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RÉSUMÉ ET LES MOTS CLÉS FRANÇAIS 

La reconnaissance des cellules gliales comme partenaires 

dynamiques de la fonction synaptique au sein du système nerveux est 

grandissante. Cette évolution de pensée, vers un rôle actif des cellules 

gliales, a débuté dans les années 1990 avec des travaux pionniers 

démontrant que la transmission synaptique induit des élévations calciques 

gliales .. De plus, nous savons maintenant que les cellules gliales ,ont la 

capacité de moduler les fonctions neuronales et synaptiques sur des échelles 

de temps variables. Cette influence des cellules gliales sur les synapses 

contribue à l'une des propriétés synaptiques fondamentales, soit leur habilité 

à être modifiée ou leur plasticité. Les mécanismes gliaux influençant la 

direction de la plasticité de la synapse vers des états potentialisés ou 

déprimés ont récemment gagnés en compréhension. Toutefois, les 

mécanismes impliqués dans la plasticité des cellules gliaies elles-mêmes 

demeurent inconnus. 

Les neurotrophines font partie d'un groupe de facteurs contribuant aux 

mécanismes de plasticité dans le système nerveux et sont impliquées dans la 

fonction des cellules gliales. Ces observations suggèrent donc que les 

neurotrophines puissent contribuer à la plasticité des cellules gliales. Ainsi. je 

propose dans cette thèse: 

1) D'étudier l'un des aspects de base des interactions neurone-glie, soit, de 

déterminer comment s'explique la génération d'une action positive versus 

négative des cellules gliales sur la synapse. 

2) Déterminer le rôle des neurotrophines sur la plasticité des cellules gliales. 

Dans la première section, nous avons démontré que les réponses 

calciques gliales sont différentes selon les paramètres de stimulation 

nerveuse et que ces dernières, exercent à leur tour un effet rétroactif 

différentiel sur les synapses. Cette étude démontre donc que les patrons 

d'activité neuronale dictent les patrons d'activité gliale menant ultimement à 



des différences dans la contribution des cellules gliales à la plasticité. 

synaptique. 
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Dans la deuxième section, l'implication des neurotrophines dans la 

plasticité gliale a été établie. En effet, l'application de différentes 

neurotrophines, au cours de l'activité synaptique évoquée, a permis de 

démontrer que ces facteurs altèrent les réponses calciques gliales .. Ainsi, ces 

résultats démontrent que les élévations calciques gliales sont plastiques et 

modifiables par les neurotrophines. 

Les résultats présentés dans cette thèse démontrent l'importance des 

cellules gliales dans la régulation de la direction de la plasticité synaptique. 

D'autre part, ces études d~montrent l'importance des neurotrophines dans la 

communication neurone-glie. En effet, en considérant l'importance des' 

différences dans les réponses calciques gliales sur la plasticité synaptique, la 

capacité des neurotrophines à les moduler démontre bien leur rôle clé dans la 

fonction synaptique. Ces études révèlent finalement l'importance des 

changements fins du signal calcique glial sur la fonction des synapses ainsi 

que l'importance des neurotrophines dans leur régulation. 

Mots clés- interactions neurone-glie; neurotrophines;. 
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ABSTRACT AND ENGLISH KEY WORDS 

ln recent years, understanding of glial cell function has evolved from a 

merely supportive role to one of primary function in synaptic transmission. 

This shift -in thinking began around 1.990 with pioneering work demor;lstrating 

that glial cells in situ could actively respond to synaptic transmission with 

elevations of intracellular calcium. We now know that glial cells also provide 

fee<;lback to neurons and synapses to modulate short-, and long-term 

function. This influence of glial cells on synapses contributes to a fundamental 

property of synapses, their plasticity. However, little is known about what 

deterrnines whether glial cells influence synaptic plasticity in positive versus 

negative directions. Furthermore, although we have gained more information 

regarding the role of glial cells in synaptic plasticity, little is known about the 

plasticity of glial cells themselves. One group of factors that is implicated ina 

wide variety of plasticity mechanisms throughout the nervous system is the 

neurotrophins. We also know that these factors are involved in glial cell 

function, and this knowledge led me to become interested in their potential 

contribution to glial cell plasticity. This thesis addresses the fundamental 

questions of both glial contribution to synaptic plasticity and the plasticity of 

glial cells themselves. It will address the following specific questions: 1) what 

underlies the generation of positive, in comparison to negative feedback, to 

synapses by glial cells; and 2) the role of neurotrophins on glial cell plasticity. 

These studies will provide information on mechanisms of neuron-glial 

interactions as weil as sorne molecules that could be important for these 

interactions. 

ln the first study 1 found that modulation of nerve activity induced 

distinct glial calcium responses. These different glial calcium elevations were 

shown to be involved in providing either positive or negative feedback to 

synapses. This study demonstrated that the pattern of neuronal activity 

dictates the pattern of glial activation, which ultimately leads to glial-mediated 

differences in synaptic plasticity. 



Secondly, 1 investigated neurotrophin signalling to glial cells and the 

roles these factors have in glial cell plasticity itself. Application of different 

neurotrophins during nerve-evqked activity altered glial calcium responses. 1 

found that glial cell calcium elevations are plastic and can be changed by 

neurotrophins. 

iv 

The results presented in this thesis demonstrate the crucial role of glial 

cells in regulating the direction of synaptic plasticity. Furthermore, 1 reveal the 

highly sensitive nature of glial cell calcium elevations, where small changes in 

glial calcium signais dramatically altersynaptic functiol1. In addition 1 

demonstrate that glial cells are themselves plastic. When considering the 

observed importance of differences in glial calcium elevations on synaptic 

plasticity, neurotrophins may be vital for directing the outcome of neuron-glial 

communication. 

Keywords - neuron-glial interactions; neurotrophin; 
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1. INTRODUCTION 

1.1. PREAMBLE 

The classical view of the synapse includes the presynaptic terminal 

and the postsynaptic neuron (Fig. 1). However, over the past two decades 

glial cells have emerged as a third cellular component important for 

synaptic function. This development has lead to the use of the term 

"tripartite synapse" wh en referring to synapses to better reflect our new 
" 

understanding'of synapses as structures that not only include the pre- and 

postsynaptic neurons, but also the surrounding glia (Fig. 2). 

Presynaptic ,'. ' 
Terminal ' 

Ca++ . 

Figure 1. Classlc vlew of the synapse. 
Communication between two neurons involves release of 
neurotransmitter from the presynaptic 'terminal that binds to receptors 
on the postsynaptic œil. 

Synapses are plastic, and therefore can be strengthened or ' 

weakened depending on the changing demands of the nervous system. 

Classically, plasticity was thought to involve the pre- and postsyn~ptic' 

neurons of the synapse. However, glial cells surrounding the synapses 

have now been implicated in these phenomena throughout the nervous 

system (Allen and Barres, 2005; Todd et ak, 2006). 



Presynaptic 
Terminal 

Figure 2. The tripartite synapse. 
The glial component is added in to the classical view of the synapse 
and is an activepartner in synaptic transmission both receiving input 
and providing feedback to neurons. 
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The study of communication between neurons and glia (ie neuron­

glial interactions) began with the observation that glia could respond to 

neuronal activity with elevations of intracellular calcium (Dani et al., 1992; 

Jahromi et al., 1992; Reist and Smith, 1992). Since then, it has been 

demonstrated that glial ceU responses to nerve activity are not simply on or 

off, but are graded and dependent on the frequency of stimulation (Pasti et 

al., 1997), and are also input specifie (Perea and Araque, 2005). This acute 

variability in glial calcium responses illustrates the dynamic nature of their 

interactions at the synapse. However, the contributions of distinct glial 

calcium signais on synaptic transmission remain unknown. One wonders if 



glial calcium responses, as with synapses, are modifiable and plastic in a 

manner that would allow them to undergo lasting changes (minutes to 

hours) to their responsiveness. 
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Following the demonstration of glial cell responsiveness to synaptic 

activity, a number of laboratories investigated the capacity of glial cells to 

modify neuronal and synaptic function (Kang et aL, 1998; Newman and 

Zahs, 1998; Robitaille, 1998) through the release of transmitter substances 

from glial cells termed gliotransmitters. Since these first discoveries, a 

number of different examples have been published using different 

preparations and approaches to demonstrate the involvement of glial cells 

in synaptic plasticity (Castonguay and Robitaille, 2001; Ullian et aL, 2001; 

Fellin et aL, 2004; Fiacco and McCarthy, 2004; Hama et aL, 2004; -

Christopherson et aL, 2005; Pascual et aL, 2005; Ge et aL, 2006; Panatier 

et aL, 2006; Serrano et aL, 2006; Stellwagen and Malenka, 2006; Perea 

and Araque, 2007). Surprisingly, however, no one has yet demonstrated 

the ability of the same glial cell to induce both increases and decreases in 

synaptic function in the same neuron. Since synapses need to be able to 

be modified both positively and negatively, it seems likely that glial cells 

could be involved in both processes. Furthermore, if glial cells are to 

change their responsiveness under different synaptic situations, they too 

must be plastic. 

ln this thesis 1 have provided information regarding the role of glial 

cells in different forms of plasticity and in glial plasticity itself. To investigate 

these unanswered problems, Istudied the involvement of glial cells in the 

generation of distinct forms of plasticity, specifically, their ability to detect 

dlfferent patterns of neuronal activity, and the resulting differences in their 

feedback to synapses. In addition, 1 have investigated the contribution of 

the neurotrophins, on the modulation of glial cell plasticity and neuron-glï'al 

interactions. 



4 

First, 1 demonstrate that glia from the same synapse could detect 

differences in the pattern,of endogenous neuronal activity, which is 

reflected in their calcium elevations. Second, activating the glial cells with 

distinct patterns of nerve activity resulted in feedback that was dependent 

on the initial pattern of activity. Finally, in Chapter 3 _1 demonstrate that glial 

cell calcium elevations are indeed plastic an9 that the neurotrophins are 

one group of molecules that are implicated in this plasticity. 

The work contained in this thesis provides important insight into the 

mechanisms and sorne of the molecules involved in neuron-glial 

interactions. These finding take steps towards explain the complex 

interactions between neurons and glia throughout the nervous system. 

1.2. THE SYNAPSE 

Synapses are connections between two cells that allow the transfer 

and modulation of neuronal information. Most commonly, these are 

connections between two neurons where one neuron, the presynaptic cell, 

releases a transmitter substance that will bind to receptors on the 

postsynaptic cell. The binding of neurotransmitter to its receptors causes 

signalling to occur in the postsynaptic neuron either through the flux of ions 

through pore-forming receptors or through complex ,cascades of 

intracellular messengers. 

Transmitter release is a tightly regulated process for reliable 

communication in the nervous system. It occurs at active zones, 

specialized regions of the presynaptic terminal where vesicle fusion occurs 

(Fig. 3) and it is regulated by many intracellular proteins as weil as sorne 

transmembrane proteins that span the synapse to physically join the pre­

postsynaptic cells. Sorne of the most studied presynaptic proteins that are 

involved in vesicle trafficking and release make up a group known as the 

SNARE proteins. The SNARE proteins link together the nerve terminal 
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membrane, vesicles and calcium channels to tightly regulate vesicular 

release. They consist of SNAP-25, synaptobrevin, syntaxin and the 

associated calcium-sensitive synaptotagmin (Bennett et al., 1992; Geppert 

et aL, 1994; Nishiki and Augustine, 2004). Calcium channels bind to the 

SNARE proteins SNAP-25 and syntaxin (Leveque et al., 1994; Sheng et 

aL, 1994; Martin-Moutot et al., 1996; Jarvis et al., 2002; Keith et al., 2007). 

Association with these presynaptic scaffolding proteins keeps calcium 

channels in close proximity to active zones, an organization that has been 

repeatedly suggested for over 30 years (Heuser et al., 1974; Robitaille et 

al., 1990). This close proximity between calcium channels and active zones 

(probably less than 50 nm) leads to high fidelity of transmitter release. In 

fact, following an action potential iUakes approximately 0.2 ms for vesicle 

fusion to occur. Presynaptic active zones allows for rapid and reliable 

vesicle release following arrivai of an action potential. 

Postsynaptically, neurotransmitter binds to receptors to induce a 

respon~e. Receptors are located across from active zones and held in 

place by their interactions with scaffolding proteins that combine to make 

up the postsynaptic density (Fig. 3). The postsynaptic density contains 

receptors, scaffolding proteins and signalling proteins involved in the 

generation of the postsynaptic response. 



Synaptic 
(Ieft 

• Neurotransmitter 

• 

~ 
Receptor Potential 

/ __ No· ) 

Figure 3. Presynaptic and Postsynaptic Machinery. 
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At the presynaptic terminal vesicles fuse with the presynaptic 
membrane at active zones, regions specialized for the fusion of 
vesicles and the release of neurotransmitter upon arrivai of action 
potentials. Once neurotransmitter is released into the synaptic cleft is 
crosses to the postsynaptic cell where it binds to postsynaptic 
receptors. In muscle, the postsynaptic membrane is composed of folds 
and valleys with nAChRs positioned at the tops of the folds and 
voltage-gated sodium channels at the bottoms of the valleys. Activation 
of the nAChRs by neurotransmitter binding results in a receptor 
potential that propagates passively down the membrane until it reaches 
the voltage-gated sodium channels where action potential initiation and 
ultimately muscle contraction occur. 

Synaptic structures are modifiable both in morphology and in terms 

of the strength of the connection. Morphological adjustments can occur, for 

example, through actual changes in the size of the cellular elements or 

through their proximity to each other. Having said this, synapses are 

relatively stable structures once formed (Grutzendler et al., 2002). Aside 

from morphological alterations, synaptic strength can also be changed. 

Changes in the strength of synapses can be both increasing and 
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decreasing. These changes are generally referred to as synaptic plasticity. 

The mechanisms and processes involved will be discussed in more detail 

later. However, at a basic level these plasticity events can be the result of 

changes to the presynaptic terminal, the postsynaptic cell as weil as 

neighbouring glia. 

This section has introduced general aspects of the chemical 

synapse. Synapses include the presynaptic terminal, postsynaptic cell and 

surrounding glia. Synaptic transmission occurs through release of vesicles 

from the active zone, which binds to postsynaptic receptors. Most 

commonly wethink of neuron-to-neuron synapses, however, one of the 

best-understood synapses in the nervous system is the neuromuscular 

junction (NMJ). The NMJ is the equivalent of neuron-to-neuron synapses, 

but is specialized to allow for synaptic transmission between neurons and 

muscles. Like central nervous system synapses the NMJ is surrounded by 

gUa that participate in its function (Auld et al., 2003). These properties 

make the NMJ an excellent model for studying neuron-glial interactions. In 

the sections to follow properties of the NMJ will be discussed in more 

detail. 

1.3. NEUROMUSCULAR JUNCTION 

The neuromuscular junction has been, studied for thelongest 

amount of time of any synapse in the nervous system. Chemical synaptic 

transmission has been best described in th"is system beginning in the 

1950s with the work of Bernard Katz and colleagues (Del Castillo and Katz, 

1954). 'Since then the NMJ has continued to be a useful model for 

unders~anding mechanisms of release (poage and Meriney, 2002; Rizzoli 

et al., 2003), postsynaptic mechanisms (Sanes and Lichtman, 2001) and 

more recently, for studying the tripartite synapse (Auld and RObitaille, 

2003a). 
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1.3.1. ORGANIZATION AND FUNCTION OF THE NMJ 

The NMJ, like other synapses, is composed of a presynaptic nerve 

terminal, a postsynaptic cell (muscle fibre) and surrounding glial cells 

(perisynaptic Schwann cells; PSCs). This is a relatively simple organization 

with only one innervating nerve terminal (at mature synapses), one 

postsynaptic cell, and about 3-4 PSCs, with ail cellular compartments being 

visually identifiable. 

1.3.1.1. Presynaptic Terminai of the NMJ 

8 

The presynaptic terminal of the mammalian NMJ is an elaborate 

structure that roughly takes on a pretzel-like shape. Release at the 

neuromuscular junction occurs upon the arrivai of an action potential and 

results in the liberations of tens to hundreds of vesicles. Calcium and 

,presynaptic proteins associated with vesicular release play similar roles 

at the NMJ as previously mentioned for synapses in general. 

Presynaptic terminais flJnctionally match the properties of their 

associated muscle. For example the presynapticterminal must be able 

to induce the form of contraction required by a given muscle, and sorne 

muscles are required to be active for brief periods of intense activity 

whereas others require more prolonged periods of activation. This is 

achieved through a variety of presynaptic terminal properties such as the 

number of vesicles available and released (Reid et aL, 1999). These 

differences in properties give sorne terminais the ability to be active for 

longer periods of time, while others will fatigue more easily. Synapses 

that initially release fewer vesicles but can remain active for longer 

periods of time are called weak and fatigue resistant. Strong synapses 

fatigue more easily as they are normally only active for shorter periods of 



time(Wood and Slater, 1997; Reid et al., 1999). Specifie properties will 

be discussed i!1 more detail in the following section. 

1.3.1.2. Properties of Presynaptic Release 

9 

Although the structure of NMJs can vary widely amongst different 

species, the functional aspects seem to be weil conserved. For instance, 

frog NMJs, which can be hundreds of micrometers long, also release 

hundreds of vesicles for each action potential (Heuser et al., 1979; Katz 

and Miledi, 1979). However, rat terminais, which are around 50 

micrometers in length also release around 50 vesicles per action 

potential (Wood and Slater, 1997). This suggests that a size/release 

relationship exists that is conserved at least amongst vertebrates. 

Howeve~,.there are observable differences betwèen heuromuscular 

synapses. For instance, much interest has been focussed on the 

adaptive mechanisms that are associated with differences in weak and 

strong neuromuscular synapses. In the mammalian system, one 

commonly used cornparison for weak and strong synapses is that of 

so/eus (Sol; weak) and extensor digitorum fongus (EDL; strong) 

muscles. At the weak Sol synapses, less fatigue is observed and 

release can be maintained for longer periodS of time at lower 

frequencies (-20 Hz). However, the EDL displays rapid fatigue and is 

only active for short bursts of activity at high frequencies (-80 Hz) 

(Hennig and Lomo, 1985). Corresponding to the functional differences 

between these synapses are morphological ones, with the Sol 

occupying larger synaptic areas than EDL NMJs (Waerhaug, 1992; 

Wood and Slater, 1997). In conjunction with occupancy of large synaptic 

areas, Sol nerve terminais also have a larger synaptic vesicle pool in 

comparison to those of EDL NMJs (Reid et al., 1999). These terminais 

also display differences in initial quantal release (Gertler and Robbins, 
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.1978; Wood and Slater, 1997; Reid et aL, 1999). However, the time 

required for vesicle recycling appears to be quite similar for both 

terminais even across species, -115 sec (Betz and Bewick, 1992, 1993; 

Ryan et aL, 1993; Reid et aL, 1999). Since recycling time is similar, this 

suggests smaller release per stimulus and unit area along with the 

larger vesicle pool size contribute to the greater degree of fatigue 

resistance at Sol nerve terminais. Although there are sorne subtle 

differences in release properties and vesicle number, the same basic 

mechanisms apply to ail NMJs. 

1.3.1.3. Synaptlc Plasticity 

The amount of transmitter release that occurs is variable and 

changes in the amount of release are referred toas synaptic plasticity. 

Synaptic plasticity can occur over different time frames from 

milliseconds to days and can be broadly broken up into short-, and long­

term plasticity. 

1.3.1.3.1 POTENTIATION 

Enhancement of synaptic transmission can be divided temporally 

into facilitation, lasting tens of milliseconds, augmentation, lasting 

seconds, post-tetanic potentiation (PTP), lasting 10s of seconds and 

finally short-term plasticity, which lasts for minutes (Zucker and Regehr, 

2002). Calcium plays importantroles in ail forms of synaptic 

enhancement although the mechanisms are different. Facilitation is the 

result of residual calcium in the presynaptic terminal when a second 

impulse triggers release. This causes greater fusion of synaptic vesicles 

and a larger postsynaptic response. Katz and Miledi first suggested the 

. involvement of calcium in facilitation using the NMJ preparation (Katz 

and Miledi, 1968). More recent work suggests that facilitation is defined 
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merely by the rate with which calcium diffuses away trom active zones 

(Cooperet aL, 1996). In comparison, augmentation, which is longer 

lasting, is mediated by the rate of calcium removal. It has been 

suggested for a number of years that the processes regulating 

facilitation and augmentation are different (Landau et aL, 1973; Magleby 

and Zengel, 1982). There is evidence suggesting that calcium pumps 

and exchangers can be involved in regulating the duration of 

augmentation and PTP (Parnas et aL, 1982; Wojtowicz and Atwood, 

1985). This probably occurs through a build up of both sodium and ' 

calcium presynapticaUy. This build up then results in decreased removal 

by exchangers due to the increased intracellular sodium concentration 

(Birks and Cohen, 1968b, 1968a; Mulkey and Zucker, 1992). Another 

factor that can influences PTP is mitochondrial calcium loading. This 
" 

a/so occurs during periods of prolonged activity where mitochondria are 

loaded with calcium that is slowly released following cessation of activity 

(Tang and Zucker, 1997; David et al., 1998; David and Barrett, 2000). Ali 

of these different mechanisms lead to different forms of synaptic 

enhancement, largely delineated by their duration. 

1.3.1.3.2 DEPRESSION 

Aside from synaptic potentiation, depression also occurs. At the 

NMJ there are two main phases of depression that are often described. 

The first and shorter phenomenon occurs over seconds during 

prolonged activity, while the other is a modification of longer duration. 

One of the main causes suggested to underlie the shorter depression 

mentioned above is depletion of the vesicle pool (Betz, 1970). This 

occurs during prolonged periods of activity, where vesicle release 

outpaces recovery and reéycling, such that fewer readily releasable 

vesicles are available. Once presynaptic activity stops, vesicle recycling 



can catch up and return the vesicle pool to normal, and thus, no 

depression is apparent. 
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Other mechanisms of de pression that involve longer processes 

include modulation of presynaptic function by neuromodulators and 

postsynaptic desensitization (Zucker and Regehr, 2002). Some of these 

mechànisms have been described in our laboratory and include 

neuromodulators such as nitric oxide (NO) and glutamate that can 

induce long lasting depression of neuromuscular transmission (Thomas 

and Robitaille, 2001; Pinard et aL, 2003). Interestingly, the depression 

induced by the se two transmitters appear to be quite similar. Recently, it 

has been demonstrated that in fact glutamate and NO are linked and 

cooperate to induce depression at the NMJ (Pinard and Robitaille, in 

press). This appears to be through presynaptic release of glutamate that 

'binds to postsynaptic metabotropic glutamate receptors, which activate 

NO synthase to produce NO. The NO is then able to diffuse back to the 

presynapse to cause depression. 

The processes leading to synaptic plasticity are fundamental for 

proper synaptic functioning. Many of the early discoveries surrounding 

plasticity were made üsing NMJ preparations, discoveries that have 

proven to hold true throughout the nervous system. 

1.3.1.4. Postsynaptic Muscle Fibres 

The postsynaptic cell associated wittlNMJs is·the muscle fibre. 

There is only one presynaptic cell for each postsynaptic cell, unlike the 

organization of the CNS, however, during developmentmuscle fibres 

are innervated by multiple presynaptic terminais (Salice-Gordon and 

Lichtmàn, 1993). 

Strong and weak synapses innervate different muscle fibre types. 

The differences in muscle fibres have been categorized a number of 

different ways based on myofibrillar ATPase isoform, twitch kinetics, 
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myosin heavy chain (MHC) isoform, and metabolic enzymes and 

processes used. This results in Type 1 fibres corresponding to slow 

twitch, and red fibres expressing MHCIf3 and being innervated by weak 

presynaptic terminais. These fibres are high in mitochondria, undergo 
, 

oxidative metabolism and are fatigue resistant (Peter etaI., 1972; Pétte 

and Staron, 2000). They also have a smaller diameter than other fibre 

types. Type liB fibres are larger in diameter, are one type of fast twitch, 

white fibre, that are low in mitochondria, run on glycolysis and express 

MHClib (Peter et al., 1972; Pette and Staron, 2000). These properties 

make white fibres more prone to fatigue and are innervated by the 

strong presynaptic terminais. The other pure fast twitch 'fibres include 

type liA and 110. Finally there are mixed fibres that display a mixture of 

the above-mentioned properties(Pette and Staron, 2000). Most 

mammalian muscles are composed of a mixture of fibre types rather 

than being purely one type or another. 

1.3.1.5. The End-Plate and Receptors 

Synaptic transmission occurs through the release of acetylcholine 

and activation of postsynaptic nicotinic acetylcholine receptors 

(nAChRs). These receptors are pentameric in structure and are 

p~rmeable to monovalent and divalent cations (Villarroel and Sakmann, 

1996). As with ail postsynaptic cells, densities of receptor clusters and 

postsynaptic scaffolding proteins are present on muscle fibres in tfle 

end-pla~e region. The clusters of nAChRs are located at the peaks of a 

number of folds in the postsynaptic membrane that make up the end­

plate and are located directly across from active zones. In the troughs of 

these folds are located the voltage-gated sodium channels responsible 

for generating action potentials. 
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The NMJ has been an important model for studies of pre and 

postsynaptic development, for example receptor clustering. Early studies 

observed sorne spontaneous clustering of nAChRs (Vogel et aL, 1972; 

Fischbach and Cohen, 1973), however, synapse formation and 

. clustering associated with mature synapses requires activity (Anderson 

and Cohen, 1977; Frank and Fischbach, 1979), something that was also 

confirmed in vivo (Liu and Westerfield, 1992). Along with receptor 

clustering, receptor synthesis is also increased with activity (Anderson 

and Cohen, 1977; Jessell et aL, 1979; Role et aL, 1985). Two factors 

rele~sed in an activity-dependent manner that are important for the se 

processes are neuregulin (Usdin and Fischbach, 1986; Falls et aL, 

1993; Jo etaI., 1995), and agrin (Godfrey et aL, 1984; Meier et aL, 

1997). Recent in vivo work has found that spontaneous nAChR clusters 

are actually the site of presynaptic contact and that these clusters can 

be incorporated into maturing end-plates (Flanagan-Steet et aL, 2005; 

Panzer et aL, 2005). 

1.3.1.6. Perisynaptic Schwann Cells 

Perisynaptic Schwann cells (PSCs) are geno- and phenotypically 

distinct from myelinating Schwann cells. Whereas myelinating Schwann 

cells express high levels of proteins such as PO and myelin basic 

protein, PSCs express low levels of these proteins and high levels of 

proteins such as NCAM and S100 (Mirsky and ~essen, 1996). In terms 

of phenotype, PSCs do not wrap axons, but rather surround nerve 

terminais and postsynaptic densities. In mammals PSCs arrive at NMJs 

starting in early postnatal life and increase in numbers to about three or 

four in adults (Love and Thompson, 1998). During development, 

Schwann cells migrate slong axons rather than the opposite as 

previously thought (Gilmour et aL, 2002). 
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PSCs are found surrounding the synaptic cleft and can, in fact, 

participate in synaptic transmission. They express receptors for the 

neurotransmitters of the NMJ and also transporters that could participate . 

in regulating plasticity events (Pinard et al., 2003). This will be discussed 

further in the following section (1.4.4). Aside from developmental and 

synaptic functions of PSCs, they are also important for synapse stability 

in mature animais (Reddy et al., 2003). PSCs are an integral part of 

neuromuscular synapses, participâting in development, maturation, 

stability and function. 
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1.4. NEURON-GLIAL INTERACTIONS IN SVNAPTIC PLASTICITV 

Glial cells are the other major cell type in the nervous system aside 

from neurons. Like neurons·they are heterogeneous and fall into a nllmber 

of large categories;.1) microglia, the immune cells of the brain, 2) 

myelinating glia, oligodendrocytes of the CNS and Schwann cells of the 

PNS, and 3) astroglia, which are the non-myelinating synaptic glial cells that 

are represented by PSCs at the NMJ. 

Beginning in 1992 glial cells in situ were shown to actively respond to 

synaptic transmission (Dani et aL, 1992; Jahromi et aL, 1992; Reist and 

Smith, 1992). It was another six years before it was demonstrated that glial 

cells could also provide modulation of synaptic function through feedback . 

(Kang et aL, 1998; Newman and Zahs, 1998; Robitaille, 1998). Now, it is 

widely accepted that glia are active partners in synaptic function that play a 

number of different roles in synaptic transmission~ This evidence has been 

derived from work at the NMJ and with CNS preparations . 

. 1.4.1. A BRIEF HISTORY OF SYNAPSE-GLIA INTERACTIONS 

Although it was not until relatively recently that glial cells were 

demonstrated to actively participate in synaptic function, observations made 

by anatomists around the early 1900's suggested a variety of such functions 

(Somjen, 1988). For instance, Lugaro (Somjen, 1988) suggested that 

astrocytes might be involved in neurotransmitter removal to regulate 

transmission, something that is now known to be true (Rothstein et aL, 

1996; Bergles and Jahr, 1997, 1998; Huang and Bordey, 2004). 

The first description of a dynamic glial response to synaptic transmission 

came from the work of Stephen Kuffler in the 60's. He and colleagues 

showed that activity in neighbouring nerves could induce depolarization of 

glial ce Ils that was dependent on extracellular potassium (Kuffler et aL, 

1966; Orkand et aL, 1966). From these first observations was derived the 
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idea that glial cells buffered the extracellular milieu, however, a major 

advancement in our ability to study glialcells came with the finding that they 

responded dynamically with calcium elevations. Since then a number'of 

different studies using isolated cell cultures, and a variety of semi-intact, and 

more recently, even in vivo studies, have revealed a vast number of 

functions for glial cells in brain physiology (Volterra and Meldolesi, 2005; 

Haydon and Carmignoto, 2006). 

ln terms of chemical activation of glial cells, the first studies to show this 

were done using cultured astrocytes and bulk application of transmitter 

substances (Cornell-Bell et aL, 1990). Following this, a number of studieS 

IJsed more intact preparations to demonstrate that this was not simply an 

artefact of culture (Da ni et al., '1992; Jahromi et al., 1992; Reist and Smith, 

1992). Two of these studies, from Stephen Smith's laboratory, used different 

preparations. One was the hippocampal slice, and the other the NMJ 

preparation and PSCs. These two studies arrived at the same basic 

'conclusion, that glial cells respond with calcium elevations to nerve activity. 

Following the establishment of glia as active responders to synaptic 

transmission, the question turned to their involvement in providing 

modulatory feedback tosynapses. This could occur in a nurnber of ways: 

regulated clearance of neurotransmitter, morphological changes affecting 

transmission, and release of chemical gliotransmitters. As already 

mentioned, a major breakthrough occurred in 1998 when a number of 

'papers from independent laboratories published results showing that glial 

cells from both the CNS and PNS could indeed modulate neuronal function 

(Kang et al., 1998; Newman and Zahs, 1998; Robitaille, 1998). Since then, 

work has provided information on many of the finer points of neuron-glial 

communication and the man y and varied roles that glial cells play in 

synaptic function. ' 



1.4.2. CALCIUM: A BREAKTHROUGH IN THE STUDV OF GLIAL CELL 

FUNCTION 

The major acute response detectable in glial cells is the calcium 

response. This dynamic form of cellular response was discovered in the 

1980'5 and has since been influential in studies of glial cell function and 

neuron-glial interactions (for example see Sugino et aL, 1984). 
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The intracellular signalling cascades responsible for generating glial 

calcium responses are the inositol1,4,5-triphosphate (IP3) and ryanodine 

receptor pathways (Haak et aL, 2001; Holtzclaw et aL, 2002). However, 

calcium responses can also be generated through influx of extracellular 

calcium (Verkhratsky and Kettenmann, 1996): The IP3 pathway is initiated 

through G-protein-mediated activation of phospholipase C (PLC), which 

cleaves phosphatidylinositol4,5-bisphosphate (PIP2) to f6-rm diacylglycerol 

and IP3• The newly formed IP3 then activates IP3 receptors to release 

intracellular stores of calcium (Fig. 2). , 

Calcium elevations in glia can be generated spontaneously and through 

agonist-mediated activation. In term's of synaptic function, agonist-mediated 

activation of glial cells can be critically important for subsequent 

modifications to that function. For instance, in the hippocampus, calcium 

signalling in astrocytes can be initiated by GABAs receptors that lead to 

potentiation of release by inhibitory interneurons (Kang et aL, 1998). This 

initially occurs through the presynaptic release of a neurotransmitter that 

then binds to receptors on the perisynaptic glial cell. This leads to a calcium 

elevation in the glial cell and subsequent release of gliotransmitter that acts 

through feedback on the presynaptic terminal or onto the postsynaptic cell. 

Interestingly, glial calcium responses are'not ail or none events. They are 

modifiable and dependent on the input used to actiyate them and the 

intensity of stimulus (Pasti et aL', 1997; Perea and Araque, 2005). Glial cells, 

like neurons, express a number of different receptors and therefore, can be 

activated in a number of different ways. In neurons, different frequencies 
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and patterns of activity lead to different changes in synaptic plasticity. 

Although glial cells respond with different calcium elevations to different 

frequency input, it is unknown if this impacts any ongoing process. 

Furtherlliore, nothing is known regarding the influence of different patterns 

of stimulation on glial activity. It is likely that differences in glial 'activation 

lead to differences in feedback to neurons, although this has never. 

specifically been tested. 

1.4.3. CNS SVNAPTIC FUNCTION AND THE IMPLICATION OF GLIA 

Due to issues with complexity and accessibility much of the early CNS 

glial work was performed in culture. However, it was soon realized that 
, 

observations made in culture were not always representative of those 

occurring hi more intaèt preparations (Kimelberg et al., 1997). Now slice 

preparations pre commonly used and even sorne in vivo studies are 

emerging (Wang et al., 2006). Despite early problems with accessibility, in" 

situ CNS-glial preparations have provided original pieces of information, and 

continue to improve our understanding of neuron-glial interactions. 

1.4.3.1. Gllotransmlssion and (,jlial-to-Neuron Signalling 

1.4.3.1.1 CHEMICAL TRANSMITTER RELEASE 

Gliotrarismission (the release of chemical transmitters from glia) is one 

discovery made through studies of CNS preparations. In fact, the release of 

gliotransmitters in response to activation has only definitively been 

demonstrated in the CNS. There is also evidence for astrocytic vesicles 
1 

(Bezzi et al., 2004), and vesicular release machinery (Zhang et al., 2004). 

Furthermore, release of glutamate has been recorded in culture (Parpura et 

al., 1994), and suggested, somewhat controversially, to occur in slice 

preparations (Angulo et al., 2004; Fellin et al., 2004; Fiacco and McCarthy, 

2004). Although glutamate release by astrocytesleading to modulation of 



CNS synapses is an attractive hypothesis, the evidence is currently under 

debate (Angulo et aL, 2004; Fellin et aL, 2004; Fiacco et aL, 2007). 
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Anot,her transmitter known to be released by glia is ATP (Fields and 

Burnstock, 2006; Zhang et aL, 2007). The release of ATP by glia is one of 

the major mechanisms used to propagate signais across glial networks 

(Newman and Zahs, 1997; Haas et aL, 2006). Another role for astrocyte 

purine signalling has recently emerged from two laboratories using 

pharmacological and molecular approaches. These reports demonstrated 

the impact of such signalling in hippocampal plasticity where glial signalling 

and ATP release is fundamental for the generation of heterosynaptic 

plasticity (Pascual et aL, 2005; Serrano et aL, 2006). Similarly, ATP release 

by astrocytes was earlier found to be involved in heterosynaptic 

suppression, which occurs on a faster time scale (Zhang et aL, 2003). 

Purine release in neuron-glial interactions is a major factor in both the CNS· 

and PNS. The roles that purines play in neuron-glial interactions at the NMJ 

will be discussed in the following section. 

1.4.3.1.2 GI-IOTRANSMISSION AND SYNAPSE DEVELOPMENT 

Other important actions of factors released by glial cells have been 

shown in the context of development. For instance early studies in culture 

revealed the importance of glia for synapse development and synaptic 

transmission (Pfrieger and Barres, 1997; Ullian et al., 2001). A number of 

different factors have been shown to be important for these developmental 

changes such as cholesterol (Mauch et aL, 2001), thrombospondins 

(Christopherson et aL, 2005), and TNFa (Beattie et al., 2002; Stellwagen 

and Malenka, 2006). 

These studies often focus on excitatory synaptic transmission, however, 

roles for glia in inhibitory synapse formation have also recently come to 

light. For. instance, Balice-Gordon and colleagues demonstrated that 



astrocyte conditioned medium could enhance both inhibitorysynaptic 

transmission and postsynaptic GABAA receptor density (Elmariah et aL, 

2005b). This appears to occur through two separate mechanisms that rely 

on the release of BDNF from neighbouring astrocytes. An interesting link 

with the previous discussion of purinergic signalling cornes from work in the 

PNS showing that axonal release of ATP cou Id initiate the release of BDNF 

from Schwann cells in a regulated manner (Verde rio et al., 2006). This study 

was performed in the context of regeneration; however, similar mechanisms 

may influence developmental progressions as weil. In addition to releasing 

neurotrophins, glial cells can also respond, to at least BDNF, with 

intracellular calcium elevations (Rose et aL, 2003). This indicates that the 

neurotrophins are likely important molecules for neuron-to-glial 

communication and glial-to-neuron signalling. 

1.4.3'.1.3 PHYSICAL GLIAL-To-NEURON SIGNAL LING 

Aside from factors that are released, glial cells can communicate with 

neurons through a wide variety of mechanisms. For example, one 
1 

mechanism of communication is the direct interaction of neuronal and glial 

cells, since glia enwrap synapses (Ventura and Harris, 1999; Murai et aL, 

2003). These interactions are known to influence dendritic morphological 

plasticity (Murai et aL, 2003), and possibly synaptic development (Hama et 

aL, 2004). Interestingly, astocytes occupy distinct domains, do not overlap, 

but do contact synapses on multiple neurons (Bushong et al., 2002; 

Halassa et aL, 2007). This provides the potential for inter-neuronal· 

interactions outside the normal axon pathways. 

Aside from release and direct cell-to-cell contact, the morphological 

arrangement of a synapse can also affect its function. As mentioned, a 

phenomenon such as this was described in the hippocampus where glial 

contact increased dendritic stability (Murai et al., 2003). Another example of 
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the role that morphology could have on synaptic function has emerged from 

studies in the hypothalamus where lactation causes a retraction of glial 

processes from around synapses (Oliet et aL, 2001) and ultimately changes 

the plasticity expressed by these synapses (Panatier et aL, 2006). It is quite 

possible that differences in the anatomical arrangement of different 

. synapses in other regions of the brain can have important effects on 

synaptic function, similar to what has been reported in the hypothalamus. 

1.4.3.2. Waves of Activation 

Glial calcium waves have been observed in a number of brain regions 

including the cortex (Haas et aL, 2006) and retina (Newman and Zahs, 

1997). Glial calcium waves are proposed to have a number of roles in CNS 

function. For instance, they appear to be linked to metabolic functions to 

regulate glucose uptake over a larger a~ea (Bernardinelli et aL, 2004). 

Furthermore, these waves are likely involved in regulating neuro-vascular 

coupling (Metea and Newman, 2006; Takano et aL, 2006), since calcium 

signais in glial endfeet can induce changes in vascular.dilation (Zonta et aL, 

2003; Mulligan and MacVicar, 2004). In terms of direct synaptic functioning, 

glial calcium waves may also be involved in long-distance communication 

and possibly even synchronization of multiple neurons through coherent 

release of gliotransmitter (Angulo et aL, 2004; Fellin et aL, 2004). 

There are many molecules and mechanisms thatare implicated in the 

birdirectional communication between neurons and glial cells. It is becoming 

clear that the heterogeneity of glial cells is leading to an almost endless 

number of possibilities for the way they interact with neurons. 

