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REsuME eT LES MoTs CLES FRANGAIS
La reconnaissance des cellules gliales comme partenaires

dynamiques de la fonction synaptique au sein du systéme nerveux est
grandissante. Cette évolution de pensée, vers un réle actif des cellules
gliales, a débuté dans les années 1990 avec des travaux pionniers
demontrant que la transmiséion 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 \)ariables. Cette influence des cellules gliales sur les synapses
contribue & 'une des propriétés synaptiques fondamentales, soit leur habilité
a étre modifiée ou leur plasticité. Les mécanismes gliaux influehgant 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-mémes
demeurent inconnus. ‘

Les neurotrophines font partie d'un groupe de facteurs contribuant aux
meécanismes de plasticite dans le systéme nerveux et sont impliquées dans la
fonction deé cellules gliales. Ces observations suggerent donc que les
neurotrophines puissent contribuer a la plasticité deé ceIIuIes\inaIes. Ainsi, je
propose dans cette thése : '

1) D’étudier I'un des aspects de base des interactions neurone-glie, soit, de
déterminer comment s’explique la génération d’'une action positive versus
negative deé cellules gliales sur la synapse.
2) Déterminér le rble des neurotrophines sur la plast‘icité des cellules gliales.
Dans la premiére section, nous avons démontré que les réponses
calciques gliales sont différentes selon les parameétres de stimulation
nerveuse et que ces derniéres exercent a 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 &




des différences dans la contribution des cellules gliales a la plasticité.
“synaptique. |

Dans la deuxiéme section, I'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 altérent les reponses calciques gliales. - Ainsi, ces
résultats démontrent que les élévations calciques gliales sont plastiques et
modifiables par les neurotrophinés.

Les résultats présentés dans cette thése démontrent I'importance des
céllules gliales dans la régulation de la direction de la plasticité synaptique.
D’autre part, ces études déemontrent I'importance des neurotrophines dans la
communication neurone-glie. En effet, en considérant I'importance des
différences dans les réponses calciques glial'es sur la plasticité synaptique, la

~ capacité des neurotrophines a les moduler démontre bien leur réle clé dans la
fonction synaptique. Ces études révelent finalement I'importance des
qhahgements 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 .

In 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 1990 with bioneering WOrk demonstrating
that glial cells in situ could actively respond to synaptic transmission with -
elevations of intracellular calcium. We now know that glial cells also provide
feedback 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
determines 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 in a
wide variety of plasticity mechanisms throughbut 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 well as some molecules that could be important for these
interactions.

In the first study | found that modulation of ner\)e 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, | investigated neurotrophun sngnallmg to ghal cells and the
roles these factors have in glial cell plasticity itself. Application of dlfferent
neurotrophins during nerve-evoked activity altered glial calcium responses. |
found that glial cell calcium elevations are plastic and can be changed by
neurotrophlns

The results presented in this theS|s demonstrate the crucial role of glial
cells in regulatmg the direction of synaptic plasticity. Furthermore, | reveal the
highly sensitive nature of glial cell calcium elevations, where small changes in
glial calcium signals dramatically alter synaptic function. In addition |
demonstrate that glial cells are themselves plastic. When considering the |

“observed importance of differences in glial calcium elevations on synaptic
plasticity, néurotrophins may be vital for directing the outcome of neuron-glial

communication.

Keywords — neuron-glial interactions; neurotrophin;
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ACh — acetylcholine

ATP — adenosine triphosphate

BDNF - brain derived neurotrophic factor
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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 irnportant for
synaptic function. This development has lead to the use of the term
“tripartite synapse” when 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

Figure 1. Classic view of the synapse.
Communication between two neurons involves release of
neurotransmitter from the presynaptic terminal that binds to receptors
on the postsynaptic cell.

. Synapses are plastic, and therefore can be s_trengthened or
weakened depending on the changing demands of the nervous syste'm.
Classieally, plasticity was thought to involve the pre- and postsynaptic
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 al:, 2006).



Presynéptic
Terminal

Postsynaptic
Cell

Figure 2. The tripartite synapse.
The glial component is added in to the classical view of the synapse
and is an active partner in synaptic transmission both receiving input
and providing feedback to neurons.

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 cell 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 specific (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 signals 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.

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 A
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 approachés to demonvstrate 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. | |

In this thesis | have provided information regarding the role of glial
cells in different forms of plasticity and ih glial plasticity itself. To investigate
these unanswered problems, | studied the involvement of glial cells in the
generation of distinct forms bf plasticity, specifically, their ability to detect
different patterns of neuronal activity, and the resulting differences in their ,
feedback to synapses. In addition, | have investigated the Contribution of
the neurotrophins, on the modulation of glial cell plasticity and neuron-glial

interactions.




First, | 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 | demonstrate that glial
cell calcium elevations are indeed plastic and 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 some 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 well as some
transmembrane proteins that span the syriépse to physically join the pre-
postsynaptic cells. Some _6f the most studied presynaptic proteins that are
ihvolved in vesicle trafficking and release make up a group known as the

SNARE proteins. The SNARE proteins link together the nerve terminal




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 orgénization 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 zohes
(probably less than 50 nm) leads to high fidelity of transmitter release. In
fact, following an action potential it takes approxihately 0.2 ms for vesicle
fusion to occur. Presynaptic active zones allows for rapid and reliable '
vesicle release following arrival of an action potential.

