loss of instruction during 

development. A previous study has observed that lama4-/- mice show uncoordinated 

hindlimb movement when held by the tail, suggestive of a motor deficit (Patton et al., 

2001). We found significant changes in neurotransmission properties from P8 in lama4-/- 

mice that are likely not directly due to changes in alignment of pre- and postsynaptic 

specialisations but rather occur as a consequence of adaptive measures taken to 

overcome the mutant induced defects. Mutant mice demonstrate significantly 

decreased quantal content in each of the fibre types investigated, suggesting loss of 

laminin-α4 results in similar deficits irrespective of fibre types. Immunohistochemistry 

showed a decrease in active zone markers and an increase in synaptic vesicles. 

Studies have suggested that a build-up of synaptic vesicles may be the result of 

impaired transmission due to a loss of interaction in the release mechanisms. What this 

loss of interaction is, and which molecules are involved, is yet to be elucidated but we 

propose that the release-machinery proteins are the likely culprits. This is supported by 

our findings of increased synaptic depression and perturbed facilitation which could be 

explained by a deficit on the ready releasable pool of vesicles. Vesicular availability 

relies on vesicular associated proteins such as synapsin 1, Rab3A, Rabphilin 3, 

dynamin and clathrin. The increase in depression and changes in facilitation in the 

mutant NMJs could not be explained by a decrease in vesicular density within the 

terminal since ultra-structural examination revealed no evidence for this. Thus neither 

the availability of synaptic vesicles nor their locale within the presynaptic terminal, are 

the reason behind the altered neurotransmission that we have observed. 
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6.5 Laminins form Scaffolds with Pre- and Postsynaptic Molecules to Organise 
Specialisation and Enhance the Integrity of the Neuromuscular Junction 
Given our functional findings, it is evident that the laminins, in particular laminins-α4 and –

β2 play an integral part in organisation of the NMJ. The laminin family has been shown to 

interact with numerous molecules at both the pre- and postsynaptic regions of the NMJ. At 

the presynaptic nerve terminal, VGCCs and α3 integrin have been shown to act as ligands 

to bind laminins-β2 and –α4 respectively which comprise the heterotrimer laminin-421 

(Nishimune et al., 2004; Carlson et al., 2010; Chen et al., 2011; Nishimune et al., 2012) 

(Figure 6.1A). Interaction with the presynaptic VGCCs forms a scaffold for other 

presynaptic active zone molecules to anchor in close proximity to the VGCCs themselves. 

The laminin-α4-α3 integrin complex is suggested to allow patterning of active zones to the 

VGCCs linked via laminin-β2. The long arms of laminin-221 and laminin 521, interact with 

receptors at the postsynaptic membrane (Figure 6.1B). Cell surface receptors such as α-

dystroglycan, agrin and integrin have also been shown to bind laminins at high affinity, and 

in turn bind to the actin cytoskeleton to transduce signals to the cell interior (Ervasti & 

Campbell, 1993; Gee et al., 1993; Denzer et al., 1997; Denzer et al., 1998; Kammerer et 

al., 1999; Colognato & Yurchenco, 2000; Hohenester & Yurchenco, 2013). The laminin 

heterotrimers, laminin-221 and laminin 521, interact with each other to form ternary nodes, 

which in turn allow the linkage of a laminin network (Figure 6.1C). The short arm domains 

of the laminin network interact with a type XVIII collagen network via nidogens and 

perlecans/agrins (Fox et al., 1991; Latvanlehto et al., 2010). These non-laminin molecules 

are involved in not only providing stability but also enabling the tethering of tissue specific 

growth factors (such as neuregulins) via interaction with the heparin sulfates, agrin and 

perlecan. Of note, the short-arm laminin-421 is not part of the laminin network that links 

the postsynaptic membrane to the basement membrane, due to the short arm ‘T’ shaped 

structure. Based on this unique structure and the findings presented here, we propose that 

laminin-421 plays a critical role in the organisation of the NMJ. These complex interactions 

allow for a link between pre- and postsynaptic regions to the basement membrane and are 

thought to enhance the precision, stability, and structural integrity of the NMJ, and in turn 

enable efficient neurotransmission. 
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Figure 6.1 Illustration of the Molecular Interactions with Laminin Chains at the 
Neuromuscular Junction 
A, laminin-421 binds receptors at the presynaptic region, namely Cavα subunit of VGCCs and 