1.4.4. NMJ MODULATION AND THE INVOLVEMENT OF PSCs 

The neuromuscular junction has proven to be a valuable model for 

investigating synapse-glia interactions. In fact, sorne of ·the pioneering 
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studies were performed on this preparation (Jahromi et aL, 1992; Reist and 

Smith, 1992; Robitaille, 1998). In the following sections neuron-glial 

intractions involved in NMJ plasticity will be discussed. , 

1.4.4.1. Acute Actions of PSCs 

Perisynaptic Schwann cells of the NMJ can be thought of as the 

peripheral nervous system equivalent to astrocytes of the CNS. They are 

non-myelinating, occupy distinct domains and surround the synapse. As 

mentioned, nerve activity induces PSC calcium responses through 

activation of a variety of receptors. PSCs are also involved in modulating 

synaptic function, through regulation of transmitter in the synapse (Smit et 

aL, 2001), signalling to the presynaptic terminal (Robitaille, 1998; 

Castonguay and Robitaille, 2001) and providing overall stability to the 

synapse (Reddy et aL, 2003). These aspects of the NMJ-PSC preparation 

allow for its utility as a model for 'studies of neuron-glial interactions. 

As with CNS astrocytes, PSCs are able to respond to a number of . 

different neurotransmitters. The most predominant are acetylcholine (ACh), 

which is n31eased from the nerve terminal, and the purines, which will be 

discussed in the review to follow. ACh is the primary neurotransmitter at the 

neuromuscular junction. In addition to activating the postsynaptic muscle 

fibre, it can also induce responses in PSCs through metabotropic 

muscarinic acetylcholine receptors (mAChRs). At trog NMJs, mAChRs are 

suggested to be of an atypical form due to their unique pharmacological 

profile (Robitaille et aL, 1997). 

The primary known and acute result of PSC activation is synaptic 

modulation. This can occur in the form of either potentiation (Castonguay 

and Robitaille, 2001) or de pression (Robitaille, 1998). The mechanisms of 

this modulation are presently unknown, however, the outcome of glial 
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modulation appears to be dependent on the intracellular signalling cascade 

that is recruited following nerve activity. 

1.4.4.2. Long-term Actions of PSCs 

Some of the most weil described PSC functions are those occurring over 

longer periods of time. Interestingly, results from the laboratory of Milton 

Charlton have suggested that mAChRs might be involved in regulating 

morphology of PSCs through, control of cytoskeletal elements. This was 

suggestèd through investigations showing that blockade of nerve activity 

resulted in the rapid upregulation of glial fibrillary acidic protein (GFAP) in 

PSCs (Georgiou et aL, 1994). This group went on to show that the receptors 

involved were mAChRs (Georgiou et aL, 1999). These results suggest that 

not only does neurotransmission have ac~te affects on PSCs, but that it 

likely also influences glial and synaptic stability. The reciprocal of this is true 

as weil, wherè removal of PSCs from the synapse results in synaptic 

disassembly (Reddy et aL, 2003), suggesting that PSCs also provide 

stability signais to presynaptic terminais at NMJs. 

1.4.4.2.1 PSCs AND SYNAPSE DEVELOPMENT 

Intestingly, PSCs, like astrocytes, also seem to release substances that 

encourage synaptic development. In cultur~, the addition of neurotrophic 

factors maintains the survival of neurons, but prevents synapse formation. 

On the other hand, when Schwann cel! conditioned media is added, 

synaptogenesis can occur (Peng et al., 2003). Furthermore, evidence has 

recently emerged suggesting that factors released by glial cells can 

modulate synaptic transmission during development, possibly to facilitate 

this process (Cao and Ko, 2007). This iIIustrates,the similarity in function 

between PSCs and astrocytes of the CNS. 
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Neurotrophins are also known to be important for Schwann cell 

development and myelination. For instance, NT-3 can induce migration of 

Schwann cells prior to"myelination (Cosgaya et aL, 2002; Yamauchi et aL, 

2003). Following migration, a developmental switch in neurotrophin release 

induces myelination (Chan et aL, 2001). Recently, an investigation of NT-3 

expression and its effect on PSCs indicated that overexpression of NT -3 ' 

results in an increase in the number of PSCs at NMJs (Hess et al., 2007). In 

adults, however, TrkC expression is reduced, suggesting a primarily 

developmental raie for NT -3-TrkC signalling in PSCs. Other more long-ter~ 

roles for neurotrophins may also exist as it is known that disruption of TrkB 

signalling results in disassembly of postsynaptic receptor clusters (Gonzalez 

et aL, 1999). This postsynaptic stabilizing influence of TrkB may be carried 

out by other neurotrophins or other factors acting at nerve terminais and 

PSCs. 

One such molecule, w~lich is important for NMJ development, and 

negatively affects PSC stability, is neuregulin. Neuregulin expression can be 

regulatedby BDNF, GDNF, and NT-3 (Loeb et aL, 2002). Neuregulin is a 

potent factor for NMJ development and PSC survival during development 

(Trachtenberg and Thompson, 1996). It also known that following 

de nervation PSCs send processes to neighbouring junctions that guide 

reinnervation (Son and Thompson, 1995b, 1995a). The elaboration of PSC 

sprouts is partially mimicked by induction of neuregulin signalling in PSCs 

(Hayworth et al., 2006), indicating its importance in a variety of pracesses. 

The studies mentioned here demonstrate the complexity of interactions 

between axons, muscle fibres and PSCs. A number of different factors are 

implicated in any given process. However, the neurotrophins alone appear 

to have the potential for both direct and indirect actions on PSCs in 

development and pathology. 

One of the last major groups of molecules that 1 will discuss in the 

context of NMJ and PSC function are the purines. They are important for 



26 

. . 

both modulation of synaptic activity and neuron-glial interactions and are 

discussed in the review to follow. 



ln the followil1g pages readers will find the review article: 

Todd KJ,Robitaille R (2006) Purinergic modulation of synaptic signalling at 
the neuromuscular junction. Pflugers Arch 452:608-614. 
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INTRODUCTION 

Adenosine triphosphate (ATP) was found to be co-

released with acetylcholine (ACh) at neuromuscular junctions 

(NMJs) over 30 years ago (Silinsky, 1975). Interestingly, purines can 

also be released 'from muscle fibres (Smith, 1991; Santos et aL, 

2003) and Schwann cells (Liu et aL, 2005). Since then, the functions 

of purines at NMJs have been examined in a number of different 

preparations, revealing diverse functions. A number of different 

. re~eptors are present on ail three elements of the NMJ: the 

presynaptic nerve terminal, postsynaptic muscle and perisynaptic 

Schwann cells (PSCs). These receptors include P1 adenosine 

receptors on presynaptic terminais (Correia-de-Sa et aL, 1996; 

Silinsky, 2004; Baxter et aL, 2005) and PSCs (Robitaille, 1995; 

Rochon et al., 2001) and P2 ATP receptors on PSCs (Robitaille, 

1995; Rochon et al., 2001), nerve terminais (Grishin et aL, 2005; 

Moores et aL, 2005) and muscle fibres (Collet et aL, 2002; Choi et 

aL, 2003; Santos et aL, 2003). Purinergic function in the peripheral 

nervous system and at the NMJ indicates roles during development 

(Fu and Poo, 1991), at mature NMJs (Redman and Silinsky, 1994; 

Correia-de-Sa et aL, 1996), in PNS myelination (Stevens and Fields, 

2000) and neuron-glial interactions (Robitaille, 1995; Rochon et aL, 

2001). This review will discuss the role of purines in modulation of 

NMJ function giving special focus to the involvement of purines in 

neuron-glia interactions. Sorne elements of this review have been 

published as part of a Novartis Foundation Symposium (Todd and 

Robitaille, 2006). 

PURINE RECEPTORS AND PRESYNAPTIC MODULATION 

Purinergic modulation of NMJ function can oœur in a 

bidirectional manner, as' either potentiation or depression of 

transmitter release (Correia-de-Sa et aL, 1996). The outcome of the 
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. purinergic modulation depends on anumber of factors. For instance, 

the function of purinergic signalling changes with the developmental 

stage of the NMJ, where, during development of the tadpole NMJ, 

purines seem to potentiate neurotransmitter release (Fu and Poo, 

1991) while in the adult frog the effect is opposite (Giniatullin and 

Sokolova, 1998). Dual effects of purines have also been reported at 

adult NMJs. For instance, using a rnammalian preparation, Correia­

de-sa and colleagues (Correia-de-Sa et al., 1996) demonstrated 

purine-mediated potentiation and de pression of transmitter release 

depending on the frequency and pattern of stimulation. In this study, 

activation of P1 adenosine receptors of the A1 or A2A subtypes were 

responsible for inducing the depressive and potentiating·effects 

respectively. This model suggests that the A1 receptor effect 

dominates during low-frequency activity, while higher levels of 

synaptic adenosine are required for activation of A2A receptors. 

These higher levels of adenosine are achieved when short-duration 

bursts of activity that cause the release of larger amounts of ATP 

that is then converted into adenosine by ectonucleotidases 

(Zimmermann et al., 1998). However, it is suggested that during 

prolonged high-frequency activation, release of ATP leads to 

inhibition of ectonucleotidases such that the production of adenosine 

is reduced (Cunha, 2001). Correia-de- sa and colleagues suggested 

~hat during hjgh-frequency bursts of nerve activity the accumulation 

of synaptic adenosine is greater and activation of adenosine 

r~ceptor~ shifts such that transmitter release is potentiated through 

activation of A2A receptors (Correia-de-Sa et al., 1996; Oliveira et al., 

2004). These phenomena are thought to function to preserve 

transmitter during times of prolonged release and to potentiate 

release during times where run-down has already occurred so as to 

ensure muscle activation. 
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Other mechanisms of modulation can occur through 

direct activation of ATP receptors (Giniatullin and Sokolova, 1998; 

Giniatullin et aL, 2005; Grishin et aL, 2005; Moores et aL, 2005). 

These actions have also been shown to be potentiating or 

depressing depending on the receptors involved. When 

metabotropic P2 receptors are·activated, they have an inhibitory 

effect similar to that of adenosine (Giniatullin and Sokolova, 1998). 

However, Morres et al. (Mocres et aL, 2005) found evidence for 

presynaptic ionotropic P2X7 receptors that potentiate transmitter 

release due to an increase in non-selective cation conductance. 

Therefore, it appears that multiple types of purinergic receptors may 

have sirnilar actions and can operate in parallel to modulate 

transmitter release at the NMJ (Fig. 1). 
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MUSCLE 

Review Figure 1. Schematic representation of the purinergic modulation 
of synaptic functions at the NMJ. 

Diagram depicting the presynaptic nerve terminal (green), perisynaptic 
Schwann œil (PSC, blue) and postsynaptic muscle fibre (yellow). 
Sources of purines include presynaptic co-release with ACh, release 
from muscle fibres and possibly from PSCs. A first site of purines 
modulation is the presynaptic terminal where they regulate transmitter 
release. Both A, and P2Y receptors decrease transmitter release 
where P2Y receptors are thought to inhibit calcium channels through 
production of arachidonic acid (AA) (Grishin et aL, 2005). In the mouse 
A, receptors were shown to cause inhibition of calcium channels 
through interaction of G~/y with the SNARE complex protein, syntaxin, 
which also interacts with the calcium channels (Silinsky, 2005). 
Transmitter release can also be up-regulated through activation of P2X 
and A2A receptors. P2X, ionotropic receptors increase non-specifie 
cation conductance leading to Ca2

+ entry while A2A receptors are 
involved in activation of L-type calcium channels (Oliveira et aL, 2004). 
Further inhibitory action can be derived from production of reactive 
oxygen species such as H20 2• The location for production of reactive 
oxygen species is not isolated to any specifie compartments, however, 
muscle fibres are a likely source. Their production is linked to activation 
of P2Y receptors (Giniatullin et aL, 2005). Other short-term modulation 
of the NMJ comes from purine-mediated signalling with PSCs. Purines 
are at least partially involved in feedback modulation of transmitter 
release by PSCs (Robitaille, 1998; Castonguay and Robitaille, 2001). 
Purines are also involved in long-term regulation of the NMJ, in part 



through P2Y1-mediated activation of transcription of nicotinic ACh 
receptor (nAChR) subunits and acetylcholinesterase (AChE) (Choi et 
aL, 2001; Choi et aL, 2003). 

MECHANISMS OF PRESYNAPTIC MODULATION 

The mechanisms of purinergic modulation vary 
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depending on the receptors involved and, to some extent, on the 

species being investigated. Purinergic depression of transmitter 

release in amphibians seems to modulate the mechanisms of 

transmitter release without altering presynaptic calcium (Redman 

and Silinsky, 1994; Robitaille et aL, 1999; Huang et al., 2002). 

However, recently, Grishin and colleagues (Grishin et aL, 2005) 

demonstrated a decrease in presynaptic calcium currents at the frog 

'NMJ mediated by P2Y activation. This effect was mimicked with the 

addition of arachidonic acid (AA), suggesting its involvement as a 

second messenger. It is unclear why the difference in results found 

in this new study occurred. However, Grishin investigated P2Y 

receptors while Robitaille (Robitaille et aL, 1999) investigated 

actions of adenosine as did Huang et al. (Huang et al., 2002) and 

Redman and Silinsky (Redman and Silinsky, 1994). Interestingly, it 

has been observed that presynaptic calcium currents may be altered 

by purinergic signalling in other NMJs. This type of modulation has 

been weil established at mammalian NMJ (Hamilton and Smith, 

1991; Silinsky, 2004) where modulation of calcium currents is 

thought to occur through hydrolysis of ATP to adenosine, which then 

activates adenosine receptors (Hamilton and Smith, 1991). Once 

activated, adenosine A1 receptors seem to inhibit PlO-type calcium 

channels (Fig. 1) that, in mammals, are responsible to calcium entry 

during transmitter release (Silinsky, 2004). Interestingly; the 

inhibition of calcium currents is not the only site of purinergic 

modulation. Recently, Silinsky demonstrated that disruption of the 
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presynaptic release machinery, specifically the SNARE complex, 

decreased the effect of adenosine signalling on calcium currents 

(Silinsky, 2005). This occurs through interactions with the synaptic 

protein syntaxin, which has binding domains for PIC calcium 

channels and the Gilly subunit. The Gilly interaction with syntaxin 

decreases PIC channel activity and ultimately inhibits transmitter 

release (Fig.1 )(Silinsky, 2005). These results are a clear 

demonstration of G-protein modulation of presynaptic release , 

machinery. It wou Id be interesting to know whether similar 

interactions between purinergic receptors and presynaptic 

machinery also exist in amphibian NMJs. 

Another effect of purinergic signalling on calcium 

channels was recently described where this group investigated a 

potentiating mechanism mediated by A2A receptors (Oliveira et al., 

2004). In this model, during high-frequency continuous nerve 

activity, the inhibitory A1 effects were dominant. However, during 

high-frequency bursts of activity, levels of ACh release are 

increased through activation of A2A receptors, which leads to 

recruitment of L-type calcium channels (Fig. 1). They suggested that 

this modulation may be an endogenous mechanism for ensuring , 

release during repetitive burst activity. 

The purinergic modulation described above irnplies a 

direct regulation mediated by presynaptic auto-receptors for ATP 

and adenosine. However, there is evidence that ATP may act also 

via-a diffusible retrograde messenger. Indeed, Giniatullin and 

colleagues demonstrated the involvement of reactive oxygen 

species (ROS) in purine-mediated inhibition. The production of ROS, 

such as H20 2, seemed to be dependent on ATP signalling, but not 

adenosine (Fig. 1). Fluorescent staining for ROS with carboxy-2',7'­

qichlorodihydrofluorescein revealed ATP-mediated production of 
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ROS in muscle 'fibres, however, general staining was observed in 

other synaptic components. The authors suggested that PSCs could 

be involved in production ofHOS although it was not tested directly. 

Regardless of the source, production of ROS results in feedback 

modulation of the NMJ such that ACh release is decreased. 

Purinergic signalling can alter calcium currents, calcium­

independent processes and recruit other signalling cascades. 

Overall, this leads to a fine balance of NMJ signalling such that 

sufficient presynaptic release can be maintained at ail times. The 

exact mechanisms for many of these processes have yet to be 

resolved; however, it appears that redundant mechanisms exist for 

. both potentiation and inhibition of release. 

PURINERGIC SIGNALLING TO SCHWANN CELLS 

Purines appear to be important factors for signalling to 

glia in both the CNS and PNS. We will only discuss purine signalling 

toPNS glia (Schwann cells) in this review and the reader is rèferred 

to Haydon andcolleagues (this issue) for a review of the role of 

purines in synapse-glia interactions in the CNS. In the PNS there 

are three types of Schwann cells: the myelinating and non­

myelinating Schwann cells associated with axons and the 

perisynaptic Schwann cells (PSCs) located at NMJs. PSCs perform 

similar functions to CNS astrocytes, where they participate in 

synapse-glia signalling, modulate synaptic function and are in ail 

sensés of the term activesynaptic partners (Au Id and Robitaille, 

2003a). Purinergic signalling to Schwann cells has been 

investigated in culture and in situ revealing roles for purine signalling 

in both axonal Schwann cells and PSCs~ . 

Myelinating Schwann cells have been shown to express 

both ionotropic (Grafe et aL, 1999; Colomar and Amedee, 2001) and 
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metabotropic (Lyons et al., 1994; Ansselin et aL, 1997) ATP 

receptors .. Expression of these receptors appears to be dependent 

on neuronal interaction (Lyons et al., 1995) demonstrating the _ 

synergistic relationship between neurons and glia in roles such as 

structural support, mqintenance and stability, differentiation and 

development. Purinergic signalling between neurons and Schwann 

cells was also shown to be important for regulating the 

developmental progression of myelination (Stevens and Fields, 

2000; Stevens et aL, 2004): These data demonstrated that signalling 

through P2 receptors could arrest developing Schwann cells in a 

pre-myelinating state through activation of mitogen-activated protein 

kinase (MAPK) (Stevens and Fields, 2000). Following this, it was 

shown that ATP and adenosine cou Id have different effects on 

Schwann cell development (Stevens et al., 2004). Activation of A2A 

receptors resulted in the inhibition of Schwann cell proliferation 

throughactivation of the extracellular signal-regulated kinase 

(ERK)/MAPK pathway. It appears that this cascad~ is regulated 

separately from the P2 initiated cascade. which leads to inhibition of 

differentiation rather than proliferation (Stevens et al., 2004). These 

results demonstrate the complex nature of purinergic signalling 

where different outcomes can be mediated through similar 

cascades. Additionally, it indicates a role of purinergic signalling in 

long-term regulation of Schwann cells. Interestingly, Schwann cells 

were also shown to release ATP through mechanisms requiring 

activation of P2Y2 receptors(Liu et aL, 2005). Release of ATP from 

Schwann cells is suggested to provide excitatory feedback to axons, 

however, this has yet to be confirmed in situ. These studies indicate 

the importance of purinergic signalling for Schwann cell function and 

proper myelination during development. 



36 

Purinergic signalling for PSCs hàs also revealed multiple 

receptor pathways and signalling cascades (Robitaille, 1995; 

Rochon et aL, 2001). Purinergic signalling to PSCs was first 

described in 1992 and was observed in acutely isolated muscles 

using calcium imaging (Jahromi et al., 1992). Since the initial 

description of ATP signalling to PSCs, information has been 

provided regarding similar signalling pathways in amphibian 

(Robitaille, 1995) and mouse PSCs (Rochon et aL, 2001). 

Importantly, it has been shown that multiple receptors are expressed 

at ar:nphibian and mammalian NMJs, leading to the possibility of 

complex regulation of PSC function and neuron-glia interactions. 

At the frog NMJ, PSCs express both ATP and adenosine 
, 

receptors. The expression of ATP receptors appears to be 

heterogeneous with expression of both P2X and P2Y receptors 

(Robitaille, 1995). The presence of both ionotropic and metabotropic 

receptors likely allows for differential signalling through calcium 

entry. Calcium responses to purines are efficacious with almost 

100% of PSCs responding to exogenous local application. This is 

also true for the mammalian NMJ (Rochon et aL, 2001). In the 

mouse, calcium rises can also be elicited following application of 

ATP or adenosine. Here also, it appears that both P2X and P2Y 

receptors are present. The exact sub-type of these receptors have 
, 

not been clearly identified although the pharmacology suggests that 

they might be of the P2X1 or P2X5 group while the P2Y receptors 

are probably of group 1. Activation of P2X receptors trigger the entry 
1 

of Ca2
+ 'from the external milieu while P2Y receptors elicit 

intracellular rises in calcium, most likely through IP3-mediated 

stores. This is support~d by recent work in our laboratory at the 

mouse NMJ. This was shown through inhibition of ATP signalling in 

the presence of the PLC inhibitor U73122, a step upstream of IP3 



"~. 

37 

production (Todd and Robitaille, unpublished results). Regarding the 

adenosine receptors, they appear to be of the A1 type while there is 

no evidence for the presence of A2A receptors (Robitaille, 1995). 

Although these results confirm the presence and action of these 

receptors, they do not address the involvement of purines in PSC 

signalling during evoked activity. 

At the frog NMJ, Robitaille determined the contribution of 

purines to PSC calcium responses (Robitaille, 1995). This was done 

through nerve stimulation in the presence and absence of the 

general P2 receptor antagonist suramin. In the presence of suramin, 

PSC calcium responses were reduced by.about 50 per cent. This 

suggests that, at this synapse, purines provide about half of the 

stimulus for the observed response. The other part of the response 

is due to àctivation of muscarinic receptors that are also expressed 

on the PSCs (Robitaille et al., 1997). This suggests parallel 

pathways for PSC activation that may have different roles in short­

or long-term signalling. In his study, Robitaille did not find any 

evidence for a direct activation of PSCs by adenosine during 

sustained synaptic activity. The contribution of purines to PSC 

responses observed during nerve activity at the mouse NMJ is not 

as clear. Also, it seems that the purinergic activation may not be 

driven by' P2 receptors but rather byadenosine P1 receptors 

(Rochon et al. 2001). At the mouse NMJ, however, muscarinic 

signalling to PSCs also appears to be important for activation of 

PSCs. 

The presence of purinergiè and cholinergic signalling 

systems on PSCs suggests the ability to differentially modulate PSC 

function. Although the contribution of each receptor family to ~SC 

responses during nerve activity has not been investigated in the· 

mouse, it is thought to be similar to the amphibian PSCs. 
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Interestingly, purinergic .and cholinergie signalling systems have 

been shown to interact at the mammalian NMJ nerve terminal 

(Oliveira et aL, 2002) where adenosine, acting through A1 and A2A 

receptors, can decrease presynaptic M1 and M2 receptor activity. 

This has been addressed in both the frog and mouse NMJs, but no 

.evidence for interaction between purinergic and muscarinic systems 

has been observed in PSCs (Rochon et al., 2001). Although these 

two pathways do not seem to interact, other mechanisms for 

modulation of PSC signalling do exits. 

MODULATION OF PSC SIGNALLING 

Since purinergic signal!ing is clearly the most efficacious 

calcium-dependent pathway on PSCs, it stands to reason that 

purinergic modulatory pathways wou Id also exist. In particular, 

modulation by peptides and diffusible transmitters appears important 

(Bourque and Robitaille, 1998; Thomas and Robitaille, 2001). 

Exogenous application of substance P at the frog NMJ 

induced calcium rises in glial cells (Bourque and RObitaille, 1998). 

Induction of PSC calcium responses by SP occurred through 

activation of NK-1 receptors. Interestingly, this signalling appears to 

be involved in modulation of PSC responses during nerve activity. 

During repetitive evoked activity, PSC responses are gradually 

reduced. However, when Bourque and Robitaille blocked NK-1 

activation, the rundown of PSC responses was prevented (Bourque 

and Robitaille, 1998). This reveals a peptidergic modulation of PSC 

signalling. This endogenous modulation was in part due to SP 

effects on the purinergic signalling as suggested by the observation 

that PSC responses to exogenously applied ATP were reduced by 

half in the. presence of bath applied SP. This is one pathway 
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regulating purinergic signalling in PSCs and ultimately of neuron­

glial communication. 
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Another pathway involved in modulating purinergic 

signalling to PSCs is the production of nitric oxide (NO). Synthesis of 

NO was observed in both PSCs and muscle fibres at the frog NMJ 

(Descarries et aL, 1998). This was determined through localization 

of NO synthase to these compartments. Production of NO occurs 

both tonically, providing a basallevel of NO, and in response to .' 

activity where it is involved in media,ting synaptic depression at the 

NMJ (Thomas and Robitaille, 2001). Interestingly, during high levels 

of nerve activity NO may signal to PSCs, resulting in a reduction of 

purinergic calcium responses as suggested by the observation that 

exogenous application of NO donors resulted in a reduction of ATP­

induced calcium responses (Descarries et aL, 1998). 

Another important effect of NO at the NMJ is its ability to 

modulate adenosine-mediated depression of synaptic release since 

NO chelation prior to adenosine-mediated depression, attenuated 

the adenosine effect (Thomas and Robitaille, 2001). The role of NO 

in modulation of NMJ activity could occur either directly or indirectly. 

Indeed, it is possible that NO modulates presynaptic activity through 

interactions witt! presynaptic adenosine receptors. However, it is 

also possible that these effects are occurring indirectly through 

modulation of PSC signalling that in turn differentially signal to the 

presynaptic terminal. 

Changes in purinergic signalling could also be altered 

during development or denervation (Son and Thompson, 1995a; 

Robitaille et aL, 1997). It is possible that purinergic signamng could 

alter expression of a number of genes in PSCs as seen in 

myelinating Schwann cells (Stevens and Fields, 2000). Additionally, 

similar long-term roles for purines have been described in muscle 
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fibres where purinergic signalling is involved in regulating 

acetylcholinesterase and acetylcholine receptor expression (Fig. 1) 

(Choi et aL, 2003; Tung et aL, 2004). However, purines were found 

to have no effect on the inhibition of the gene expression and protein 

synthesis of glial fibrillary acidic protein (GFAP) in PSCs (Georgiou 

et aL, 1994). Indeed, this inhibition is due to cholinergie signalling to 

PSCs via muscarinic receptors (Georgiou et aL, 1999). The 

expression of cytoskeletal components such as GFAP is required for 

the elaboration of new PSC processes that are formed during 

synaptic weakening or denervation. Therefore, decreased 

cholinergie signalling to PSCs should facilitate this process. 

- Furthermore, the close interaction between the three NMJ 

elements is important for signalling the overall health and state of 

the NMJ. In the event of perturbation such as denervation, PSC 

receptor expression changes indicating the sensitivity of PSCs to 

NMJ health (Robitaille et aL, 1997). Interestingly, changes in 

receptor expression at PSCs of the frog NMJ were observed in the 

cholinergie pathway (Robitaille et aL, 1997), but there is no evidence 

for changes in purinergic signalling to PSCs (R. Robitaille 

unpublished observation). This could provide sorne mechanism by 

yvhich signalling at NMJs can be maintained to facilitate re­

innervation. Indeed, the maintenance of purinergic signalling on 

PSCs makes intuitive sense. ATP releas'ed from muscle fibres and 

PSCs (Smith, 1991; Santos et aL, 2003) may allow for the 

maintenance of communication through purinergic signalling 

between PSCs and muscles of the NMJ during denervation. This 

may contribute to the proper environment for- re-innervation by 

presynaptic terminais. 

Purines have multiple pathways on PSCs to induce 

diverse signais. To date it i~ known that these pathways are 
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modulated by both NO and SP. Altho\J9h only short-term roles in 

NMJ function have been described for purines, it remains possible 

that they mediate changes in gene expression that have not been 

discovered. Additionally, it is hypothesized that purines are crucial 

for maintenance of signalling between denervated muscle and PSCs 

that may in part facilitate re-innervation. 

PURINE-MEDIATED SYNAPSE-GUA INTERACTIONS 

To this point, solely the mechanisms for purinergic 

signalling and modulation at the NMJ have been discussed. An 

. additional aspect of purinergic signalling, however,is their 

involvement in synaptic function, in particular their role in PSC­

mediated synaptic modulation. This information is derived from 

experiments employing specifie perturbation ot PSC function. 

The involvement of purine receptors was investigated 

through the manipulation of the various G-proteins recruited by 

cholinergie and purinergic signalling (Robitaille, 1995; Robitaille et 

al., 1997). These data indicate that muscari nie receptors on PSCs 

signal through G-proteins that are insensitive to pertussis toxin 

(PTX), likely of the GaitO type (Robitaille et al., 1997). On the other 

hand, purinergic receptors on PSCs are probably linked to Gaq type 

G-proteins, which are sensitive to PTX (Robitaille, 1995). The 

downstream signalling cascades recruited would involve purine­

mediated production of IP3, while muscarinic signalling probably 

regulates levels of cAMP. The involvement of these two pathways 

was investigated in terms of PSC-mediated synaptic depression. 

Robitaille (Robitaille, 1998) found that both PTX-sensitive and 

insensitive G-proteins were involved in PSC-mediated modulation of 

synaptic transmission. Further work on this topic has revealed a 

specifie role for IP3 production in PSCs (Castonguay and Robitaille, 
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2001). These results revealed that injection of IP3 into PSCs 

potentiated synaptic transmission. These observations suggest the 

involvement of PSC purinergic signalling, based on the inferred 

pathway recruited by these receptors. 

Importantly, the combined results, where PSCs were 

specifically perturbed, provide evidence for bidirectional modulation 

of synaptic transmission by PSCs. As shown by Robitaille 

(Robitaille, 1 ~98), PSCs cao decrease high-frequency synaptiè 

transmission. This seems to occur partially through muscarinic 

signalling since a PTX-insensitive pathway is involved. The follow­

up study indicates PSC-mediated potentiation of transmitter release 

through the IP3 pathway (Castonguay and Robitaille, 2001). PSCs, 

therefore, can dynamically respond to the ongoing changes in NMJ 

activity and respond appropriately with reciprocal signais that alter 

transmitter release. The existence of different signalling cascades 

recruited to mediate facilitation and de pression is consistent with the 

synaptic properties of the NMJ since synaptic depression and 

potentiation bath occur at this synapse and can be recruited at 

different times. Furthermore, this probably allows PSCs to adapt to 

the synaptic environment by favouring either depression or 

potentiation according to the state and health of the synapse. 

CONCLUSION 

Purinergic signalling at the NMJ has definite roles in 

synaptic màdulation. In developmental models, ATP appears to 

potentiate synaptic transmission (Fu and Poo, 1991), and at mature 

synapses both potentiation (Correia-de-Sa et al., 1996) and 

depression (Giniatullin and Sokolova, 1998) have been described, 

the decisive factor being the type of receptor activated. Furthermore, 

the modulatory effects of purines can alter both quantal and non-
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quantal release (Galkin et al., 2001). Not only does the release of 

purines provide auto-feedback to the presynaptic terminal, they also 

mai~tain communication with PSCs by inducing Ca2
+ elevation in 

these cells (Jahromi et al., 1992; Robitaille, 1995). Purines also 

signal to muscle fibres through P2 receptors to induce short-term 

modulation (Giniatullin et al., 2005) and long-term changes (Choi et 

al., 2001; Tung et al., 2004). Activation of purine receptors can have 

bidirectional effects on synaptic release and are quite important for 

neuron-glial communication and synaptic modulation. Finally, these 

factors could play a pivotai role during development and following 

in jury to maintain signalling between muscle and glial components. 
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Glial ceUs at NMJs perform similar functions to astrocytes of the 

CNS. They respond to synaptic activity,- provide modulatory feedback to 

synapses and are involved in long-term regulation of synaptic stability. 

These functions arrive through signalling via purines, ACh, 

neurotrophins and other yet unknown factors. Further studyinto the 

functions of PSCs in synaptogenesis at the NMJ aswell as in adult 

syriaptic function should provide insight into broader functions of glial 

cells throughout the nervous system. 
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1.5. NeuRoTRoPHINS 

The neurotrophins are a family of molecules largely known for their 

role in neuronal survivaL Since their discovery, they have been. implicated in 

many processes throughout the nervous system aside from survival, such 

as development and plasticity. The discovery of neurotrophins began with 

nerve growth factor (NGF), discovered by Levi-Montalcini, and later purified 

by Cohen (Levi-Montalcini and Hamburger, 1951 ; Cohen, 1960). Since this 

discovery, the family of neurotrophins has grown to include three other 

members (BDNF, NT-3 and NT-4) and four receptor proteins (Pitts et aL, 

2006). Receptor binding and subsequent signal cascades vary widely. 

Neurotrophins are important for a variety of functions including. NMJ 

development, synaptic plasticity and long-term NMJ stabilitY. It was also 

recently demonstrated that neurotrophins could have rapid signalling eff~cts 

on glial cells in the cerebellum (Rose et aL, 2003). It is known that Schwann 

cells of the peripheral nervous system and at the NMJ express a variety of 

neurotrophin receptors (Pitts et aL, 2006) suggesting a potential role for 

these molecules in neuron-glial interactions in the PNS. 

1.5.1. NEUROTROPHIN PROTEINS 

Neurotrophins exist as homodimers of two polypeptides he Id together 

by non-covalent bonds. The dimeric interaction is quite stable and is 

supported by three disulfide bridges. This form was determined by the 

crystal structure of NGF (McDonald et aL, 1991). 

The neurotrophins are synthesized in a precursor, immaturè form and 

are later cleaved by convertases to produce the mature forms (Roux and 

Barker, 2002). Originally, the precursor form was thought to be inactive, 

however, evidence now exists that pro forms of neurotrophins can be 

involved in cell signalling via p75 receptors (Woo et aL, 2005). 
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ln the central nervous system neurotrophins are synthesized in both 

neurons and glia. In the peripheral nervous system this is also true 

(Bandtlow et aL, 1987; Acheson et aL, 1991), suggesting that perisynaptic 

Schwann cells may release neurotrophins at the neuromuscular junction. 

This has in fact been suggested through in vitro methods (Alderson et aL, 
1 

2000). 

1.5.2. REGULATION OF EXPRESSION 

1.5.2.1. Activlty-Dependence of Expression 

Expression of both NT -3 and NT -4 can occur in an activity-dependent 

manner at the neuromuscular junction (Funakoshi et aL, 1995; Xie et aL, 

1997). In rat skeletal muscle, NT-4 expression is dependenton AChR 

activation while no change in NT-3 or BDNF was observed (Funakoshi et 

aL, 1995). Interestingly, only NT -3 mRNA was reported to change in an 

activity-dependent manner in Xenopus nerve-muscle cocultures (Xie et aL, 

1997). These differenœs may sim ply reflect species differences or perhaps 

culture artefact. 

1.5.2.2. Expression During Development and ln jury 

Expression of the neurotrophins changes over the course of 

development. In the rat, muscle fibre expression of NT -3 and NT -4 is . 
highest at the embryonic and neonatal stages and decreases into adulthood 

(Griesbeck et aL, 1995; Hess et aL, 2007). BDNF, on the other hand, is 

expressed at relatively low levels at embryonic stages and not at ail after 

. birth (Griesbeck et aL, 1995). 

This pattern of expression is not recapitulated following nerve in jury, 

where NT-3 remains low, NT-4 decreases and B~NF increases (Funakoshi 

et aL, 1993; Griesbeck et aL, 1995; Hess et aL, 2007). The increase in 

BDNF appears to occur in Schwann cells rather th an muscle (Griesbeck et 



al., 1995). The broad expression of neurotrophins throughout the nervous 

system suggests broad functions. At the neuromuscular junction, this 

expression seems to be important for development and repair following 

in jury. 

1.5.3. NEUROTROPHIN RELEASE 

The release of neurotrophins remains somewhat of a mystery. 

However, recent progress has revealed some of the mechanism and 

proteins involved. 

1.5.3.1. The Release Process 
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There has been much debate over how neurotrophins may be 

released and many questions remain unanswered. However, to date it has 

been suggested that NT-4 (Hibbert et al., 2003), NT-3 and NGF are 

released constitutively (Mowla et al., 1999; Farhadi et aL, 2000) or by 

regulated secretion (Blochl and Thoenen, 1996; Wu et al., 2004). It does 

seem, however, that BDNF is primarily released by regulated processes 

(Haubensak et al., 1998). In response to this controversy the four 

neurotrophins were labelled with GFP and monitored in hippocampal 

cultures (Brigadski et al., 2005). They foundthat while BDNF and NT-3 were 

primarily associated with release granules while ,Iêss than half of the cens 

had NGF or NT-4 containing granules. However, these cells without NGF or 

NT-4 granules were still capable of undergoing constitutive release 

(Brigadski et al., 2005). It, therefore, seems that ail of the neurotrophins are 

released ttlrough a combination of regulated and constitutive mechanisms. 

However, ,the relative proportion of each mechanism used appears to be 

dependent on the neurotrophin in question and likely the cells involved. 
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1.5.3.2. Mechanisms and Effectors of Release 

Although it is now better understood that both activity-dependent and 

constitutive release can both be responsible for neurotrophin release, the 

mechanisms and release properties are only beginning to be understood. 

Through the use of GFP tagged neurotrophins it has been possible to 

dynamically monitor release (Haubensaket aL, 1998; Hartmann et al., 

2001; Brigadski et al., 2005). This regulated release appears to be quite 

slow, about 10 times, in comparison to conventional, SNARE-dependent 

synaptic release (Brigadski et al., 2005). Aiso through the use of GFP­

tagged neurotrophins, and other methods, it was determined that regulated 

release of neurotrophins is calcium-dependent (Canossa et al., 2001 ; 

Balkowiec and Katz, 2002; Wang et al., 2002b). This dependency seems to 

work through a PLC-IPa pathway that ultimately results in fusion of 

neurotrophin containing granules. Recently a potential calcium sensor 

protein was reported to be associated with neurotrophin containing granules 

in the cerebellum (Sadakata et al., 2004). Activity of the Calcium-Activated 

Protein for Secretion (CAPS) was correlated with increased neurotrophin 

release in this study. CAPS was first described in 1992 in adrenal ceUs and 

was associated with dense core vesicles (Walent et al., 1992). It is 

intimately linked to cell membrane, however, it seems to be assoCiated only 

with dense core vesicles as it is not reported to link tosmall, clear synaptic 

vesicles (Berwin et al., 1998). This suggests that CAPS is related to 

secretion of peptides, but not neurotransmitters such as glutamate. This, in 

tact, seems to hold true for Drosophila neuromuscular synapses, which are 

glutamatergic, but a,lso.release peptide transmitters trom dense core' 

vesicles (Renden et al., 2001). 

Regulated release of neurotrophins, therefore, seems to occur 

through liberation of dense core vesicles and may rely on CAPS to sense 

the ca!cium trigger. These advances in our understanding of neurotrophin 



release will help to further elucidate the conditions for release and 

subsequent actions of neurotrophins. 

1.5.4. NEUROTROPHIN RECEPTORS 
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Neurotrophin receptors are most commonly thought to be the 

receptor tyrosine kinase or tropomyosin related kinase (Trk) type. However, 

ail of the neurotrophins also bind to the p75 neurotrophin receptor that is 

part of the tumour necrosis factor receptor family. In fact it was the p75 

, receptor that was first reported to bind to NGF (Johnson et aL, 1986). 

The first Trk receptor to be described was actually TrkB a receptor 

that was found throughout the nervous system (Klein et aL, 1989; Klein et 

aL, 199.0). However, its ligand was not discovered until1991 (Squinto et aL, 

1991). TrkA was later described as the receptor for NGF (Kaplan et aL, 

1991) and then finally TrkC as the NT-3 receptor (Lamballe et aL, 1991). Trk 

receptors are transmembrane proteins with particular extracellular domains 

that contain an immunoglobulin-like region important for ligand binding (Fig. 

4). Above the Ig region are two cystéine-rich domains on either side of a 

series of three leucine-rich domains. Although the greatest contribution to 

ligand binding cornes from the Ig domain, both the cysteine and leucine 

regions can affect binding (MacDonald and Meakin, 1996; Arevalo et aL, 

2001). Further modulation of ligand binding cornes 'from heteromeric 

interactions between p75 and Trk receptors. It appears that direct binding 

by neurotrophins to p75 receptors is not necessaryand p75 has more of a 

conformational effect on the Trk receptors (Esposito et al., 2001). However, 

crystallography shows that direct interactions between p75 and 

neurotrophins can occur (He and Garcia, 2004; Gong et aL, 2008). 