Postsynaptically, neurotransmitter binds to receptors to induce a
" response. 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 Qontain.s
receptors, scaffolding proteins and signalling proteins involved in the .

generation of the postsynaptic response.
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Figure 3. Presynaptic and Postsynaptic Machinery.
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 arrival 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



decreasing. These changes are generally referred to as synaptic plasticity.
The mechanisms and processes involved will be discussed in more detalil
later. Hdwever, at a basic level these plasticity events can be the result of
changes to the presynaptic terminal, the postsynaptic cell as well as

- neighbouring glia.

This section has introduced general aspects of the chemical
synapée. 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 we think of neuron-to-neuron synapses, however, one of the
best-understood synépses'in the nervous system is the neuromuscular
juncﬁon (NMJ). The NMJ is the eqUivaIent 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
glia that participate in its function (Auld et al., 2003). These properties
make the NMJ an excellgnt rﬁodel for studying neuron-gl‘ial 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 the longest
amount of time of any synapse in the nervous system. Chemical synapiic
transmission has been best described in this 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
understanding mechanisms of release (Poage and Meriney, 2002; Rizzoli
et al., 2003), postsynaptic mechanisms (Sanes and Lichtfnan, 2001) and
more recently, for studying the tripartite synapse (Auld and Robitaille,
2003a). |




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 ceIIs;IPSCs). This is a relatively simple organization
with only one innervating nerve terminal (at mature synapses), one
postsynaptic cell, and about 3-4 PSCs, with all cellular compartments being
visually identifiable. |

1.3.1.1. Presynaptic Terminal of the NMJ
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 arrival of an action potential and
results in the liberations of tens to hundreds of vesicles. Calcium and
.presynaptic proteins associatéd with vesicular release play similar roles
at the NMJ as previously mentioned for synapses in general.

' Presynaptic terminals functionally match the properties of their
associated muscle. For example the presynaptic terminal must be able
to induce the form of contraction required by a given muscle, and some
muscles are required to be active for brief periods of intense activity
whereas others require more prolonged pefiods, of activation. This is
achieved through a variety of presynaptic terminal properties such as the
number of vesicles available and released (Reid ét al., 1999). These
differences in properties give some terminals 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, 199?; Reid et al., 1999). Specific properties will

be discussed in more detail in the following section.

1.3.1.2. Properties of P}esynaptic Release

Although the structure of NMJs can vary widely amongst different
species, the functional aspects seem to be well 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 termihals, 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.
However, there are observable differences between neuromuscular
synapses. For instance, much interest has been focussed on the
adaptlve 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
soleus (Sol; weak)' and extensor digitorum longus (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 terminals also have a larger synaptic vesicle pool in
comparison to those of EDL NMJs (Reid et al., 1999). These terminals

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

~ terminals even across species, ~115 sec (Betz and Bewick, 1992, 1993,
_ Rya_n et aI.', 1993; Reid et al., 1999). Since recyqling time is similar, this
suggests smaller release per stimulus and unit area alohg with the
larger vesicle pool size contribute to the greater degree of fatigue
resistance at Sol nerve terminals. Although there are sofne subtle
differences in release properties and vesicle number, the same basic
mechanisms apply to all NMJs.

1.3.1.3. Synaptic Plasticity

The amount of transmitter release that occurs is variable and
changes in the amount of release are referred to as 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-tetahic potentiation (PTP), lasting 10s of seconds and
finally short-term plasticity, which lasts for minutes (Zucker and Regehr,
12002). Calcium plays important'roles in all forms of synaptic
enhancement although the mechanisms are different. Facilitation is the
result of residual calcium in the presynaptic terminal when a second
irppulse 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‘ from active zones
(Cooper et 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 presynaptically. This build up then results in decreased removal
by exchangers due to the increased intracellular sodium concentrafion
(Birks and Cohen, 1968b, '1 968a; Mulkey aﬁd Zucker, 1992). Another
factor that can influences PTP is mitochondrial calcium loading. This
also 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). All
. 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, wheré vesicle release
outpaces recovery and recycling, such that fewer readily releasable

vesicles are available. Once presynaptic activity stops, vesicle recyéling
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can catch up and return the vesicle pool to normal, and thus, no
depression is apparent. '

Other mechanisms of depression that involve longer processes
include modulation of presynaptic function by neuromodulators and
postsynaptic desensitization (Zucker and Regehr, 2002). Some of these
mechanisms 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 these 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 éynthase 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 suyrrounding
plasticity were made using NMJ preparations, discoveries that have -

proven to hold true throughout the nervous system.