α3 integrins via interactions with the laminin-β2 and –α4 chains respectively. This interaction 

aids in the stabilisation of the active zone region as well as organising and aligning the active 

zones to the postsynaptic specialisations. B, lipid rafts act as platforms that allow 

concentration of molecules such as AChRs and rapsyn (R) at the postsynaptic membrane. 

Agrin is proposed to aggregate and anchor lipid rafts through its binding of laminins and to 

the dystroglycan-rapsyn complex. These complexes are then thought to interact with other 

molecules to connect to the cortical F-actin cytoskeleton to enhance stability of the clustered 

postsynaptic molecules. C, diagrammatic illustration of the molecular architecture of the 

basement membrane. The laminin heterotrimers, laminin-221 and -521, interact to form a 
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network that aids in maintenance of structural integrity of the NMJ. A single α, β, and γ 

subunit from different heterotrimers interacts to form a ternary node. This network is then 

anchored to the muscle fibre membrane via interactions with integrins, α-dystroglycan and 

agrin as well as a number of collateral interactions with other molecules. The laminin network 

also interacts with a collagen network via nidogens and perlecans/agrins to scaffold the 

basement membrane to the postsynaptic membrane. Note, laminin-421 is not thought to be 

involved with this laminin network. Figures adapted from Bezakova and Ruegg (2003). 
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6.6 Limitation of Current Studies and Future Directions 
While the studies presented within this thesis substantially further the understanding of 

laminins in development of the NMJ, several limitations must be noted. The knockout 

model used for the lamb2-/- studies allows only a limited age range to be investigated, with 

mice commonly dying at weaning age (P21) due to renal failure (Noakes et al., 1995a; 

Patton et al., 1997). Thus conclusive findings cannot be drawn as to whether these mutant 

NMJs demonstrated delayed maturation or, whether these changes indicate a complete 

halt in NMJ development. Patton (1998), have shown that the survival rate of lamb2-/- mice 

can be increased to around postnatal day 40 if mice are fed a special high fat diet after 

weaning. A current study in our laboratory is employing a high caloric diet in order to 

increase the lifespan of the lamb2-/- mice to allow us to comprehensively address this issue 

with the currently available model. The findings thus far indicate no improvement in the 

functional neurotransmission properties in mutant mice, however morphological study is 

still underway. Present studies have been limited to investigating the role of laminin-β2 

during synaptogenesis, with little known of its purpose or actions during latter stages of 

life. It would be interesting to investigate whether the loss of laminin-β2 at later stages of 

synaptogenesis or during adulthood, would result in disassembly or drastic morphological 

changes at the mouse NMJ. A potential tool to study these queries would be the 

generation of a flox LAMB2 allele in mice, as has been successfully undertaken to create 

the lama5loxP conditional mutant (Nguyen et al., 2005; Nishimune et al., 2008). Utilising this 

technique the functional changes associated with loss of laminin-β2 at various adult ages 

can be investigated after the NMJ has fully developed, to help in elucidating whether 

laminin-β2 is purely a regulator of differentiation or is involved in some capacity in the 

maintenance of the NMJ during ageing.  

 

Investigation of lama4-/- NMJs utilising extracellular macro-patch electrodes raised another 

limitation to our study. The use of such electrodes allowed detection of currents beneath 

the electrode where it formed a seal with the muscle fibre. Thus the sampling properties 

are greatly influenced by the relative size of the NMJ in relation to the muscle fibre. 