Furthermore, p75 interactions with Trk receptors leads to increased ligand 

specificity for example only NGF binding to TrkA rather th an NT-3 and NGF 

(Mischel et al., 2001). 
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Trk receptors have a number of different splice variants. Truncated 

receptor forms lack intracellular tyrosine kinase domains and seem to lack 

binding domains. However, these receptors can function in a dominant 

negative manner to block neurotrophin signalling (Gonzalez et al., 1999) 

and may be involved in uptake of released neurotrophins (Alderson et aL, 

2000). There have also been sorne reports of direct functions for truncated 

receptors themselves (Yacoubian and Lo, 2000; Rose et al., 2003), 

although they may also be functional through interactions with other proteins 

(Kryl and Barker, 2000). 

Trk receptors form dimers in response to ligand binding, and 

subsequently autophosphorylate, which enhances their kinase activity. 

Phosphorylation also a.llows for interaction with down-stream signalling 

molecules. 
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Figure 4. Trk Receptor Domains. 
Trk receptors are ail similar with 5 extracellular domains, 2 cysteine 
rich domains flanking a leucine rich region and two immunoglobulin-like 
domains important for ligand binding. Intracellularly is found the 
tyrosine rich domain. When receptors dimerize they autophosphorylate 
this region, which increases their own phosphorylating activity. 
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1.5.5. NEUROTROPHIN-MEDIATED SIGNALLING 

Trk receptors interact with a plethora of intracellular signalling 

molecules. These molecules lead to down-stream modulation of gene 

expression, ion channel function and cellular processes such as calcium 

dynamics (Huang and Reichardt, 2003). Many of these receptor-effector 

interactions are modulated by phosphorylation of the Trk receptors following 

ligand binding. However, other signalling cascades can also require 

internalization and retrograde transport of the receptors to the nucleus. 

1.5.5.1. Functions of PLC-IP3 

One of the major signalling cascades initiated by Trk activation is the 

phospholipase C - inositol triphosphate (PLC-IP3) pathway. PLC, which 

cleaves phosphatidylinositol (4, 5)-bisphosphate (PIP2) to form IP3 and 

diacylglycerol (DAG), is activated by tyrosine phosphorylation of Trk 

receptors at Y785. This cascade results in Iiberation of intracellular calcium 

and can affect cellular processes Iike transmitter release (He et al., 2000; 

Kleiman et aL, 2000). 

ln addition to acute effects, long-term changes can be mediated by 

neurotrophins working through the PLC pathway. In sorne cases other 

downstream effector proteins can be activated by PLC activity. These can 

include kinases like PKC~, which can increase neurite outgrowth (Corbit et 

aL, 1999). Other long-lasting effects include modulation of transcription. One 

example of this is PLC-dependent expression of sodium channels following 

NGF activation of TrkA (Toledo-Aral et aL, 1995), Another property of PLC­

IP3 signalling by neurotrophins cornes from mutational studies, which looked 

at the 1055 of TrkB-mediated PLC activation in vivo. In this study L TP was 

greatly affected suggesting a strong link between Trk-PLC signalling and 

learning and memory (Minichiello et aL, 2002). 



Cornbined, these studies demonstrate diverse functions for PLC-IP3 in 

neurotrophin modulation of cellular processes over both short and long 

periods of time. 

1.5.5.2. Pl3-Kinase Signalling and Its Functions 
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Pl3-kinasepathways are one of the most weil known cascades 

employed by neurotrophins since they are associated with cell survival. 

Activation of Pl3-kinase is a multi-step process rather than direct activation 

as is the case for PLC. Here, activated Trks can lead to Ras activation, 

which then directly results in Pl3-kinase activation (Vaillant et aL, 1999). An 

alternative pathway is through Trk receptor activation of Shc-Grb leading to 

recruitment of Gab, which oncephosphorylated, induce 'PI3-kinase activity 

(Hoigado-Madruga et aL, 1997). Once Pl3-kinase is activated, 'it recruits Akt 

(PKB), which then leads to phosphorylation of a variety of cell survival a~d 

cell death proteins such as NF-kB and Bad respectively. Phosphorylation of 

Bad results in inhibition of its binding to Bel-XL, a protein that prevents 

apoptosis by associating with Bax (Datta et aL, 1997). Other proapoptotic 

pathways inhibited by Pl3-kinase are GSK3~ (Hetman et aL, 2000) and 

FKHRL 1 (Brunet et aL, 2002). As weil as inhibiting apoptotic pathways, P13-

kinase signalling can also directly result in survival signais through 

activation of NF-kB. Akt phosphorylates the inhibitory binding protein for NF­

kB, IkB, and allows NF-kB to promote gene transcription leading to survival 

(Foehr et aL, 2000; Wooten et aL, 2001). 

Aside from cell survival Pl3-kinase signalling can regulate controlled 

cell motility (Wang et al.,'2002a; Weiner et aL, 2002). This may be in part 

through Akt activation of Cdc-42 and downstream Rac-Rho G-proteins 

(Yuan et al., 2003). Activation of other pathways such as Ras can also lead 

to steering of growth cones with neurotrophin gradients (Song et a,., 1997; 

Ming et al., 2002). Finally, Akt may also influence processes involved in 



neuronal maturation such as branching and regulation ofaxon diameter 

(Markus et al., 2002) . 
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. Pl3-kinase signalling is a major pathway utilized by both Trk and p75 

receptors. Th~se cascades lead to diverse cellular processes and the likely 

remains many more yet unknown. 

1.5.5.3. Results of MAP Kinase Signalling 

Mitogen activated protein kinase (M~PK) activation occurs through a 

series of adapter proteins including Shc, Grb, SOS and finally Ras. Ras 

goes on to activate MAPK and extracellular signal-related kinase (Erk), a 

cascade involved in cell differentiation (Xing et al., 1998). Activation of Erk1, 

Erk2 and Erk5 by neurotrophins can lead to diverse cellular actions. The 

activation of different Erks seems to be regulated through different 

requirements for local signalling· or transport of the receptors (Watson et al., 

2001). The different Erks have different downstream transcription factor 

targets, which leads to diversity in cellular functions mediated by t.hese 

proteins (Pearson et al., 2001). Recently, the actions of this pathway on 

neuron outgrowth and branching have been demonstrated in vivo (Zhong et 

al, 2007). The MAPKlErk pathway mediated by neurotrophin signalling is 

involved largely in shaping developing neurons through modulation of 

transcription factors. 

1.5.6. NEUROTROPHINS AT THE NEUROMUSCULAR JUNCTION 

Neurotrophins have long been studied in the function and 

development of the neuromuscular system. This system has facilitated 

investigations of gross function and intracellular signalling mechanisms. 

Culture preparations like the Xenopus nerve-muscle co-culture have acted 

as an excellent system for investigating the actions of neurotrophins. 
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1.5.6.1. Neurotrophins in Neuromuscular Development 

The family of neurotrophins can have profound effects on 

development of not only the neuromuscular system, but in many systems. 

For example, complete knockout of NT-3 results in almost immediate death 

at birth (Woolley et aL, 2005). Those animals'that survive for a few days 

show axon retraction, Schwann cell retraction and eventually·complete loss 

of ail NMJs. NT -3 has also been reported to improve morphological 

maturation in co-cultures (Wang et aL, 1995). 

ln contrast, knockout of NT-4 is not lethal, and the loss of this 

neurotrophin can be examined on the neuromuscular system (Belluardo et 

aL, 2001). Eventually, these knockout animais display a reduction in AChR 

'clustering, which may be in part due to decreased expression of these 

receptors. It is likely that the effects of NT-4 loss are mediated by TrkB 

receptors since Rita Balice-Gordon's group reported similar destabilization 

of receptor clusters in mice expressing a truncated form of TrkB, that 

effectively inhibited normal TrkB activation (Gonzalez et aL, 1999). Aside 

from receptor clustering, NT-4 may have roles in presynaptic (Funakoshi et 

aL, 1995) and muscle fibre development (Carrascoand English, 2003). 

Presynaptically, it is suggested that NT -4 can induce axonal sprouting that 

may play a role in synapse elaboration. Similarly, BDNF has been reported 

to increase synaptic morphological maturation (Wang et aL, 1995). At the 

level of the muscle fibre it appears that NT -4 induces maturation of the 

muscle phenotype. Intramuscular injections of NT-4 were shown to speed 

the developmental switch from fast" to slow twitch fibres in rat soleus 

muscles (Car,rasco and English, 2003). 

At the NMJ there is conflicting evidence for NGF and TrkA 

expression and functions during development and maturation. This 

neurotrophin-receptor pair has sometimes suggested to not be present or 

unaltered during different experimental conditions (Wang et al., 1995; 

Sheard et aL, 2002). Others have found evidence for only low levels of NGF 
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expression in muscle and motoneurons of rat (Heumann et aL, 1984). In 

Schwann cells during early development there seems to be relatively high 

levels of NGF expression (Bandtlow et aL, 1987; Heumann et aL, 1987). 

However, no evidence of TrkA has been reported (Kaplan et aL, 1991; 

Offenhauser et al., 1995). Although there is sorne limited evidence for NGF 

expression during development of the neuromuscular system, its 

importance seems to be narrow. 

1.5.6.2. Neurotrophlns and Neuromuscular Plasticity 

Neurotrophin-induced plasticity was first described at the 

neuromuscular junction (Lohof et aL, 1993). In this study, acute application 

of NT-3 or BDNF induced potentiation of transmitter release in cocultures. 

Since this report, other studies have confirmed this action as presynaptic 

(Liou and Fu, 1997; Liou et aL, 1997; Xie et al., 1997) in location and 

mediated by a combination of depolarization (Boulanger and Poo, 1999) 

and release of presynaptic calcium from internai stores (He et aL, 2000; 

Kleiman et al., 2000). There is also sorne evidence that neurotrophins work 

to increase the influx ofextracellular calcium (Li et al., 1999; Kleiman et aL, 

2000).The neurotrophins seem function in a positive-feedback type of 

mechanism in which expression in muscle fibres is activity-dependent 

(Funakoshi et aL, 1995; Xie et aL, 1997) and this increased expression 

results in increased presynaptic release. Also, more long-term effects of 

neurotrophin exposure include increased expression of calcium channels 

(Baldelli et aL, 1999; Nick and Ribera, 2000). This is suggested to result in 

functional maturation of developing synapses (Wang et al., 1995). The 

potentiating and maturing influences of NT-4 and BDNF are further 

supported by results from exogenous application, which resulted in a 

decrease in failure rate and decreased muscle fatigue (Mantilla et aL, 2004). 
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The effects observed for neurotrophins at the developing NMJ are 

thought not ,to continue later in life. To date, no effect of neurotrophins on 

synaptic plasticity at adult NMJs have been published. This may be due to 

down-regulation of some of the neurotrophins and their receptors in adults. 

Certainly the NT -3 receptor TrkC is only observed at very low levels in adult 

mammals (Hess et al., 2007). 

1.5.7. NEUROTROPHINS AND GLIA 

Glial cells of both the CNS and PNS are 'intimately tied to 

neurotrophins. They express and release various trophic factors (Bandtlow 

et al., 1987; Acheson et al., 1991; Cai et al., 1999), and express a variety of 

receptors (Frisen et al., 1993; Funakoshi et al., 1993; Wang et al., 1998; 

Climent et al., 2000; Hess et al., 2007) that result in a variety of cellular 

interactions during development and in mature structures (Roback et al., 

1995; Rose ,et al., 2003; Chan et al., 2004; Yamauchi et aL, 2004). 

1.5.7.1. Neurotrophin-Medlated Signalling in Glia 

As previously discussed, neurotrophins can mediate intracellular 

signalling through a variety of cascades. Initially, however, glial cells were 

believed to only passively interact with the neurotrophins through truncated 

receptors that would provide a mechanism for buffering extracellular levels 

(Klein et al., 1990; Frisen et al., 1993). Since the introduction of these 

hypotheses it has been demonstrated that neurotrophin signalling through 

full-Iength TrkB receptors can result in MAPK-Erk signalling in primary 

cultures (Roback et aL, 1995). These receptors have also been reported to 

induce calcium signalling in cultured astrocytes when activated with BDNF 

(Climent et al., 2000). More recently Arthur Konnerth's group provided 

convincing evidence that BDNF signalling could induce calcium transients in 

glia in hippocampal and cerebellar slices (Rose et aL, 2003). These results 



62 

suggest that neurotrophins could have more active signalling capabilities on 

glial cells. 

1.5.7.2. Neurothophins and Myellnation 

Myelination is one of the, major are as where neurotrophins are acitive 

in the PNS. In fact during early development, Schwann cell precursors are 

identified by their expression of p75 neurotrophin receptors (Mirsky et aL, 

2002) suggesting its involvement in precursor cell differentiation. later, the 

neurotrophins regulate Schwann cell migration prior to myelination 

(Yamauchi et aL, 2003, 2004; Yamauchi et aL, 2005). This occurs through 

signalling pathways involving the Rho family of sm ail GTPases. In fact NT-3 

postively enhances Schwann cell m,igration while BDNF inhibits it 

(Yamauchi et al., 2004). Correspondingly, NT-3 negatively regulates 

myelination while BDNF promotes it through activation of the TrkC and p75 

receptors respectively (Chan et al., 2001; Cosgaya et al., 2002). NGF and 

TrkA also play a role directly on neurons to regulate axon-Schwann cell 

signalling that promotes myelination (Chan et aL, 2004). These studies 

indicate diverse roles for neurotrophins in regulating the Schwann cell 

development and myelination of axons. 

1.6. GOALS OF THE THESIS 

The dynamic interactions between neurons and glia have received 

increasing attention since the early 1990's. However, many key points 

regarding neuron-glial interactions in synaptic plasticity remain unresolved. 

For instance, although glial cells can positively and negatively modulate 

. synapses it has never been shown that the same glia at the same synapse 

can do this. In order for glial cells to provide different feedback to the 

synapse depending on the context of ongoing activity, they themselves 

must be plastic. 1 the refore , propose to investigate the following 
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two processes: 1) the role of glial ceUs in the generation of different plasticity 

events at the sa me synapse, 'and 2) the plasticity of glial calcium elevations. 

These studies will provide insight in to the molecules and mechanisms 

important for context-dependent glial modulation of synaptic function and 

sorne of the pro cesses underlying plasticity of calcium elevationsin glial 

cells themselves. 



2. CHAPTER 2 (RESEARCH ARTICLE 1) 

2.1. INTRODUCTION TO CHAPTER 2 

Glial involvement in the modulation of synaptic efficacy has been 

demonstrated in a number of different preparations starting about 10 years 

ago. Although it is known that glial cell can up, and down regulated 

synaptic efficacy, the mechanisms for how this occurs, in an acute time 

frame, remain elusive. l, therefore, will investigate the bidirectional 

modulation of synaptic efficacy by glia. 

It is known that different patterns of synaptic activity can influence 

plasticity. Also, we know that glial cells can respond differently to different 

frequencies of neuronal input (Pasti et al., 1997), as weil as to physically 

different terminais (Perea and Araque, 2005). However, it is unknown 

whether they will detect differences in synaptic pattern. l, therefore, 

propose to investigate the impact of different patterns of stimulation at the 

same frequency on glial activity and neuron-glial communication. 

Furthermore, 1 will investigate the resulting modulation of synaptic function 

that arises following glial activation. 

The rèsults that 1 present here demonstrate that glial cells can decode 

the pattern of synaptic activity and reflect that with differences in calcium 

elevations. Furthermore, these differences in calcium elevation are 

important for the direction (potentiating or depressing) of the modulatory 

feedback provided to the synapse. These results provide evidence that 

glial cells can acutely modify synaptic function dependent on the prior 

pattern of synaptic activity and subsequent glial activity. 
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2.2.1. ASSTRACT 

ln the nervous system, the induction of plasticity is coded by the 

frequency and the pattern of synaptic activity. Whereas it is known that glial 

cells can detect differences in the frequency of the synaptic signal, nothing is 

known concerning the pattern. Here we provide direct evidence that glia 

decode the pattern of synaptic activity, and provide context-dependent 

feedback to determine the direction of synaptic plasticity. This effect was 

reproduced by selective and direct activation of glia and completely abolished 

by chelation of glial calcium increases. These results demonstrate for the first 

time that glia decode the pattern of synaptic activity and provide bidirectional 

feedback to synapses based on the initial pattern of synaptic activity. 
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2.2.2. BODY 

Neuronal information processing in the brain is not only coded by the 

frequency of neuronal activity but also by the pattern of actio.n potential firing . 

in neurons. This frequency and pattern coding greatly influences synaptic 

plasticity ·of CNS synapses as weil ~s the neuromuscular junction (NMJ) 

(Magleby and Zengel, 1976; Guyonneau et al., 2004; Harris, 2005; Nicoll and 

Schmitz, 2005). It is now increasingly recognized that glial cells are dynamic 

partners in a wide variety of brain functions including the induction and . 

modulation of various forms of synaptic plasticity (Haydon and Carmignoto, 

·2006). Although glial cell activation (indicated by calcium elevation) varies 

accordingto different frequency stimuli (Pasti et al., 1997); it is still unknown 

whether glial cells can decode different patterns of neuronal activity (e.g. 

differences in burst duration), a critical property that would allow them to fully 

integrate the neuronal information and participate appropriately in the different 

.forms of neuronal coding. Therefore, we set out to investigate the impact of 

different patterns of neuronal activity on glial cells and their subsequent .. 

modulation of synapses. 

To this end, we took advantage of the NMJ, a relatively simple 

synapse with the closely associated perisynaptic Schwann cells (PSCs), 

which are non-myelinating glial cells that surround the synapse and have 

similar roles to astrocytes in the CNS (Au Id and Robitaille, 2003b). We chose 

two physiological patterns of stimulation, for the sa/eus muscle, similar to in 

vivo motoneuronal activity, which produced two forms of post-tetanic of 

plastiçity. The first stimulation paradigm consisted of bursts of activity at 20 

Hz with a total of 1800 pulses that induced three periods synaptic depression 

separated by brief periods of recovery (Supp. Fig. 1 A), and closely replicates 

a form of endogenous activity 20 Hz bursts of 20 stimuli were delivered 30 

times with 1 second of rest i~ between. 3 trains were given with this burstirig 

pattern interspersed by 20 s of rest.(Hennig and Lomo, 1985). The second 
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pattern used continuous delivery of 1800 pulses at 20 Hz! causing a 

sustained de pression during stimulation (Su pp. Fig. 1 B). This is the frequency 

normally seeA at the so/eus muscle (Hennig and Lomo, 1985), and a pattern 

typical for studies of synapse-glia interactions at the NMJ (Rochon et al., 

2001). This provides us with two different patterns of stimulation (bursting and 

continuous) at the same frequency (20 Hz) using the same number of pulses. 

We simultaneously recorded post-synaptic potentials (PSPs), and monitored 
1 

glial calcium responses using Fluo-4 AM, while applying the different: 

_ stimulation paradigms to the innervating tibial nerve. Interestingly, during 

burst stimulation oscillatory calcium activity was observed in PSCs where 4-

10 calcium transients with average duration of 11 .2 ± 1 .6 s. and amplitude of 

47.2 ± 6.3 %!:::. F/Fo occurred in 27 of 29 cells from 10 of 11 synapses. In 

addition this stimulation induced an underlying increase in basal calcium that 

lasted on average 94.5 ± 6.6 s (Fig. 1 A). As shown in Figure 1 A, this pattern 

of stimulation induced post-tetanic depression of PSP amplitude that develops 

over a period of 10 minutes. Post-tetanic depression was 83,.5 ± 5.1 % at 15 

min in comparison to control PSPs evoked using test-pulses delivered at 0.2 

Hz (n=5; P=0.001 ; two-tailed t-test). 

Unlike bursting, continuous stimulation always resulted 1-2 calcium 

peaks, that lasted on average 27.3 ± 4.8 sand had an average amplitude of 

115.4 :t 28.7 % !:::. FlFo (Fig. 1 A). Also, rather than a post-tetanic depression, 

we found that continuous stimulation induced a post-tetanic potentiation of 

111 .8 :t 1 .8% at 15 min in comparison to control stimulation (Fig. 1 A; n=8; 

P<O.0001; two-tailed Hest). Hence, the two stimulation patterns induced 

different PSC activation and post-tetanic plasticity. More importantly, the 

difference in PSC calcium elevations induced by the two protocols of 

stimulation indicates that they are differentially activated by these patterns 

and, thus, that glial cells decode the pattern of neuronal activity. 

We next turned our attention to testing whetherthe pattern of the glial 

activity caused the selective expression of short-term post-tetanic plasticity. 
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We developed an approach using photo-labile substances to directly inhibit or 

activate glial cells. The UV photolysis in the absence of any caged cqmpound 

had n~ effect on the glial cells or synaptic transmission (Supp. Fig. 2). This 

technique allowed us to specifically target PSCs overlying the presynaptic 

nerve terminal (Supp Fig. 3) by using precise and specific placement of the 

fiber-optic probe,and by selecting an appropriately oriented NMJ. Indeed, we 

were able to selectively and precisely target the PSCs or the presynaptic 

nerve terminal based on the positioning the optic fiber and the orientation of 

the NMJ (Su pp. Fig. 3). Furthermore, we ensured that no contribution to the 

synaptic modulation was derived from the postsynaptic muscle fiber through 
, 

specific loading with caged compounds (Su pp. Fig. 4). ' 
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Figure 1. Different stimulation paradigms induce different glial calcium 
signais that determlne post-tetanic plasticity. . 

(A) Stimulation using bursts of activity induced oscillatory calcium 
signais recorded from a glial œil and resulted in post-tetanic . 
depression. Conversely, continuous stimulation induœd single calcium 
responses in a glial cell and post-tetanic potentiation. (8) Photolysis of 
diazo-2 (caged BAPTA) in glial cells during burst stimulation prevented 
post-tetanicdepression, revealing a potentiation. (C) Photolysis of 
diazo-2 in glial cells during continuous stimulation blocked ail post­
tetanic potentiation. 
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We first employed the caged calcium chelator diazo-2 AM (Molecular 

Probes), a BAPTA derivative that rapidly buffers calcium upon photoactivation" 

with UV light (Kamiya and Zucker, 1994). We placed the UV fiber-optic probe 

to specifically target glial cells without having any direct effect on the 

presynaptic terminal, and effectively blocked PSC activity through inhibition of 

calcium elevations (Supp. Fig. 5). As shown in Fig 1 S, chelation of glial œil 

calcium during bursting stimulation resulted in a potentiation in PSP 

amplitude, rather than a depression in 12 of 14 preparations: PSP amplitude 

was 129.1 ± 3.1 % at 15 min in comparison to control stimulation (n=8; 

P<O.0001; two-tailed t-test). Conversely, photolysis of diazo-2 prior to 

continuo us stimulation prevented post-tetanic potentiation (Fig. 1 C; 97.6 ± 

1.8%; n=7; P=0.045; two-tailed t-test). These results clearly indicate the 

importance of glial activation (via calcium) in the expression of synaptic 

plasticity. Notably, these data also suggest that glial calcium elevations are 

not all-or-none events, but contain specific information concerning the 

ongoing activity of the synapse. This allows glial cells to govern the o!,.Jtcome 

of synaptic plasticity in a context-dependent manner. 

We next turned to understanding the mechanisms underlying glial 

control of synaptic strength. In order to do this, we needed a method of 

directly activating glial cells since neurotransmitters released during synaptic 

activity, such as ATP, acetylc~oline and adenosine, ail act both on the 

presynaptic terminal and PSCs (Rochon et al., 2001; Todd et al., 2007). This 

means that any pharmacological manipulation of the presynaptic terminal 

during evoked activity would also affect glial activation, thus making 

interpretation of any changes in synaptic plasticity impossible. Therefore, we 

designed protocols using photolysis of caged calcium o-nitrophenyl-EGTA 

(NP-EGT A AM) to mimic endogenously evoked calcium responses, and the 

underlying synaptic changes. These two different photolysis protocols (Fig. 

2A) elicited either multiple calcium responses to mimic osèillatory responses 



72 

seen with bursting stimulation or a single calci~m response similar to that 

seen with continuous stimulation. Multiple calcium transients (4-10) \Nere 

elicited with an average amplitude of 38.5 ± 5.1 % LlF/Fo and average duration 

of 8.2 ± 1.0 s. Single calcium elevations were larger and longer with average 

amplitudes of 122.9 ± 14.2 % LlFlFo and average duration of 51.9 ± 9.7s. PSP 

amplitudes were depressed (85.2 ± 2.7%, P<O.0003, two-tailed t-test) in 

comparison to controls following multiple photo-activations (Fig. 2A), and 

were not statistically different from those evoked by endogenous 20 Hz burst" 

stimulation (P>O.05; Student's t-test). In contrast, evoking a single calcium 

response induced a potentiation in comparison to controls (106.6 ± 2.0%, 

P=0.05; two-tailed t-test) of PSP amplitude similar to that seen following 

continuous stimulation (P>O.05; Student's t-test). Thus, this activation mimics 

endogenous activation of glial cells and the resulting changes in synaptic 

efficacy. More importantly, these results demonstrate that direct, differential 

activation of glial cells is sufficient to selectively induce post-tetanic 

potentiation and depression. 

Knowing that glial cells were responsible for controlling bidirectional 

plasticity we investigated the mechanisms involved. A number of receptor 

systems offered the possibility of an opposing regulation of synaptic efficacy 

such as muscarinic and purine receptor systems (Correia-de-Sa et al., 1996; 

Dudel, 2007). Since ATP is a prominent gliotransmitter involved in a number 

of neuronal regulations by glial cells (Fields and Burnstock, 2006), we tested 

the involvement of purines in our model of glial regulation of synaptic activity. 

We began by using the 5'-ectonucleotidase inhibitor ARL 67156(50 ~M) that 

prevents the degradation of ATP into its metabolites. As shown in Fig 2B, we 

observed a potentiation of 110.1 ± 2.1 % in comparison to controls (n=4; 

P<0.0001 ; two-tailed t-test) in the presence of ARL 67156 following the 

multiple photolysis protocol, rather than a de pression of PSP amplitude. 

Conversely, when we performed a single photolysis of caged calcium in the 

presence of ARL (Fig. 2C), which normally produced potentiation of PSP 
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amplitude, we observed no post-tetanic plasticity (101.3 ± 4.0%; n=4; 

P>O.05). It is unlikely that these results can be explained by the accumulation 

of ATP since our experiments with calcium buffering in PSCs that should 

prevent the release of glial ATP, had similar effects on synaptic plasticity (see 

Fig 1). This suggests that the endogenous modulation of synaptic plasticity is 

due to the degradation of astrocytic.A TP into adenosine. 
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Figure 2. Glial calcium and purine regulatlon determines the outcome of 
synaptic plastlcity. 

(A) Multiple photolysis of NP-EGTA (caged calcium) in glial cells 
induced a prolonged elevation of glial calcium and post-tetanic 
depression similar to burst stimulation while a single calcium elevation 
inducéd with photolysis of NP-EGTA in glia resulted in a post-tetanic 
potentiation similar to continuous stimulation. (B) Blockade of ATP 
hydrolysis with A~L-67156 while applying the multiple photolysis 
protocol prevented post-tetanic depression. (C) Single photolysis of 
NP-EGTA in the presence of ARL resulted in an occlusion of post­
tetanic potentiation. 

Hence, we tested the possibility that the blockade of Arp hydrolysis 

resulted in the absence of adenosine, and an imbalance in Al and A2A 

receptor regulation. Interestingly, the Al and A2A adenosine receptors mediate 

depression and potentiation, respectively, throughout the nervous system 

(Correia-de-Sa et al., 1996; Lopes et al., 2002). Addition of the Al adenosine 

receptor antagonist PSB-36 (5 nM) prior to photolysis resulted in a post­

photolysis potentiation of PSP amplitude rather than a post-tetanic depression 

(107.0 ± 1.9%, n=8; P=0.02, two-tailed t test). Furthermore, the PSC-induced 

depression was occluded by prior acti,vation of Al receptors with the selective 

Al agonist CCPA (0.1 !-lM; 103.5 ± 2.1 %; P>O.05; two-tailed t-test Supp. Fig 

6). The involvement of Al receptors in post-tetanic de pression was further . 

confirmed through the use of Al receptor knockout mice. We observed no 

de pression in Al ~/- (100.4 ± 2.5 %, n=8) NMJ preparations (Fig. 3B), whereas 

it wasnormal in +1+ controls (89.1 ±2.9 %) following the multiple photolysis 

protocol (P=0.004). Finally, performing ·the multiple photolysis protocol in the 

presence of SCH-58621 (50 nM), an A2A receptor antagonist, resulted in 

de pression (92.6 ± 1.7%) from control (3C, P<O.0001). Depression was also 

significant at NMJs from A2A -1- mice in comparison to +1+ controls (Fig. 3D, 

91.3 ± 2.0%; P=0.0001) did not affect the PSC~induced depression. As a 

whole, these experiments indicate that the endogenous pattern of activity 



leading to glial-mediated post-tetanic depression involves A1 receptor 

activation following ATP degradation. 

, 
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Figure 3. Post-tetanlc depression is regulated by A 1 adenosine 
receptors. 
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(A) Multiple photolysis of NP-EGTA in glial cells in the presence of the 
A 1 receptor antagonist PSB-36 occluded post-tetanic depression (B) 
No post-tetanic depression was elicited by multiple photolysis at NMJs 
of A 1 -1- animais. (C) Presence of the A2A receptor antagonist SCH 
has no effect on post-tetanic depression. (0) Post-tetanic depression 
was evoked by the multiple photolysis protocol at NMJs from A2A -1-
mice. 

Because our hypothesis was based on the possibility that the different 

forms of short-term plasticity were due to a balance between A1 and A2A we 

next tested the involvement of ~ receptor activation in the modulation of 

glial-mediated potentia~ion. Thus, we used the single photolysis protocol to 

test for the involvement of A2A receptors in the glial-mediated post-tetanic 

potentiation. The presence of an A2A antagonist SCH-56821 (50 nM) blocked 

the expression of post-tetanic potentiation and was not significantly different 

fromcont'rols (Fig. 4A; 96.6 ± 2.4%; n=5; P>O.05, two-tailed t-test). Prior 

application of CGS-21680 (30 nM), an A2A agonist, occluded the PSC-induced 

potentiation and resulted in a depression (90.6 ± 1.6%) that was significantly 

reduced from controls (P<0.0001), further confirming the involvement of A2A 
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receptors in potentiation (Supp. Fig. 6). Furthermore, post-tetanic potentiation 

was occluded at NMJs of A2A -1- mice (98.5 ± 2.1 %, P>O.05; Fig. 4B). Finally, 

use of the single photolysis protocol in the presence of the A, receptor 

antagonist PSB-36 (5 nM) resulted in potentiation (108.6 ± 1.6%; P<0.0001; 

n=6) of PSP amplitude (Fig. 40), as did the use NMJs from A 1 -1- mice (Fig. 

40; 110.4 ± 3.0%; P=0.001). Hence, it appears that A2A receptor activation 

mediated the glial-dependent potentiation. Taken together, the results 

strongly implicate a glial-regulated activation of A1 and A2A receptors in the 

generation of pattern-de pende nt induction of depression and potentiation at 

theNMJ. 
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Figure 4. A2A receptors regulate post-tetan~c potentiatlon. 
(A) Single photolysis of NP-EGT A in glial ce Ils in the presence of the 
A2A receptor antagonist, SCH, prevented post-tetanic potentiation. (B) 
No post-tetanic potentiation was elicited with the single photolysis 
protocol at NMJs of A2A -1- animais. (C) Addition of the A1 receptor 
antagonist PSB-36 had no effect on post-tetanic potentiation. (0) Post­
tetanic potentiation was induced by the single photolysis protocol al 
NMJs from A 1 -1- mice. 

Glial cells' display finely tuned responsiveness to neuronal activity. 

They can detect subtle changes in the frequency of activity (Pasti et al., 1997) 

and even discriminate between different synaptic inputs (Perea and Araque, 
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2005). Now, our evidence indicates that glia differentiate the pattern of 

synaptic activity which is an important element regulating synaptic plasticity. 

That is, they integrate and decode the pattern of neuronal and synaptic 

activity to, in turn, influence synaptic transmission. Our data indicate that this 

regulation is likely to occur through a processing of incoming information and 

subsequent feedback to provide altered and tuned modulation to a given 

synapse. Not only are glial calls necessary for this modulation, but also their 

direct activation with specific patterns is sufficient to regulate changes in 

synaptic efficacy. Our data have two immediate impactson the 

understanding of neuronal communication in the nervous system. First, 

neurons are no longer the only cells that can decode information from the 

pattern of neuronal activity, and process it in a way that allows them to 

influence the outcome of subsequent synaptic communication. Second, owing 

to their decoding capability, glial cell regulation ofshort and long-term 

synaptic plàsticity should no longer be seen as an ail or none event, but 

rather as an adaptable regulation dependent on the context of previous 

neuronal activity. Therefore, this implies that glial cells have the capacity to 

mediate and regulate a large array of synaptic events. 

ln t~lis study we have used a PNS synapse as model to reveal cellular 

interactions that are likely applicable to synapses throughout the nervous 

system. Indeed, it has previously been demonstrated that direct activation of 

retinal glial cells can induce both positive and negative changes in neuronal 

activity (Newman and Zahs, 1998), suggesting similar roles to those 

described here. Furthermore, Panatier and colleagues recently described a 

phenomenon similar to ours, occurring in the hypothalamus (Panatier et al., 

2006). They showed that glial cells determined the outcome of synaptic 

plasticity (potentiation or depression) as a result of changes in the glial. 

synaptic coverage and release of D-serine. Here we have built on the current 

knowledge of glial involvement in synaptic function by providing evidence that 

glial cells, acutely responding to neuronal activity, can supply context-
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dependent feedback to synapses by decoding the pattern of neuronal activity. 

Hence, our data indicate that glial regulation of neuronal plasticity is not only 

a matter of slow long-term modification to the glial environment, but that it 

occurs over a matter of minutes. Interestingly, morphological changes at 

synapses can occur within a time window of a few minutes (Matsuzaki et al., 

2004) which is an appealing possibility to explain the long-term changes 

induced by the brief glial activation. 

Studies have found that activation of A1 andA2A receptors resultsin inhibition 

and activation of different types of presynaptic calcium channels to regulate 

transmitter release at synapses in general and at the mammalian NMJ in 

particular (Correia-de-Sa et aL, 1996; De Lorenzo et aL, 2004; Oliveira et aL, 

2004; Silinsky, 2005). Moreover, an adenosine-dependent long-term 

depression has been reported (Redman and Silinsky, 1994) and involves a 

down-regulation of presynaptic calcium channels (Silinsky, 2004, 2005). For 

the first time, our data indicate that the balanced A1-A2A regulation can be 
1 

controlled, not by the presynaptic pool itself in an auto-regulation manner, but 
. . 

rather by the perisynaptic glial cells. We propose a model (Supp. Fig. 7) that 

takes intoconsideration the properties of A1-A2A receptor interactions 

(Johansson et aL, 2001; Cunha, 2008) and the ability of glial cells to release 

ATP (Fields and Burnstock, 2006). We propose that small and sustained 

accumulation of glial calcium elicited by bursting synaptic activity would 

induce the release of a smaller amount of ATP, leading to lower 

concentrations of adenosine in the synaptic cleft, the activation of A1 

receptors and post-tetanic depression. Conversely, post-tetanic potentiation 

would be induced by large glial calcium responses elicited by sustained 

synaptic activity causing the release of a larger quantity of ATP leading to 

more adenosine and the activation of A2A receptors. 

Our data show that the PSC reglJlation leads to sustained changes in 

synaptic potency that would facilitate or reduce moto neuronal control of the 

NMJ, based on the pattern of neuronal activity itself. Interestingly, the PSC-
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mediated adenosine regulation could be a target for possible treatments of 

muscular diseases (e.g. myasthenia gravis) or conditions that lead to 

weakened synapses (e.g. aging) by regulating the pattern of activity to favor 

the PSC-dependent potentiating pathway to strengthen the efficacy of the 

neuromuscular synapse. 

We demonstrate for the 'first time that glial cells are both necessary and 

sufficient to govern the outcome of synaptic plasticity based on their ability to 

decode the patterns of neuronal communication. These results indicate that 

glial ceUs are pattern detectors in the nervous system, a role that could 

influence many CNS functions. 
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2.2.4. SUPPORTING ONLINE MATERIAL 

Materials and Methods 

AnimaIs and Preparation 
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Ali experiments were performed in accordance with the guidelines of the 

Canadian Council of Animal Care and the Animal Care Comrnittee at the 

Université de Montréal. Juvenile (P21-28) male CD-1 mice (Charles River) 

were killed by decapitation. Soleus muscles, with the tibial nerve intact, were 

removed and pinned in Rees saline (D. Rees, J Physiol 278", 8P, 1978) (in 

mM): NaCI, 110; KCI, 5; MgCI2, 1; NaHC03, 25; CaCI2, 2; glucose, 11; 

glutamate, 0.3; glutamine, 0.4; BES butter, 5; cocarboxylase, 0.4 tJM; choline 

chloride, 36 tJM and bubbled with 95% 02/5% C02. 

A 1 and A2A KO Mice 

The A 1 -/- mice were a kind gift from Bertil Fredholm (Karolinska 

Institute, Stockholm, Sweden) and Stephen Tilley (University of North 

Catolina, Chapel Hill, USA). These mice have previously been described 

(Gimenez-Llort et aL, Eur J Neurosci 16, 547, 2002). A2A -/- mice were as 

previolJsly characterized (Chen et aL, J Neurosci 19, 9192, 1999) and kindly 

provided by Jiang-Fan Chen (Boston University) and Michael Schwarzschild 

(Massachusetts General Hospital). 

Electrophysiological recordings 

The tibial nerve was stimulated through a suction electrode filled with 
, 

extracellular saline. Muscle contractions were prevented with partial blockade 

of the postsynaptic ACh receptors using d-tubocurarine chio ride (2.9-4.4 ~M, 

Sigma). Intracellular recordings of post-synaptic potentials (PSPs) were 

performed using glass microelectrodes (1.0mm 00; WPI) pulled to 50-70 MO 

(filled with 3M KCI) with a Brown-Flaming micropipette puller (Sutter 
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Instruments). Recordings were amplified (200x) using an AM Systems .1200 

amplifier connected to a WPI external amplifier, digitized using a National 

Instruments SNC 2110 board and. acquired using WinWCP software (John 

Dempster, Strathclyde University). The continuous stimulation paradigm 

consisted of 1800 pulses delivered at 20 Hz. The bursting stimulation 

paradigm (Supp. Fig. 1A) consisted of 30 repetitions of 20 pulses at 20 Hz 

repeated every 2 s. This was repeated 3 times with 20 s of rest between 

repetition~. Synaptic efficacy was monitored with test pulses delivered at a 

frequency of 0.2 Hz, a frequency known to have no effect on synaptic 

efficacy. PSP amplitude before, during high-frequency stimulation, and 

following were normalized to the PSP amplitude of test pulses obtained during 

the baseline period, prior to 20 Hz stimulation. Recordings were discarded 

when the holding potential changed by more than 5 mV. 

Calcium Imaging and Analysis in Glia 

Dissected soleus muscles were incubated in 10 J.lM Fluo-4AM 
1 

(Molecular Probes) containing 0.02% pluronic acid (Molecular Probes) for 1.5 

hr at room temperature. Neuromuscular junctions were located under bright­

field optics and were located on the surface of muscle fibers. Evoked calcium 

responses were obtained by stimulating the tibial. nerve with one of the 

stimulation paradigms described above. Epi-fluorescent images were 

acquired on a Nikon E600N upright microscope fitted with a Princeton 
o 

Instruments CCD-1300 camera. Digital acquisition was performed using 

MetaFluor software (Perkin Elmer) driving a Lamda 10-2 shutter wheel (Sutter 

Instruments). Images were acquired at a rate of 1 image per second. 

Fluorescence was quantified by sllbtracting the background fluorescence 

from the neighboring muscle fiber and then performing the calculation (F­

FJFo)*100 to give d FlFo %. 

uv PhotolysiS 
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Caged compounds (diazo-2-AM, NP-EGTA-AM; Molecular Probes) 

were loaded with the following protocol. Muscles were incubated first with 

Fluo-4-AM (1 0 ~M) alone for 30 min and then with both Fluo-4-AM and caged 

compound (20 ~M) for 45 min followed by another period of 45 min with fresh 

solution. Photolysis was performed using a Laser Science Nitrogen Pulsed 

UV laser (337 nM) operating at 50-60 Hz, 10-30 pulses with pulse durations 

of 2-10 ms. The UV pulses were aimed at the preparation using a fiber-optic 

probe with a diameter of about 30 ~rn inserted in a pipette for guidance. For 

multiple uncaging events 60 Hz, 10 pulses for 2 ms were used repeatedly. 