1.3.1.4. Postsynaptic Muscle Fibres

The postsynaptic cell associated with’'NMJs is the muscle fibre.
There is only one presynaptic cell for each postsynaptic cell, u'nlike the
6rganization of the CNS, however, during development muscle fibres
are innervated by multiple presynaptic terminals (Balice-Gordon and
Lichtman, 1993). |

Strong and weak synapses ihnervate 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 | fibres corresponding to slow
thitch, and red fibres expressing MHCIB and being innervated by weak
presynaptic terminals. These fibres are high in mitochondria, undergo
oxidative metabolism and are fatigue resistant (Peter etal., 1972; Pette
and Staron, 2000). They also have a smaller diameter than other fibre
types. Type IIB fibres are larger in diameter, are one type of fast twitch,
" white fibre, that are low in mitochondria, run on glycolysis and express
MHCIIb (Peter et al., 1972; Pette and Staron, 2000). These properties
make white fibres more prone to fatigue and are innervated by the
strong presynaptic terrninals. The other pure fast twitch fibres include
type IlA and IID. Finally there are mixed fibres that display a mixture of
the above-mentioned prqperties(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 acetyicholine

~ and activation of postsynaptic nicotinic acetylcholine receptors
(nAChRs). These receptors are pentameric in structure and are
permeable to monovalent and divalent cations (Villarroel and Sakmann,
1996). As with all postsynaptic cells, densities of receptor clusters and
postsynaptic scaffolding proteins are present on muscle fibres in the
end-plate 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 examble receptor clustering. Early studies
dbséfved some spontaneous clustering of nAChRs (Vogel et al., 1_97 2;
Fischbach and Cohen, 1973), hbwever, 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 aI.,'1985). Two factors
released in an activity-dependent manner that are important for theée
processes are neuregulin (Usdin and Fischbach, 1_986;' Falls et al.,
1993; Jo et al., 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 Jessen, 1996). In terms

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

terminals 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 along 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 aﬁd 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 animals (Reddy et al., 2003). PSCs are an integral part of
neuromuscular synapses, participating in development, maturation,

stability and function.
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1.4. NEURON-GLIAL INTERACTIONS IN SYNAPTIC PLASTICITY

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

~ from neurons. Like neurons they are heterogeneous and fall into a number
of large categories; 1) microglia, the immune cells of the brain, 2)
myelinating glia, oligodendrocytes of the CNS and Schwann celis 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, itis
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 preparatibns.

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 (Somijen, 1988) suggested that |
astrocytes might be involved in neurotransmitter removal to regulate
transmission, something that is now known to be true (Rothstein etal.,
1996; Bergles and Jahr, 1997, ‘1‘998; 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 cells that was dependent on extracellular pbtassium (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 glial cells came with the finding that they
responded dynamically with caicium 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;
Haydovnv and Carmignoto, 2006). |
In terms of chemical acti\)ation 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
lised more intact preparations to demonstrate that this was not simply an
artefact of cuiture (Dani et al., 1992; Jahromi et al., 1992; Reist and Smith,
1992). Two of these studies, from Stephen Smith’s laboratory, used différent
preparations. One was the hippocampal slice, and the other the NMJ
~prepafation and PSCs. These two studies arrived at the same basic
“conclusion, that glial cells res‘pond with calcium elevations to nerve activity.
Following the establishment of gAIia as active responders to synaptic
transmission, the question turned to their involvement in providing
modulatory feedback fo.synapses. 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 whén 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 many and varied roles that glial cells play in

synaptic function.
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1.4.2. CaLciuM: A BREAKTHROUGH IN THE STubY OF GLIAL CELL
FUNCTION

The major acute response detectable in glial cells is the calcium
response. This dynamic form of cellular fesponse was discovered in the
- 1980’s and has since been influential in studies of glial cell function and
neuron-glial interactions (for example see Sugino et al., 1984).

The intracellular signalling cascades responsible for generating glial
calcium responses are the inositol 1,4,5-triphosphate (IP;) and ryanodine
reéeptor 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 IP; pathway is initiated
through G-protein-mediated activation of phospholipase C (PLC), which
cleaves phosphatidylinositol 4,5-bisphosphate (PIP,) to form diacylglycerol
and IP;. The newly formed IP; then activates IP; receptors to release '
intracellular stores of calcium (Fig. 2). = _ _

Calcium elevations in glia can be generated spontaneously and thfough
'agonist-mediated activation. Ih terrﬁs 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 GABA, receptors that lead to |
potentiation of release by inhibitory interneurons (Kang et al., 1998). This
initially occurs through the presynaptic rélease of a neurotransmitter that
then binds to receptors on the perisynaptib glial cell. This leads to a calcium
elevation in the glial cell and subsequent release of inotransmitte\r that acts
through feedback on the presynaptic terminal or onto the postsynaptic cell.
Interestingly, glial calcium respdnses are'not all or none events. They are
modifiable and dependent on the input used to activate 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 glialycells respond with different calcium elevations to different
frequency input, it is unknown if this impacts any ongoing process. |
Furthermore, nothing is known regarding the influence of different patterns
of stimulation on glial activity. It is likely that differences in glial activation
Iead to differences in feedback to neufons, although this has never
specifically been tested.