Release from a small NMJ relative to the fibre size will be adequately sampled but there 

was a possibility that larger NMJs may not be sampled accurately. Our morphological 

studies indicate that the lama4-/- mice possessed larger NMJs and thus it is possible that 

we may have been under-sampling these junctions.  While electrodes were approximately 

2-10 μm in size, they still failed to detect intermittence of evoked responses at mutant 

NMJs. This may have been as a result of the electrodes detecting release from other 
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NMJs at a distance i.e. multi-terminal recording. These failures were clearly detected 

through the use of intracellular recordings and therefore we must highlight issues with the 

reliability of the extracellular recordings in this regard. I therefore limited the use of our 

extracellular recordings to accurately assess a number of functional parameters including 

the detection of nerve terminal impulses, and the timing parameters of evoked and 

spontaneous responses. 

 

While we observed changes in the laminin-α4 deficient NMJs, starting at P8 which became 

more apparent by P18, we could not determine the exact cause of this functional deficit. 

Our studies proposed a change in the interaction of presynaptic release machinery. 

However, due to the techniques used to investigate neurotransmission and morphology we 

were not able to delve deeper and find the exact molecular interactions which may be 

altered. Molecular interactions may be synergistically enhanced in the presence of laminin-

α4 and therefore are capable of efficiently releasing vesicular contents. The use of in vitro 

techniques may allow for more thorough investigation of specific presynaptic interactions 

which are likely affected in lama4-/- NMJs.  

 

Finally, due to the observed decline in neurotransmission properties from P8 to P18 at 

lama4-/- NMJs, it would be important to investigate older ages to elucidate if any further 

progression of deficits occurs. The study presented in this thesis was limited to animals 

under or at weaning age, with no aged animals investigated. Recent study has shown 

irregular expression of laminin-α4 at the NMJs of aged wild type mice (Samuel et al., 

2012). Samuel and colleagues (2012) suggest that laminin-α4 may play a role in 

maintaining the NMJ during ageing, with its loss resulting in premature breakdown of the 

NMJ, however no functional studies were conducted to elucidate the implications of these 

changes on neurotransmission properties. Studies in our laboratory are underway to 

address this issue. We are currently characterising wild-type and lama4-/- NMJs during 

ageing, from three to twelve months of age, to better understand the role of laminin-α4 in 

the maintenance of the NMJ. 

173 
 



6.7 Conclusions 
The laminin family, in particular laminins-α4 and -β2, are critical for the proper 

development of a functional neuromuscular junction, which has a high safety factor for 

neurotransmission. Overall, loss of either of these laminin chains resulted in functional 

deficits via two different pathways. Loss of laminin-β2 lead to more severe changes in 

functional capacity compared to those seen in laminin-α4 deficient NMJs. This may be due 

to the fact that laminin-β2 is present in each of the three synapse specific laminin 

heterotrimers, resulting in the loss of more molecular interactions than observed after the 

loss of a single heterotrimers as in the case of laminin-α4 knockout. The functional findings 

of this study are in strong agreement with the ultra-structural and molecular findings of 

previous literature. Importantly, we have advanced this field by our present study, which 

observed a functional change in the VGCCs involved in neurotransmission rather than 

simply a molecular interaction that aids in active zone stability. We have observed that 

laminin-β2 plays an integral role and interaction with each component of the NMJ. Notably, 

while the defects observed at lama4-/- NMJs were not as drastic compared to those shown 

at lamb2-/- NMJs, we were the first to functionally characterise these mice, observing 

subtle deficits from early age that progress but do not effect the survivability of mutants. 

The findings of this thesis suggest that each laminin plays a crucial and different role for 

the developing NMJ. Laminin-α4 appears to act as the NMJ engineer by signalling the 

correct placement of pre- and postsynaptic specialisations. By contrast, laminin-β2 may 

act as the foundation stone or support pillar for each element to be structured and 

anchored around. Thus loss of laminin-α4 results in a synapse with improperly localised 

specialisation, while loss of laminin-β2 leads to whole scale deficits in structure of the 

NMJ. The loss of, or change in expression of laminins-α4 or -β2 resulted in significant 

changes in morphology and neurotransmission at the developing neuromuscular junction. 
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