For a single large event 15 pulses of 10 ms at 50 Hz were given. Two or more 

PSCs were targeted for photolysis during ail experiments. 

A protocol was designed to specifica"y target PSCs based on a 

number of criteria. First, we chose NMJs that were on the surface of the 

muscle fiber. Second, NMJs where PSC somata were clearly overlaying the 

nerve terminal were selected. Third, alignment of the'fiber-optic was 

performed using visible light passed through the fiber-optic such that the cone 

of light covered at least two PSCs and not the presynaptic terminal. Possible 

direct presynaptic effects were monitored in each experiment by monitoring 

rapid changes (within seconds; Kamiya, Zucker, Nature 371, 603, 1994) in 

transmitter release and PPR (see Supp Fig 3). Experiments were discarded 

when direct presynapticeffects were observed. 

Chemicals 

Ali chemicals were purchased from Sigma-Aldrich (St. Louis, MO, 

USA) except for ARL 67156, CGS 21680, Dipyridamole, and PSB-36 (Tocris, 

Ellisvi"e, MO, USA). 

Statistical Analysis 

PSP values were compared to the hypothetical mean of 100% using 

one-sample t-tests. Two groups were compared using Students' T-tests. 



When data were fo~nd not to conform to normality, Mann-Whitney U tests 

were used. Analyses were, deemed significant at PsO.05. 
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Supplemental Figure 1. Two patterns of stimulation used in this study. 
(A) The top panel iIIustrates the burst stimulation, which involves thirty 

(30) 1 s bursts at 20 Hz with a 1 s pause in between, repeated 3 times. 
The resulting depression that occurred is shown in the bottom panel. 
(B) The top panel iIIustrates the continuous stimulation paradigm that 
consisted of 1800 pulses at 29 Hz. The depression induced by the 
stimulation is shown in the bottom panel. 
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Supplemental Figure 2. UV photolysis alone does not affect glial 
activation or synaptic transmission. 
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(A) Large UV photolysis had no direct effect on the resting 
fluorescence of PSCs in the absence of any caged compound. Cell 
viability was confirmed by the ability of ATP to induce calcium 
responses that were similar to the ones elicited without prior exposure 
to UV flashes. (B1) Bright field image of same neuromuscular junction 
as in A) with cells 1, 2, and 3 indicated. (B2) Fluorescent image taken 
during the baseline period prior to the UV flashes. (B3) Fluorescent 
image taken immediately following the second UV flash. (B4) 
Fluorescent image taken immediately following the local application of 
ATP. (C), PSPs evoked by paired-pulse stimulation in control (Ieft) and 
following UV photolysis in the absence of any caged compound. (0) 
Histogram showing that paired-pulse ratio was not affected by UV 
photolysis in absence of any caged compound (n=4). 

/ 
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Supplemental Figure 3. Selective and precise activation of PSCs. 
NMJs were 'chosen according to the criteria describèd in the methods 
to favor either a selective presynaptic effect or a selective glial effect. 
Owing to the tight relationship between calcium and the release of 

. neurotransmitter we reasoned that any effects that take place 
presynaptically wou Id occur rapidly (within a few tens of milliseconds) 
following the photolysis of calcium-related molecules (Bollmann, 
Sakmann, Nat Neurosci 8,426,2005; Kamiya, Zucker, Nature 371, 
603, 1994; Millar et al. J Neurosci 25, 3113, 2005). This rate is several 
orders of magnitude faster than the glial modulation tested here that 
. occurs in the time frame of several minutes. (A) Schematic, bright field 
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and fluorescence images of an NMJ selected so that the presynaptic 
terminal cbuld be selectively .activated (top panel). Recording PSPs 
evoked with a pa.ired-pùlse protocol ciuring the 30 seconds following 
the photolysis of NP-EGTA revealed the rapid effect on presynaptic 
transmission. Uncaging calcium in the presynaptic "nerve terminal 
would result in an immediate increase in release probability (Bollmann, 
Sakmann, Nat Neurosci 8, 426, 2005), which is inversely related to 
paired-pulse ratio (PPR). As shown in the bottom panel, UV photolysis 
on the nerve terminal induced a reduction in PPR indicating a 
presynaptic effect without the activation of glia (fluorescent images, no 
calcium response in PSCs). (B) Schematic, bright field and 
fluorescence images of an NMJ selected so that the PSCs could be 
selectivelyactivated (top panel). In these conditions we were able to 
elicit a calcium elevation in PSCs without directly affecting the 
presynaptic terminçil as measured by paired-pulse ratio measured 
shortly after photolysis (0 - 30 sec; bottom panel). This is consistent 
with the latency of the slower time course of the glial modulation in 
comparison to a direct presynaptic effect. Significance measured at 
P<0.05, n=6. 
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Supplemental Figure 4. Postsynaptic muscle flbers have no effect on 
synaptic plasticity following photolysis on glial cells. 
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Bulk loading with Fluo-4 AM was performed then postsynaptic muscle 
fibers were loaded with œil impermeable Np·EGTA salt through 
iontophoresis (2nA, 200ms, 0.2 Hz for 10min) and photolysis was 
performed on glial cells as described in Supp. Fig. 3. We observed no 
calcium elevation in glial cells and saw no change in PTP following 
photolysis. 
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Supplemental Figure 5. Specifie glial photolysis of dlazo-2 has no direct 
presynaptic effects and selectlvely blocks glial calcium elevatlons. 

A) Using the same criteria as described in Supp Fig 2, we carefully 
chose surface NMJs, where overlying PSCs covered the innervating 
nerve. We were able to selectively activa te PSCs with photolysis 
without any direct effect on presynaptic nerve activity as revealed by 
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the lack of effect on PSP amplitude and paired-pulse facilitation for up 
to 60 seconds immediately following photolysis. B) ATP-induced 

. calcium responses in PSCs show little desensitization and are 
reproducible. C) After a first ATP-induced calcium response, diazo-2 
was photo-activated and ATP locally applied again on the same cells. 
The second response was completely prevented when diazo-2 was 
uncaged prior to local application. 
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A) application of the A1 receptor agonist (CCPA) occludes depression. 
B) application of the A2A agonist (CGS) occludes potentiation. 
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Supplemental Figure 7. Model of glial-mediated bidirectional 
modulation of synaptic plasticity. 
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(A) Bursts of activity (1) induce the release of neurotransmitter to 
activate perisynaptic Schwann cells (2) and the postsynaptic terminal. 
Receptor activation on PSCs leads to oscillatory calcium elevations (3) 
and the release of a lesser amount of glial-derived ATP (4) that is . 
degraded to adenosine. Relatively low levels of synaptic adenosine. 
leads to synaptic de pression through activation of A 1 receptors and a 
decrease in presynaptic calcium entry through Pla-type calcium 
channels (5) and (6). (8), continuous presynaptic activity (1) induces 
the release of neurotransmitter·to activate perisynaptic Schwann cells 
(2) and the postsynaptic terminal. Receptor activation on PSCs leads 
to a single calcium elevation (3) and the release of a larger amount of 
glial-derived ATP (4) that is degraded to adenosine. Relatively high 
levels of synaptic adenosine lead to activation of A2A receptors, 
activation of L-type calcium channels (5) and synaptic potentiation (6). 



2.3. DISCUSSIONTO CHAPTER 2 

Here we have shown that glial cells have the capacity to detect 

differences in neuronal activity, as reflected in their altered calcium 

responses. Importan~ly, these differences in calcium response are 

responsible for the expression of synaptic plasticity through balanced 

regulation of A 1 and A2A receptor activation. 
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One important unresolved question 'trom this study is what leads to the 

differences in glial activation. The calcium responses are clearly different, 

however, what leads to the initiation of these differences? It could be due 

to release of different neurotransmitters or perhaps different contributions 

from internai and external calcium. 

There are a number of different possibilities that could result in 

differential activation of these two receptors. Since they are both 

considered to be high affinity receptors, this is thought not to.be a major 

factor. Rather, the receptor density, synaptic location and receptor 

crosstalk are believed to be influential in regulating the activation of one 

instead of the other (Sebastiao and Ribeiro, 2000). Also, it is possible that 

there is altered regulation of purines in the synapse through differences in 

release, uptake, or degradation. Indeed it is known that the pattern of 

neuronal activity changes the release and production of adenine 

nucleotides and subsequently receptor activation (Sebastiao and Ribeiro, 

2000). Considering this it is possible that the differences in glial activation 

(i.e. calcium responses) could also influence release and or production of 

adenosine. 

These results greatly ad van ce our view of glial-synapse interactions 

since they demonstrate for 'the first time the ability of glial cells to 

distinguish differences in the pattern of neuronal activity. This 

discrimination results in a change in their modulation of the synapse. It is 

thought-provoking to hypothesize that glial cells throughout the nervous 



system may be information processing cells that actively aid in the 

regulation and synthesis of information. 
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Although the details of the synaptic modulation uncovered here are 

likely specifie for this synapse, the role that glial cells play is hypothesized 

to be similar throughout the nervous system. Further investigations into the 

ability of glial cells to distinguish differences in synaptic activity could 

provide new and exciting perspectives on the influence of glial cells in 

nervous system function. 



3. CHAPTER 3 (RESEARCH ARTICLE 2) 

: 3.1. INTRODUCTION TO CHAPTER 3 

As demonstrated in Chapter 2, the type of glial calcium elevation is 

important for the outcome of changes in synaptic strength. It is theref_ore, 

critical to understand the mechanisms involved in generating differences in 

glial activation, and calciulJl elevations. At the NMJ key transmitters 

involved in glial activation are the purines, and ACh. 

Interestingly, in the CNS it has recently been shown that neurotrophins 

can induce calcium elevations in glial cells (Rose et aL, 2003). 

Furthermore, the neuro'trophins are known for the roles in modulating 

short-, and long-term events in neurons and different types of gUa. 1 

therefore, wondered if the neurotrophins could be implicated in the 

induction or modulation of glial calcium signalling at the NMJ, since they 

are weil known fortheir involvement in the development and plasticity of 

this synapse. 

ln this article 1 investigate the ability of neurotrophins to activate glial 

calcium, signalling. Furthermore, 1 study the involvement of neurotrophins in 

modulating glial calcium signalling, a process that could profoundly 

influence neuron-glial inter!3ctions and synaptic function. 
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ln the following pages readers will find the article: 
( 

Todd, KJ, Auld, OS and Robitaille, R (2007) Neurotrophins modulate neuron­
glia interactions at a vertebrate synapse. European Journal of 
Neuroscience 25: 1287-96 .. 
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3.2.1. ABSTRACT 

Neurotrophins are important modulators of synaptic function at both 

developing and mature synapses in the CNS and PNS. At the neuromuscular 

junction (NMJ), neurotrophins, as weil as perisynaptic Schwann cells (PSCs) 

are critical for the long-term maintenance and stability of the synapse. ' 

Considering this correlation and the acute interactions that occur at the 

synapse between PSCs and the nerve terminal, we wondered if 

neurotrophins cou Id also be involved in neuron-glia signalling. To test if 

neurotrophins were able to signal to PSCs we used brief applications of NT-3, 

BDNF or NGF (1 OOng/ml). So/eus muscles of mice were incubated with the 

Ca2
+ indicator Fluo-4AM and Ca2

+ responses in PSCs were elicited through 

nerve stimulation (50 Hz, 30s). Our results indicate that acute application of 

both NT-3 and BDNF, but not NGF, increased PSC Ca2
+ responses. 

Investigation of the mechanisms involved in these increases revealed distinct 

pathways for BDNF and NT-3. BDNF increased PSC responsiveness through 

potentiation of ATP responses while NT-3 modulated muscarinic 

acetylcholine receptor signalling. Using local applications of the 

neurotrophins, we found that both neurotrophins were able to elicit Ca2
+ 

responses in PSCs where BD NF used a PLC-IPs mechanism, while NT-3 

required extracellular Ca2
+. Our results demonstrate a neurotrophin­

dependent modulation of neuron-glia signalling through differential 

mechanisms employed by NT-3 and BDNF. Hence, neurotrophins precisely 

and differentially regulate PSC functions through modulation of either 

purinergic or cholinergie signalling pathways. 

3.2.2. INTRODUCTION 

Neurotrophins are important modulators of synaptic function at both 

developing and mature synapses in the CNS and PNS. They regulate 
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transmitter release and modulate short and long-term synaptic plasticity 

events. In addition, they regulate synaptic morphlogical plasticity and stability. 

Glial cells are an important source of neurotrophins in the CNS and PNS 

(Alderson et aL, 2000; Lessmann et aL, 2003), suggesting ttiat they might be 

in part responsible for neurotrophin-mediated regulation of neuronal function. 

This is in line with recent evidence demonstrating an active role for glial cells 

in the regulation of neuronal activity and synaptic transmission (Au Id and 

Robitaille, 2003b; Haydon and Carmignoto, 2006). Hence, these observations 

point to the possibility that the interactions between glial cells and synapses 

may be modulated or governed byneurotrophins. 

The neuromuscular junction (NMJ) is an excellent model for, 

investigating this question. Indeed, neurotrophins are expressed and released 

in an activity-dependent manner in immature and culture preparations (Liou 

and Fu, 1997; Xie et aL, 1997; Loeb et aL, 2002). Neurotrophin receptors are 

important for acetylcholine receptor clustering and maintenance of the NMJ 

structure (Gonzalez et aL, 1999) and interference with neurotrophin 

expression can lead to severe pathology (Belluardo et aL, 2001). Among the 

receptors expressed by PSCs are the pan-neurotrophin receptor p75NTR
, TrkC 

and truncated TrkB (Frisen et aL, 1993; Funakoshi et aL, 1993; Gonzalez et 

aL, 1999; Alderson et aL, 2000). 

ln addition, perisynaptic Schwann cells (PSCs), glial cells at the NMJ, 

participate in short- and long-term functions of the NMJ (Auld et al., 2003; 

Feng et aL, 2005). They respond to nerve activity (Jahromi et aL, 1992; Reist 

. and Smith, 1992; Rochon et aL, 2001) and in turn, rapidly modulate NMJ 

function (Robitaille, 1998; Castonguay and Robitaille, 2001). Also, PSCs are 

essential for long-term support and maintenance of the NMJ (Reddy et aL, 

2003). Furthermbre, PSCs are sensitive to long-term loss of synaptic activity 

and respond through sprouting .of processes and altered gene expression 

(Reynolds and Woolf, 1992; Georgiou et aL, 1994; Son and Thompson, 

1995b). Interestingly, support for the involvement of glial cells in neurotrophin-
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mediated synaptic function and maintenance has emerged (Elmariah et al., 

2005a; Pitts et al., 2006). Thus, based on these observations, we 

hypothesized that neurotrophins modulate neuron-glia interactions and PSC 

signalling knowing that activity-dependent release of neurotrophins is 

important for the stability of pre-, post- and perisynaptic elements of the NMJ .. 

Using the mouse so/eus muscle preparation, we found that short (30 

min) applications of BDNF and NT-3, but not NGF, increased amplitude and 

duration of evoked PSC Ca2
+ responses. Investigation of the pathways , 

involved revealed that ATP signalling was increased in response to BDNF, 

whereas NT -3 increased mAChR responses. Furthermore, BDNF and NT-3 

signalled through different Ca2
+ -mediated pathways. These results 

demonstrate differential neurotrophin modulation of glial responses to 

neurotransmission and provide evidence for acute neurotrophin modulation of 

the tripartite synapse. Sorne of these results have been previously published 

in abstract form (Todd and Robitaille, 2005). 
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3.2.3. MATERIALS AND METHODS . 

Animais and Dissection 

Ali experiments were performed in accordance with the guidelines of 

the Canadian Council of Animal Care and the Université de Montréal. Adult 

(P40-60) male CD-1 mice (Charles River) were injected with a lethal dose of 

KetaminelXylazine cocktail. Following loss of pain reflexes, sa/eus muscles 

were removed and pinned in oxygenated saline (in mM): NaCI 124, KCI 5, 

MgC12 2, CaC12 2, NaHC03 1, NaP04 1.25, glucose 10 and HEPES 25. 

Ca2
+ Imaglng 

Dissected sa/eus muscles were incubated in 10 tJM Fluo-4AM 

(Molecular Probes) containing 0.02% pluronic acid (Molecular Probes) for '1.5 

hr at room temperature. For 30 min applications of neurotrophins, 100 ng/ml 

of BDNF, NT-3 or NGF was added to the loading solution for the final half­

hour. Muscles were then washed with saline containing 20 tJM TPEN 

(Molecular Probes) for 10-20 min. Perfusion saline was then heated to 32-34 

oC for the duration of experiments. NMJs and PSCs were located under 

bright-field optics for positioning of pipettes used for local drug applications. 

Ali junctions used were on the surface of muscle fibers. Local applications of 

agonists (200 msec, 10-20 PSI) were performed using a Picospritzer 1\ 

(Parker Instruments) and glass micropipettes with tip diameter of 3-4 ~m. 

Evoked Ca2
+ responses were obtained by stimulating the tibial nerve at 50 Hz, 

30 s with glass suction electrodes at 2X threshold for contraction. Epi­

fluorescent images were acquired on a Nikon E600N upright microscope fitted 

. with a Princeton Instruments CCD-1300 camera. Digital acquisition was 

performed using MetaFluor software (Perkin Elmer) driving a Lamda 10':2 

shutter wheel (Sutter Instruments). Images were acquired at a rate of 1-2 

images per second. 'Peak fluorescence change was calculated as relative 



change 'from baseline using the formula: ~F/F% = (F-Fo}/Fo * 100. For ail 

experiments 4-8 muscles were used with a minimum of 10 NMJs. 

Chemicals 
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Ali chemicals were purchased from Sigma-Aldrich (St. Louis, MO) 

except atropine (RBI Chemicals, MA), adenosine, CPA, ro-conotoxins and 

K252a (Calbiochem, La Jolla, CA). NT-3 and BDNF were kindly provided by 

Regeneron Pharmaceuticals, Inc. (Tarrytown, NY). 

Statlstlcal Analysis 

Data conforming to tests of normality \Nere treated with Student's Hest 

for comparison of two values or ANOVAs for multiple treatments with post hoc 

Tukey test to compare pairs. Significance was assessed at P=0.05. 



106 

, , 

3.2.4. RESULTS 

BDNF and NT -3 modulate PSC responses 

To investigate the capacity of neurotrophins to moclulate neuron-glia 

interactions we 'used Ca2
+ imaging to monitor glial responsiveness. The 

neurotrophins BDNF, NT-3 and NGF were applied individually to sa/eus 

muscle preparations for 30 minutes at a concentration of 100 ng/ml. Following 

this application, Fluo-4AM-loaded PSCs were imaged during stimulation of 

the tibial nerve at SO Hz for 30 seconds. Ca2
+ responses were recorded and 

ànalyzed for amplitude, duration, time to peak, latencyof response onset and 

area under the ,curve. Figure 1 A depicts examples of evoked Ca2
+ responses. 

We found that the ÂFlFo amplitude of PSC Ca2
+ responses (6.8 ± 1.2, n=9) 

was increased significantly (ANOVA, pg).OS) by NT-3 application (12.8 ± 2.0, 

n=14) but not by BDNF (9.6 ± 1.1, n=12) (Fig. 1 B). Furthermore, the duration 

of these responses (14.2± ,2.8s) were increased significantly (ANOVA, 

pg).OS) by BDNF but not NT-3 (BDNF, 26~7 ± 3.8s; NT-3, 21.6 ± 4.0s; Fig. 

1C). However, when the overall size of the Ca2
+ responses was investigated 

using analysis of the area under the curve, both BDNF (117.7 ± 2S.8 U2
) and 

NT-3 (133.9 ± 37.9 U2
) significantly increase responses over control (42.1 ± 

3.6 U2
; Fig. 1 D, ANOVA p<O.OS). Time to peak was increased slightly by both 

neurotrophin applications but did not reach significance (ANOVA, p>O.OS) 

(control, 3.4 ± 1.0s; BDNF, 8.9± 1.8s; NT-3, 7.6 ± 1.8s). Similarly, the latency 

for response onset was decreased by both neurotrophins but not significantly 

(control 9.8 ± 3.0s; BDNt=:, 3.2 ± 1.0s; NT-3, 7.2 ± 2.3s) (Fig. 1), 

To investigate the involvement of the Trk and p7SNTR in the modulation 

of glial Ca2
+ signais we bath applied NGF (100 ng/mL, 30 min). Since TrkA 

receptors have never been reported at the NMJ, this neurotrophin should only 

, activate p7SNTR
• Therefore, if p7SNTR were involved in modulating glial Ca2

+ 

signais we would observe a similar effect with NGF as seen with BDNF or 

NT-3. However, NGF had no effect on glial Ca2
+ responses as they had 
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similar kinetics to those in control conditions (Fig. 1 A). The L\FlFo amplitude of 

PSC Ca2
+ responses (8.6 ± 1.5, n=8) was not different from control nor was 

the duration (13.6 ± 3.05) or are a under the curve (55.6 ± 14.8 U2
). These 

, 

results indicate that the p75NTR is likely not solely involved in modulating glial 

Ca2
+ signais at the NMJ. 

Hence, these results demonstrate that neurotrophins potentiate the 

. responsiveness of PSCs and alter neuron-glia signalling through increasing 

PSC Ca2
+ responses elicited by synaptic activity and acute synapse-glia 

interactions. 
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FIGURE 1. EVOKE CA2+ RESPONSES IN PSC ARE MODULATED BV NEUROTROPHINS • 

. (A) Representative examples of evoked Ca2
+ changes recorded in 

PSCs in control (black line), following BDNF (dashed black line) and 
NT-3 (grey line) and NGF (grey dashed line) application. Responses 
were aligned by their onset (arrow). Scale bars are 5% L\F/Fo and 10 5 
duration. The horizontal dashed grey line indicates the origin. Inset, 
representative sa/eus NMJ with nerve and PSCs indicated. (B) 
Histogram of the L\F/Fci amplitude of evoked Ca2

+ responses in PSCs. 



108 

Responses are increased following 30 minute applications of NT -:-3 and 
to a lesser degree of BDNF with no effect of NGF. (C) Histogram of the 
duration of evoked Ca2

+ responses in PSCs. Responses are increased 
by BDNF application for 30 minutes and to a lesser degree by NT-3 
with no effect of NGF. (D) Histogram of the area under the curve 
(arbitrary units), a measure of overall Ca2

+ response. Both BD NF and 
NT -3 significantly increased overall Ca2

+ responses in PSCs, however, 
NGF had no effect. * indicates significance at p<0.05. 

BDNF and NT-3 modulation is target specifie 

To further investigate what mechanisms were responsible for the 

changes in PSC responses, we tested whether neurotrophin treatment 

modulated responses to the major receptors involved in eliciting Ca2
+ 

responses. These include ATP (P2) and adenosine (P1) receptors, as weil as 

muscarinic acetylcholine receptors (mAChRs). To determine if neurotrophins 

might alter the function of these receptors we bath applied either vehicle, 

BDNF or NT-3 (100 ng/ml) for 30 minutes to Fluo-4-loaded muscles. We then 

locally applied agonists for the different receptors. 

When ATP (20 !-lM) was locally applied following incubation with BDNF, 

responses were significantly increased in amplitude (L\F/Fo; control, 33.6 ± 2.0 

%, n=44; BDNF, 45.3 ± 2.4 %, n=58; ANOVA, p<O.001) and duration (control, 

41.1 ± 3.3s; BDNF, 55.0 ± 3.8s; ANOVA, p<O.001) (Fig. 2A). Furthermore, 

BD NF increased the overall Ca2
+ response as revealed by analysis of the 

area under the curve (control, 746.4 ± 107.6 U2; BDNF, 1381.0 ± 130.6 U2; 

ANOVA, p<O.001). However, NT-3 application had no effect (post hoc Tukey 

p>O.05) on response amplitude (29.9 ± 1.8 % L\F/Fo, n=34), duration (37.1 ± 

2.4s) or area under the curve (507.4 ± 40.7 U2). Finally, neither neurotrophin 

caused changes in response rise time or latency (data no shown). 

PSC Ca2~ responses evoked by local application of adenosine (20 !-lM), 

were unaltered by BDNF in terms of amplitude, rise time or latency. However, 

response duration was decreased (control, 31.9 ± 3.0s, n=31; BDNF, 17.0 ± 

1.6s, n=27; ANOVA, p<0.001) (Fig. 2B). This reduction in response duration 
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translated into an ove rail decrease in Ca2
+ response as indicated by the 

reduction ofthe area under the,curve (control, 375.0:t 56.4 U2
; BDNF, 214.8 

:t: 26.1 U2
; ANOVA, p<0.05). NT-3, however, had no effect (post hoc,Tukey, 

p>O.05) on adenosine-induced Ca2
+ signais in PSCs (duration = 24.9 :t: 2.5s, 

n=28, area under the curve = 271.4:t: 32.5 U2
). 

Although NT -3 had no effect on purinergic Ca2
+ signalling, it did 

significantly alter mAChR-mediated Ca2
+ responses. Application of muscarine 

, 
(20 f.tM) following incubation with NT-3 resulted in increased duration 

(ANOVA, p=0.002) of PSC responses (control, 14.6 * 1.3s, n=28; NT-3, 26.8 

:t: 2.6s, n=35) (Fig. 2C). Figure 2C also iIIustrates that the increase in duration 

was mirrored in the overall size of Ca2
+ responses (control, 164.4:t: 22.0 U2

; 

NT -3, 242.8 :t: 34.5 U2
; ANOVA, psO.05). 'The time to peak and latency of 

muscarine-induced PSC responses were unchanged by either neurotrophin 

(data not shown). Furthermore, BDNF had noeffect on response duration 

(22.2 :t: 2.9s, n=25) or the area under the curve (193.0,:t 36.8 U2
, Fig. 2C). 

Hence, these results demonstrate that NT -3 and BDNF differentially modulate 

glial responsiveness. 
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FIGURE 2. BDNF AND NT-3 DIFFERÈNTIALLY ALTER PSC RECEPTOR SIGNALLING. 

(A) Histograms of Ca2
+ responses elicited by local application of ATP 

(20 I-tM) were increased in âF/Fo amplitude and duration by BONF but 
not NT-3. This resulted in an overall increase of Ca2

+ responses (area 
under the curve) by BDNF. (B) Histograms of adenosine-evoked 
responses show a decrease in the duration and overall Ca2

+ response 
(area under the curve) with BDNF but not NT-3 application. (C) 
Histograms of Ca2

+ responses evoked by application of muscarine (20 
I-tM) show increased duration and overall response (area under the 
curve) with NT-3 but not BDNF application. Significance measured as 
p<0.05. 

Neurotrophins activate Ca2
+ signalling pathways 

We next wanted to determine the signalling mechanisms used by 

BDNF and NT -3 to modulate PSC Ca2
+ responses, as they are important for 

many glial 'functions. A potential signalling pathway is through Ca2
+ itself as 

+ 
NT-3 

Musc 
+ 

NT-3 
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Trk receptors contain a phospholipase C activation domain. Such a pathway 

can in'itiate Ca2
+ signailing in cerebellar glia (Rose et al., 2003). To investigate 

neurotrophin-induced Ca2
+ signalling in PSCs, we used local applications of 

neurotrophins, which enabled us to control the onset of responses. 

First, we monitored PSC Ca2
+ elevations in response to brief (200ms) 

local applications of NT-3 and BDNF (100ng/ml in pipette). PSC Ca2
+ 

responses induced py local application of ATP (20~M in the pipette) were 

, used as positive controls since 100% of PSCs responded robustly and 

repetitively to ATP application (Rochon et al., 2001). To ensure that ATP was 

nOI interacting with neurotrophin signalling, which has' been described in other 

preparations (Arthur et al., 2005), we measured Ca2
+ responses with and 

without the initial ATP application. Prior application of ATP did not affect PSC 
, 

responses to NT-3 or BDNF (data not shown). 

As shown in Figure 3(A, B), acute, local applications of BDNF or NT-3 

both elicited Ca2
+ responses in PSCs. These responses had average 

amplitudes (Fig. 3C) of 33.4 ± 4.3% for BDNF (n=24) and 24.9 ± 3.6% for NT-

3 (n=27) with average durations of 18.6 ± 2.6 s (BDNF) and 17.1 ± 2.3 s (NT-

3), respectively. Neurotrophin-evoked responses were not significantly . 

different from one another but were significantly smaller (ANOVA, pcO.05) 

th an ATP responses, both in amplitùde (70.2 ± 3.7 %AFIF) and duration (34.4 

± 2.2 s). Also, as shown in Figure 3D, 24 of 60 cells responded to BDNF 

application while 27 of 59 responded to NT -3 representing 40 and 46 % 

respectively, under control conditions. TheseJesults suggest that not ail 

PSCs responded to our local neurotrophin applications in an identical fashion. 

For e,xample, at a given NMJ not ail PSCs responded to the neurotrophins 

with Ca2
+ increases, whereas at others ail would respond, and at others still 

there would be no responders. 

Neurotroph'in receptors have been shown to occur in full-Iength and 

truncated forms (Klein et aL, 1990; Tsoulfas et al., 1993; Valenzuela et al., 

1993). Truncated receptors lack intracellular kinase domains, but retain 
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certain signalling functions (Baxter et aL, 1997; Yacoubian and Lo, 2000; 

Rose et aL, 2003). To inhibit full-Iength Trk receptor tyrosine kinase signalling 

we investigated whether PSC responses to BDNF or NT-3 were altered in the 

presence of the tyrosine kinase inhibitor K252a (200nM). As shown in Figure 

3C, we found that the amplitude of Ca2
+ responses was not significantly 

altered by K252a (BDNF+K252a 28.3 ± 4.3%, n=8; NT-3+K252a 15.8 ± 3.9%, 

n=6) (T-test, p>O.05) in cells that displayed a Ca2
+ increase in response to 

neurotrophins. Intriguingly, however, the percentage of cells responding was 

reduced. In the presence of K252a, BDNF induced responses in 8 of 36 cells 

in comparison to 24 of 60 cells. This represents a reduction of 44.5% from 

control. Also,NT-3 induced responses in only 5 of 42 cells, compared to 27 

of 59 cells in control, representing a reduction of 73.8% in responding cells 

(Fig. 3D). 

Together, these results demonstrate that PSCs rapidly respond to NT-

3 and BDNF with increases in intracellular Ca2
+. Moreover, our results 

suggest that TrkB and TrkC associated tyrosine kinase activity is critical for 

generating a Ca2
+ response to BD NF or NT -3, respectively, in man y PSCs. 

Interestingly, those PSCs that do respond to BDNF or NT-3 in the presence of 

the Trk-selective tyrosine kinase .inhibitor K252a do so with a normal 

amplitude, suggesting that in these\cells Trk tyrosine kinase activity does not 

contribute, ev.en in part, to generating the Ca2
+ response. The PSCs, whose 

neurotrophin-induced Ca2
+ responses are not sensitive to K252a likely 

respond to BDNF t~rough truncated TrkB receptors, which are not sensitive to 

inhibition by K252a. 
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FIGURE 3. NT·3 AND BDNF INoueE CAz+ RESPONSES IN PSCs. 
Representative Ca2

+ responses induced by a focal application of (A) 
BDNF (100nglml) or (B) NT-3 (100ng/ml). Neurotrophins were 
pressure ejected from glass micropipettes (200msec, 10-20 PSI). The 
responses to neurotrophins were preceded bya local application of 
ATP. The neurotrophin responses were compared to ATP responses 
evoked on the PSCs. (C) Histogram representing the amplitude of Ca2

+ 

responses (%L\F/F) of cells responding to neurotrophin application 
before and after bath application of the Trk receptor antagonist K252a 
(200nM). There was no significant difference in the average response 
amplitude observed in the presence of K252a for either BDNF or NT-3 
(T-test, p:>O.05). (D) Histogram representing the number of cells 
responding to neurotrophin application before and after bath 
application of the Trk receptor antagonist K252a (200nM). Note that 

, the number of responsive cells was reduced by K252a. 

BDNF signais throlAgh the PLC-IP3 cascade 

We next investigated the signalling pathway associated with BDNF 

responses. T 0 test if BDNF utilizes an intracellular source of Ca2
+, we 

removed extracellular Ca2
+, which should have no effect on signalling if 

intracellular stores are employed. In the presence of this solution the 

amplitude of BDNF-induced responses was similar to that induced in normal 

Ca2
+ solution (38.0 ± 4.3 %. T-test p:>O.05) whereas 28 of 64 cells responded, 

a rate similar to control (Fig 4). This result suggests that BDNF does not 

require extracellular Ca2
+ and is operating through internai stores. To further 

investigate this possibility, we applied cyclopiazonic acid (10 J.tM), an inhibitor 

of Ca2
+ -ATPase pumps that empties internai Ca2

+ stores. Under these 

conditions, no cells responded to BDNF application (0 of 29 cells, Fig. 4). 

These results confirm that BDNF utilizes internai stores to induce Ca2
+ 

elevations. 

Of the potential intracellular sources of Ca2+, it haspreviously been 

shown that Trk receptors can activate PLC resulting in the production of IP 3 

and DAG (Huang and Reichardt, 2003). Furthermore, this pathway was 

shown to be recruited in response to BDNF in other glia (Rose et aL, 2003). 

For these reasons it is likelythat the PLC-IP3 cascade is employed in BDNF 
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signalling, downstream of TrkB. To test this possibility, the PLC inhibitor 

U73122 (5 JJ.M) was bath applied. In these conditions, on~y 1 of 43 cells 

responded (Fig. 4A), representing a reduction of 94.3% from control. The 

inactive form of the PLC inhibitor (U73343) had no effect with 22 of 52 cens 

responding (Fig. 4A) and showed no significant difference in the amplitude of 

BONF responses (43.4 ± 4.8%; p>O.05; Fig. 4B). Finally, we bath applied the 
/ 

IP3 receptor inhibitor 2-APB (50 JJ.M) prior to applying BONF. In the presence 

of 2-APB, 10 of 45 ceUs responded, representing a reduction of 44.5% from 

control. The amplitude of Ca2
+ responses was unchanged in the presence of 

2-APB (35.6 ± 8.5%; p>O.05; Fig. 4B). Thesedata indicate that the PLC-IP3 

pathway mediates BONF-induced Ca2
+ responses in PSCs. 
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FIGURE 4. BDNF SIGNALSTHROUGH ACTIVATION OF PLC-IP3 CASÇADE •. 

(A) Histogram representing the number of cells responding to BDNF 
application before and after various treatments. The application of 
BDNF in,low Ca2

+ extracellular solution had no effect on the percentage 
of cells responding, suggesting an intracellular source of Ca2

+. Bath 
application of CPA (10 pM) emptied internai stores and prevented 
BDNF-induced responses. Percentage of cells responding to BDNF­
induced responses was reduced in the presence of the PLC inhibitor 
U73122 (5 pM), but not by the inactive form U73433 (5 pM). Fewer 
cells also responded to BDNF in the presence of 2-APB (50 pM). (B) 
Histogram representing the amplitude of Ca2

+ responses (%âF/F) of 
cells responding to BDNF application before and after bath application 
of the same treatments as in A. No significant effect on average 
response amplitude was seen in the presence of any of the inhibitors, 
although no responses were seen in the presence of CPA and only 
one response was recorded in the presence of U73122 (ANOVA, 
p>O.05). 

NT-3 signais indirectlythrough extracellular Ca2
+ 

Next, we investigated the NT-3-mediated signalling pathways involved 

in PSC activation. We 'first removed Ca2
+ 'from the bath solution to investigate 

the role of intracellular stores in NT-3 signalling. Unlike BDNF, application of 

low Ca2
+ extracellular solution had a pronounced effect on the ability of NT-3 

to induce Ca2
+ responses in PSCs (Fig 5A).Only 6 of the 39 cells tested 

responded to N!-3, (a 66% reduction from control), indicating that NT-3 

signalling requires influx of Ca2
+ from the extracellular space. However, the 

amplitude of Ca2
+ responses among cells that did respond to NT~3 in the 

presence of.low extracellular Ca2
+ (29.1 ± 3.8%) was not significantly different 

from control (Fig. 5B, p>O.05). 

We investigated the involvement of voltage-gated Ca2
+ channels in NT-

3 signalling since, it has been shown that neurotrophins can activate them 

(Ji menez et al., 1997; Kovalchuk et al., 2002). We therefore, investigated their 

involvement in NT-3 signalling. Since only L-type Ca2
+ channels have been 

described on frog PSCs (Robitaille et aL, 1996), we thought it likely that they 

would be involved in this process. Indeed, only 7 of 34 cells responded to 
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local application of NT-3 in the presence of 10 !AM nifedipine, an L-type Ca2
+ 

channel blocker, representing a reduction of 56% (Fig. SA). h, addition to the 

L-type Ca2
+ channels, the contribution of N and P/Q types was investigated as 

, 
weil since these channels are important for controlling the release of 

neurotransmitters at the mouse NMJ (Uchitel et al., 1992). Interestingly, the 

N-type Ca2
+ channel blocker w-conotoxin GVIA (1 pM) was also effective, and 

in its presence only 15 of 56 cells responded to NT -3, a reduction of 41 % 

from control with NT-3 only (Fig. SA). However, the most pronounced effect 

was observed with the P/Q-type channel blocker w-conotoxin MVIIC (0.5 pM), 

where only 6 of 52 cells respond~d to NT -3, a reduction of 75% from control 

(Fig. SA). There was no significant difference in the amplitude of NT-3-evoked 

Ca2
+ responses recorded in the presence of the different channel blockers 

(Fig. SB; ANOVA, p>O.05).These results suggest that NT-3 is acting through 

a variety of Ca2
+ channels to activate PSCs. 
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(A) Histogram representing the number of cells responding to NT-3 
application in control, in low Ca2

+ solution and in the presence of 
various Ca2

+ channel blockers. The percentage of cells responding to 
NT-3 was reduced in Ringer with no-Ca2

+ added. Application of the L­
type Ca2

+ channel blocker nifedipine (10 pM) reduced responding cells 
as weil as in the presence of the N-type Ca2

+ channel blocker ro­

conotoxin GVIA (1 pM). The greatest reduction was observed in the 
presence of the P/Q-type Ca2

+ channel blocker ro-Conotoxin MVIIC(0.5 
pM. (8) Histogram representing the amplitude of Ca2

+ responses 
(%.:.\F/F) of cells responding to NT -3 application before and in the same 
conditions as in A. No significant change in amplitude was observed in 
the presence of any of the channel blockers (ANOVA, p>O.05). 

Indirect effect of NT .. 3 
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Since our results suggest that NT -3 acts through modulating Ca2
i" 

channel activity we thought that this might be an indirect effect involving 

different cell types since only L-type channels were found on amphibian PSCs 

(Robitaille et al., 1996). Hence, we tested whether NT-3-induced Ca2
i" 

responses in PSCs were elicited by a neurotransmitter substance released 

from either the pre- or postsynaptic compartments. We hypothesized that 

acetylcholine or ATP may be the transmitter mobilized by NT-3 as these are 

the two most efficacious activators of PSCs (Rochon et aL, 2001) and NT-3 

has been shown to induce acetylcholine release at immature nerve muscle­

synapses in culture (Lohof et aL, 1993; Wang et aL, 1995). Acetylcholine 

would act through mAChRs whereas ATP could activate purinergic P1 and P2 

receptors. 

To test if the NT-3-induced Ca2
i" responses involved mAChRs we bath 

applied the general antagonist atropine (20 pM), known to block muscarinic 

receptors of mouse PSCs (Rochon et aL, 2001). This antagonist had no effect 

on the number of cell responding (23 of 49) in comparison to control. 

Furthermore, the amplitude of responses was also unchanged (36.9 ± 4.7%; 

Fig. 6). To investigate if ATP was the intermediary transmitter, we perfused 

the general P2 receptor antagonist suramin (200 pM) for 15 minutes before 

and during the NT -3 application. In the presence of suramin, only 5 of 44 cells 

responded, representing a reduction of 75.1 % from control (n=44; Fig. 6A). 