1.4.3. CNS SYNAPTIC 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 alv(lays representative of those
~oceurring in more intact preparations (Kimelberg et al., 1997). Now siice
prepafa'tions are commonly used and even some 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. Gliotransmission and Glial-to-Neuron Signaiiing

1.4.3.1.1 CHEMICAL TRANSMITTER RELEASE

Gliotransmission (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
(Bezzi et al., 2004), and vesicular release machinery (Zhangr 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 astrocytes .Ieadi'ng to modulation of
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CNS synapses is an attractive hypothesis, the Evidence is currently under
debate (Angulo et al., 2004, Fellin et al., 2004; Fiacco et al., 2007).

| Another 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 signals across glial networks
(Newman and Zahs, 1997; Haas et aI:, 2006). Another role for astrocyte
purine signalling has recently emerged from two laboratories using
pharmacological and molecular approaches. These reports demonstratéd
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 GLIOTRANSMISSION AND SYNAPSE DEVELOPMENT

Other important actions of factors released by glial cells have been
shown in the cdntext 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 (Maljch 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 fbr glia in inhibitory synapse formation have also recently come to

light. For.instance, Balice-Gordon and colleagues demonstrated that
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astrocyte conditioned medium éould enhance both inhibitory synaptic
transmission and postsynaptic GABA, receptor density (Elmariah et al.,
2005b). This appears to occur through twd separate mechanisms that rely

- on the release of BDNF from neighbburing astrocytes. An interesting link
with the previous discussion of purinergic signalling comes from work in the
PNS showing that axonal release of ATP could initiate the release of BDN_F
from Schwann cells in a regulated manner (Verderio et al., 2006). This study
was performed in the context’of regeneration; however, similar mecha_riisms
may influence developmental progressions as well. 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 nveuron-to-glial |
communication and glial-to-neuron signalling.

1.4.3.1.3  PHYSICAL GLIAL-TO-NEURON SIGNALLING

Aside from factors that are released, glial cells can commuhicéte with
neurons through é wide variety of mechanisms. For example, one "
mechanism of communication is the direct 5interaction 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 develbpment (Hama et
al., 2004). Interestingly, astocytes oécupy distinct domains, do not overlap,
but do dontact 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 descr_ibed 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 arrangemeht 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 area (Bernardinelli et al., 2004).
Furthermore, these waves are likely involved in régulating neuro-vascular
| coupling (Metea and Newman, 2006; Takano et al., 2006), since calcium
signals in glial endfeet can induce changes in vascular dilation (Zonta et al.,
2003; Mulligan and MacVicar, 2004). In terms of direét synaptic functioning,
glial calcium waves may also be i'nvolved in long-distance communication
and pbssib|y even synchronization of multiple neurons through coherent
.release of gliotransmitter (Angulo et al., 2004, Fellin et al., 2004).
There are many molecules and mechanisms that are implicated in the
birdirectional commuhication 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, some 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. A_cufe 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 throhgh o

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), sig_nalling to the presynaptic terminal (Robitaille, 1998;
Castonguay and Robitaille, 2001 ) and providing overall stability to the
synapse (Reddy et aI.; 2003). These aspects of the NMJ-PSC preparation
allow for its utility as a model for studies of neuron-glial interéctions.

As with CNS astrocytes, PSCs are able to respond to a number of =
different neurotransmitters. The most predominant are acetylcholine (ACh), |
which is released 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 metabo’tropic
muscarinic acetylcholine receptors (mMAChRs). At frog NMJs, mAChRs are
suggested to be of an atypidal 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 depression' (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. A

1.4.4.2. Long-term Actions of PSCs

Some of the most well described PSC functions are those occurring over
longer periods of time. Interestingly, results from the laborato'ry of Milton
Charlton have suggested that mAChRs might be involved in regulating
morphology of PSCs through control of cytoskeletal elerhents. This was
suggested 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 acute affects on PSCs, bdt that it
likely also influences glial and synaptic stability. The reciprocal of this is true
as well, wheré removal of PSCs from the synapse results in synaptic
| disassembly (Reddy et al., 2003), suggesﬁng that PSCs also provide
stability signals to presynaptic terminals at NMJs.

1.44.21 PSCsaAnND SYNAPSE DEVELOPMENT

Intestingly, PSCs, like astrocytes, also seem to release substances that
encourage synaptic development. In culture, the addition of neurotrophic
factors maintains the survival of neurons, but prevenis synapse formation. |
On the other hand, when Schwann cell conditioned media is added,
synaptogenesis can occur (Peng et al., 2003). Furthermofe, 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 illustrates 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 role for NT-3-TrkC signalling in PSCs. Other more long-term
roles for neurotrophins may also exist as it is known that disruption of TrkB
signélling 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 terminals and
PSCs. | _

One such molecule, which is important for NMJ development, and
negatively affects PSC stability, is neuregulin. Neuregulin expression can be
regulated by BDNF, GDNF, and NT-3 (Loeb et al., 2002). Neuregulin is a
potent factor for NMJ develbpment and PSC survival during development
(Trachtenberg and Thompson, 1996). It also known that following A
denervation PSCs send processes to neighbouring junctions that guide -
reinnérvation (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 processes.

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 rhajor groups of molecules that | will discuss in the

context of NMJ and PSC function are the purines. They are important for
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both modulation of synaptic activity and neuron-glial‘ interactions and are

discussed in the review to follow.
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In the following pages readers will find the review article:

Todd KJ, Robitaille R (2006) Purinergic modulation of synaptlc S|gna|I|ng 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; Santoé etal,
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

- receptors are present on all three elements of the NMJ: the
presynaptic nerve terminal, postsynaptic muscle and perisynaptic
Schwann cells (PSCs). These receptors include P1 adenosine
receptors on presynaptic terminals (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 terminals (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 de\/elopment
(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 interactio‘ns (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. Some 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 occur 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 a number of factors. For instance,
the function of purihergic signalling chénges 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 mammalian preparation, Correia-
de-sa and colleagues (Correia-de-Sa et al., 1996) demonstrated
‘purine-mediated potentiation and depression of transmitter release
depending on the frequency and pattern of stimulation. In this Study,
activation of P1 adenosine receptors of the A, or A,, subtypes were
responsible for inducing the depressive and potentiating effects
respectively. This model suggests that the A, recepto’r effect
dominates during low-frequency activity, while higher IeVeIs of
synaptic adenosine are required for activation of A,, receptors.
These higher levels of adenosine are achieved when short-duration
bursts of activity that cause the release of larger amouhts 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
that during high-frequency bursts of nerve activity the accumulation
of synaptic adenosine is greater and activation of adenosine
receptors shifts such that transmitter release is potentiated through
activation of A,, 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 caﬁ 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
depfessing 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. (Moores et al., 2005) found evidence for
presynaptic ionotropic P2X, 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 similar actions and can operate in pérallel to modulate
transmitter release at the NMJ (Fig. 1).
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Review Figure 1. Schematic representation of the purinergic modulation
of synaptic functions at the NMJ.

Diagram depicting the presynaptic nerve terminal (green), perisynaptic
Schwann cell (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
modaulation 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, 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 A,, receptors. P2X, ionotropic receptors increase non-specific
cation conductance leading to Ca* entry while A,, 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 H,0,. The location for production of reactive
oxygen species is not isolated to any specific 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
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through P2Y1-mediated activation of transcription of nicotinic ACh
receptor (hAAChR) subunits and acetylcholinesterase (AChE) (Choi et
al., 2001; Choi et al., 2003).

MECHANISMS OF PRESYNAPTIC MODULATION
The mechanisms of purinergic modulation vary

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 resuits found
in this new study occurred. However, Grishin investigated P2Y
receptors while Robitaille (Robitaille et al., 1999) investigated-
actions of adénosine 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 well 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 P/Q-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 P/Q calecium

' channels and the G, subunit. The G, interaction with syntaxin

decreases P/Q 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 would 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 A,, receptors (Oliveira et al.,
2004). In this model, during high-frequency continuous nerve
activity, the inhibitory A, effects were dominant. However, during
high-frequency bursts of activity, levels of ACh release are .
increaéed through activation of A,, receptors, which leads to
recruitment of L-type caléium 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 implies 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 H,0,, seemed to be dependent on ATP signalling, but not
adenosine (Fig. 1). Fluorescent staining for ROS with carboxy-2',7'-

dichlorodihydrofluorescein 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 of ROS 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 cén be maintained at all 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
to 'PNS‘glia (Schwann cells) in this review and the reader is referred
to Haydon and‘.colleagues (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 perfoi'm |
similar functions to CNS astrocyfes, where they participate in
synapse-glia signalling, modulate synaptic function and are in all
senses of the term activé‘synap'tic pariners (Auld 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
réceptors.Expression of these _receptors appears to be dependent
on neuronal interaction (Lyons et al., 1995) demonétrating the )
synergistic relationship between neurons and glia in roles such as
structural support, maintenance 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 bould arrest developing Schwann cells in a
pre-myeli‘nating state through abtivation of mitogen-activated protein
kinase (MAPK) (Stevens and Fields, 2000). Following this, it was
shown that ATP and adenosine could have different effects on
Schwann cell development (Stevens et al., 2004). Activation of A,,
receptors resulted in the inhibition of Sc_hwanh cell proliferation
through activation of the extracellular signal-regulated kinase
(ERK)/MAPK pathway. It appears that this cascade is regulated
separately from the P2 initiated cascade, which leads to inhibition of
differentiation rather than proliferation (Stevens et al., 2004). These A
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 reqdiring
activation of P2Y, receptors (Liu et al., 2005). Release of ATP from
Schw‘ann 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.
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. Purinergic signalling for PSCs has also revéaled 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 exp’résséd
at amphibian 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 reéeptors appears to be
heterogeneous with expression of both P2X and P2Y recéptors
(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, calbium rises can also be elicited following application of
ATP or adenosine. Here also, it appears that both P2X and P2Y |
réceptors 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 trlgger the entry
of Ca® from the external milieu while P2Y receptors elicit
intracellular rises in calcium, most likely through IP;-mediated
stores. This is supported by recent work in our laboratory at the
mouse NMJ. This was shown through inhibition of ATP s_ignalling in

the presence of the PLC inhibitor U73122, a step upstream of IP,
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production (Todd and Robitaille, unpublished results). Hegarding~the
adenosine receptors, they appear to be of the A, type while there is
no evidence for the presence of A,, 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 presenyce 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 activation 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 signallihg. In his study, Robitaille did not find any
evidence for a direct activatien 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 by adenosine 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 purinergi¢ and cholinergic signe|ling
systems on PSCs suggests the ability to differentially modulate PSC
function. Although the contribution of each receptor family to PSC
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, purinérgic and cholinergic signalling systems have
been shown to interact at the mammalian NMJ nerve terminal
(Oliveira et él., 2002) where adenosine, acting through A, and A,, |
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 signalling is clearly the most efficacious

calcium-dependent pathway on PSCs, it stands to reason that
purinergic' modulatory pathways would also exist. In particular,
vmodulation by peptides and diffusible transmitters appéars important
(Bourque and Robitaille, 1998; Thomas and Rébitaille, 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 acﬁvity.
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 (Boufque
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 uItirh'ater of neuron-
glial communication. _ |