The five cells that did respond in the presence of the antagonists showed no 

significant difference in amplitude (16.0 ± 1.9; Fig 6B; ANOVA p>O.05). These 

results suggest that NT-3 acts indirectly through mobilization of ATP to 

activate PSC purinergic receptors. ATP mobilization could occur from a 

number of sources including the presynaptic nerve terminal, the postsynaptic 

muscle fi ber or from PSCs themselves. 

ln order to test the involvement of the presynaptic terminal in this 

phenomenon we performed electrophysiological recordings from muscle 

fibers while applying NT-3. However, consistent with previous work by 



Ribchester and colleagues (1998) both spontaneous activity and evoked 

responses were unaltered by NT-3 (data not shown). 
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FIGURE 6. NT-3 ACTIVATES PSCs INDIRECTLY THROUGH PURINERGIC RECEPTORS. 

(A) Histogram of the percentage of cells responding to focal application 
of NT -3 in control and in the presence of the muscarinic receptor 
blocker atropine or the purinergic receptor antagonist suramin. 42 
% of cells responded in the presence of atropine (20 pM; n=49), 
while suramin (200 pM) reduced responses to 11.4% (n=44). (B) 
Histogram of the amplitude of Ca2

+ responses (%~F/F) of 
responding cells elicited by NT -3 application in control and in the 
same conditions as in A. No significant difference in the amplitude 
was observed in the presence of either antagonist (ANOVA, 
p>O.05). 

3.2.5. DISCUSSION 

We have demonstrated for the first time the ability of neurotrophins to 

modulate neuron-glia interactions in an acute manner. Additionally, we have 

found that in the case of PSCs at the NMJ, BDNF and NT-3 seem to act 

through different mechanisms and have difterent down-stream targets (Fig. 



7 A). We have also shown that different neurotrophins use distinct Ca2
+ 

signalling pathways (Fig. 7B). 

IlUSCLE 

MUSCLE 
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FIGURE 7. NEUROTROPHINS MOOULATE PSC CA2
+ SIGNALLING AND INoueE PSC 

CA2
+ RESPONSES. 

(A) application of BDNF induces a reduction in adenosine-mediated 
Ca2

+ signais in PSCs. In addition BDNF potentiates P2 receptor­
mediated Ca2

+ signais, resulting in an overall increase in PSC 
response to nerve activity. Application of NT-3 differentially modulates 
PSC responsiveness to nerve activity through potentiatlon of mAChR 
responses. It cannot be ruled out that p75NTRs are CQ-activated with 
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either Trk to mediate the signalling observed. (B) BDNF and NT-3 
differentially induce PSC Ca2

+ responses through IP3 and external Ca2
+ 

respectively. BDNF seems to directly induce Ca2
+ responses through 

production of IP3• Ca2
+ responses induced by NT-3 are indirect 

requiring ATP. One possibility is that NT-3 induces the release of ATP 
from one of the 3 cellular compartments that then induces a Ca2

+ 

response in PSCs. Another possibility is that NT-3 signalling is 
potentiated through trans-activation mediated by P2Y receptors (*). 

Modification of PSC signalling 

Here we report that not only do neurotrophins modulate PSC Ca2
+ 

signalling during evoked activity, but also directly induce Ca2
+ signalling. 

Interestingly, NT-3 and BDNF seem to have different modulatory actions on 

PSCs. Although each neurotrophin seems to change different properties of 

the Ca2
+ responses (amplitude and duration by BDNF and only duration by 

NT-3), both result in increased Ca2
+ signais as revealed by analysis of area 

under the curve. This indicates that neurotrophins increase PSC 

responsiveness to synaptic transmission at the mouse NMJ. 

Importantly, each neurotrophin targets different mechanisms in PSCs: 

while NT -3 modulates mAChRs, BD NF interacts more effectively with the 

purinergi~ receptors (Fig. 7A). Not only does BD NF increase ATP-mediated 

signalling, it also decreases adenosine signalling. This further iIIustrates the 

fine level of regulation mediated by neurotrophins. The BD NF effect on 

modulating purinergic receptors is not too surprising since reciprocal . 

neurotrophin-purinergic interactions has previously been described in multiple 

systems (Lee and Chao, 2001; A~hur et al., 2005). However, to our 

knowledge this is the first description of a modulation of mAChR function by 

neurotrophins. Although the interaction between these specific receptors is 

novel, many others have reported interactions between receptor tyrosine 

kinases (RTKs) and G-protein coupled receptors (Kotak et al., 2001; 

McLaughlin and Chavkin, 2001; Dalle et al., 2002; Nielsen et al., 2004)~ 

Since NT -3 and BDNF clearly function by modulating different 

receptors, it stands to reason that these activations have different down-



stream effects on PSCs. Modulation of one cascade could occur 

independently from the other, in part through differential release of the . 
neurotrophins (Brigadski et aL, 2005). We hypothesize that the release of 
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different neurotrophins is likely to be associated with changes in neuron-glia 

communication. These changes in neuron-glia communication may 

subsequently influence the long-term condition of the NMJ. In keeping with 

this, it has been shown that PSCs are critical for NMJ maintenance (Reddy et 

al., 2003) and PSCs themselves are dynamically regulated in reponse to 

synaptic activity (Georgiou et al., 1994; Georgiou et aL, 1999; Love et aL, 

2003). Our data indicate that the presence of NT-3 or BDNF changes 

neurotransmission-associated signal transduction in PSCs, and would thus be 

likely to modulate responses dependent on synaptic activity that influence the 

stability and condition of the NMJ .. 

Do neurotrophlns signal through Trk or p75NTR? 

Knowledge of the receptors involved in neurotrophin modulation of 

PSC function would aid in further elucidating these processes. Our data ._ 

showing that the selective Trk-kinase inhibitor K252a inhibits the Ca2
+ 

response in the majority of PSCs in response to both NT-3 and BDNF 

suggests that full-Iength, kinase competent TrkC and TrkB receptors, 

respectively, are involved. This is consistent with the evidence that full-Iength 

TrkC has previously been reported in Schwann cells (Funakoshi et al., 1993; 

Offenhauser et al., 1995). However, there is no evidence for full:-Iength TrkB 
; 

receptor expression in Schwann cens (Gonzalez et aL, 1999). The somewhat 

sm aller effect of K252a on BD NF signalling may reflect a greatèr involvement . 

of truncated TrkB or non-Trk receptor signalling in response to BDNF 

application. It is possible that full-Iength TrkB receptors are expressed by 

PSCs, but at a low levaI. Alternatively, it is possible that TrkB-mediated Ca2
+ 

signalling is occurring through a similar mechanism to that reported by Rose 

and colleagues in Bergmann glia (Rose et aL, 2003). These authors also 
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propose that p7SNTR or sorne other signalling protein (Kryl and Barker, 2000) 

may be associated with truncated TrkB receptors. 

However, the lack of effect of NGF suggests that sole activation of 

p7SNTR is not sufficient to modulateglial Ca2
+ signais. This would also suggest 

that pro-neurotrophins do not mediate the effects we observe. Owing to the 

presence of p7SNTR in PSCs (Bandtlow et aL, 1987; Heumann et aL, 1987), a 

possibility might be that these receptors were jointly activated with Trk 

receptors. However, considering that NT-3 and BDNF mobilize extracellular 

and intracellular Ca2
+ pools, respectively, it seems unlikely that activation of 

the same p7SNTR receptor would be associated with such a radical difference 

in signalling. Accordingly, our data do not support the involvement of p7SNTR in· 

both modulations observed. 

Distinct Ca2
+ signais for NT-3 and BDNF 

The mechanisms used by BD NF and NT -3 to induce Ca2
+ signalling in 

PSCs are different, and provide a way for specifie alteration of purinergic and 

muscarinic receptor pathways respectively (Fig. 7B). 

The BDNF-dependent Ca2
+ signais were somewhat expected 

considering that Trk receptors contain conserved PLC activation domains 

(Huang and Reichardt, 2003) and that a sirnilar pathway was reported in 

cerebellar glia (Rose et aL, 2003). However, the NT-3 mechanism suggested 

by our results is more noveL 

Indeed, our results indicate that NT-3 signalling on PSCs is indirect, 

requiring the activation of purinergic receptors likely following the release of 

ATP (Fig. 7B). Furthermore, the Ca2
+ elevation in PSCs requires the 

contribution of diverse Ca2
+ channels. The presynaptic terminal is a possible 

site for NT-3 action since ATP is co-released with ACh at NMJs (Redman and 

Silinsky, 1994). However, in the case of our manipulations and those of 

others (Ribchester et aL, 1998) no effect on vesicular release was found for 

either NT-3 or BDNF. One alternative might be that ATP is released by non-
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vesicular mechanisms such as anion transporters (Liu and Bennett, 2003) or* 

other non-selective ion channels such as certain types of purinergic receptors 

(Reisin et aL, 1994). Another possibility is that it could involve the release of 

ATP from PSCs themselves (Fields and Burnstock, 2006), which would then 

act in an autocrine fashion. A third possibility is that ATP is released from 

postsynaptic muscle fi bers acting as a retrograde signal to PSCs (Smith, 

1991; Cunha and Sebastiao, 1993; Santos et aL, 2003). Another 

consideration is that release of ATP and P2Y receptor activation during NT-3 

signalling may results in transactivation of TrkC receptors (Fig. 7B). A similar 

process has been shown for TrkA receptors (Arthur et aL, 2005) and this 

could lead to a potentiation of NT-3 signalling. This wou Id explain the 

. reduction in the presence of a purine receptor inhibitor. 

It would have been interesting to test whether the Ca2+ -dependent 

mechanisms acutely activated by the neurotrophins are at play in the 

modulation observed on the synaptic-mediated interactions between ttie 

synapse and PSCs. However, this proved to be a difficult task owing to the 

fact that the same cellular Ca2+ mechanisms are involved in the genesis of the 

Ca2+ responses induced by the neurotrophins and by ATP and muscarine in 

PSCs. 

The finding that ATP is involved in the NT-3 mediated Ca2+ signais 

would suggest that this pathway may be involved in the modulation of 

muscarine-induced Ca2+ responses. However, this is quite unlikely since Arp 

has never been found to modulate mACh R signalling in PSCs. At this point it 

is unclear what signalling cascade is responsible for the observed modulation 

of mAChRs, however, it is most likely distinct from the Ca2+-dependent 

pathway we described here. 

Significance of acute neurotrophin signalling 

The observed potentiation of PSC responsiveness to synaptic activity 

strongly suggests that neurotrophins regulate the modulation that PSCs exert 
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at the NMJ. A first possibility might be that neurotrophins alter glia-to-neuron 

signalling as a consequence of the modulation of neuron-to-glia 

communication. Our laboratory has previously demonstrated that PSCs can 

alter synaptic function at the amphibian NMJ (Robitaille, 1998; Castonguay 

and Robitaille, 2001). It would be of great interest in future works to 

investigate the involvement of neurotrophins in similar PSC modulation of 

synaptic function. Although our results and those of others found no clear 

effect of neurotrophins on synaptic function at mature NMJs, modulation may 

occur at different developmental stages. For instance, neurotrophins can 

potentiate synaptic transmission at immature NMJs (Lohof et aL, 1993; Wang 

et aL, 1995; Liou and Fu, 1997). In such a situation perhaps neurotrophins 

are involved in altering PSC-mediated modulation of synaptic function to favor 

establishment and consolidation of the synapse. 

A second possibility might be that the modulation of PSCs could alter 

the regulation of transcription or phosphorylation processes.· For instance it is 

known that mAChRs can regulate the expression of glial fibrillary acidic 

protein (GFAP) in PSCs (Georgiou et aL, 1994; Georgiou et aL, 1999) 

whereas ATP receptors have no effect on this process, high-lighting the 

discrete actions of these two receptors. Also, although GFAP expression was· 

not altered by purinergic receptor activation, it would be of interest to 

determine whether other genes may be regulated by purinergic receptor 

signalling as is the case for myelinating Schwann cells (Stevens and Fields, 

2000). The end result of these modulations may be related to the long-term 

maintenance of the NMJ and may relay information concerning the functional 

state of the synapse. 

Concluding Remarks 

As a whole, the results presented here strongly argue for a fine and 

complex neurotrophin-mediated regulation of synapse-glia interactions by 

modulating the responsiveness of PSCs at the NMJ. Hence, it will be 
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particularly interesting to determine. what impacts this neurotrophin-mediated 

modulation have on the functions associatéd with PSCs and their involvement 

in short-term and long-term regulation of the NMJ. 
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3.3. DISCUSSION OF CHAPTER 3 

These results demonstrate for the first time that neurotrophins are 

involved in acute synapse-glial interactions. One trouble5Ome point that arose 

through the course of this study was the lack of a high percentage of junctions 

and PSCs that responded to the local neurotrophin ,application. Interestingly, 

at about the same time that my study was published, a report came out 

indicating that very little TrkC was expressed in adult PSCs (Hess et aL, 

2007). These results could explain the difficulty 1 had getting cells to respond 

to local application of the neurotrophins. It wou Id also suggest that, when 

considering the results 1 did obtain, further investigation of neurotrophin 

signalling to glial cells during NMJ development could uncover even more in­

depth interactions. A similar problem could al50 be associated with BDNF­

TrkB signa!ling,as it has been suggested that little of this full-Iength receptor is 

expressed in adult PSCs (Gonzalez etaL, 1999). Considering this information 

it is likely that further investigation of neurotrophin involvement in neuron-glial 

interactions would be bestcompleted in thecontext of development or 

perhaps in jury. 

An interesting aspect on neurotrophin signalling to PSCs comes from 

work done on myelinating Schwann cells. There are diverse functions for the 

neurotrophins in Schwann cell maturation, migration, and myelination. This 

would suggest that PSC -development could also be regulated by neurotrophin 

signais especially considering that PSCs and myelinating Schwann cells are 

developmentally quite similar (Mirsk~ et aL, 1996). 

Avenues of study regarding neurotrophin signalling could include 

investigating their involvement in PSC migration or proliferation during early 

postnatallife as there is evidence for the involvement of NT-3 in this (Hess et 

aL, 2007). Other potential roles cou Id, include regulating process elongation 

and elaboration. One problem with performing these studies is that it is next, 

to impossible to isolate only PSCs and any sort of dissociation and sorting 

procedure wou Id result in inclusion of myelinating Schwann cells as weil as 
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PSCs. This limits these investigations to observations of what is occurring in 

intact systems and makes it difficult to perform experiments looking at the 

molecular pathways involved in the processes. However, efforts should be 

made to find ways of furthering our understanding of how neurotrophins are 

involved in neuron-glial interactions at the NMJ. 

These results are most directly applicable to the role of neurotrophin 

signalling in modulation of glial cells throughout the nervous system. Although 

the mechanisms and cellular interactions may differ, the fact remains that 

neurotrophins are capable of acutely altering glial responsiveness and 

signalling. As shown in Chapter 2, subtle changes in glial calcium elevations 

can result in quite pronounced differences in synaptic function. Continued 

study in this area will likely reveal more diverse roles for the neurotrophins in 

glial cell function and neuron-glial interactions. 



4. GENERAL DISCUSSION AND CONCLUSION 

ln this thesis 1 have addressed two main questions pertaining to neuron­

glial interactions. The first, a more global question regards the sensitivity of 

glial cells to differences in neuronal activity. This project asked whether glial 

cells could: 1) distinguish betweÊm patterns of neuronal activity, which 1 

showed that they can with different calcium elevations, and 2) what impact 

differences in glial activation has on synaptic function. These results impact 

the fields of synaptic plasticity and neuron-glial communication by indicating 

that glial responses are not simply ail or none, but that these responses 

contai;' precise information that affects the expression of synaptic plasticity. 

The second problem investigated in this thesis involved the plas~icity of 

glial cell calcium elevations. 1 investigated this in the context of neurotrophin 

signalling to PSCs. 1 found that not only do glial cells of the NMJ respond 

acutely to neurotrophins, but also, longer exposure to thE(m can alter glial 

signalling through other receptor systems. These interactions involving the 

neurotrophins cou Id significantly influence neuron-glial communication and 

glial modification of synaptic function. 

4.1. NEURON-GUAL INTERACTIONS IN SVNAPTIC PLASTICITV 

Expression of synaptic plasticity is dependent on a number complex 

• processes. For instance, we now have a plethora of information indicating 

the importance of glial cells in these processes (Allen and Barres, 2005; 

Todd et aL, 2006). The roles that glial cells have in plasticity include both 

long- and short-term events and occur in every region of the nervous 

system investigated thus far. 
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4.1.1. GLIAL CELLS IN INFORMATION PROCESSING AND PLASTICITY 

ln this section 1 will discu.ss the importance of information processing at 

the cellular level for synaptic function. A number of different events can be 

involvedin processing synaptic information including rate and temporal 

coding, spike timing-dependent plasticity, changes in signal to noise ratio 

and synchronous activity. These phenomena and the potential roles of glial 

cells will be addressed in the following section. 

4.1.1.1. Detection of Patterns 

Processing of information by the brain is a complex task. Current 

thinking appear's to be moving towards an inclusive view of coding being 

rate and temporally dependent (Magee, 2003; Harris, 2005). Aside from 

information coding, rate and temporal synaptic information has long been 

known to induce plasticity in neurons. The frequency of stimulation used 

. can influence the outGome of plasticity (potentiation or depression), as can 

the pattern of neuronal activity in both CNS and PNS synapses (Magleby 

and Zengel, 1976; Nicoll and Schmitz, 2005). This con~rol over plasticity is 

employed widely throughout studies of the nervous system. 

rhe expression of plasticity, i.e. changes in synaptic efficacy, is normally 

thought to be a neuronal process as is information coding. However, we 

know that glial cells can be involved in plasticity events like synaptic 

scaling (Stellwagen and Malenka, 2006). Another mechanism of plasticity 

is spike timing-dependent plasticity, where the timing of incoming activity 

onto a postsynaptic neuron influences (Le. increases or decreases) the 

strength of subsequent activity between those neurons (Sjostrom and 

Nelson, 2002). A recent modelling study illustrated that an individual 

neuron, integrating many inputs can "Iearn" a pattern by decreasing 

response delay to that repeated pattern (Masquelier et al., 2008). This 

shows that neurons can be sensitive to particular pattern~ of activity. 
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However, in the intact nervous system there are more cens involved in 

synaptic function than just the postsynaptic cell, and my work suggests that 

. glia are also able to detect patterns of activity. 

One interesting idea in neuronal coding is that since there is always 

some basal, background activity, as with the modelling study mentioned 

about these coding processes therefore must occur through detection of a 

particular signal occurring in the context of the underlying activity. This 

means that the signal must be sorted out of the "noise", With this in mind, it 

would be of great interest to know how glial cells would respond to a 

complex signal containing underlying oscillatory activity with a particular 

pattern imbedded in it. Would glial cells respond rhythmically, 

asynchronously or not at ail to a background oscillatory pattern of activity? 

Additionally, wou Id glial cells, like neurons in the modelling study 

mentioned above, then ''tune'' their responsiveness to a particular pattern 

of activity? One new piece of evidence that might be important for these 

questions comes from work on the somatosensory cortex. C~:lrola Schipke 

showed that astrocytes of the barrel cortex respond to specific neuronal 

activity intheir own barrel if it occurred in layer IV (Schipke et al., 2008). 

However, the same cells did not respond to spontaneous activity occurring 

in lay'ers 111111. This suggests that they can distinguish "important" from 

"unimportant" information and are "tuned" to particular activity as they 

respond to the normal input pathway but not the background oscillations 

occurring in this region. 

4.1.1.2. Synchrony 

Synchronous activity is something that is thought to be important for 

information transfer. This is seen in neuronal oscillations and more 

recently, also as glial oscillations. 
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ln the thalamus it has been shown that astrocytes have an intrinsic 

pacemaker rhythm of calcium elevations (Parri and Crunelli, 2001). 

Interestingly, the astrocyte oscillations appear to be coordinated in a 

localized region and include about 5 astrocytes that display coincidental 

activation (Crunelli et al., 2002). This stimulates the question of whether 

oscillations in astrocytes are at ail coordinated with oscillations occurring in 

the neuronal network?' From in vivo work we do know that glial cells of the 

cortex are intimately linked to ongoing neuronal oscillations (Seigneur et 

aL, 2006) suggesting that they may indeed display coordinated activity with 

neurons. Either' way it would be interesting since independent glial and 

neuronal networks, when aligned, could be a source of resolution ina noisy 
, . 

system. However, it seems more likely that oscillatory patterns in glial cell 

and neuronal networks would be linked in sorne way and a particular 

pattern occurring in the context of oscillations could be decoded by glia, 

postsynaptic neurons and perhaps by presynaptic neurons as weil. Ali 

cellular components, perhaps, provide different bits of information t<? a 

complex puzzle. Importantly, however, what are the signais that lead to 

gliotransrnission in a situation where glial oscillations are occurring or are 

they simply liberating gliotransmitter at each calcium elevation? Probabl~ 

they are, since onlY,about 4% of the thalamocortical astrocytes display this 

pacemaker-like activity it seem likely that they are providing drive for other 

astrocytes and/or neurons. Would these downstream glial cells then be 

synthesizing incoming information from a number of different cells, glial 

and neuronal alike? It seems probable that they could integrate signais 

from a number of different cells, since my data indicates that they can 

decode differences in neuronal activity, and that their signalling is 

modulated by different transmitters. Furthermore, Perea and Araque (2005) 

showed that glial cells respond differently to different inputs, therefore, 

suggesting that they are. constantly integrating information to respond 

appropriately to a given context. 

---------~--'------------------------
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At the level of neurons; the glial calcium oscillations are reported ta 

induce large, slow depolarizations of neighbouring neurons through 

activation of NMDA receptors (Parri et aL, 2001). Recent reports from;other 

laboratories have demonstrated that these large, slow NMDA receptor 

currents t mediated by astrocytes have the capacity to synchronize neurons 

(Anguloet al., 2004; Fellin et al., 2004). Although the relevance of this in 

situ has recently been called into question (Fiacco et aL, 2007), it remains 

a tantalizing mechanism of regulating network fLinction. 

Oscillations of glial calcium oscillations may provide drive for 

neighbouring glia and neurons leading to synchronous activation. This ' 

synchrony may provide valuable information to ongoing processes. 

Glial cells are capable of processing incoming information from neurons 

in a pattern-dependent manner. Studies from other labs further suggest 

glial involvement in the decoding of information from underlying noise and 

in the generation of synchronous oscillatory activity, which could be critical 

for information transfer. 

4.1.2. FROM DETECTION TO PERCEPTION: GUA SOLVE FOR DIFFERENCES IN 

NEURONAL ACTIVITY 

It has been over 15 years since the first reports of glial cells responding 

to nerve activity (Jahromi et aL, 1992; Reist and Smith, 1992). These glial 

responses were later shown to be responsible for modifying synap'tic 

function in a number of preparations. Additionally, one of these 

demonstrated that glial cells could bidirectionally modulate neuronal 

activity, however, the mechanisms were not determined (Newman and 

Zahs, 1998). Similarly, separate studies on the NMJ have shown that 

oeuronal function can be both positively (Castanguay and Robitaille, 2001) 

and negatively (Robitaille, 1998) regulated by PSCs depending on the 

- manipulation. These kinds of results lead to a working hypothesis that glial 
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calcium responses were ail or none events that, when present, lead to a 

particular change in synaptic function. This would suggest that a calcium 

response in a particular glial cell could only be involved in one form of 

plasticity. This is somewhat contradictory to glial cells being active partners 

in synaptic function since it is clear that synapses must both up-, and 

down-regulate under different conditions. Therefore, other possible 

methods of neuron-glial communication have been suggested. 

One hypothesis regarding the underlying control of positive versus 

negative modulation was derived from the two studies from Richard 

Robitaille's laboratory. It was suggested that glial calcium elevations were 

responsible for potentiation, while activation of other G-protein cou pied 

receptors, for ·example Gi coupled receptors that are linked to adenylate 

cyclase activity, could be responsible for depression. This would certainly 

be a feasible mechanism for the separation of positive or negative signais 

at the receptor levaI. Certainly these mechanisms could be active and 

would be difficult to detect since our primary method of studying glial­

synapse interactions. involves calcium imaging, which may not be occurring 

under ail conditions. However, my results suggest that glial cells can 

separate neuronal signais and provide positive and negative feedback to 

the synapse based solely on differences in the glial calcium signal. This 

arrives through the generation of single spike and oscillatory calcium 

elevations in response to different presynaptic activities. The surprising 

and most interesting discovery was that these differences in calcium 

elevation apparently translate the ne,uronal signal into tangible differences 

in how the glial cells respond. This type of idea is quite different from all-or­

none responses where glial activation "state" might provide a more 

accu rate indication of how.synaptic function will be modified. 

The idea that glial, cells could be involved in coding and information 

processing in the brain is an intriguing possibility. It would revolutionize our 

thinking about many processes such as sensory perception and neuronal 
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network function. It seems that retinal Muller glial cells might be performing 

the se functions (Newman and Zahs, 1998), although it has not yet been 

defined in this way. This would be an interesting system to investigate the 

ability of glial cells to perform discrimination tasks on different stimuli since 

the application of varieties of stimuli is relatively uncomplicated. 

These results shift how we look at glial cell responses from being all-or­

none to being varied with substantial differences in the resulting synaptic 

modulation. This provides a mechanism for glial cells to process incoming 

information and alter their functioning accordingly. Similar methods are 

probably employed by astrocytes in the brain, although the specifics are 

likely different. This evolution in our understanding of glial function moves 

these cells from bits of "glue" to intimately involved information processors. 

4 .. 1.3. GLIAL CELLS BIDIRECTIONALLV MODULATE SVNAPTIC FUNCTION 

Over the past decade a number of studies have demonstrated the 

involvement of glial cells in synaptic function (Volterra and Meldolesi, 

2005). As mentioned above, they can both positively and negatively 

modulate synaptic function, something that is dependent on glial decoding 

of synaptic information. Following this decoding glial cells provide feedback 

to synapses in a variety of ways. 

4.1.3.1. Acute Feed back 

Acute signalling by glial cells is known to modulated synaptic function. 

As mentioned earlier this occurs through the release of gliotransmitters. 

Most recently researchers have begun to investigate glial-to-neuron 

signalling at the single synapse level using direct activation of glial cells 

(Perea and Araque, 2007). This study revealed the ability of glial calcium 

elevations to pote:ntiate an individual synapse in the hippocampus. 

Interestingly, similar to spike timing-dependent plasticity discussed in 
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neurons, coincidence of the glial signal and postsynaptic activation lead to 

prolonged potentiation. This suggests the involvement of glial cells in a 

process, previously thought to only to involve neurons. 

Prior to this study, a number of different studies have shown the ability 

of glial cells to increase and decrease synaptic function (Auld and 

Robitaille, 2003b). Most of the information gained to date, however, 

provides evidence of how glial cells at a given synapse modulate synaptic 

efficacy in one direction or theother, but not both. However, for synapses 

to function properly, they must be able to rapidly modulate up and down, 

not just continually in one direction. The results that 1 present in Chapter 2 

reveal this ability in glial cells. In the case of my study we suggest that glial 

cells are releasing differenf àmounts of ATP to cause the differences in 

plasticity. However, it is also possible that glial cells could release different 

transmitters under different conditions, depending on how they were 

activated. This acute feedback to synapses has the possibility to rapidly 

modulate synaptic function. 

4.1.3.2. Long-term Modulation 

Interestingly, plasticity can be regulated over longer periods of time 

through changes in expression or through structural changes. It is now 

apparent that glial cells can influence these longer changes as weil as the 

acute ones mentioned above. A goOO example of this was shown to occur 

in the hypothalamus where synaptic'coverage by astrocytes is changed 

during lactation. These changes can have potent effects on how neurons 

communicate and can dramatically alter their activity (Piet et aL, 2004; 

P~matieret aL, 2006). 

There is a certain amount'of dendritic morphological plasticity in the 

normal brain (Grutzendler et aL, 2002; Zuo et aL, 2005; Xu et aL, 2007) 

one could hypothesize that there is also a certain level of accompanying 
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glial plasticity as suggested in work on hippocarnpal slice culture (Haber et 

al., 2006). However, knowing that the choice of preparation greatly affects 

dendritic morphological plasticity (Xu et al., 2007), it is reasonable to 

suspect similar effects on glia. It would, therefore, be important to 

investigate the role of anatomical rearrangement between neurons and glia 

in vivo, an approach that would more strongly implicate glialsynaptic 

associations in directly shaping synaptic plasticity; These adjustments 

could in fact alter the direction or extent of plasticity seen at synapses as 

weil as the plasticity of neighbouring synapses. 

Distinct calcium signais in glial cells could have a long-term influence on 

glial and synaptic morphological plasticity. As will be discussed below, 

calcium signalling could be important for regulating the actin cytoskeleton 

and the interaction of a number of effectors with it. This is one area where 

the neurotrophin modulation of glial œil calcium signais could have an 

undiscovered effect. These factors are known for their involvement in 

outgrowth and long-term changes, they therefore, could be involved in 

morphological plasticity of glia and synapses. 

One surprising piece of information, however, regarding glial cells and 

synaptic function comes 'from anatomical studies that investigate the 

interaction-between astrocytes and neurons of the hippocampus (Ventura 

and Harris, 1999). This study suggests that glial cells surround only a 

portion of ail synapses in,the hippocampus.' This would, therefore, suggest 

that glia would have a limited impact on synaptic function since they may 

only influence up to half of them. Interestingly, current thought is that glial 

cell association with synapses is occurring primarily at developed, 

functional synapses and it is possible that glial cells do not as commonly 

associate with developing synapses, but arrive at a time when they can , 

provide stability or perhaps in some cases, instability (Murai et al., 2003). 

Although these interactions are not entirely resolved it is clear that glial 

cells can modify synaptic function in both an acute and chronic manner. 
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This can occur through the rel~ase of different gliotransmitters and through 

reorganization of synaptic compartments. 

4.1.4. GLIAL CELLS MODULATE PLASTICITY THROUGH PURINES 

There is more and more evidence for the involvement of glial cells in 

synaptic plasticity. As previously mentioned, glial cells can influence 

synapses through direct cell-cell contact as weil as through release of a 

number of different factors. One group of gliotransmitters that continues to 

surface as an influential molecule in neuron-glial interactions are the 

purines. ATP and adenosine are known to influence axon-glial 

communication and myelination (Fields and Stevens-Graham, 2002). 

Furthermore, for a long time purines have been known to influence 

neuronal function throughout the nervous system. It is relatively recently 

that research has demonstrated the involvement of glial cells in many of 

these processes (Cunha, 2008). 

Sorne of the best understood purine-mediated mechanisms involve 

adenosine receptor actions on neurons. The mechanisms of A1 receptor­

mediated inhibition of synaptic transmission are weil understood. At the 

presynaptic terminal these receptors can interact with K+ channels 

(Trussell and Jackson, 1985) and Ca2+ channels (MaçDonald et aL, 1986; 

Silinsky, 2004) to inhibit release. Also, at the NMJ A2A receptors seem to be 

linked to L-ype Ca2+ channels to enhance release (Oliveira et aL, 2004). 

Interestingly, the activation of one receptor type, versus the other, is not 

the only way in which these receptors regulate transmission. In fact, there 

is significant interaction between adenosine receptors where activation of 

one can influence the activation of the other. For instance, in the 

hippocampus PKC activation by A2A receptors can lead to a functional 

down-regulation of A1 receptors (Lopes et aL, 1999). Additionally, it has 

recently been reported that A1 and A2A receptors can form-functional 
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heteromers that crosstalk. This was shown to result in A2A mediated 

inhibition of A1 receptors that occurred as synaptic adenosine levels rose 

(Ciruela et al., 2006). This degree ot crosstalk may, in tact, play a. role in 

the phenomena 1 investigated, where activation of one receptor is 

dependent on the other. Another scenario is that activation of the A2A leads 

to inhibition of the A1 receptors and ultimately synaptic potentiation. Aside 

trom purinoceptor crosstalk, these receptors also interact with glutamate 

receptors to regulate glutamate receptor-dependent plasticity(Rebola et 

aL, 2008). Taken together, these reports suggest complex and important 

roles for purinoceptors in synaptic function throughout the nervous system. 

Interestingly, more and more evidence is pointing to roles for glial cells in 

the regulation of purine signalling. 

Through ail of these complex interactions one theme is beginning to take 

precedence, which is the involvement of glial ce Ils in the generation of 

these adenoceptor functions. It is weil known that glialcells throughout the 

nervous system can release ATP (Fields and Bu rnstock , 2006). For 

instance, in the mammalian retina, Muller glia release ATP, an activity that 

subsequently decreases neuronal activity (Newman, 2003). In hippocampal 

culture, astrocytic ATP can also depress neuronal function (Koizumi et al., 

2003). These effects were further shown to oœur in slices and are 

important for rapid (Zhang et aL, 2003) and more long lasting (Pascual et 

aL, 2005; Serrano et aL, 2006) modulation of synaptic function. My work 

presented here suggests that glial cells at the NMJ perform similar roles, 

and release ATP to modify synaptic function. The major advancement, 

however, that we propose is that glial cells decode neuronal activity and 

modify their activity to differentially affect synapses. It is likely that gliéll 

cells in other parts of the nervous system.are similarly capable of detecting 

differences in neuronal activity and modifying their function accordingly. 
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4.2. NEUROTROPHINS AND PLAS"nCITY 

Synaptic plasticity is dependent on a number of different factors 
! 

depending on the context and region of the nervous system involved. As 

discussed above, glial cells are involved in many of the se processes. One 

, concept that surfaced during my work was the importance of the type of 

calcium elevations in the glial cells and the impact those differences can 

have on synaptic function. The generation of different calcium responses 

appears to be a critical element of neuron-glial interactions, however, we 

do not know what leads to the differences in glial activation. What is known 

is that anything modulating glial calcium signa.lling could have profound 

effects on neuron-glial communication and synaptic function. 

One group of molecules that appeared to hold interesting modulatory 

capabilities was the neurotrophins. These molecules can have short-term 

'functions in cell signalling and induce calcium elevations through IP3, but 

also have long-lasting effects such as cell morphology and gene regulation. ' 

Furthermore, recently BDNF was shown to induce calcium elevations in 

CNS glia (Rose et al., 2003). This suggested that neurotrophins could 

potentially do the sa me in PSCs at the NMJ,something that could lead to 

altered neuron-glial communication. 

1 investigated the involvement of neurotrophins in the function of PSCs 

at thé NMJ, and found similar calcium signalling, induced by.neurotrophins 

as to that reported in the CNS (Rose et al., 2003). 1 also revealed potential 

functional implications for the neurotrophin signalling on PSC, and NMJ 

function through their modulation of other signalling pathways. When put in 

the context of my first project, it is possible that the neurotrophin-mediated 

modulation of glial calcium signalling could have profound effects on 

synaptic function as weil as neuron-glial communication. 
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4.2.1. MODULATION OF GLIAL CALCIUM RESPONSES 

. As mentioned, differences in calcium regulation and signalling in glial 

cells appears to be a major route for regulating different cellular processes. 

At the NMJ, neurotrophins are able to modify the PSC calcium elevations. 

ln addition, many other mechanisms exist for the modulation of glial 

calcium signais. 

Glial cells are heterogeneous, similar to neurons. There are many 

different types of glial cells and with each glial cell type are correspondingly 

different properties. One area of particular relevançe is the heterogeneity in 

calcium handling. It is weil known that different glial cells express different 

receptors and this is partially responsible for differences in calcium 

signalling. For example, calcium responses can be simple single spikes, 

biphasic or complex depending on the receptors activated and the source 

of calcium (Verkhratsky and Kettenmann, 1996). 

Although it is apparent that activation of different receptors cou Id lead to 

different calcium signais, signalling cascades can also be regulated. Here 1 

have shown that the neurotrophins do just that, by increasing and 

decreasing various properties of purine and acetylcholine-dependent 

signais. This modulation could be achieved through a number of different 

mechanisms. Considering the time frame (30 min) it is possible that the 

number of receptors on the surface were altered. Also, since the responses 

investigated were cou pied to metabotropic receptors it is possible that a 

step in the signalling cascade was modified. For example, perhaps the 

availability of PIP2, the precursor of IP3 was changed. This could occur 

through altered sequestering to membrane-associated proteins, which can 

be regulated by PKC (Larsson, 2006). These processes tie together the 

acute calcium signalling with longer-term events such as receptor 

expression. 

ln fact, ail of these molecular cascades cou Id be implicated in more 

long-term aspects of glial cell regulation. For example, glial stability could 
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,also be affect by changes in calcium signalling. This could occur since PIP2 

and a number of related effectors are linked to actin dynamics (Logan and 

Mandato, 2006). Therefore, modulation of PLC activity and the amountof 

PIP2 availabie could have important consequences. Another example of 

proteins linked to this pathway is GAP-43, a protein linked to the actin ' 

cytoskeleton and known to be upregulated in PSCs following denervation 

(Woolf et al., 1992). This upregulation may be involved in PSC sprouting 

and is likely involved, in part, in sequestering PIP2 to the membrane (Tong 

et al., 2008). One possibility, therefore, is that neurotrophin signalling to 

PSCs is involved in the regulation of proteins associated with the 

cytoskeleton. The observed change i~ calcium signalling by purinoceptors 

and mAChRs could be a side effect related to changes in functions 

associated with more long-term stability or simply due to short-term 

regulation of the receptor signalling itself. Perhaps, as with the 

postsynaptic density of the NMJ (Gonzalez et al., 1999), neurotrophins are 

important for thestability of PSCs and their processes. Therefore, 

investigating the long-term effect of specific perturbations to neurotrophin 

signalling in PSCs cou Id reveal new roles for these molecules. 

Despite ail these possible roles for neurotrophin signalling in PSCs, 1 

was unable to observe any modulation to synaptic function. This could be 

due to a number of reasons. One primary aspect that should be addressed 

in subsequent work is the age of animais used. Since 1 used adult animais 

.' 

it is quite possible that decreased expression of receptors complicated my • 

results. Furthermore, it is likely that changes to synaptic structure and 

function could be observed over longer periods of time. For example Hess 

et al. (2007) reported changes in PSC number when NT3 was 

overexpressed. Considering this, it seems likely that neurotrophins are 

have significant impact on neuron-glial communication and the long-term 

structure of the NMJ eventhough 1 observed no short-term modification to 

synaptic function. 

--_. __ ._------------------------
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4.2.2. CROSSTALK BETWEEN SIGNALLING CASCADES 

Neurotrophin receptors interact with a number of different signalling 

systems. My work suggests that not only do the neurotrophin receptors 

interact with purinoceptors, but that they also interact with the cholinergic 

system operating in PSCs. This leads to changes in the calcium signalling 

in PSCs, which 1 propose, may play a role in PSC stability. 

Neurotrophin receptors are known to interact with purinoceptors (Lee 

and Chao, 2001; Arthur et al.,2005) and other G-protein coupled receptor 

systems (Lee et aL, 2002; Rajagopal et aL, 2004). These previous studies 

have demonstrated that activation of purinoceptors can lead to activation of 

Trk receptors in the absence of neurotrophins. This seems to occur 

through signalling by P2Y2 and A2A receptors. These data lead to the 

interesting question of whether activation of presynaptic A2A receptors at 

the NMJ, what 1 showed to induce a potentiation, affects neurotrophin 

signalling in any way. Also, a recent report suggests that activation of the 

A2A receptors is important for the facilitatory effects of BDNF on 

neuromuscular transmission (Pousinha et aL, 2006). This indicates even 

further interaction between these two signalling systems in a functional 

context. 

Interaction between different signalling cascades can occur at many 

different levels. For instance with the neurotrophins, interactions can be 

observed between the receptors themselves. Also, downstream from the 

receptors there are any number of possible interactions. For instance it 

could be that Trk activation leads to a phosphorylation event that 

influences other receptor signalling. Alternatively, it could be more 

modulation of sorne target or substrate in the cascade of the other receptor 

that is altered. As mentioned in the last section, one potential target could 

be PIP2• Crosstalk between receptor systems could occur at man y places 

in the cascades to cause the observed modulation of calcium signalling. 