Another pathway involved in modulating purinergic
signalling to PSCs is the production of nitric oxide (NO). Synthesis of
NO was observed in both PSCs énd 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 basal level of NO, and in response to
activity where it is involved in media,tih'g 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
' exogendus application of NO donors resulted in a reduction of ATP-
induced calcium fesponses (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 indi_rectly;
Indeed, it is possible that NO modulates presynaptic activity through
interactions with 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 purinergid Signalling 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 fegulating
| 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 cholinergic 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 weakenihg or denervation. Therefore, decreased
cholinergic sighalling 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 thé 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
r'éceptor expression at PSCs of the ffog NMJ were observed in the
~cholinergic pathWay (Robitaille et al., 1997), but there is no evidence
for changes in purinergic signalling to PSCs (R. Robitaille |
unpublished observation). This could provide some mechanism by
which signallihg at NMJs can be maintained to facilitate re-
innervation. Indeed, the maintenance of purinergic signalling on
PSCs makes intuitive sense. ATP released 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 en4vironment for re-innervation by
presynaptic terminals.

Purines have multiple pathways on PSCs to induce

diverse signalé. To date it is known that these pathways are
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modulated by both NO and SP. Although only short-term roles in
NMJ function have been described for purines, it remains possible
that they mediate changes in gene ekpression 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-GLIA 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 syhaptic function, in particular their role in PSC-
mediated synaptic modulation. This information is derived from
experiments employing specific peﬁurbation of PSC function. |

. The involvement of purine receptors was investigated
through the manipulation of the various G-proteins recruited by
cholinergic and purinergic signalling (Robifail_le,' 1995; Robitaille et
al., 1997). These data indicate that muscarinic receptors on PSCs
signal through G-proteins that are insensitive to pertussis toxin
(PTX), likely of the Ga,, type (Robitaille et al., 1997). On the other
hand, purinergic receptors on PSCs are probably linked to Ga, type
‘G-proteins, which are sensitive to PTX (Robitaille, 1995). The
downstream signalling cascades recruited WOuId involve purine-
mediated production of IP,, 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

specific role for IP, production in PSCs (Castonguay and Robitéille,
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2001). These results revealed that injection of IP‘3 into PSCs
potentiated synaptic transmission. These observations suggest the
involvement of PSC purinergic signalling, based on the inferred
pathway recruited by thése receptors. |
Importantly, the combined resuits, where PSCs were

specifically perturbed, provideﬁ evidence for bidirectional modulation
of synaptic transmissio"n by PSCs. As shown by Robitaille
(Robitaille, 1998), PSCs can decrease high-frequency synaptic
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 IP, pathway (Castonguay and Robitaille, 2001). PSBCs,
therefore, can dynamically respond to the ongoing changes in NMJ
activity and respond appropriately with reciprocal signals that alter

transmitter release. The existence of diffe‘rent signalling cascades
| recruited to mediate facilitation and depression is consistent with the
synaptic propert‘ies of the NMJ since synaptic depression and
potentiation both occur at this synapse and can be recruited at
different times. Furthérmore, this probably allows PSCs to adapt to
fhe synaptic environment by favduring either depression or
botentiation éccording to the state and health of ihe synapse.

CONCLUSION ‘
Purinergic signalling at the NMJ has definite roles in

synaptic modulation. In developmental models, ATP appears to
poténtiate synaptic transmission (Fu and Poo, 1991), and at mature
synapses both potentiation (Correia-de-Sa et aI:, 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 preéynaptic terminal, they also
maintain communication with PSCs by inducing Ca? 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-gl'ial cbm'munication and synaptic modulation. Finally, these
factors could play a pivotal role during development and foliowing
injury to maintain signalling between muscle and glial components. ‘
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1.4.4.4. Conclusions and Perspectives |
Glial cells at NMdJs perform similar functions to astrocytes of the
CNS. They respond to synaptic activity, provide modulatory feedback to
| synapses and are involved in Iong-term regulation of synaptic stability. '
These functions arrive through signalling via purines, ACh,

. neurotrophins and other yet unknown factors. Further study into the
functions of PSCs in synaptogenesis at the NMJ as well as in adult
synaptic function should provide insight into broader functions of gliaf
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 etal,
2006). Reéeptor 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 dembnstrated that neurotrophins could have rapid signallihg effects
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 held together
by non-éovalent 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, immature 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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In thé 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 (AIde'rson etal.,
2000). |

1.5.2. REGULATION OF EXPRESSION

1.5.2.1. Activity-Dependence of Expression

| Expression of both NT-3 and NT-4 can occur in an activity-dependent
manner at the neuromuchIar junction (Funakoshi et al., 1995; Xie et al.,
1997). In rat skeletal muscle, NT-4 expression is dependent on 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-depéndent manner in Xenopus nerve-muscle cocultures (Xie et al.,
1997). These differences may simply reflect species differences or perHaps
culture artefact.

1.5.2.2. . Exbresslon During Deveiopment and injury

Expréssion of the 'neurotrophins changes 6ver the course of |
development. In the'rat, muscle fibre expression of NT-3 and NT-4 is
highest at the embryonic and neohatal 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 all after
" birth (Griesbeck et al., 1995). _

This patterh of expression is not recapitulated following nerve injury,
where NT-3 remains low, NT-4 decreases and BDNF increases (Funakoshi
et al., 1993; Griesbeck et al., 1995; Hess et al., 2007). The increase in -

BDNF appears to occur in Schwann cells rather than muscle (Griesbeck et
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al., 1995). The broad expression of neurotrophiné throughout the nervous
system suggests broad functions. At the neuromuscular junction, this
expression seems to be important for development and repair following
injury. |

~ 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

There has been much debate over how neurotrophins may be
released and many guestions remain unanswered. However, to date it has
been suggested that NT-4 (Hibbert et aI.,v 2003), NT-3 and NGF are
released constitutively (Mowla et al., 1999; Farhadi et al., 2000) or by
regulated secretion (Blochl and Thoénen, 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 found that while BDNF and NT-3 were
primarily associatéd with release granules while léss than half of the cells
had NGF or NT-4 containing granules. However, these cells without NGF or
. NT-4 grénules were still capable of undergoing constitutive release
(Brigadski etal., 2005). It, therefore, seems that all of the neurotrophins are
released through 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 dnderstood.
Through the use of GFP tagged neurotrophins it has been possible to
dynamically monitor release (Haubensak et al., 1998; Hartmann et al.,
2001; Brigadski et al., 2005). This regulated release appears to be quite
slow, about 10 times, in eomparison to conventional, SNARE-dependent
synaptic release (Brigadski et al., 2005). Also 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-IP, pathway that ultimately results in fusion of
neurotrophin containing granules. Recently a potential calcium sensor
protein w’as reported to beassociated 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 cells 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 to small, clear synaptic
vesicles (Berwin et al., 1998). This suggests that CAPS is related to
secretion of peptidee, but not neurotransmitters such as glutamate. This, in
fact, seems to hold true for Drosophila neuromuscular synapses, which are
glutamatergic, but also release peptide transmitters from dense core’
vesicles (Renden etal,, 2001). |

’ Regulated release of neurotrophins, therefore, seems to occur
through liberation of dense core vesicles and may rely on CAPS to sense

- the ca!ciLim trigger. These advances in our understanding of neurotrophin
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release will help to further elucidate the conditions for release and

subsequent actions of neurotrophins.

1.5.4. NEUROTROPHIN RECEPTORS _
Neurotrophin receptors are most commonly thought to be the.
receptor tyrosine kinase or tropomyosin related kinase (Trk) type. However,
all of the neurotfophins 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., 1990). However, its ligand was not discovered unﬁl 1991 (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 cysteine-rich domains on either side of a
series of three leucine-rich domains. Although the greatest contribution to
ligand binding comes 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 comes from heteromeric
interactions between p75 and Trk receptors. It appears that direct binding
by neurotrophins to p75 feceptors is not nécessary'and 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 than NT-3 and NGF
(Mischel etal., 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 some reports of direct functions for truncéted
receptors themselves (Yacoubian and Lo, 2000; Rose et al., 2003), v
although they may also be functional through interactionsWith other proteins
(Kryl and Barker, 2000).

- Trk receptors form dimers in response to ligand binding,'arid
subsequently autophosphorylate, which enhances their kinase activity.
Phosphorylation also allows for interaction with down-stream signalling

molecules.



55

Cysteine Rich Domain

Leucine Rich Domain

Cysteine Rich Domain

Immunoglobulin-Like Domain

Immunoglobulin-Like Domain

Membrane

Transmembrane Domain

Tyrosine Rich Domain

Figure 4. Trk Receptor Domains.
Trk receptors are all 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 intraceliular 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 réceptor-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-IP,
| One of the major signalling cascades initiated by Trk activation is the

" phospholipase C - inositol triphosphate (PLC-IP;) pathway. PLC, which
cleaves phosphatid‘ylinositol (4, 5)-bisphosphate (PIP,) to form IP3 and
diacylglycerol (DAG), is activated by tyrosine phosphorylation of Trk
receptors at Y785. This cascade results in liberation of intracellular calcium
and can affect cellular processes like transmitter release (He et al., 2000;
Kleiman et al., 2000). | |

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

neurotrophins working through the PLC pathway. In some cases other
downstream effector proteins can be activated by PLC activity. These can
~ include kinases like PKCd, which can increase neurite outgrowth (Corbit et
al., 1999). Other’ long-lasting effects include modulation of transcription. One
ex‘ample of this is PLC-dependent ekpression of s_odium channels following
NGF activation of TrkA (Toledo-Aral et al., 1995). Another property of PLC-
IP, signalling by neurotrophins comes from mutational studies, which looked
~ at the loss of TrkB-mediated PLC activation in vivo. In this study LTP was
greatly affected 5uggesting a strong link between Trk-PLC éignalling and
learning and memory (Minichiello et al., 2002).
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Combined, these studies demonstrate diverse functions for PLC-IP, in

neurotrophin modulation of cellular prbcesses over both short and long

“periods of time..