------------------------------
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Perhaps at the developing NMJ or even in the adult, A2A receptors and 

neurotrophins interact to modulate plasticity and stability of, PSCs and the 

NMJ as a whole. 

4.2.3. IMPLICATIONS OF NEUROTROPHINS IN THE TRIPARTITE SYNAPSE 

The involvement of neurotrophins in PNS development, stability, and 

myelination are weil established (Pitts et aL, 2006). As more information 

surfaces regardir:lg this group of molecules we better understand their 

importance, not only for neurons, but also for glial cells. Furthermore, their 

impact on glial cell function becomes increasingly complex. 

The neurotrophins have prominent functions during development. For 

example it is now known that glial-derived BDNF can influence inhibitory 

neuron synaptic development in the hippocampus (Elmariah et aL, 2005b). 

At the NMJ the evidence for neurotrophins in development is limited to the 

neuronal elements and myelinating Schwann cells except for sorne recent 

evidence that NT-3 could influence PSC proliferation (Hess et aL, 20.07). 

However, considering the importance of neurotrophins for other aspects of 

myelinating Schwann cell development and synaptic development it seem 

likely that they could have other influences on PSCs as weil. For instance 

in myelinating Schwann cells neurotorphins influence cellular elongation 

(Chan et aL, 2001), something similar occurs in PSCs and could also be 

influenced by neurotrophins. . 

ln terms of synaptic development, neurtrophins seem to have important 

roles in strengthening immature synapses (Lohof et aL, 1993). To date' no 

information exists on the influence neurotrophins have on the development 

of perisynaptic glia other than that mentioned above. However, it is likely 

that they induce sorne changes in glial cells during development, whether 

directly or indirectly. Since the synapse develops as a whole, the absence 
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of neurotrophins during these early stages would probably affect more than 

just neurons. 

The demonstration that neurotrophins could induce rapid calcium 

signalling in glial cells provides an attractive link between the neurotrophins 

and perisynaptic glia (Rose 'et aL, 2003). It also raises the question of 

whether neurotrophin signalling to glial cells during development plays a 

role in regulating synaptic maturation. Another i,ntriguing question regards 

the involvement of neurotrophins in PSC stability. Although both TrkB and 

TrkC seem to be expressed at only low levels in adult PSCs (Gonzalez et 

aL, 1999; Hess et aL, 2007) it is possible that p75 still has functions. 

Alternatively, rather than prbviding signais to maintain stability, perhaps 

receptor expression increases following denervation, and is involved in 

PSC instability and outgrowth. It does, however, seem unlikely that the 

neurotrophins play any role in the plasticity of mature NMJs since we found 

no evidence of this, in agreement with ottiers (Ribchester et aL, 1998). 

Considering this, 1 suggest that neurotrophin signalling in PSCs at mature 

synapses, if they have a role, is likely in a more long-term phenomenon 

other th an modulation of transmitter release. 

4.3. CONCLUSION 

ln ttlis thesis 1 have addressed basic aspects of cellular communication 

and synaptic function and have also investigated the influence of specifie 

molecules on glial cell function. To this end, 1 have provided, what 1 feel, is 

novel insight into neuron-glial communication and glial cell function in the 

context of synaptic transmission. The idea that glial cells could be able to 
J 

process information and distinguish differences in the pattern of neuronal 

activity is an intriguing possibility when viewed in the context of whole brain 

functioning. It is most certainly a topic that deserves further investigation, 

since the implications are extensive. 
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The major advancement that 1 have provided through my work on 

neuron-glial interactions and the involvement of neurotrophins in those 

interactions is the idea that glial calcium signais are varied, and modifiable. 

More importantly, these properties are critical for the outcome of neuron­

glial interactions and synaptic function. It is clear that different patterns of 

nerve activity can lead to different glial activation. How exactly this arrives 

is still unknown, however, my work on the neurotrophins points to one 

group of molecules that can influence glial calcium signalling in this way. 

Taken together the results that 1 have presented here advance our 

understanding of how synaptic communication occurs in the nervous 

system. It is my hope that these studies will influence future work on 

neuron-glial communication and synaptic transmission in general. 

• 



5. BIBUOGRAPHY 

Acheson A, Barker PA, Alderson RF, Miller FD, Murphy RA (1991) Detection 

of brain-derived neurotrophic factor-like activity in fibroblasts and 

Schwann cells: inhibition by antibodies to NGF. Neuron 7:265-275. 

Alderson RF, Curtis R, Alterman AL, Lindsay RM, DiStefano PS (2000) 

Truncated TrkB mediates the endocytosis and release of BDNF and 

neurotrophin-4/5 by rat astrocytes and schwann cells in vitro. Brain 

Res 871 :210-222. 

Allen NJ, Barres BA (2005) Signaling between glia and neurons: focus on 

synaptic plasticity. Curr Opin NeurobioI15:542-548. 

Anderson MJ, Cohen MW (1977) Nerve-induced and spontaneous 

redistribution of acetylcholine receptors on cultured muscle cells. J 

PhysioI268:757-773. 

Angulo MC, Kozlov AS, Charpak S, Audinat E (2004) Glutamate released 

from glial cells synchronizes neuronal activity in the hippocampus. J 

Neurosci 24:6920-6927. 

Ansselin AD, Davey OF, Allen DG (1997) Extracellular ATP increases 

intracellular calcium in cultured adult Schwann cells. Neuroscience 

76:947-955. 

Arevalo JC, Conde B, Hempstead BI, Chao MV, Martin-Zanca D, Perez P 

(2001) A novel mutation within the extracellular domain of TrkA causes 

constitutive receptor activation. Oncogene 20:1229-1234. 

Arthur DB, Akassoglou K, Insel PA (2005) P2Y2 receptor activates nerve 

growth factorlTrkA signaling to enhance neuronal differentiation. Proc 

Natl Acad Sci USA 102:19138-19143. 

Auld OS, Robitaille R (2003a) Perisynaptic Schwann cells at the 

neuromuscular junction: nerve- and activity-dependent contributions to 

synaptic efficacy, plasticity, and reinnervation. Neuroscientist 9:144-

157. 



155 

Auld DS, Robitaille R (2003b) Glial cells and neurotransmission: an inclusive 

view of synaptic function. Neuron 40:389-400. 

Auld DS, Colomar A, Belair EL, Castonguay A, Pinard A, Rousse /, Thomas 

S, Robitaille R (2003) Modulation of neurotransmission by reciprocal 

synapse-glial interactions at the neuromuscular junction. J Neurocytol 

32:1003-1015. 

Baldelli P, Magnelli V, Carbone E (1999) Selective up-regulation of P- and R­

type Ca2+ channels in rat embryo motoneurons by BDNF. Eur J 

Neurosci 11 :1127-1133. 

Balice-Gordon RJ, LichtmaÎ1 JW (1993) ln vivo observations of pre- and 

postsynaptic changes during the transition from multiple to single 

innervation at developing neuromuscular junctions. J Neurosci 13:834-

855. 

Balkowiec A, Katz DM (2002) Cellular mechanisms regulating activity­

dependent release of native brain-derived neurotrophic factor from 

hippocampal neurons. J Neurosci 22:10399-10407. 

Bandtlow CE, Heumann R, Schwab ME, Thoenen H (1987) Cellular 

localization of nerve growth factor synthesis by in situ hybridization. 

EMBO J 6:891-899. 

Baxter GT, Radeke MJ, Kuo RC, Makrides V, Hinkle B, Hoang R, Medina­

Selby A, Coit D, Valenzuela P, Feinstein SC (1997) Signal transduction 

mediated by the truncated trkB receptor isoforms, ,trkB.T1 and trkB.T2. 

J Neurosci 17:2683-2690. 

Baxter RL, Vega-Riveroll LJ, Deuchars J, Parson SH (2005) A2A adenosine 

receptors are located on presynaptic motor nerve terminais in the 

mouse. Synapse 57:229-234. 

Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, Von Zastrow 

M, Beattie MS, Malenka RC (2002) Control of synaptic strength by glial 

TNFalpha. Science 295:2282-2285 .. 



156 

Belluardo N, Westerblad H, Mudo G, Casabona A, Bruton J, Caniglia G, 

Pastoris 0, Grassi F, Ibanez CF (2001) Neuromuscular junction 

disassembly and muscle ,fatigue in mice lacking neurotrophin-4. Mol 

Cell Neurosci 18:56-67. 

Bennett MK, Calakos N, Kreiner T, Scheller RH (1992) Synaptic vesicle 

membrane proteins interact to form a multimeric complex. J Cell Biol 

116:761-775. 

Bergles DE, Jahr CE (1997) Synaptic activation of glutamate transporters in 

hippocampal astrocytes. Neuron 19:1297-1308. 

Bergles DE, Jahr CE (1998) Glial contribution to glutamate uptake at Schafter 

collateral-commissural synapses in the hippocampus. J Neurosci 
1 

18 :7709-7716. 

Bernardinelli Y, Magistretti PJ, Chatton JY (2004) Astrocytes generate Na+­

mediated metabolic waves. Proc Natl Acad Sci USA 101 :14937-

14942. 

Berwin B, Floor E, Martin TF (1998) CAPS (mammalian UNC-31) protein 

localizes to membranes involved in dense-core vesicle exocytosis. 

Neuron 21 :137-145. 

Betz WJ (1970) Depression of transmitter release at the neuromuscular 

junction of the frog. J Physiol 206:629-644. 

Betz WJ, Bewick GS (1992) Optical analysis of synaptic vesicle recycling at 

the frog neuromuscular junction. Science 255:200-203. 

Betz WJ, Bewick GS (1993) Optical monitoring of transmitter release and 

synaptic vesicle recycling at the frog neuromuscular junction. J Physiol 

460:287-309. 

Bezzi P, Gundersen V, Galbete JL, Seifert G, Steinhauser C, Pilati E, Volterra 

A (2004) Astrocytes contain a vesicular compartment that is competent 

for regulated exocytosis of glutamate. Nat Neurosci 7:613-620. 



Birks RI, Cohen MW (1968a) The influence of internai sodium on the 

behaviour of motor nerve endings. Proc R Soc Lond B Biol Sci 

170:401-421. 

157 

Birks RI, Cohen MW (1968b) The action of sodium pump inhibitors on 

neuromuscular transmission. Proc R Soc Lond B Biol Sci 170:381-399. 

Blochl A, Thoenen H (1996) Localization of cellular storage compartments 

and sites of constitutive and activity-dependent release of nerve growth 

factor (NGF) in primary cultures of ~Iippocampal neurons. Mol Cell 

Neurosci 7:173-190. 

Boulanger L, Poo MM (1999) Presynaptic depolarization facilitates 

neurotrophin-induced synaptic potentiation. Nat Neurosci 2:346-351. 

Bourque MJ, Robitaille R (1998) Endogenous peptidergic modulation of 

perisynaptic Schwann cells at the frog neuromuscular junction. J 

Physiol 512:197-209. 

Brigadski T, Hartmann M, Lessmann V (2005) Differentiai vesicular targeting 

and time course of synaptic secretion of the mammalian neurotrophins. 

J Neurosci 25:7601-7614. 

Brunet A, Kanai F, Stehn J, Xu J, Sarbassova D, Frangioni JV, Dalal SN, 

DeCaprio JA, Greenberg ME, Yaffe MB (2002) 14-3-3 transits to the 

nucleus and participates in dynamic nucleocytoplasmic transport. J 

Cell Biol 156 :817 -828. 

Bushong EA, Martone ME, Jones YZ, Ellisman MH (2002) Protoplasmic 

astrocytes in CA 1 stratum radiatum occupy separate anatomical 

domains. J Neurosci 22:183-192. 

Cai F, Campana WM, Tomlinson DR, Fernyhough P (1999) Transforming 

growth factor-beta1 and glial growth factor 2 reduce neurotrophin-3 

mRNA expression in cultured Schwann cells via a cAMP-dependent 

pathway. Brain Res Mol Brain Res 71 :256-264. 

Canossa M, Gartner A, Campana G, Inagaki N, Thoenen H (2001) Regulated 

secretion of neurotrophins by metabotropic glutamate group 1 (mGluRI) 



158 

and Trk receptor activation is mediated via phospholipase C signalling 

pathways. EMBO J 20:1640-1650. 

Cao G, Ko CP (2007) Schwann cell-derived factors modulate synaptic 

activities at developing neuromuscular synapses. J Neurosci 27:6712-

6722. 

Carrasco DI, English AW (2003) Neurotrophin 4/5 is required for the normal 

development of the slow muscle fiber phenotype in the rat sole us. J 

Exp Biol 206:2191-2200. 

Castonguay A, Robitaille R (2001) Differentiai regulation of transmitter release 

by presynaptic and glial Ca2+ internai stores at the neuromuscular 

synapse. J Neurosci 21':1911-1922. 

Chan JR, Cosgaya JM, Wu YJ, Shooter EM (2001) Neurotrophins are key 

mediators of the myelination program in the peripheral nervous 

system. Proc Natl Acad Sci USA 98:1466~-14668. 

Chan JR, Watkins TA, Cosgaya JM, Zhang C, Chen L, Reichardt LF, Shooter 

EM, Barres BA (2004). NGF controls axonal receptivity to myelin'ation 

by Schwann cells or oligodendrocytes. Neuron 43:183-191. 

Choi RC, Man ML, Ling KK, Ip NY, Simon J, Barnard EA, Tsim KW (2001) 

Expression of the P2Y1 nucleotide receptor in chick muscle: its 

functional role in the regulation of acetylcholinesterase and 

acetylcholine receptor. J Neurosci 21 :9224-9234. 

Choi RC, Siow NL, Cheng AW, Ling KK, Tung EK, Simon J, Barnard EA, 

Tsim KW (2003) ATP acts via P2Y1 receptors to stimulate 

acetylcholinesterase and acetylcholine receptor expression: 

transduction and transcription control. J Neurosci 23:4445-4456. 

Christopherson KS,. Ullian EM, Stokes CC, Mullowney CE, Hell JW, Agah A, 

Lawler J, Mosher OF, Bornstein P, Barres BA (2005) 

Thrombospondins are astrocyte-secreted proteins that promote CNS 

synaptogenesis. Cell 120:421-433. 



159 

Ciruela F, Casado V, Rodrigues RJ, Lujan R, Burgueno J, Canals M, Borycz 

J, Rebola N, Goldberg SR, Mallol J, Cortes A, Canela El, Lopez­

Gimenez JF, Milligan G, Lluis C, Cunha RA, FerreS, Franco R (2006) 

Presynaptic control of striatal glutamatergic neurotransmission by 

adenosine A1-A2A receptor heteromers. J Neurosci 26:2080-2087. 

Climent E, Sancho-Tello M, Minana R, Barettino D, Guerri C (2000) 

Astrocytes in culture express the full-Iength Trk-B receptor and 

respond to brain derived neurotrophic factor by changing intracellular 

calcium levels: effect of ethanol exposure in rats. Neurosci Lett 288:53-

56. 

Ccihen S (1960) Purification Of A Nerve-Growth Promoting Protein From The 

Mouse Salivary Gland And Its Neuro-Cytotoxic Antiserum. Proc Natl 

Acad Sci USA 46:302-311. 

Collet C, Strube C, Csernoch L, Mallouk N, Ojeda C, Allard B, Jacquemond V 

(2002) Effects of extracellular ATP on freshly isolated mouse skeletal 

muscle cells during pre-natal and post-natal development. Pflugers 

Arch 443:771-778. 

Colomar A, Amedee T (2001) ATP stimulation of P2X(7) receptors activates 

three different ionic conductances on cultured mouse Schwann cells. 

Eur J Neurosci 14:927-936. 

Cooper RL, Winslow JL, Govind CK, Atwood HL (1996) Synaptic structural 

complexity as a factor enhancing probability of calcium-mediated 

transmitter release. J Neurophysiol 75:2451-2466. 

Corbit KC, Foster DA, Rosner MR (1999) Protein kinase Cdelta mediates 

neurogenic but not mitogenic activation of mitogen-activated protein 

kinase in neuronal cells. Mol Cell Biol 19:4209-4218. 

Cornell-Bell AH, Finkbeiner SM, Cooper MS, Smith SJ (1990) Glutamate 

induces calcium waves in cultured astrocytes: long-range glial 

signaling. Science 247:470-473. 



Correia-de-Sa P, Timoteo MA, Ribeiro JA (1996) Presynaptic A 1 

inhibitory/A2A facilitatory adenosine receptor activation balance 

depends on motor nerve stimulation paradigm at the rat 

hemidiaphragm. J Neurophysiol 76:3910-3919. 

Cosgaya JM, Chan JR, Shooter EM (2002) The neurotrophin receptor 

p75NTR as a positive modulator of myelination. Science 298:1245-

1248. 

160 

Crunelli V, Blethyn KL, Cope DW, Hughes SW, Parri HR, Turner JP, Toth TI, 

Williams SR (2002) Novel neuronal and astrocytic mechanisms in 

thalamocortical loop dynamics. Philos Trans R Soc Lond B Biol Sci 

357:1675-1693. 

Cunha RA (2001) Adenosine as a neuromodulator and as a homeostatic 

regulator in the nervous system: different roles, different sources and 

different receptors. Neurochem Int 38:107-125. 

Cunha RA (2008) Different cellular sources and different roles of adenosine: 

A(1) receptor-mediated inhibition through astrocytic-driven volume 

transmission and synapse-restricted A(2A) receptor-mediated 

facilitation of plasticity. Neurochem Int 52:65-72. 

Cunha RA, Sebastiao AM (1993) Adenosine and adenine nucleotides are 

independently released from both the nerve terminais and the muscle 

fibres upon electrical stimulation of the innervated skeletal muscle of 

the frog. Pflugers Arch 424:503-510. 

Dalle S, Imamura T, Rose DW, Worrall OS, Ugi S, Hupfeld CJ, Olefsky JM 

(2002) Insulin induces heterologous desensitization of G-protein­

cou pied receptor and insulin-like growth factor 1 signaling by 

downregulating beta-arrestin-1. Mol Cell Biol 22:6272-6285. 
, 

Dani JW, Chernjavsky A, Smith SJ (1992) Neuronal activity triggers calcium 

waves in hippocampal astrocyte networks. Neuron 8:429-440. 



161 

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, Greenberg ME (1997) 

Akt phosphorylation of BAD couples survival signais to the cell-intrinsic 

death machinery. Cell 91 :231-241 . 

David G, Barrett EF (2000) Stimulation-evoked increases in cytosolic [Ca(2+)] 

in mouse motor nerve terminais are limited by mitochondrial uptake 

and are temperature-dependent. J Neurosci 20:7290-7296. 

David G, Barrett .. IN, Barrett EF (1998) Evidence that mitochondria buffer 

physiological Ca2+ loads in lizard motor nerve terminais. J Physiol509 

(Pt 1 ):59-65. 

De Lorenzo S, Veggetti M, Muchnik S, Losavio A (2004) Presynaptic inhibition 

of spontaneous acetylcholine release induced by adenosine at the 

mouse neuromuscular junction. Br J Pharmacol 142:113-124. 

Del Castillo J, Katz B (1954) Quantal components of the end-plate potential. J 

Physiol 124:560-573. 

Descarries LM, Cai S, Robitaille R, Josephson EM, Morest DK (1998) 

Localization and characterization of nitric oxide synthase at the frog 

neuromuscular junction. J Neurocytol 27:829-840. 

Dudel J (2007) The time course of transmitter release in mouse motor nerve 

terminais is differentially affected by activation of muscarinic M 1 or M2 

receptors. Eur J Neurosci 26:2160-2168. 

Elmariah SB, Hughes EG, Oh EJ, Balice-Gordon RJ (2005a) Neurotrophin 

signaling among neurons and glia during formation of tripartite 

synapses. Neuron Glia Biol 1 :1-11. 

Elmariah SB, Oh EJ, Hughes EG, Balice-Gordon RJ (2005b) Astrocytes . 

regulate inhibitory synapse formation via Trk-mediated modulation of 

postsynaptic GABAA receptors. J Neurosci 25:3638-3650. 

Esposito D, Pate 1 P, Stephens RM, Perez P, Chao MV, Kaplan DR, 

Hempstead BL (2001) The cytoplasmic and transmembrane domains 

of the p75 and Trk A receptors regulate high affinity binding to nerve 

growth factor. J Biol Chem 276:32687-32695. 



162 

Falls DL, Rosen KM, Corfas G, Lane WS, Fischbach GD (1993) ARIA, a 

protein that stimulates acetylcholine receptor synthesis, is a member of 

the neu ligand family. Cell 72:801-815. 

Farhadi HF, Mowla SJ, Petrecca K, Morris SJ, Seidah NG, Murphy RA (2000) 

Neurotrophin-3 sorts to the constitutive secretory pathway of 

hippocampal neurons and is diverted to the regulated secretory 

pathway by coexpression with brain-derived neurotrophic factor. J 

Neurosci 20:4059-4068. 

Fellin T, Pascual 0, Gobbo S, Pozzan T, Haydon PG, Carmignoto G (2004) 

Neuronal synchrony mediated by astrocytic glutamate through 

activation of extrasynaptic NMDA receptors. Neuron 43:729-743. 

Feng Z, Koirala S, Ko CP (2005) Synapse-glia interactions at the vertebrate 

neuromuscular junction. Neuroscientist 11 :503-513. 

Fiacco TA, McCarthy KD (2004) Intracellular astrocyte calcium waves in situ 

increase the frequency of spontaneous AMPA receptor currents in CA1 

pyramidal neurons. J Neurosci 24:722·732. 

Fiacco TA, Agulhon C, Taves SR, Petravicz J, Casper KB, Dong X, Chen J, 

McCarthy KD (2007) Selective stimulation of astrocyte calcium in situ 

does not affect neuronal excitatory synaptic activity. Neuron 54:611-

626. 

Fields RD, Stevens-Graham B (2002) New insights into neuron-glia 

communication. Science 298:556-562. 

Fields RD, Burnstock G (2006) Purinergic signalling in neuron-glia 

interactions. Nat Rev Neurosci 7:423-436. 

Fischbach GD, Cohen SA (1973) The distribution of acetylcholine sensitivity 

over uninnervated and innervated muscle fibers grown in cell culture. 

Dev Biol 31 : 147 -162. 

Flanagan-Steet H, Fox MA, Meyer D, Sanes JR (2005) Neuromuscular 

synapses can form in vivo by incorporation of initially aneural 

postsynaptic specializations. Development 132:4471-4481. 



163 

Foehr ED, Lin X, O'Mahony A, Geleziunas R, Bradshaw RA, Greene WC 

(2000) NF-kappa B signaling promotes both cell survival and neurite 

process formation in nerve growth factor-stimulated PC12 ceUs. J 

Neurosci 20:7556-7563. 

Frank E, Fischbach GD (1979) Early events in neuromuscular junction 

formation in vitro: induction of acetylcholine receptor clusters in the 

postsynaptic membrane and morphology of newly formed synapses. J 

Cell Biol 83: 143-158. 

Frisen J, Verge VM, Fried K, Risling M, Persson H, Trotter J, Hokfelt T, . 

Lindholm D (1993) Characterization of glial trkB receptors: differential 

response to in jury in the central and peripheral nervous systems. Proc 

NatlAcad Sci USA 90:4971-4975. 

Fu WM, Poo MM (1991) ATP potentiates spontaneous transmitter release at 

developing neuromuscularsynapses. Neuron 6:837-843. 

Funakoshi H, Frisen J, Barbany G, Timmusk T, Zachrisson 0, Verge VM, 

Persson H (1993) Differentiai expression of mRNAs for neurotrophins 

and their receptors after axotomy of the sciatic nerve. J Cell Biol 

123:455-465. 

Funakoshi H, Belluardo N, Arenas E, Yamamoto Y, Casabona A, Persson H, 

Ibanez CF (1995) Muscle-derived neurotrophin-4 as an activity­

dependent trophic signal for adult motor neurons. Science 268:1495-

1499. 

Galkin AV, Giniatullin RA, Mukhtarov MR, Svandova l, Grishin SN, Vyskocil F 

(2001) ATP but not adenosine inhibits nonquantal acetylcholine 

release at the mouse neuromuscular junction. Eur J Neurosci 13:2047-

2053. 

Ge WP, Yang XJ, Zhang Z, Wang HK, Shen W, Deng QD, Duan S (2006) 

Long-term potentiation of neuron-glia synapses mediated by Ca2+­

permeable AMPA receptors. Science 312:1533-1537. 



Georgiou J, Robitaille R, Charlton MP (1999) Muscarinic control of 

cytoskeleton in perisynaptic glia. J Neurosci 19:3836-3846. 

164 

Georgiou J, Robitaille R, Trimble WS, Charlton MP (1994) Synaptic regulation 

of glial protein expression in vivo. Neuron 12:443-455. 

Geppert M, Goda Y, Hammer RE, Li C, Rosahl TW, Stevens CF, Sudhof TC 

(1994) Synaptotagmin 1: a major Ca2+ sensor for transmitter release at 

a central synapse. Ce Il 79:717-727. 

Gertler RA, Robbins N (1978) Differences in neuromuscular transmission in 

red and white muscles. Brain Res 142:160-164. 

Gilmour DT, Maischein HM, Nusslein-Volhard C (2002) Migration and function 

of a glial subtype in the vertebrate peripheral nervous system. Neuron 

34:577-588. 

Giniatullin AR, Grishin SN, Sharifullina ER, Petrov AM, Zefirov AL, Giniatullin 

RA (2005) Reactive oxygen species contribute to the presynaptic 

action of extracellular ATP at the frog neuromuscular junction. J 

PhysioI565:229-242. 

Giniatullin RA, Sokolova EM (1998) ATP and adenosine inhibit transmitter 

release at the frog neuromuscular junction through distinct presynaptic 

receptors. Br J Pharmacol 124:839-844. 

Godfrey EW, Nitkin RM, Wallace BG, RubinLL, McMahan UJ (1984) 

Components of Torpedo electric organ and muscle that cause 

aggregation of acetylcholine receptors on cultured muscle cells. J Cell 

Biol 99:615-627. 

Gong Y, Cao P, Yu HJ, Jiang T (2008) Crystal structure of the neurotrophin-3 

and p75NTR symmetrical complex. Nature 454:789-793. 

Gonzalez M, Ruggiero FP, Chang Q, Shi Y-J, Rich MM, Kraner S, Balice­

Gordon RJ (1999) Disruption of TrkB-Mediated Signaling Induces 

Disassembly of Postsynaptic Receptor Clusters at Neuromuscular 

Junctions. Neuron 24:567-583. 



165 

Grafe P; Mayer C, Takigawa T, Kamleiter M, Sanchez-Brandelik R (1999) 

Confocal calcium imaging reveals an ionotropic P2 nucleotide receptor 

in the paranodal membrane of rat Schwann cells. J Physiol 515 (Pt 

2):377-383. 

Griesbeck 0, Parsadanian AS, Sendtner M, Thoenen H (1995) Expression of 

neurotrophins in skeletal muscle: quantitative comparison and 

. significance for motoneuron survival and maintenance of function. J 

Neurosci Res 42:21-33. 

Grishin S, Shakirzyanova A, Giniatullin A, AfzaJov R, Giniatullin R (2005) 

Mechanisms of ATP action on motor nerve terminais at the frog 

neuromuscular junction. Eur J Neurosci 21 :1271-1279. 

Grutzendler J, Kasthuri N, Gan WB (2002) Long-term dendritic spine stability 

in the adult cortex. Nature 420:812-816. 

Guyonneau R, Vanrullen R, Thorpe SJ (2004) Temporal codes and sparse , 
representations: a key to understanding rapid processing in the visual· 

system. J Physiol Paris 98:487-497. 

Haak LL, Song LS, Molinski TF, Pessah IN, Cheng H, Russell JT (2001) 

Sparks and puffs in bligodendrocyte progenitors: cross talk between 

ryanodine receptors and inositol trisphosphate receptors. J Neurosci 

21 :3860-3870. 

Haas B, Schipke CG, Peters 0, Sohl G, Willecke K, Kettenmann H (2006) 

Activity-dependent ATP-waves in the mouse neocortex are 

independentfrom astrocytic calcium waves. Cereb Cortex 16:237-246. 

Haber M, Zhou L, Murai KK (2006) Cooperative astrocyte and dendritic spi ne 

dynamics at hippocampal excitatory synapses. J Neurosci 26:8881-

8891. 

Halassa MM, Fellin T, Takano H, Dong .JH, Haydon PG (2007) Synaptic 

islands defined by the territo,ry of a single astrocyte. J Neurosci 

27:6473-6477. 



, 166 

Hama H, Hara C, Yamaguchi K, Miyawaki A (2004) PKC signaling mediates 

global enhancement of excitatory synaptogenesis in neurons triggered 

by local contact with astrocytes. Neuron 41 :405-415. 

Hamilton BR, Smith DO (1991) Autoreceptor-mediated purinergic and 

cholinergic inhibition of motor nerve terminal calcium currents in the 

rat. J Physiol 432:327-341. 

Harris KD (2005) Neural signatures of cell assembly organization. Nat Rev 

Neurosci 6:399-407. 

Hartmann M, Heumann R, Lessmann V (2001) Synaptic secretion of BDNF 

after high-frequency stimulation of glutamatergic synapses. EMBO J 

20:5887-5897. 

Haubensak W, Narz F, Heumann R, Lessmann V (1998) BDNF-GFP 

containing secretory granules are localized in the vicinity of synaptic 

junctions of cultured cortical neurons. J Cell Sci 111 (Pt 11 ):1483-1493. 

Haydon PG, Carmignoto G (2006) Astrocyte control of ,synaptic transmission 

and neurovascular coupling. Physiol Rev 86: 1009-1031 . 

Hayworth CR, Moody SE, Chodosh LA, Krieg P, Rimer M, Thompson WJ 

(2006) Induction of neuregulin signaling in mouse schwann cells in vivo 

mimics responses to denervation. J Neurosci 26:6873-6884. 

He X, Yang F, Xie Z, Lu B (2000) Intracellular Ca(2+) and Ca(2+)/calmodulin­

dependent kinase Il mediate acute potentiation of neurotransmitter 

release by neurotrophin-3. J Cell Biol 149:783-792. 

He XL, Garcia KC (2004) Structure of nerve growth factor complexed with the' 

shared neurotrophin receptor p75. Science 304:870-875. 

Hennig R, Lomo T (1985) Firing patterns of motor units in normal rats. Nature 

314:164-166. 

Hess DM, Scott MO, Potluri S, Pitts EV, Cisterni C, Balice-Gordon RJ (2007) 

Localization of TrkC to Schwann cells and effects of neurotrophin-3 

signaling at neuromuscular sY!1apses. J Comp Neurol 501 :465-482. 



Hetman M, Cavanaugh JE, Kimelman D, Xia Z (2000) Role of glycogen 

synthase kinase-3beta in neuronal apoptosis induced by trophic 

withdrawal. J Neurosci 20:2567-2574. 

167 

Heumann R, Korsching S, Scott J, Thoenen H (1984) Relationship between 

levels of nerve growth factor (NGF) and its messenger RNA in 

sympathetic ganglia and peripheral target tissues. EMBO J 3:3183-

3189. 

Heumann R, Korsching S, Bandtlow C, Thoenen H (1987) Changes of nerve 

growth factor synthesis in nonneuronal cells in response to sciatic 

nerve transection. J Cell Biol 104: 1623-1631. 

Heuser JE, Reese TS, Landis DM (1974) Functional changes in frog 

neuromuscular junctions studied with freeze-fracture. J Neurocytol 

3:109-131. 

Heuser JE, Reese TS, Dennis MJ, Jan Y, Jan L, Evans L (1979) Synaptic 

vesicle exocytosis captured by quick freezing and correlated with 

quantal transmitter release. J Cell Biol 81 :275-300. 

Hibbert AP, Morris SJ, Seidah NG, Murphy RA (2003) Neurotrophin-4, alone 

or heterodimerized with brain-derived neurotrophic factor, is sorted to 

the constitutive secretory pathway. J Biol Chem 278:48129-48136. 

Hoigado-Madruga M, Moscatello DK, Emlet DR, Dieterich R, Wong ~J (1997) 

Grb2-associated binder-1 mediates phosphatidylinositol 3-kinase 

activation and the promotion of cell survival by nerve growth factor. 

Proc Natl Acad Sci USA 94:12419-12424. 

Holtzclaw LA, Pandhit S, Bare DJ, Mignery GA, Russell JT (2002) Astrocytes 

in adult rat brain express type '2 inositol 1 ,4,5-trisphosphate receptors. 

Glia 39:69-84. 

Huang EJ. Reichardt LF (2003) Trk receptors: roles in neuronal signal 

transduction. Annu Rev Biochem 72:609-642. 



Huang H, Bordey A (2004) Glial glutamate transporters limit spillover 

activation of presynaptic NMDA receptors and influence synaptic 

inhibition of Purkinje neurons: J Neurosci 24:5659-5669. 

168 

Huang SM, Kitamura A, Akita T, Narita K, Kuba K (2002) Adenosine 

depresses a Ca(2+)-independent step in transmitter exocytosis at frog 

motor nerve terminais. Eur J Neurosci 15:1291-1298. 

Jahromi BS, Robitaille R, Charlton MP (1992) Transmitter release increases 

intracellular calcium in perisynaptic Schwann cells in situ. Neuron 

8:1069-1077. 

Jarvis SE, Barr W, Feng ZP, Hamid J, Zamponi GW (2002) Molecular 

determinants of syntaxin 1 modulation of N-type calcium channels. J 

Biol Chem 277:44399-44407. 

Jessell TM, Siegel RE, Fischbach GD (1979) Induction of acetylcholine 

receptors on cultured skeletal muscle by a factor extracted from brain 

and spinal cord. Proc Natl Acad Sci USA 76:5397-5401. 

Jimenez C, Gireldez F, Represa J, Garcia-Diaz JF (1997) Calcium currents in 

dissociated cochlear neurons from the chick embryo and their 

modification by neurotrophin-3. Neuroscience 77:673-682. 

Jo SA, Zhu X, Marchionni MA, Burden SJ (1995) Neuregulins are 

concentrated at nerve-muscle synapses and activate ACh-receptor 

gene expression. Nature 373:158-161. 

Johansson B, Halldner L, Dunwiddie TV, Masino SA, Poelchen W, Gimenez­

Llort L, Escorihuela RM, Fernandez-Teruel A, Wiesenfeld-Hallin Z, Xu 

XJ, Hardemark A, Betsholtz C, Herlenius E, Fredholm BB (2001) 

Hyperalgesia, anxiety, and decreased hypoxic neuroprotection in mice 

lacking the adenosine A1 receptor. Proc Natl Acad Sci USA 98:9407-

9412. 

Johnson D, Lanahan A, Buck CR, Sehgal A, Morgan C, Mercer E, Bothwell 

M, Chao M (1986) Expression and structure of the human NGF 

receptor. Cell 47:545-554. 



Kamiya H, Zucker RS (1994) Residual Ca2+ and short-term synaptic 

plasticity. Nature 371 :603-606. 

Kang J, Jiang l, Goldman SA, Nedergaard M (1998) Astrocyte-mediated 

potentiation of inhibitory synaptic transmission. Nat Neurosci 1 :683-

692. 

Kaplan DR, Hempstead Bl, Martin-Zanca D, Chao MV, Parada lF (1991) 

The trk proto-oncogene product: a signal transducing receptor for 

nerve growth factor. Science 252:554-558. 

Katz B, Miledi R (1968) Therole of calcium in neuromuscular facilitation. J 

Physiol 195 :481-492. 

Katz B, Miledi R (1979) Estimates of quantal content during .'chemical 

potentiation' of transrnitter release. Proc R Soc lond B Biol Sci 

205:369-378. 

Keith RK, Poage RE, Yokoyama CT, Catteral! WA, Meriney SO (2007) 

Bidirectional modulation of transmitter release by calcium 

channel/syntaxin interactions in vivo. J Neurosci 27:265-269. 

169 

Kimelberg HK, Cai Z, Rastogi P, Charniga CJ, Goderie S, Dave V, Jalonen 

TO (1997) Transmitter-induced calcium responses differ in astrocytes 

acutely isolated from rat brain and in culture. J Neurochem 68:1088-

1098. 

Kleiman RJ, Tian N, Krizaj D, Hwang TN, Copenhagen DR, Reichardt lF 

(2000) BDNF-Induced potentiation of spontaneous twitching in 

innervated myocytes requires calcium release trom intracellular stores. 

J NeurophysioI84:472-483. 

Klein R, Parada lF, Coulier F, Barbacid M (1989) trkB, a novel tyrosine 

protein kinase receptor expressed du ring mouse neural development. 

EMBO J 8:3701-3709. 

Klein R, Conway D, Parada LF, Barbacid M (1990) The trkB tyrosine protein 

kinase gene codes for a second neurogenic receptor that lacks the 

catalytic kinase domain. Cell 61 :647-656. 



Koizumi S, Fujishita K, Tsuda M, Shigemoto-Mogami Y, Inoue K (2003) 

Dynamic inhibition of excitatory synaptic transmission by astrocyte­

derived ATP in hippocampal cultures. Proc Natl Acad Sei USA 

100:11023-11028. 

Kotak VC, DiMattina C, Sanes DH (2001) GABA(B) and Trk receptor 

signaling mediates long-lasting inhibitory synaptic depression. J 

Neurophysiol 86:536-540. 

170 

Kovalchuk Y, Hanse E, Kafitz KW, Konnerth A (2002) Postsynaptic Induction 

of BDNF-Mediated Long-Term Potentiation. Science 295:1729-1734. 

Kryl D, Barker PA (2000) TTIP is a novel protein that interacts with the 

truncated T1 TrkB neurotrophin receptor. Biochem Biophys Res 

Commun 279:925-930. 

Kuffler SW, Nicholls JG, Orkand RK (1966) Physiological properties of glial 

cells in the central nervous system of amphibia ... 1 Neurophysiol 

29:768-787. 

Lamballe F, Klein R, Barbacid M (1991) trkC, a new member of the trk family 

of tyrosine protein kinases, is a receptor for neurotrophin-3. Cell 

66:967 -979. 

Landau EM, Smolinsky A, Lass Y (1973) Post-tetanic potentiation and 

facilitation do. not share a common calcium-dependent mechanism. Nat 

New Biol 244:155-157. 

Larsson C (2006) Protein kinase C and the regulation of the actin 

cytoskeleton. Cell Signal 18:276-284. 

Lee FS, Chao MV (2001) Activation of Trk neurotrophin receptors in the 

absence of neurotrophins. Proc Natl Acad Sci USA 98:3555-3560. 

Lee FS, Rajagopal R, Kim AH, Chang PC, Chao MV (2002) Activation of Trk 

neurotrophin receptor signaling by pituitary adenylate cyclase­

activating polypeptides. J Biol Chem 277:9096-9102. 

Lessmann V, Gottmann K, Malcangio M (2003) Neurotrophin secretion: 

current facts and future prospects. Prog Neurobiol 69 :341-374. 



171 

Leveque C, el Far 0, Martin-Moutot N, Sato K, Kato R, Takahashi M, Seagar 

MJ (1994) Purification of the N-type calcium channel associated with 

syntaxin and synaptotagmin. A complex implicated in synaptic vesicle 

exocytosis. J Biol Chem 269:6306-6312. 

Levi-Montalcini R, Hamburger V (1951) Selective growth stimulating effects of 

mouse sarcoma on the sensory and sympathetic nervous system of 

the chick embryo. J Exp Zool 116:321-361. 

Li HS, Xu XZ, Monteil C (1999) Activation of a TRPC3-dependent cation 

current through the neurotrophin BDNF. Neuron 24:261-273. 

Liou JC, Fu WM (1997) Regulation of quantal secretion from developing 

motoneurons by postsynaptic activity-dependent release of NT·3. J 

Neurosci 17:2459-2468. 

Liou JC, Yang RS, Fu WM (1997) Regulation of quantal secretion by 

neurotrophic factors at developing motoneurons in Xenopus cell 

cultures. J Physiol503 (Pt 1):129-139. 

Liu DW, Westerfield M (1992) Clustering of muscleacetylcholine receptors 

requires motoneurons in live embryos, but not in cell culture. J 

Neurosci 12:1859-1866. 

Liu GJ, Bennett MR (2003) ATP secretion from nerve trunks and Schwann 

cells mediated by glutamate. Neuroreport 14:2079-2083. 

Liu GJ, Werry EL, Bennett MR (2005) Secretion of ATP from Schwann ce Ils in 

response to uridine triphosphate. Eur J Neurosci 21 :151-160. 

Loeb JA, Hmadcha A, Fischbach GD, Land SJ, Zakarian VL (2002) 

Neuregulin expression at neuromuscular synapses is modulated by 

synaptic activity and neurotrophic factors. J Neurosci 22:2206-2214. 

Logan MR, Mandato CA (2006) Regulation of the actin cytoskeleton by PIP2 

in cytokinesis. Biol CeIl98:377-388. 

Lohof AM, Ip NY, Poo MM (1993) Potentiation of developing neuromuscùlar 

synapses by the neurotrophins NT-3 and BDNF. Nature 363:350-353. 



172 

Lopes LV, Cunha RA, Ribeiro JA (1999) Cross talk between A(1) and A(2A) 

adenosine receptors in the hippocampus and cortex of youngadult and 

old rats. J Neurophysiol 82:3196-3203. 

Lopes LV, Cunha RA, Kull B, Fredholm BB, Ribeiro JA (2002) Adenosine 

A(2A) receptor facilitation of hippocampal synaptic transmission is 

dependent on tonic A( 1) receptor inhibition. Neuroscience 112 :319-

329. 

Love FM, Thompson WJ (1998) Schwann cells proliferate at rat 

neuromuscular junctions during development and regeneration. J 

Neurosci 18:9376-9385. 

Love FM, Son YJ, Thompson WJ (2003) Activity alters muscle reinnervation 

and terminal sprouting by reducing the number of Schwann cell 

pathways that grow to link synaptic sites. J Neurobiol 54:566-576. 

Lyons SA, Moreil P, McCarthy KD (1994) Schwann cells exhibit P2Y 

purinergic receptors that regulate intracellular calcium and are up­

regulated by cyclic AMP analogues. J Neurochem 63:552-560. 

Lyons SA, Moreil P, McCarthy KD (1995) Schwann cell ATP-mediated 

calcium increases in vitro and in situ are dependent on contact with 

neurons. Glia 13:27-38. 

MacDonald JI, Meakin sa (1996) Deletions in the extracellular domain of rat 

trkA lead to an altered differentiative phenotype in neurotrophin 

responsive cells. Mol Cell Neurosci 7:371-390. 

MacDonald RL, Skerritt JH, Werz MA (1986) Adenosine agonists reduce 

voltage-dependent calcium conductance of mouse sensory neurones 

in cell culture. J Physiol 370:75-90. 

Magee JC (2003) A prominent role for intrinsic neuronal properties in 

temporal coding. Trends Neurosci 26:14-16. 

Magleby DL, Zengel JE (1976) Stimulation-induced factors which affect 

augmentation and potentiation of trasmitter release at the 

neuromuscular junction. J Physiol 260 :687-717. 



Magleby KL, Zengel JE (1982) A quantitative description of stimulation­

induced changes in transmitter release at the frog neuromuscular 

junction. J Gen Physiol 80:613-638. 

173 

Mantilla CB, Zhan WZ, Sieck GC (2004) Neurotrophins improve 

neuromuscular transmission in the adult rat diaphragm. Muscle Nerve 

29 :381-386. 

Markus A, Zhong J, Snider WD (2002) Raf and akt mediate distinct aspects of 

sensory axon growth. Neuron 35:65-76. 

Martin-Moutot N, Charvin N, Leveque C, Sato K, Nishiki T, Kozaki S, 

Takahashi M, Seagar M (1996) Interaction of SNARE complexes with 

P/Q-type calcium channels in rat cerebellar synaptosomes. J Biol 

Chem 271 :6567-6570. 

Masquelier T, Guyonneau R, Thorpe SJ (2008) Spike timing dependent 

plasticity finds the start of repeating patterns in continuous spike trains. 

PLoS ONE 3:e1377. 

Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H (2004) Structural basis of 

long-term potentiation in single dendritic spines. Nature 429:761-766. 

Mauch DH, Nagler K, Schumacher S, Goritz C, Muller EC, Otto A, Pfrieger 

FW (2001) CNS synaptogenesis promoted by glia-derived cholesterol. 

Science 294:1354-1357. 

McDonald NQ, Lapatto R, Murray-Rust J, Gunning J, Wlodawer A, Blundell 

TL (1991) New protein fold revealed bya 2.3-A resolution crystal 

structure of nerve growth factor. Nature 354:411-414. 

McLaughlin JP, Chavkin C (2001) Tyrosine phosphorylation of the mu-opioid 

receptor regulates agonist intrinsic efficacy. Mol Pharmacol 59:1360-

1368. 

Meier T, Hauser DM, Chiquet M, Landmann L, Ruegg MA, Brenner HR (1997) 

Neural agrin induces ectopie postsynaptic specializations in innervated 

muscle fibers. J Neurosci 17:6534-6544. 



174 

Metea MA, Newman EA (2006) Glial cells dil~te and constrict blood vessels: 

a mechanism of neurovascular coupling. J Neurosci 26:2862-2870. 

Ming GL, Wong ST, Henley J, Yuan XB, Song HJ, Spitzer NC, Poo MM 

(2002) Adaptation in the chemotactic guidance of nerve growth cones. 

Nature 417:411-418. 

Minichiello L, Cale lia AM, Medina DL, Bonhoeffer T, Klein R, Korte M (2002) 

Mechanism of TrkB-mediated hippocampallong-term potentiation. 

Neuron 36:121-137. 

Mirsky R, Jessen KR (1996) Schwann cel! development, differentiation and 

myelination. Curr Opin Neurobiol 6:89-96. 

Mirsky R, Stewart HJ, Tabernero A, Bradke F, Brennan A, Dong Z, Jessen 

KR (1996) Development and differentiation of Schwann cells. Rev 

Neurol (Paris) 152:308-313. 

Mirsky R, Jessen KR, Brennan A, Parkinson D, Dong Z, Meier C, Parmantier 

E, Lawson D (2002) Schwann cells as regulators of nerve 

development. J Physiol Paris 96:17-24. 

Mischel PS, Smith SG, Vining ER, Valletta JS, Mobley WC, Reichardt LF 

(2001) The extracellular domain of p75NTR is necessary to inhibit 

neurotrophin-3 signaling through TrkA. J Biol Chem 276:11294-11301. 

Moores TS, Hasdemir B, Vega-Riverol! L, Deuchars J, Parson SH (2005) 

Properties of presynaptic P2X7 -like receptors at the neuromuscular 

junction. Brain Res 1034:40-50. 

Mowla SJ, Pareek S, Farhadi HF, Petrecca K, Fawcett JP, Seidah NG, Morris 

SJ, Sossin.WS, Murphy RA (1999) Differentiai sorting of nerve growth 

factor and brain-derived neurotrophic factor in hippocampal neurons. J 

Neurosci 19:2069-2080. 

Mulkey RM, Zucker RS (1992) Posttetanic potentiation at the crayfish 

neuromuscular junction is dependent on both intracellular calcium and 

sodium ion accumulation. J Neurosci 12:4327-4336. 



Mulligan SJ, MacVicar BA (2004) Calcium transients in astrocyte endfeet 

cause cerebrovascular constrictions. Nature 431 :195-199. 

175 

Murai KK, Nguyen LN, Irie F, Yamaguchi Y, Pasquale ES (2003) Control of 

hippocampal dendritic spi ne morphology through ephrin-A3/EphA4 

signaling. Nat Neurosci 6:153-160. 

Newman EA (2003) Glial cell inhibition of neurons by release of ATP. J 

Neurosci 23:1659-1666. 

Newman EA, Zahs KR (1997) Calcium waves in retinal glial cells. Science 

275:844-847. 

Newman EA, Zahs KR (1998) Modulation of neuronal activity by glial cells in 

the retina. J Neurosci 18:4022-402'8. 

Nick TA, Ribera AB (2000) Synaptic activity modulates presynaptic 

excitability. Nat Neurosci 3:142"'149. 

Nicoll RA, Schmitz D (2005) Synaptic plasticity at hippocampal mossy fibre 

synapses. Nat Rev Neurosci 6:863-876. 

Nielsen KM, Chaverra M, Hapner SJ, Nelson BR, Todd V, Zigmond RE, 

Lefcort F (2004) PACAP promotes sensory neuron differentiation: 

blockade by neurotrophic factors. Mol Cell Neurosci 25:629-641. 

Nishiki T, A~gustine GJ (2004) Dual roles of the C2S domain of 

synaptotagmin 1 in synchronizing Ca2+-dependent neurotransmitter 

release. J Neurosci 24:8542-8550. 

Offenhauser N, Sohm-Matthaei R, Tsoulfas P, Parada L, Meyer M (1995)" 

Developmental regulation of full-Iength trkC in the rat sciatic nerve. Eur 

J Neurosci 7:917-925 .. 

Oliet SH, Piet R, Poulain DA (2001) Control of glutamate clearance and 

synaptic efficacy by glial coverage of neurons. Science 292:923-926. 

Oliveira L, Timoteo MA, Correia-de-Sa P (2002) Modulation by adenosine of 

both muscarinic M1-facilitation and M2-inhibition of [3H]-acetylcholine 

release from the rat motor nerve terminais. Eur J Neurosci 15:1728-

1736. 



Oliveira L, Timoteo MA, Correia-de-Sa P (2004) Tetanie depression is 

overcome by tonie adenosine A(2A) receptor facilitation of L-type 

Ca(2+) influx into rat motor nerve terminais. J Physiol 560:157-168. 

176 

Orkand RK, Nicholls JG, Kuffler SW (1966) Effect of nerve impulses on the 

membrane potential of glial cells in the central nervous system of 

amp~libia. J Neurophysiol 29:788-806. 

Panatier A, Theodosis DT; Mothet JP, Touquet B, Pollegioni L, Poulain DA, 

Oliet SH (2006) Glia-derived D-serine controls NMDA receptor activity 

and synaptic memory. Cell 125:775-784. 

Panzer JA, Gibbs SM, Dosch R, Wagner D, Mullins MC, Granato M, Balice­

Gordon RJ (2005) Neuromuscular synaptogenesis in wild-type and 

mutant zebrafish. Dev Biol 285:340-357. 

Parnas l, Parnas H, Dudel J (1982) Neurotransmitter release and its 

facilitation in crayfish. II. Duration of facilitation and rembval processes 

of calcium from the terminal. Pflugers Arch 393:232-236. 

Parpura V, Basarsky TA, Liu F, Jeftinija K, Jeftinija S, Haydon PG (1994) 

Glutamate-mediated astrocyte-neuron signalling. Nature 369:744-747. 

Parri HR, Crunelli V (2001) Pacemaker calcium oscillations in thalamic 

astrocytes in situ. Neuroreport 12:3897-3900. 

Parri HR, Gould TM, Crunelli V (2001) Spontaneous astrocytic Ca2+ 

oscillations in situ drive NMDAR-mediated neuronal excitation. Nat 

Neurosci 4:803-812. 

Pascual 0, Casper KB, Kubera C, Zhang J, Revilla-Sanchez R, Sul JY, 

Takano H, Moss SJ, McCarthy K, Haydon PG (2005) Astrocytic 

purinergic signaling coordinates synaptic networks. Science 310: 113-

116. 

Pasti L, Volterra A, Pozzan T, Carmignoto G (1997) Intracellular calcium 

oscillations in astrocytes: a highly plastic, bidirectional form of 

communication between neurons and astrocytes in situ. J Neurosci 

17:7817-7830. 



177 

Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K, 

Cobb MH (2001) Mitogen-activated protein (MAP) kinase pathways: 

regulation and physiological functions. Endocr Rev 22: 153-183. 

peng HB, Yang ,.IF, Dai Z, Lee CW, Hung HW, Feng ZH, Ko CP (2003) 

Differentiai effects of neurotrophins and schwann cell-derived signais 

on neuronal survivallgrowth and synaptogenesis. J Neurosci 23:5050-

5060. 

Perea G, Araque A (2005) Properties of synaptically evoked astrocyte 

calcium signal reveal synaptic information processing by astrocytes. J 

Neurosci 25:2192-2203. 

pereà G, Araque A (2007) Astrocytes Potentiate Transmitter Release at 

Single Hippocampal Synapses. Science 317: 1083-1086. 

Peter ,.lB, Barnard RJ, Edgerton VR, Gillespie CA, Stempel KE (1972) 

Metabolic profiles of three fiber types of skeletal muscle in guinea pigs 

and rabbits. Biochemistry 11 :2627-2633. 

Pette D, Staron RS (2000) Myosin isoforms, muscle fi ber types, and 

transitions. Microsc Res Tech 50:500-509. 

Pfrieger FW, Barres BA (1997) Synaptic efficacy enhanced by glial cells in 

vitro. Science 277:1684-1687. 

Piet R, Vargova L, Sykova E, Poulain DA, Oliet SH (2004) Physiological 

contribution of the astrocytic environ ment of neurons to intersynaptic 

crosstalk. Proc Natl Acad Sci USA 101 :2151-2155. 

Pinard A, Levesque S, Vallee J, Robitaille R (2003) Glutamatergic modulation 

of synaptic plasticity at a PNS vertebrate cholinergic synapse. Eur ,.1 

Neurosci 18:3241-3250. 

Pins EV, Potluri S, Hess DM, Balice-Gordon RJ (2006) Neurotrophin and Trk­

mediated signaling in the neuromuscular system. Int Anesthesiol Clin 

44:21-76. 

Poage RE, Meriney SD (2002) Presynaptic calcium influx, neurotransmitter 

release, and neuromuscular disease. Physiol Behav 77:507-512. 



178 

Pousinha PA, Diogenes MJ, Ribeiro JA, Sebastiao AM (2006) Triggering of 

BDNF facilitatory action on neuromuscular transmission by adenosine 

A2A receptors. Neurosci Lett 404:143-147. 

Rajagopal R, Chen ZY, Lee FS, Chao MV (2004) Transactivation of Trk 

neurotrophin receptors by G-protein-coupled receptor ligands occurs 

on intracellular membranes. J Neurosci 24:6650-6658. 

Rebola N, Lujan R, Cunha RA, Mulle C (2008) Adenosine A(2A) Receptors 

Are Essential for Long-Term Potentiation of NMDA-EPSCs at 

Hippocampal Mossy Fiber Synapses. Neuron 57:12.1-134. 

Reddy LV, Koirala S, Sugiura Y, Herrera AA, Ko CP (2003) Glial cells 

maintain synaptic structure and function and promote development of 

the neuromuscular junction in vivo. Neuron 40:563-580. 

Redman RS, Silinsky EM (1994) ATP released together with acetylcholine as 

the mediator of neuromuscular depression at frog motor nerve 

endings. J PhysioI477:117-127. 

Reid B, Slater CR, Bewick GS (1999) Synaptic vesicle dynamics in rat fast 

and slow motor nerve terminais. J Neurosci 19:2511-2521. 

Reisin IL, Prat AG, Abraham EH, Amara JF, Gregory RJ, Ausiello DA, 

Cantiello HF (1994) The cystic fibrosis transmembrane conductance 

regulator is a dual ATP and chloride channel. J Biol Chem 269:20584-

20591. 

Reist NE, Smith SJ (1992) Neurally evoked calcium transients in terminal 

Schwann cells at the neuromuscular junction. Proc Natl Acad Sci U S 

A 89:7625-7629. 

Renden R, Berwin B, Davis W, Ann K, Chin CT, Kreber R, Ganetzky B, Martin 

TF, Broadie K (2001) Drosophila CAPS is an essential gene that 

regulates dense-core vesicle release and synaptic vesicle fusion. 

Neuron 31 :421-437. 



179 

Reynolds ML, Woolf CJ (1992) Terminal Schwann cells elaborate extensive 

processes following denervation of the motor endplate. J Neurocytol 

21 :50-66. 

Ribchester RR, Thomson D, Haddow LJ, Ushkaryov VA (1998) Enhancement 

of spontaneous transmitter release at neonatal mouse neuromuscular 

junctions by the glial ceilline-derived neurotrophic factor (GDNF). J 

Physiol 512 (Pt 3):635-641. 

Rizzoli sa, Richards DA, Betz WJ (2003) Monitoring synaptic vesicle 

recyeling in frog motor nerve terminais with FM dyes. J Neuroeytol 

32:539-549. 

Robaek JD, Marsh HN, Downen M, Palfrey HC, Wainer BH (1995) BDNF­

aetivated signal transduction in rat cortical glial cells. Eur J Neurosci 

7:849-862. 

Robitaille R (1995) Purinergic receptors and their activation byendogenous 

. purines at perisynaptic glial cells of the frog neutomuscular junction. J 

Neurosci 15:7121-7131. 

Robitaille R (1998) Modulation of synaptic effieacy and synaptic depression 

by glial ce Ils at the frog neuromuscular junction. Neuron 21 :847-855. 

Robitaille R, Adler EM, Charlton MP (1990) Strategie Jocation of calcium 

channels at transmitter release sites of frog neuromuscular synapses. 

Neuron 5:773-779. 

Robitaille R, Bourque MJ, Vandaele 5 (1996) Localization of L-type Ca2+ 

chanhels at perisynaptic glial cells of the frog neuromuscular junction. 

J Neurosci 16:148-158. 

Robitaille R, Jahromi BS, Charlton MP (1997) Muscarinic Ca2+ responses 

resistant to muscarinic antagonists at perisynaptic Schwann cells of 

the frog neuromuscular junction. J Physiol 504:337-347. 

Robitaille R, Thomas S, Charlton MP (1999) Effects of adenosine on Ca2+ 

entry in the nerve terminal of the frog neuromuscular junction. Can J 

Physiol PharmacoI77:707-714. 



Rochon D, Rousse l, Robitaille R (2001) Synapse-glia interactions at the 

mammalian neuromuscular junction. J Neurosci 21 :3819-3829. 

Role LW, Matossian VR, O'Brien RJ, Fischbach GD (1985) On the 

mechanism of aœtylcholine receptor accumulation at newly formed 

synapses on chick myotubes. J Neurosci 5:2197-2204. 

Rose CR, Blum R, Pichler B, Lepier A, Kafitz KW, Konnerth A (2003) 

180 

Truncated TrkB-T1 mediates neurotrophin-evoked calcium signalling in 

glia cells. Nature 426:74-78. 
\... 

Rothstein JO, Oykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl RW, Kanai 

Y, Hediger MA, Wang Y, Schielke JP, Welty DF (1996) Knockout of 

glutamate transporters reveals a major role for astroglial transport in 

excitotoxicity and clearance of glutamate. Neuron 16:675-686. 

Roux PP, Barker PA (2002) Neurotrophin signaling through the p75 

neurotrophin receptor. prog Neurobiol 67:203-233. 

Ryan TA, Reuter H, Wendland B, Schweizer FE, Tsien RW, Smith SJ (1993) 

The kinetics of synaptic vesicle recycling measured at single 

presynaptic boutons. Neuron 11 :713-724. 

Sadakata T, Mizoguchi A, Sato Y, Katoh-Semba R. Fukuda M, Mikoshiba K, 

Furuichi T (2004) The secretory granule-associated protein CAPS2 

regulates neurotrophin release and œil survival. J Neurosci 24:43-52. 

Sanes JR, Lichtman JW (2001) Induction, assembly. maturation and 

maintenance of a postsynaptic apparatus. Nat Rev Neurosci 2:791-

805. 

Santos DA, Salgado AI, Cunha RA (2003) ATP is released from nerve 

terminais and from activated muscle fibres on stimulation of the rat 

phrenic nerve. Neurosci Lett 338:225-228. 

Schipke CG, Haas B, Kettenmann H (2008) Astrocytes Discriminate and 

Selectively Respond to the Activity of a Subpopulation of Neurons 

within the Barrel Cortex. Cereb Cortex. 



181 

Sebastiao AM, Ribeiro JA (2000) Fine-tuning neuromodulation by adenosine. 

Trends Pharmacol Sei 21 :341-346. 

Seigneur J, Kroeger D, Nita DA, Amzica F (2006) Cholinergie action on 

cortical glial cells in vivo. Cereb Cortex 16:655':668 .. 

Serrano A, Haddjeri N, Lacaille JC, Robitaille R (2006) GABAergic network 

activation of glial cells underlies hippocampal heterosynaptic 

depression. J Neurosci 26:5370-5382. 

Sheard PW, Musaad K, Duxson MJ (2002) Distribution of neurotrophin 

receptors in the mouse neuromuscular system. Int .. 1 Dev Biol 46:569-

575. 

Sheng ZH, Rettig J, Takahashi M, Catterall WA (1994) Identification of a 

syntaxin-binding site on N-type calcium channels. Neuron 13: 1303-

1313. 

Silinsky EM (1975) On the association between transmitter secretion and the 

release of adenine nucleotides from mammalian motor nerve 

terminais. J PhysioI247:145-162. 

Silinsky EM (2004) Adenosine decreases both presynaptic calcium currents 

and neurotransmitter release at the mouse neuromuscular junction. J 

PhysioI558:389-401. 

Silinsky EM (2005) Modulation of calcium currents is eliminated after 

cleavage of a strategie component of the mammalian secretory 

apparatus. J Physiol 566:681-688. 

Sjostrom PJ, Nelson SB (2002) Spike timing, calcium signais and synaptic 

plasticity. Curr Opin NeurobioI12:305-314. 

Smit AB, Syed NI, Schaap D, van Minnen J, Klumperman J, Kits KS, Lodder 

H, van der Schors RC, van Elk R, Sorgedrager B, Brejc K, Sixma TK, 

Geraerts WP (2001) A glia-derived acetylcholine-binding protein that 

modulates synaptic transmission. Nature 411 :261-268. 

Smith DO (1991) Sources of adenosine released during neuromuscular 

transmission in the rat. .. 1 Physiol 432:343-354. 



Somjen GG (1988) Nervenkitt: notes on the history of the concept of 

neuroglia. Glia 1 :2-9. 

182 

Son YJ, Thompson WJ (1995a) Schwann cell processes guide regeneration 

of peripheral axons. Neuron 14:125-132. 

Son YJ, Thompson WJ (1995b) Nerve sprouting in muscle is induced and 

guided by processes extended by Schwann cells. Neuron 14:133-141. 

Song HJ, Ming GL, Poo MM (1997) cAMP-induced switching in turning 

direction of nerve growth cones. Nature 388:275-279. 

Squinto SP, Stitt TN, Aldrich TH, Davis S, Bianco SM, Radziejewski C, Glass 

DJ, Masiakowski P, Furth ME, Valenzuela DM, et al. (1991) trkB 

encodes a functional receptor for brain-derived neurqtrophic factor and 

neurotrophin-3 but not nerve growth factor. Cell 65:885-893. 

Stellwagen D, Malenka RC (2006) Synaptic scaling mediated by glial TNF­

alpha. Nature 440:1054-1059. 

Stevens B, Fields RD (2000) Response of Schwann cells to action potentials 

in development. Science 287:2267-2271 . 

Stevens B, Ishibashi T, Chen JF, Fields RD (2004) Adenosine: an activity­

dependent axonal signal regulating MAP kinase and proliferation in 

developing Schwann cells. Neuron Glia Biol 1 :23-34. 

Sugino H, Ogura A, Kudo Y, Amano T (1984) Intracellular Ca2+ elevation 

induced bya neurotransmitter in a glial cell clone. Brain Res 322:127-

130. 

Takano T, Tian GF, Peng W, Lou N, Libionka W, Han X, Nedergaard M 

(2006) Astrocyte-mediated control of cerebral blood flow. Nat Neurosci 

9:260-267. 

Tang Y, Zucker RS (1997) Mitochondrial involvement in post-tetanic 

potentiation of synaptic transmission. Neuron 18:483-491. 

Thomas S, Robitaille R (2001) Differentiai frequency-dependent regulation of 

transmitter release by endogenous nitric oxide at the amphibian 

neuromuscular synapse. J Neurosci 21 :1087-1095. 



183 

Todd KJ, Robitaille R (2005) Short-term Modulation of Perisynaptic Glia and 

Transmitter Release by Neurotrophins. In: Society for Neuroscience. 

Washington, OC: Society for Neuroscience. 

Todd KJ, Robitaille R (2006) Neuron-glia interactions at the neuromuscular 

synapse: Novartis Foundation. 

Todd KJ, Auld OS, Robitaille R (2007) Neurotrophins modulate neuron-glia 

interactions at a vertebrate synapse. Eur J Neùrosci 25:1287-1296. 

Todd KJ, Serrano A, Lacaille JC, Robitaille R (2006) Glial cells in synaptic 

plasticity .• .1 Physiol Paris 99:75-83. 

Toledo-Aral JJ, Brehm P, Halegoua S, Mandel G (1995) A single pulse of 

nerve growth factor triggers lorig-term neuronal excitability through 

sodium channel gene induction. Neuron 14:607-611. 

Tong J, Nguyen L, Vidal A, Simon SA, Skene JH, Mclntosh T J (2008) Role of 

GAP-43 in sequestering phosphatidylinositol 4,5-bisphosphate to Raft 

bilayers. Biophys J 94:125-133. 

Trachtenberg JT, Thompson WJ (1996) Schwann cell apoptosis at developing 

neuromuscular junctions is regulated by glial growth factor. Nature 

379:174-177. 

Trussell LO, Jackson MB (1985) Adenosine-activated potassium conductance 

in cultured striata.1 neurons. Proc Natl Acad Sci USA 82:4857-4861. 

Tsoulfas P, Soppet D, Escandon E, Tessarollo L, Mendoza-Ramirez JL, 

Rosenthal A, Nikolics K, Parada LF (1993) The rat trkC locus encodes 

multiple neurogenic receptors that exhibit differential response to 

neurotrophin-3 in PC12 cells. Neuron 10:975-990. 

Tung EK, Choi RC, Siow NL, Jiang JX, Ling KK, Simon J, Barnard EA, Tsim 

KW (2004) P2Y2 receptor activation regulates the expression of 

acetylcholinesterase and acetylcholine receptor genes at vertebrate 

neuromuscular junctions. Mol Pharmacol 66:794-806. 

Uchitel 00, Protti DA, Sanchez V, Cherksey BD, Sugimori M, Llinas R (1992) 

P-type voltage-dependent calcium channel mediates presY!1aptic 



184 

calcium influx and transmitter release in mammalian synapses. Proc 

Natl Acad Sci USA 89:3330-3333. 

Ullian EM, Sapperstein SK, Christopherson KS, Barres BA (2001) Control of 

synapse number by glia. Science 291 :657-661. 

Usdin TB, Fischbach GD (1986) Purification and characterization of a 

polypeptide from chick brain that promotes the accumulation of 

acetylcholine receptors in chick myotubes. J Cell Biol 1 03:493-507. 

Vaillant AR, Mazzoni l, Tudan C, Boudreau M, Kaplan DR, Miller FD (1999) 

Depolarization and neurotrophins converge on the phosphatidylinositol 

3-kinase-Akt pathway to synergistically regulate neuronal survival. J 

Cell Biol 146:955-966. 

Valenzuela DM, Maisonpierre PC, Glass DJ, Rojas E, Nunez L, Kong Y, Gies 

DR, Stitt TN, Ip NY, Yancopoulos GD (1993) Alternative forms of rat 

TrkC with different functional capabilities. Neuron 10:963-974. 

Ventura R, Harris KM (1999) Three-dimensional relationships between 

hippocampal synapses and astrocytes. J Neurosci 19:6897-6906. 

Verderio C, Bianco F, Blanchard MP, Bergami M, Canossa M, Scarfone E, 

Matteoli M (2006) Cross talk between vestibular neurons and Schwann. 

cells mediates BDNF release and neuronal regeneration. Brain Cell 

Biol 35:187-201. 

Verkhratsky A, Kettenmann H (1996) Calcium signalling in glial cells. Trends 

Neurosci 19:346-352. 

Villarroel A, Sakmann B (1996) Calcium permeability increase of endplate 

channels in rat muscle du ring postnatal development. J Physiol 496 (Pt 

2):331-338. 

Vogel Z, Sytkowski AJ, Nirenberg MW (1972) Acetylcholine receptors of 

muscle grown in vitro. Proc Natl Acad Sci USA 69:3180-3184. 

Volterra A, Meldolesi J (2005) Astrocytes, from brain glue to communication 

elements: the revolution continues. Nat Rev Neurosci 6:626-640. 



185 

Waerhaug 0 (1992) Postnatal development of rat motor nerve terminais. Anat 

Embryol (Berl) 185:115-123. 

Walent JH, Porter BW, Martin TF (1992) A novel145 kd brain cytosolic 

protein reconstitutes Ca(2+ )-regulated secretion in permeable 

neuroendocrine cells. Cell 70:765-775. 

Wang F, Herzmark P, Weiner 00, Srinivasan S, Servant G, Bourne HR 

(2002a) Lipid products of PI(3)Ks maintain persistent cell polarity and 

directed motility in neutrophils. Nat Cell Biol 4:513-518. 

Wang T, Xie K, Lu B (1995) Neurotrophins promote maturation of developing 

neuromuscular synapses. J Néurosci 15:4796-4805. 

Wang X, Butowt R, Vasko MR, von Bartheld CS (2002b) Mechanisms of the 

release of anterogradely transported neurotrophin-3 from axon 

terminais. J Neurosci 22:931-945. 

Wang X, Lou N, Xu Q, Tian GF, peng WG, Han X, Kang J, Takano T, 

Nedergaard M (2006) Astrocytic Ca2+ signaling evoked by sensory 

stimulation in vivo. Nat Neurosci 9:816-823. 

Wang Y, Hagel C, Hamel W, Muller S, Kluwe L, Westphal M (1998) Trk A, B, 

and C are commonly expressed in human astrocytes and astrocytic 

gliomas but not by human oligodendrocytes and oligodendroglioma. 

Acta Neuropathol (Berl) 96:357-364. 

Watson FL, Heerssen HM, Bhattacharyya A, Klesse L, Lin MZ, Segal RA 

(2001) Neurotrophins use the Erk5 pathway to mediate a retrograde 

survival response. Nat Neurosci 4:981-988. 

Weiner 00, Neilsen PO, Prestwich GD, Kirschner MW, Cantley LC, Bourne 

HR (2002) A PtdlnsP(3)- and Rho GTPase-mediated positive feedback 

loop regulates neutrophil polarity. Nat Cell Biol 4:509-513. 

Wojtowicz JM, Atwood HL (1985) Correlation of presynaptic and postsynaptic 

events during establishment of long-term facilitation at crayfish 

neuromuscular junction. J Neurophysiol 54:220-230. 



186 

Woo NH, Teng HK, Siao CJ, Chiaruttini C, pang PT, Milner TA, Hempstead 

. Bl, lu B (2005) Activation of p75NTR by proBDNF facilitates 

hippocampallong-term depression. Nat Neurosci 8:1069-1077. 

Wood SJ, Slater CR (1997) The contribution of postsynaptic folds to the 

safety factor for neuromuscular transmission in rat fast- and slow­

twitch muscles. J Physiol 500 (Pt 1 ):165-176. 

Woolf CJ, Reynolds Ml, Chong MS, Emson P, Irwin N, Benowitz LI (1992) 

Denervation of the motor endplate results in the rapid expression by 

terminal Schwann ce"s of the growth-associated protein GAP-43. J 

Neurosci 12:3999-4010. 

Woolley AG, Sheard PW, Duxson MJ (2005) Neurotrophin-3 nu" mutant mice 

displaya postnatal motor neuropathy. Eur J Neurosci 21 :2100-2110. 

Wooten MW, Seibenhener Ml, Mamidipudi V, Diaz-Meco MT, Barker PA, 

Moscat J (2001) The atypical protein kinase C-interacting protein p62 

is a scatfold for NF-kappaB activation by nerve growth factor. J Biol 

Chem 276:7709-7712. 

Wu YJ, Kruttgen A, Mo"er JC, Shine D, Chan JR, Shooter EM, Cosgaya JM 

(2004) Nerve growth factor, brain-derived neurotrophic factor, and 

neurotrophin-3 are sorted to dense-core vesicles and released via the 

regulated pathway in primary rat cortical ne.urons. ,J Neurosci Res 

75:825-834. 
, 

Xie K, Wang T, Olafsson P, Mizuno K, lu B (1997) Activity-dependent 

expression of NT-3 in muscle cells in culture: implications in the 

development of neuromuscular junctions. J Neurosci 17:2947-2958. 

Xing J, Kornhauser JM, Xia Z, Thiele EA, Greenberg ME (1998) Nerve growth 

factor activates extracellular signal-regulated kinase and p38 mitogen­

activated protein kinase pathways to stimulate CREB serine 133 

phosphorylation. Mol Ce" Biol 18:1946-1955. 



187 

Xu HT, Pan F, Yang G, Gan WB (2007) Choice of cranial window type for in 

vivo imaging affects dendritic spine turnover in the cortex. Nat 

Neurosci 10:549-551. 

Yacoubian TA, Lo OC (2000) Truncated and full-Iength TrkB receptors 

regulate distinct modes of dendritic growth. Nat Neurosci 3:342-349. 

Yamauchi J, Chan JR, Shooter EM (2003) Neurotrophin 3 activation of TrkC 

induces Schwann cel.1 migration through the c-Jun N-terminal kinase 

pathway. Proc Natl Acad Sci USA 100:14421-14426. 

Yamauchi J, Chan JR, Shooter EM (2004) Neurotrophins regulate Schwann 

cell migration by activating divergent signaling pathways dependent on 

Rho GTPases. Proc Natl Acad Sei USA 101 :8774-8779. 

Yamauchi J, Chan JR, Miyamoto Y, Tsujimoto G, Shooter EM (2005) The 

neurotrophin-3 receptor TrkC directly phosphorylates and activates the 

nucleotide exchange factor Dbs to enhance Schwann cell migration. 

Proc Natl Acad Sci USA 102:5198-5203. 

Yuan XB, Jin M, Xu X, Song ya, Wu CP, Poo MM, Duan S (2003) Signalling 

and crosstalk of Rho GTPases in mediating axon guidance. Nat Cell 

Biol 5:38-45. 

Zhang JM, Wang HK, Ye ca, Ge W, Chen Y, Jiang ZL, Wu CP, Poo MM, 

Duan S (2003) ATP released by astrocytes mediates glutamatergic 

activity-dependent heterosynaptic suppression. Neuron 40:971-982. 

Zhang a, Fukuda M, Van Bockstaele E, Pascual 0, Haydon PG (2004) 

Synaptotagmin IV regulates glial glutamate release. Proc Natl Acad Sci 

USA 101 :9441-9446. 

Zhang Z, Chen G, Zhou W, Song A, Xu T, Luo a, Wang W, Gu XS, Duan S 

(2007) Regulated ATP release from astrocytes through lysosome 

exocytosis. Nat Cell Biol 9:945-953. 

Zhong J, Li X, McNamee C, Chen AP, Baccarini M, Snider WD (2007) Raf 

kinase signaling functions in sensory neuron differentiation and axon 

growth in vivo. Nat Neurosci 10:598-607. 



188 

Zimmermann H, Braun N, Kegel B, Heine P (1998) New insights into 

molecular structure and function of ectonucleotidases in the nervous 

system. Neurochem Int 32:421-425. 

Zonta M, Angulo MC, Gobbo S, Rosengarten B, Hossmann KA, Pozzan T, 

Carmignoto G (2003) Neuron-to-astrocyte signaling is central to the 

dynamic control of brain microcirculation. Nat Neurosci.6:43-50. 

Zucker RS, Regehr WG (2002) Short-term synaptic plasticity. Annu Rev 

PhysioI64:355-405. 

Zuo Y, Lin A, Chang P, Gan WB (2005) Development of long-term dendritic 

spine stability in diverse regions of cerebral cortex. Neuron 46:181-

189. 



Inthe following pages readers will find the article: 

Todd, KJ, Serrano, Alexandre, Lacaille, Jean-Claude, and Robitaille, R (2006) 
Glial Ce Ils in Synaptic Plasticity. Journal of Physiology (Paris) 99: 75-83 
© The Authors, 2006. 

6. ApPENDIX 1 REVIEW : GLIAL CELLS IN SVNAP1'C PLASTICIl"V 

Keith J. Todd*, Alexandre Serrano*, Jean-Claude Lacaille and Richard 

Robitaille 

Centre de Recherche en Sciences Neurologiques 
and 
Département de physiologie 
Université de Montréal 
C.P. 6128 Succursale Centre-Ville, Montréal, Québec 
CANADA, H3C 3J7 

*These authors contributed equally to this work. 

Corresponding author: 
Dr. Richard Robitaille 
Département de physiologi~, Faculté de médecine. 
Université de Montréal, C.P. 6128 Suce. Centre-ville, 

. Montréal, Québec, Canada H3C 3J7 
Phone: (+ 1) 514-343-6111 ext. 1964 
Fax: (+1) 514-343-2111 
E-mail:  



Il 

6.1. ABSTRACT 

Plasticity of synaptic transmission is believed to be the cellular basis for 

learning and memory, and depends upon different pre~ and postsynaptic 

neuronal mechanisms. Recently, however, an increasing number of studies 

have implicated a third element in plasticity; the perisynaptic glial calI. 

Originally glial cells were thought to be important for metabolic maintenance 

and support of the nervous system. However, work in the past decade has 

clearly demonstrated active involvement of glia in stability and overall nervous 

system function as weil as synaptic plasticity. Through specifie modulation of 

glial cell function, a wide variety of roles for glia in synaptic plasticity have 

been uncovered. Furthermore, interesting circumstantial evidence suggests a 

glial involvement in multiple other types of plasticity: We will discuss recent 

advances in neuron-glial interactions that take place during synaptic plasticity 

and explore different plasticity phenomena in which glial cells may be 

involved. 

Key words: synaptic plasticity; neuron-glia interactions; glial cells; synapse; 

transmitter release 
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6.2. INTRODUCTION 

Although glial cells are important for structural and metabolic 

maintenance of the nervous system, there are now numerous reports 

demonstrating the ability of glia to respond to, and send signais to neurons 

and synapses in the central and peripheral nervous systems (CNS and PNS). 

Evidence further suggests that glial contributions to synaptic communication 

and plasticity are complex and heterogeneous. However, glial ceUs remain 

relatively understudied in comparison to theïr 'spiking' counterparts. Through 

the use of calcium imaging in glia, it has become easier to investigate 

interactions between glial cells and neurons. Here, we will discuss plasticity 

events from the perspective of the tripartite synapse (glia plus neuronal 

elements) and suggest roles for glia in synaptic plasticity. 

Synaptic plasticity is defined as a change in efficacy of synapses that 

is mediated by various pre- and postsynaptic mechanisms. However, we will 

present evidence that glia modulate or even mediate synaptic plasticity and 

propose areas of possible glial involvement in a wider range of neuronal 

phenomena. It is weil established that glia can interact with neurons in a 

variety of ways with a variety of outcomes. However, is there one or several 

reoccurring theme(s) that can be obtained from what we know about specific 

neuron-glial interactions? 

6.3. SVNAPTIC PLASTICITV 

Efficacy of synaptic transmission is variable and changes with 

experience. This ability of synapses to modulate their efficacy, termed 

synaptic plasticity, encompasses a large number of cellular phenomena that 

modify synaptic function. A wide variety of changes can occur presynaptically 

to alter transmitter release properties and/or postsynaptically to modify the 

responsiveness to transmitter release such as receptor trafficking. These 
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changes occur in a frequency-dependent manner and can result in increased 

efficacy, termed potentiation, or in a reduction o{synaptic efficacy, termed 

depression. Additionally, these changes in synaptic efficacy can be 

accompanied and supported by morphological changes such as extrasynaptic 

density and synaptic coverage. 

Different types of synaptic plasticity can be distinguished based on 

their temporal properties. The former lasts for seconds to minutes and 

transmitter release returns to controllevels with no apparent long-term 

modification in synaptic efficacy. For the latter, changes in synaptic 

transmission last several minutes to hours, days and weeks. Synaptic 

plasticity phenomena can also be characterized according to the complexity 

of the synaptic pathways involved, with homosynaptic plasticity representing 

modifications confined to a single afferent pathway and heterosynaptic 

plasticity involving interactions between two or more distinct afferents. 

The properties of plasticity have traditionally been attributed solely to 

neurons. However, recent evidence has come to the fore-front suggesting 

that not ail plasticity events can be explained by neuronal elements andthat 

glial cells provided an essential contribution. 

6.4. GUA AND SYNAPTIC PLASTICITY 

6.4.1. GLlA, SYNAPTOGENESIS AND SYNAPTIC EFFICACY 

Glial cells are known to be plastic structures, able 10 change their 

phenotypes under various conditions such as following in jury or during 

development [46]. Because of this plasticity, and their ability to release 

trophic factors and glio-transmitters, il has been proposed that glial cells may 

be important for synapse formation during development. Experimental data 

have been obtained in the past decade in support of such a role [5, 26, 36, 

51]. Pfrieger and Barres [36] demonstrated the importance of glial cells on 

synaptic development in retinal ganglion cell (RGe) cultures. An increase in 
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frequency of excitatory postsynaptic currents (EPSCs) and a decrease in 

failure rate were observed when RGCs were cocultured with glial cells. In the 

same culture system, Ullian et al. [51] demonstrated that an increased 

number of functional synapses are formed in the presence of glia. These 

effects were thought to be due to diffusible factors released by glial cells. The 

same group recently demonstrated similar results in motoneuron cultures, 

suggesting that this may be a conserved mechanism in CNS synaptogenesis 

[50]. Further experiments with RGC cultures demonstrated that cholesterol by 

itself was sufficient to induce the sa me changes as glial-conditioned media 

[26]. This supports the hypothesis that glia can be directly involved in synaptic 

efficacy through release of diffusible factors that alter the molecular and 

functional phenotype of neurons. 

ln a separate study, Beattie and colleagues [5] demonstrated an 

important role for cytokines in synaptic strength. Initial experiments were 

performed on hippocampal cultures where they found that tumour necrosis 

factor-a (TNFa) increased AMPA receptor trafficking and surface expression. 

Interestingly', it was shown that TNFa was a factorreleased by glial cells. In 

culture, a decrease in EPSC frequency and amplitude was observed following 

the addition of a functional antagonist (soluble TNF receptor 1 )., These 

authors found similar results when using hippocampal slices, where EPSC 

frequency was also reduced. 

Recently, exciting results 'from the work of Barres and colleagues 

demonstrated a role for glia and glial-released factors in synaptic function in 

vivo [11]. A family of extracellular matrix proteins called thrombospondins 

were shown to be released from astrocytes in culture and to increase 

expression of pre- and postsynaptic proteins in RGC cultures. These authors 

went on to show that not only were thrombospondins widely expressed in 

astrocytes in developing brain, but that knockout mice had fewer synapses 

than controls. The temporally restricted expression of thrombospondins 

around the time of synaptogenesis is thought to be important for synapse 
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formation in many brain regions. This may be a general mechanism by which 

glia can influence synaptogenesis in the CNS. 

Similar results to those found in RGC cultures [26] were found in 

Xenopus nerve-muscle coculture by Ko and colleagues {34]. This group 

demonstrated that addition of Schwann-ce Il conditioned media (SCCM) to 

cultures cou Id increase the number of nerve-muscle contact points that were 

appesed to nicotinic cholinergic receptor (AChR) clusters. It appears that 

SCCM is able to change neurites from an outgrowth mode to a more stable 

mode capable of undergoing synaptogenesis. The contents of the SCCM 

were not determined in these experiments. However, it would be interesting 

to see if the factors are similar to those found in ether culture systems, such 

as cholesterols or cytokines. Although many of these results were obtained in 

culture, sorne were tested and repreduced in more intact preparations [5, 11]. 

This would suggest the existence of a common role for glial cells in synapse 

formation and stabilisation. 

Increasingly, results are coming to light that demonstrate a high level 

of morphological plasticity in CNS neurons [15, 17]. Morphological changes 

can occur in a matter of seconds [15, 17] and are dependent on neuron­

neuron contact and synaptic activity [14, 40]. Howevèr, other results have 

demonstrated a role for glia in balancing dendritic plasticity and stability. The 

membrane bound ephrin ligands bind to tyrosine kinase Eph receptors and 

regulate various cell-cell interactions. Murai and colleagues [28] found that 

ephrin-A3 was expressed on astrocytic processes in the hippocampus. 

Expression of ephrin-A3 by glia serves to negatively regulate dendritic spine 

expansion. Therefore. when astrocytes do not surround a dendritic spine, 

they do not make the necessary contact to initiate Eph signaling, thereby 

allowing further elaboration of the spine. This work suggests an ability of glia 

to directly regulate morphological plasticity in the intact brain. 

The above-mentioned examples are indicative of the importance of 

glial cells in synaptic function, plasticity and development. Furthermore, not 
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only are glia involved in the molecular modification of synaptic function, they 

can also induce morphological changes at the cellular level. This is a 

fascinating avenue of research since glial cells are known to have stabilizing 

roles at synapses [3]. This potentially indicates the capacity for glial cells to 

stabilize synapses under a certain set of conditions and to induce modification 

under another. However, the question remains; do such glial-mediated 

molecular and morphological synaptic modifications occur in vivo outside the 

context of synapse formation? 

6.4.2. GUA, ARCHITECTURAL PLASTICITY AND NEUROTRANSMITTER 

CLEARANCE 

The examples discussed above demonstrate the ability of glia to 

modify synapses. However, neuronal changes may not be the only aspect of 

glial-mediated synaptic plasticity. Recently it has been found that glial cells 

not only modify neuronal plasticity, but they are themselves also plastic and 

can change in response to neuronal activity [31, 37]. Furthermore, these 

studies demonstrate that glial plasticity can occur in adult systems where 

changes in glial structure alter both the immediate synaptic environment as 

weil as the surrounding extracellular space. These changes could have 

profound effects on synaptic function and plasticity. 

Clear evidence was obtained in the supraoptic nucleus (SON). Indeed, 

this region of the brain undergoes dramatic architectural changes due to 

hormonal regulation during lactation in adult females [48]. Increased levels of 

neuronal activity, observed during lactation, result in decreased glial coverage 

of these glutamatergic synapses. The possibility that these changes could 

alter glutamate clearance and thus modulate synaptic efficacy was 

investigated [31]. At this synapse, presynaptic neurons release glutamate, 

activating postsynaptic AMPA receptors. However, the presynaptic neuron 

also expresses metabotropic glutamate receptors (mGluRs), which decrease 

transmitter release when activated. To investigate the influence of glial 
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coverage on synaptic function, Oliet and colleagues [31] tested synaptic 

function during different degrees of synaptic-coverage. In virgin rats, where 

synapses are tightly ensheathed by glia, blockade of glial glutamate 

transporters decreased the amplitude of evoked currents and increased 

paired-pulse facilitation (PPF) ratio. This is due to presynaptic mGluR 

activation by high levels of synaptic glutamate. Interestingly, bloc king glial 

transporters had a reduced effect in lactating rats where glial coverage is 

reduced. These results suggest that glutamate handling in the SON is 

markedly changed during lactation. In virgin animais, glial cells tightly 

regulate the concentration of glutamate in the synaptic cleft, keeping it 

relatively low. However, during lactation, withdrawal of glial cell processes 

from the synapse results in decreased glutamate clearance and higher levels 

glutamate in the synapse. 

The decrease in glial coverage and higher levels of glutamate in the 

synaptic cleft could affect the spillover of transmitter from the synaptic cleft. 

Not only does glial morphology affects this phenomenon, but their 

. transporters are also important for removal of glutamate from synapses [6, 

44,47]. Synaptic spillover may have implications for synaptic crosstalk, 

heterosynaptic plasticity and overall functioning of the brain. Synaptic 

crosstalk was investigated in the SON in the context of heterosynaptic 

depression [37]. This was an extension of the above model, where synaptic 

crosstalk between SON glutamatergic synapses causes heterosynaptic 

depression in neighbouring GABAergic neurons through presynaptic mGluRs. 

Piet and others (2004) recorded the amount of GABAergic depression due to 

glutamate spil,lover and activation of presynaptic mGluRs. They observed 

that extracellular diffusion was facilitated and that depression was twice as 

pronounced in lactating animais in comparison to virgin ones. This suggests 

reduced glial coverage, which agrees with the electrophysiological data that 

indicate a greater level of glutamate diffusion, and increased heterosynaptic 

depression in lactating rats. 
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These experiments indicate a clear role for glial cells in the regulation 

of synaptic function and reveal the complexity of such plasticity events 

involving non-neuronal elements. In this system, glial-dependent 

homosynaptic plasticity occurs in a glutamatergic pathway while more 

complex heterosynaptic depression can also occur in a different GABAergic 

pathway. This is an interesting example of how glial cells can directly impact 

not only a single synapse, but also, in more complex fashion on multiple 

synapses. The question that now remains is; what are the functional 

implications of a neuro-gli.al environ ment and neuro-glial plasticity in a given 

brain region? 

6.5. GUA AND SHORT-TERM SYNAPTIC PLASTICITY 

Short-term plasticity of synaptic efficacy is widely expressed in the 

, nervous system and is a form of plasticityfor which a glial contribution has 

been found and weil characterized. In the followin,g section we will discuss 

evidence for glia-mediated short-term plasticity in simple and complex 

synaptic environments. 

6.5.1. SHORT-TERM PLASTICITY IN THE PNS 

The neuromuscular junction (NMJ) is a useful model of a simple 

synapse that demonstrates purely homosynaptic plasticity in an intact 

preparation. Importantly, it allows specific manipulation of ail three of the 

synaptic compartments: the presynaptic terminal, the postsynaptic muscle 

fibre, and the perisynaptic Schwann cell (PSC), the glial cell at this synapse. 

The NMJ has been used as a reliable model for studying the tripartite 

synaptic function (pre, post and glia). The first studies of neuron-glia 

interactions at the NMJ demonstrated that PSCs could respond to nerve 

activity with Ca2
+ elevations [19, 42] and these elevations were frequency-



x 

dependent [19]. Is PSC activation at the NMJ a simple response to high 

activity or could they reciprocally modulate nerve activity? This was 

investigated by Robitaille [43] by monitoring NMJ plasticity while speci'fically 

activating or inactivating glial cells. He showed that interfering with the G­

protein-coupled receptors on PSCs disrupted the NMJ high frequency­

induced de pression (Fig 1 A). Also, G-protein activation of PSCs caused a 

decrease in nerve activity during 0.2 Hz stimulation. However, the injection 

did not have any effect on spontaneous release or PPF. These results 

suggest that PSC activation can modulate homosynaptic plasticity during high 
1 

frequency depression at the NMJ. 

A later study, performed by the same group, demonstrated a further 

role for PSCs in the modulation of NMJ function. This was done by direct and 

specifie Ca2
+ -mediated activation or inactivation of glial cells. Direct activation 

of the IP3 cascade caused a potentiation of neurotransmission at 0.2 Hz [10]. 

Furthermore, during 10Hz stimulation, injection of PSCs with the Ca2
+ 

chelator BAPTA induced greater depression (Fig. 1B). This suggests that the 

release of Ca2
+ trom internai stores results in a potentiation of transmitter 

release. These results suggest that not ail PSC G-protein signaling operates 

through the sa me mechanisms, and that the capacity exists for the PSCs to 

mediate bi-directional modulation of homosynaptic plasticity in neuromuscular 

function. 
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A) Injection of GDPbS to inactivate PSC G-protein signaling results in a 
reduction in synaptic depression. Modified from Robitaille 1998. B) 

. Injection of the calcium chelator BAPT A into PSCs results in greater 
depression at the NMJ, revealing a reduction in the potentiation. 
Modified from Castonguay and Robitaille 2001. 

Recent work by this group proposes that glutamate may be the glio­

transmitter involvedin the PSC·mediated depression. Pinard et al. [38] 

demonstrated the presence of mG/uR mediated depression of neuromuscu/ar 
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transmission and investigated evoked (EPPs) and spontaneous end-plate 

potentials (MEPPs) at the frog NMJ. They found a decrease in evoked EPP 

amplitude and MEPP frequency but not in MEPP amplitude in the presence of 

glutamate or a glutamate agonist. This suggests that glutamate reduced 

transmitter release. However, immunohistochemical staining for mGluR 

subunits suggested that these receptors were located on the muscle fibre. 

How then is glutamate having a presynaptic effect on neurotransmitter 

release? 

An earlier study from the same laboratory demonstrated that nitric 

oxide (NO) scavengers could decrease the level of high-frequency depression 

at the NMJ [49]. Furthermore, evoked EPP amplitude and spontaneous EPP 

frequency were both decreased in the presence of NO donors. These effects 

were similar to what was observed in the presence of glutamate [38]. Since 

NO is thought to be produced in the muscle and PSCs [13], it is possible that 

the glutamate and NO signaling pathways are coupled. A potential model for 

this system is one where presynaptic release of acetylcholine activates PSCs, 

inducing release of glutamate from the PSCs, which activates mGluRs on the 

muscle fibre. Activated mGluRs then stimulate the production of NO, 

modulating high-frequency depression. It is thought that activation of NO 

synthase is most likely calcium-dependent since it appears that neuronal NO 

synthase is present in muscle fibres, but also in PSCs [13J. 

Recently, Reddy and colleagues [41] developed a technique for specifically 

eliminating PSCs at frog NMJs using an antibody-compliment ablation 

technique. They observed that the absence of PSCs lead to a reduction in 

synaptic efficacy after five to seven days. However, they reported no effect of 

PSC ablation on synaptic transmission and plasticity minutes after the 

ablation [41]. At tirst, these results may appear in contradiction with those 

obtained by Robitaille and colleagues. However, such results were 

somewhat expected. Indeed, data obtained trom neuron-myoblast co­

cultures in the absence of Schwann cells, revealed that synapses displayed 
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ail forms of plasticity, in particular depression, observed at mature NMJs 

when PSCs are present Hence, what the culture and ablation experiments 

indicate is that the mechanisms of short-term plasticity are presynaptic in 

origin and are modulated by PSCs when these cells are present. This is also 

consistent with the observation by Robitaille [43] that blockade of G-protein­

coupled receptors in PSCs did not totally prevent synaptic depression. These 

results indicated that there was an important, fully active presynaptic 

component. Furthermore, since PSCs can potentiate and depress transmitter 

release it is possible that the effect of PSC ablation may result in a null effect 

where the lack of potentiation and depression would balance out. 

6.5.2. SHORT-TERM PLASTICITY IN THE CNS 

The NMJ has proven to be a useful model for investigàtions of simple 

synaptic interactions .. However, is there evidence for glial involvement in 

synaptic plasticity in the CNS where synaptic organization and plasticity can 

involve multiple pathways and complex network interactions? The 

hippocampus is a laminar structure with well-defined function, characterized 

cellular interactions and synaptic plasticity. The main cellular elements 

involved in synaptic plasticity are the pyramidal cells and the inhibitory 

interneurons [35]. However, the functional and morphological characteristics 

of glial cells are consistent with a possible role for these cells in the 

modulation of certain forms of synaptic plasticity. For instance, it is known 

that single hippocampal astrocytes contact thousands of synapses [9] and 

that they are connected together to form large, interconnected networks (Fig 

2.) [12]. Furthermore, these cells express receptor types that are similar to 

the ones present on neurons, are activated by hippocampal activity, and can 

release glio-transmitters and neuroactive substances known to be involved in 

various forms of plasticity. 
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Figure 2. Heterogeneity of hippocampal glial networks. 
A) Electrically coupled astrocytes in area CA 1 torm larger networks 
than those in area CA3 (B). Pyr indicates the pyramidal ce Il layer. 
Adapted from D'Ambrosio et al. 1998 with permission trom the Society 
for Neuroscience. Copyright 1998 Society for Neuroscience. 
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6.5.2.1. Hippocampal Plasticity 

ln the hippocampus, activation of pyramidal neurons has been shown 

to induce elevations in glial Ca2
+ levels [39]. In addition, elev~tions in glial Ca2

+ 

levels have been shown to be involved insignaling to neurons through 

glutamate release [33]. The impact of glial-to-neuron signaling was 

investigated in hippocampal culture where the effect of glial glutamate release 

was investigated during neuronal activity [2]. These experiments showed that 

action potential-evoked synaptic transmission was depressed following 

astrocyte stimulation. This depression involved an increasein glial 

intracellular Ca2
+ since it was blocked by BAPTA injection in astrocytes [2]. 

Interestingly, impeding the Ca2
+ activation of glial cells also perturbed the 

presynaptic mGluR-induced depression. Thus, these results suggest that 

astrocytic glutamate release following Ca2
+ elevations diffuses presynaptically 

to induce homosynaptic depression. This is a good example of glial 

modulatory capabilities in the CNS. However, glial cells were stimulated 

exogenously in these experiments and not by neuronal activity. This leaves 

the problem of whether glia can respond to neuronal activity and signal back 

in an intact preparation. 

The involvement of glial cells in relation to inhibitory interneurons was 

investigated by studying the effect of astrocyte signaling on inhibitory currents 

in hippocampal slices [20]. In this system, interneurons synapse onto 

principal neurons of the hippocampus and provide GABA-mediated inhibitory 

input. The authors demonstrated that stimulation of astrocytes located in 

close proximity to interneurons could, in turn, stimulate these interneurons 

through glutamate release. This stimulation resulted in increased frequency of 

miniature inhibitory postsynaptic currents recorded in pyramidal neurons. 

They also showed that astrocytes could be activated directly by GABA 

release from interneurons acting on glial GABAs receptors. Furthermore, 

application of GABAs antagonists disrupted potentiation of inhibitory synaptic 

\ 
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transmission [20]. These data suggest that GABAergic activation of 

astrocytes potentiates inhibitory synaptic activity through a glia-interneuron to 

pyramidal neuron loop. It was later shown that this regulatory loop was 

mediated by astrocytic glutamate signaling to kainate interneuronal receptors 

[24]. These results indicate that astrocytes can modify interneuron activity 

that subsequently impacts on CA 1 pyramidal neuron excitability. In addition, 

these data indicate that astrocytes can functionally interact with not only 

excitatory, but also inhibitory synaptic circuits in the hippocampus. 

Further support for an involvement of glia in complex synaptic interactions 

was provided by Poo and colleagueswho investigated the role of glial cells in 

purinergic-mediated depression [53]. At CA3-CA 1 hippocampal synapses, 

high frequency activity results in synaptic suppression, a rapid and short­

lasting form of presynaptic depression of transmitter release. This group 

showed that this depression was indeed a glial-mediated mechanism since it 

was abolished in the presence of glial inhibitors (fluoroacetate and octanol) or 

in the absence of glial cells in culture preparations [53]. Additionally, they 

showed that during high levels of activity synaptically released glutamate 

induced intracellular calcium rises in glial cells, triggering ATP release. This 

extracellular ATP acted homo- and heterosynaptically to induce presynaptic 

suppression. Hence, glial cells seem to be a necessary element of ATP­

mediated synaptic suppression in hippocampus. 

Recent results from our laboratory uncovered a glial involvement in 

adenosine-mediated heterosynaptic depression at Schaffer collateral 

synapses [45]. We reported that in rat hippocampi, Schaffer collateral 

tetanization recruits interneurons through NMDA receptors and induces 

GABA release. Surrounding glial cells show a calcium-dependent activation 

via GABAs receptors. It is thought that the Ca2
+ increase induces ATP release 

from glial cells, which degrades into adenosine. We demonstrated that 

adenosine, acting through A 1 receptors, heterosynaptically induces 

depression on Schaffer collaterals. Interestingly, we observed that blocking 
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Ca2
+ -mediated activation of glialcells disrupted the heterosynaptic depression 

of Schaffer collateral synapses. This suggests that glial cells not only act as 

complementary élements in neuronal modulation, but are an integrated and 

necessary components in network plasticity. Based on our results and those 

of Zhang et al. [53] we propose that homosynaptic modulation and plasticity 

that occur locally probably involve a sma" number of astrocytes and do not 

require communication within a glial network, whereas, heterosynaptic 

plasticity phenomena are based upon glial communication that occurs 

throughout a glial syncitium. Although the mechanisms involved in these two 

studies are different, they suggest that glial cells are essential elements of 

hippocampal plasticities. 

6.5.2.2. Retinal Modulation by Glial Calcium Waves 

The data presented above indicate that astrocytes can modulate 

synaptic plasticity over a large are a owing to a large degree of glial 

interconnectivity. This suggests that glial cell networks could be important for 

signaling over long distances. Glial morphology and interconnectivity vary in 

different brain regions [12] suggesting a differentiall influence on local brain 

function. Evidence for neuronal modulation through glial networks has also 

been obtained by Newman and colleagues in the retina [29]. In the isolated 

retina, astrocytes and radial Muller glia form networks that can propagate 

Ca2
+ waves over long distances (400 ~m) [29]. This in situ preparation 

responds to light stimuli with changes in neuronal fi ring rate. Newman and 

Zahs (1998) investigated whether.glial calcium waves could alter neuronal 

activity, therefore, implicating glial cells in regional modulation. Initial 

experiments demonstrated that neuronal firing rates were either increased, or 

decreased at the time a calcium wave reached a glial cell neighbouring the 

recorded neuron [29]. Increases in firing rate were only observed in ON cells, 

whereas decreases were observed in ail cell types, suggesting that glial cells 
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could differentially modify neuronal function based on the neuronal 

phenotype. Furthermore, changes in neuronal activity were not observed 

when glial calcium waves did not reach the recorded neuron or in the 

presence of glycine, GABA or glutamate antagonists. Modulation of firing rate 

was observed at an average distance of 60!lm indicating that glia could affect 

neuronal activity over moderate distances. 

6.5.2.3. Neuronal Synchrony 

Other results have recently come to light that suggest that glia could be 

involved in synchronization of neural activity. Two studies were published 

showing that in the hippocampal CA 1 region, astrocytic release of glutamate 

synchronously activated neighbouring neurons through extrasynaptic NMDA 

receptors [1, 16]. In one of the studi~s, Carmignoto, Haydon and colleagues 

[16] showed that inward currents could occur synchronously in two pyramidal 

neurons when astrocytes are stimulated by an mGluR agonist. Interestingly, 

this effect was observed in the presence of TTX, suggesting that glial cells 

mediated the effect. These results were also reproduced by specifically 

elevating Ca2
+ in astrocytes. These authors showed that the synchronization 

by glial cells was activated by neuronal activity itself, indicating the 

involvement of a reciprocal neuron-glia regulatory feedback loop. Additionally, 

both of these studies indicated that synchronous activation was spatially 

restricted to neurons with less than 100 !lM separation [1, 16]. This suggests 

some intrinsic property associated with the regional glial network that imparts 

a spatially limited degree of synchronization. 

Overall, work with CNS synapses in cultures and slices reveal that glial 

cells can receive, send and dynamically modulate neuronal function. This is 

occurring in direct homosynaptic neuron-glial interactions, and in more 

complex synaptic loops. These results challenge classical ideas as they 

strongly implicate glial cells in many forms of synaptic plasticity. It is also 
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interesting to note the similarities that exist in the studies that have used 

semi-intact models. For instance, glial cells seem able to modulate 

homosynaptic events as seen in the SON, NMJ and during high levels of 

activity in the hippocampus through release of ATP. These events can occur 

through glial plasticity, through sensing neuronal activity and modulating it in 

return. Furthermore, glia can be important for interactions between different 

groups of neurons and in heterosynaptic plasticity as reported by Kang et al. 

[45] and Serrano et al. [45]. Based on the evidence for frequency-dependent 

neuron-glial interactions in various forms of plasticity, it appears that ideas of 

neuronal networks should consider glial cells as interconnected partners. The 

extent of the glial interconnectivity of a given region is likely to be important in 

determining the degree of the glial modulation. For example, it is known that 

glial cells in the hippocampal CA 1 region form larger networks than those in 

the CA3 region (Fig. 2) [12]. Therefore, could glial modulation be more 

spatially restricted in the CA3 region and what cou Id be the functional 

consequences of such a difference? 

The impact and the function of glia on local and regional environments 

are diverse and appear to adjust to the complexity of the environment. 

Hence, it is likely that perisynaptic glial cells play many more roles than have 

been investigated yet. This leaves many unaddressed questions surrounding 

the field of synaptic plasticity and neuron-glial interactions. Below we will 

briefly discuss some areas of study that may be promising for elucidating the 

role of glia in synaptic plasticity. 

6.6. FURTHER GLIAL INVOLVEMENT 

There are many other instances of plasticity where. glial cells are weil 

positioned anatomically and functionally to respond and signal to neurons. 

However, addressing the question of glial involvement is not always the 

easiest task. Thus we will next discuss some plasticity events where glial 



cells have not been directly implicated, but in which their involvement is 

possible considering available information and general glial cell properties. 

6.6.1. CEREBELLAR PLASTICITY AND GLiA 

xx 

The cerebellum is a weil conserved, highly ordered struéture. Long-term 

depression (L TO) is a well-characterized form of cerebellar plasticity that is 

proposed to be important for fine motor control [8]. Cerebellar LTO is 

observed at glutamatergic synapses between granule cell parallel fibres (PFs) 

and Purkinje cells (PCs). The induction of L TO in the cerebellum has been 

shown to be at least partially dependent on NO [22, 23] that acts 

postsynaptically on PCs. The source of NO remains to be determined 

although it appears not to originate from the PCs themselves [23]. 

Obviously, there are important pre- and postsynaptic mechanisms involved in 

the induction of LTO, but could there be a role for Bergmann glia? For 

instance, Bergmann glia show the highest levels of NO synthase activity [21], 

they are closely associated with PF-PC synapses and can respond to PF 

activity [18]. Glial modulation of long-term plasticity would not mean that 

neuronal processes are not important. Sim ply that bot~ glial and neuronal 

influences likely have different roles in the full expression of cerebellar L TO. 

ln this system glial cells may modify or support the neuronal processes. 

6.6.2. LONG TERM CHANGES IN THE HIPPOCAMPUS 

It is a daunting task to address the questiofl of glial involvement in long­

term potentiation (L TP) or LTO in the hippocampus. Moreover, it is not until 

recently that evidence was obtained to support such a role for glia. Two 

signaling pathways have been found by which glial cells can modulate 

NMOA-dependent glutamatergic transmission. Thefirst series of evidence 

involves O-serine, a co-agonist acting on the glycine site at NMOA-type 

glutamate receptors, known to be necessary for the induction of hippocarnpal 
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LTP [4,32]. NMOA receptor activation can be a necessary step in activity­

dependent L TP induction [7]. Additionally, both glutamate and glycine sites on 

NMOA receptors must be filled for activation. Using mixed cultures and 

hippocampal slices, it was reported that glial release of O-serine was 

necessary to induce NMOA-type L TP [52]. In the presence of glycine site 

blocker, or in the absence of glial cells, LTP could not be induced. Thus, 

these results suggest that astrocytes also play a key role in long-term 

synaptic plasticity. The second series of experiments is related to TNFa. As 

discussed previously, TNFa is a protein that increases surface expression of 

neuronal AMPA receptors. It has been shown that TNFa, released by glial 

cells, increases synaptic efficacy. Glial release of TNFa is another key 

mechanism of glial control of glutamatergic plasticity since continuous 

presence of this molecule is necessary to maintain synaptic strength. 

Given the importance of AMPA and NMOA receptors in LTP and LTO [25], 

these results suggest that glial cells can release at least three glio­

transmitters that can be involved in these types of long-term plasticity: 

glutamate, O-serine and TNFa. The above results are consistent with 

observations from glial specifie knockout mice where LTP was modified, 

providing further support for a glial involvement in L TP [27, 30]. It will be of 

interest to investigate in more detail the putative involvement of glial cells in 

NMOA and AMPA receptor-mediated types of plasticity. 

6.7. CONCLUSION 

ln this review, evidence has been presented demonstrating that glial cells 

not only play a supportive role for neuronal activity, but that they are also 

involved in the regulation of neuronal network plasticity. From simple 

homosynaptic modulation to complex hippocampal plasticity, the tripartite 

synapse is the basis of these interactions and modulations. Owing to the 

plasticity of glial cells, their heterogeneity and their exquisite sensitivity to 
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neuronal activity and synaptic transmission, it is fascinating to hypothesize. 

that glial cells could have central roles in many different forms of plasticity. 

Evidence suggests that glia and neurons should no longer be considered 

independent cellular elements in the nervous system, but rather two 

interrelated, interconnected pathways involved in information processing and 

plasticity . 



XXIII 

6.8. REFERENCES 

[1] Angulo, M.C., A.S. Kozlov, S. Charpak, and E. Audinat, Glutamate 

released from glial ceUs synchronizes neuronal activity in the hippocampus, J. 

Neurosci. 24 (2004) 6920-6927. 

[2] Araque, A., V. Parpura, R.P. Sanzgiri, and P.G. Haydon, Glutamate­

dependent astrocyte modulation of synaptic transmission between cultured 

hippocampal neurons, Eur. J. Neurosci. 10 (1998) 2129-2142. 

[3] Balice-Gordon, R.J., Dynamic roles at the. neuromuscular junction. 

Schwann cells, Curr. Biol. 6 (1996) 1054-1056. 

[4] Bashir, Z.I., B. Tam, and G.L. Collingridge, Activation of the glycine site in 

the NMOA receptor is necessary for the induction of L TP, Neurosci. Lett. 108 

(1990) 261-266. 

[5] Beattie, E.C., D. Stellwagen, W. Morishita, J.C. Bresnahan, B.K. Ha, M. 

Von Zastrow, M.S. Beattie, and R.C. Malenka, Control of synaptic strength by 

glial TNFalpha, Science 295 (2002) 2282-2285. / 

[6] Bergles, D.E. and C.E. Jahr, Glial contribution to glutamate uptake at 

Schaffer collateral-commissural synapses in the hippocampus, J. Neurosci. 

18 (1998) 7709-7716. 

(7] Bliss, T.V. and G.L. Collingridge, A synaptic model of memory: long-term 

potentiation in the hippocampus, Nature 361 (1993) 31-39. 

[8] Boyden, ES., A. Katoh, and J.L. Raymond, CEREBELLUM-DEPENDENT 

LEARNING: The Role of Multiple Plasticity Mechanisms, Annual Reviewof 

Neuroscience 27 (2004) 581-609. 

[91 Bushong, EA., M.E Martone, Y.Z. Jones, and M.H. Ellisman, 

Protoplasrnic Astrocytes in CA 1 Stratum Radiatum Occupy Separate 

Anatomical Domains, J. Neurosci. 22 (2002) 183-192. 

[101 Castonguay, A. and R. Robitaille, Differentiai regulation of transmitter 

release by presynaptic and glial Ca2+ internai stores at the neuromuscular 

synapse, J. Neurosci. 21 (2001) 1911-1922. 



XXIV 

[11] Christopherson, K.S., E.M. Ullian, C.C. Stokes, C.E. Mullowney, J.W. 

Hell, A. Agah, J. Lawler, D.F. Mosher, P. Bornstein, and B.A. Barres, 

Thrombospondins Are Astrocyte-Secreted Proteins that Promote CNS 

Synaptogenesis, Cell 120 (2005) 421-433. 

[12] D'Ambrosio, R, J. Wenzel, P.A. SChwartzkroin, G.M. McKhann, Il, and D. 

Janigro, Functional Specialization and Topographie Segregation of 

Hippocampal Astrocytes, J. Neurosci. 18 (1998) 4425-4438. 

[13] Descarries, L.M., S. Cai, R RObitaille, E.M. Josephson, and D.K. Morest, 

Localization and characterization of nitric oxide synthase at the frog 

neuromuscular junction, J. NeurocytOI. 27 '(1998) 829-840. 

[14] Dunaevsky, A., R Blazeski, R Yuste, and C. Mason, Spine motility with 

synaptic contact, Nat. Neurosci. 4 (2001) 685-686. 

[15] Dunaevsky, A., A. Tashiro, A. Majewska, C. Mason, andR Yuste, 

Developmental regulation of spine motility in the mammalian central nervous 

system, Proc. Natl. Acad. Sei. USA 96 (1999) 13438-13443. 

[16] Fellin, T., O. Pascual, S. Gobbo, T. Pozzan, P.G. Haydon, and G. 

Carmignoto, Neuronal synchrony mediated by astrocytic glutamate through 

activation of extrasynaptic NMDA receptors, Neuron 43 (2004) 729-743. 

[17] Fischer, M., S. Kaech, D. Knutti, and A. Matus, Rapid actin-based 

plasticity in dendritic spines, Neuron 20 (1998) 847-854. 

[18] Grosche, J., V. Matyash, T. Moller, A. Verkhratsky, A. Reichenbach, and 

H. Kettenmann, Microdomains for neuron-glia interaction: parallel fiber 

signaling to Bergmann glial cells, Nat. Neurosci. 2 (1999) 139-143. 

[19] Jahromi, B.S., R Robitaille, and M.P. Charlton, Transmitter release 

increases intracellular calcium in perisynaptic Schwann cells in situ, Neuron 8 

(1992) 1069-1077. 

[20] Kang, J., L. Jiang, S.A. Goldman, and M. Nedergaard, Astrocyte­
mediated potentiation of inhibitory synaptic transmission, Nat. Neurosci. 1 
(1998) 683-692. 
[21] Kugler, P. and D. Drenckhahn, Astrocytes and Bergmann glia as an 

important site of nitric oxide synthase l, Glia 16 (1996) 165-173. 



xxv 

[22] Lev-Ram, V., T. Jiang, J. Wood, O.S; Lawrence, and A.Y. Tsien, 

Synergies and coincidence requirements between NO, cGMP, and Ca2+ in 

the induction of cerebellar long-term depression, Neuron 18 (1997) 1025-

1038. 

[23] Lev-Ram, V., L.A. Makings, P.F. Keitz, J.P. Kao, and A.Y. Tsien, Long­

term depression in cerebellar Purkinje neurons results from coincidence of 

nitric oxide and depolarization-induced Ca2+ transients, Neuron 15 (1995) 

407-415. 

[24] Liu, O.S., O. Xu, G. Arcuino, J. Kang, and M. Nedergaard, Astrocyte­

mediated activation of neuronal kainate receptors, Proc. Nat\. Acad. Sci. USA 

101 (2004) 3172-3177. 

[25] Luscher, C., A.A. Nicoll, A.C. Malenka, and O. Muller, Synaptic plasticity 

and dynamic modulation of the postsynaptic membrane, ,Nat. Neurosci. 3 

(2000) 545-550. 

[26] Mauch, O.H., K. Nagler, S. SChumacher, C. Goritz, E.C. Muller, A. Otto, 

and F.W. Pfrieger, CNS synaptogenesis promoted by glia-derived cholesterol, 

Science 294 (2001) 1354-1357. 

[27] McCall, M.A., R.G. Gregg, A.A. Behringer, M. Brenner, C.L. Oelaney, 

E.J. Galbreath,.C.L. Zhang, A.A. Pearce, S.Y. Chiu, and A. Messing, 

Targeted deletion in astrocyte intermediate filament (Gfap) alters neuronal 

physiology, Proc. Natl. Acad. Sci. USA 93 (1996) 6361-6366. 

[28] Murai, K.K., L.N. Nguyen, F. Irie, Y. Yamaguchi, and E.B. Pasquale, 

Control of hippocampal ~endritic spi ne morphology through ephrin-A3/EphA4 

signaling, Nat. Neurosci. 6 (2003) 153-160. 

[29] Newman, E.A. and K.A. Zahs, Modulation of neuronal activity by glial 

cells in the retina, J. Neurosci. 18 (1998) 4022-4028. 

[30] Nishiyama, H., T. Knopfel, S. Endo, and S. Itohara, Glial protein S1008 

modulates long-term neuronal synaptic plasticity, Proc. Nat\. Acad. Sci. USA 

99 (2002) 4037-4042. 



XXVI 

[31] Oliet, S.H., R. Piet, and D.A. Poulain, Control of glutamate clearance and 

synaptic efficacy by glial coverage of neurons, Science 292 (2001) 923-926. 

[32] Oliver, M.W., M. Kessler, J. Larson, F. Schottler, and G. Lynch, Glycine 

site associated with the NMDA receptor modulates long-term potentiation, 

Synapse 5 (1990) 265-270.· 

[33] Parpura, V., T.A. Basarsky, F. Liu, K. Jeftinija, S. Jeftinija, and P.G. 

Haydon, Glutamate-mediated astrocyte-neuron signalling, Nature 369 (1994) 

744-747. 

[34] Peng, H.B., J.F. Yang, Z. Dai, C.W. Lee, H.W. Hung, Z.H. Feng, and C.P. 

Ko, Differentiai effects of neurotrophins and schwann cell-derived signais on 

.neuronal survivallgrowth and synaptogenesis, J. Neurosci. 23 (2003) 5050-

5060. 

[35] Perez, Y., F. Morin, and J.C. Lacaille, A hebbian form of long-term 

potentiation dependent on mGluR1 a in hippocampal inhibitory interneurons, 

Proc. Nat\. Acad. Sci. USA 98 (2001) 9401-9406. 

[36] Pfrieger, F.W. and B.A. Barres, Synaptic efficacy enhanced by glial cells 

in vitro, Science 277 (1997) 1684-1.687. 

[371 Piet, R., L. Vargova, E. Sykova, D.A. Poulain, and S.H. OHet, 

Physiological contribution of the astrocytic environ ment of neurons to 

intersynapticcrosstalk, Proc. Nat\. Acad. Sci. USA 101 (2004) 2151-2155. 

[38] Pinard, A., S. Levesque, J. Vallee, and R. Robitaille, Glutamatergic 

modulation of synaptic plasticity at a PNS vertebrate cholinergic synapse, 

Eur. J. Neurosci. 18 (2003) 3241-3250. 

[39] Porter, J.T. and K.O. McCarthy, Hippocampal astrocytes in situ respond 

to glutamate released from synaptic terminais, J. Neurosci. 16 (1996) 5073-

5081. 

[40] Portera-Cailliau, C., D.T. Pan, and R. Yuste, Activity-regulated dynamic 

behavior of early dendritic protrusions: evidence for different types of dendritic 

tilopodia, J. Neurosci. 23 (2003) 7129-7142. 



XXVII 

[41] Reddy, L.V., S. Koirala, Y. Sugiura, A.A. Herrera, and C.P. Ko, Glial cells 

maintain synaptic structure and function and promote development of the 

neuromuscular junction in vivo, Neuron 40 (2003) 563-580. 

[42] Reist, N.E. and S.J. Smith, Neurally evoked calcium transients in terminal 

Schwann cells at the neuromuscular junction, Proc. Natl. Acad. Sci. USA 89 

(1992) 7625-7629. 

[43] Robitaille, R., Modulation of synaptic efficacy and syl1aptic depression by 

glial cells at the frog neuromuscular junction, Neuron 21 (1998) 847-855. 

[44] Rothstein, J.D., M. Dykes-Hoberg, C.A. Pardo, L.A. Bristol, L. Jin, R.W. 

KLincl, Y. Kanai, M.A. Hediger, Y. Wang, J.P. SChielke, and D.F. Welty, 

Knockout of glutamate transporters reveals a major role for astroglial 

transport in excitotoxicity and clearance of glutamate, Neuron 16 (1996) 675-

686. 

[45] Serrano, A., N. Haddjeri, J.-C. Lacaille, and R. Robitaille, Involvement of 

glial cells in heterosynaptic depression at hippocampal Schaffer collateral­

pyramidal œil synapses, Society for Neuroscience abstracts (2003) 

[46] Son, Y.J. and W.J. Thompson, Schwann cell proœsses guide 

regeneration of peripheral axons, Neuron 14 (1995) 125-132. 

(47] Tanaka, K., K. Watase, T. Manabe, K. Yamada, M. Watanabe, K. 

Takahashi, H. Iwama, T. Nishikawa, N. Ichihara, T. Kikuchi, S. Okuyama, N. 

Kawashima, S. Hori, M. Takimoto, and K. Wada, Epilepsy and exacerbation 

of brain in jury in mice lacking the glutamate transporter GL T-1, Science 276 

(1997) 1699-1702. 

[48] Theodosis, D.T. and D.A. Poulain, Activity-dependent neuronal-glial and 

synaptic plasticity in the adult mammalian hypothalamus, Neuroscience 57 

(1993) 501-535. 

[49] Thomas, S. and R. Robitaille, Differentiai frequency-dependent regulation 

of transmitter release by endogenous nitric oxide at the amphibian 

neuromuscular synapse, J. Neurosci. 21 (2001) 1087-1095. 