1.5.5.2. PI3-Kinase Signalling and Its Functions
Pl3-kinasepathways are one of'the most well known cascades
employed by neUrotrophins since they are associated with cell survival.
Activation of PI3-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 PI3-kinase activation (Vaillant et al., 1999). An -
alternative pathway is through Trk receptor activation of Shc-Grb leading to
recruitment of Gab, which once phosphorylated, induce Pl3-kinase activity
(Holgado-Madruga et al., 1997). Once PI3-kinase is activated, it recruits Akt
(PKB), which then leads to phosphorylation of a variety of cell survival and
cell death proteins suéh as NF-kB and Bad respectively. Phosphorylation of
Bad results in inhibition of its binding to Bcl-XL, a protein that prevents
apoptosis by associating with Bax (Datta et al., 1997). Other proapoptotic
pathways inhibited by PI3-kinase are GSKSB (Hetman et al., 2000) and
FKHRL1 (Brunet et al., 2002). As well as inhibiting apoptotic pathways, PI3-
kinase signalling can also directly result in survival signals 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 PI3-kinase signalling can regulate controlled
ce|| mot|I|ty (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 al., 1997;

Ming et al., 2002). Finally, Akt may also influence processes involved in
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neuronal maturation such as branching and regulation of axon diameter
(Markus et al., 2002). _

. PI3-kinase signalli'ng is a major pathway utilized by both Trk and p75
reéeptor_é. These 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 (MAPK) activation occurs through a
series of adapter proteins including Shc, Grb, SOS and finally Ras. Ras
goes on to acﬁvate 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 diﬁefent
requirements for local signalling or transport of the receptors (Watson et al.,
2001). The different Erks have differeht downstream transcription factor
targets, which leads to diversity in cellular functions mediated by these
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 MAPK/Erk pathway mediated by neurotrophin signalling is
involved largely in shaping develbping neurons thrbugh 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
l 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 systém, but in many systems.
For example, complete knockout of NT-3 results in almost immediate death
at birth (Wodlley et al., 2005). Those animals that survive for a few days
show axon retraction, Schwann cell retraction and eventually-complete loss
of all NMJs. NT-3 has also been reported to improve morphological
‘maturation in co-cultures (Wang et al., 1995).
In 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 animals 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
éffectively 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 (Carrasco-and 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 devé|opmental switch from fast to slow twitch fibres in rat soleus
muscles (Carrasco 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 bee‘n reported (Kaplan et al., 1991;
Offenhauser et al., 1995). Although there is some limited evidence for NGF
expression during development of the neuromuscular system, its

importance seems to be narrow.

1.5.6.2. Neurotrophins and Neuromuscular Plasticity

Neurotrophin-induced plasticity was first described at the
neuromuscular junction (Lohof et al., 1993). In this study, acute application
of N_T-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 vet al., 1997, Xie et al., 1997) in location and
mediated by a combination of depolarizati.on (Boulanger and Poo, 1999)
and release of presynaptic calcium from internal stores (He et al., 2000;
Kleiman et al., 2000). There is also some evidence that neurotrophins work
to increase the influx of extracellular calcium (Li et al., 1999; Kieiman et al.,
2000).The neurotrophins seem function in a positive-feedback type of
mechaniém 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 aré
thought not to continue later in life. To date, no effect of neurotrophins on
synaptic plasticify at adult NMJs have been published. This may be due to 1
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 évariety 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-Mediated 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-length TrkB receptors can resuit in MAPK-Erk signalling in primary
culturés‘(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 p'rovided
convincing evidence that BDNF signalling could induce calcium transients in
glia in hippocampal and cerebellar slices (Rose et al., 2003). These results
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suggest that neurotrophins could have more active signalling capabilities on
glial cells.

1.5.7.2. Neurothophins and Myelination

Myelination is one of the major areas 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 small GTPases. In fact NT-3
postively enhance's Schwann cell migration 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
incre'asing attention since the early 1990’s. However, many key points
regarding neuron-glial interactions in synaptic plasticity remain unresolived.
For instance, although glial cells can positively and negatively modulate
- synapses it has never been Shdwn 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. | therefore, propose to investigate the following
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two processes: i) the role of glial cells in the generation of different plasticity
events th the same 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
some of the processes underlying plasticity ot ‘calciumA elevations in 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. I; thérefore, will investigate the bidirectional
modulation of synaptfc 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 différent
frequencies of neuronal input (Pasti et al., 1997), as well as to physically
different terminals (Perea and Araque, 2005). However, it is unknown
whether they will detect differences in synaptic pattern. |, therefore,

| propose to investigate the impact of different patterns of stimulation at the
same frequency on glial activity and neuron-glial communication.
Furthermore, | will investigate the resulting modulation of synaptic function
that arises following glial activation. ._

The results that | 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 modulatdry
feedback provided to the synapse. These results provide evidence that
glial cells can acutely modify synaptic fu_nction dependent on the prior

pattern of synaptic activity and subsequent glial activity.
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2.2.1. ABSTRACT

In 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
rebroduced by selective and direct activation of glia ahd 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. Boby

Neuronal information processing in the brain is not only coded by‘the
frequency of neuronal activity but also by the pattern of action potehtial firing
in neurons. This frequency and pattern coding greatly influences synaptic
plasticity of CNS synapses as well as 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 inductionl and
modulation of various forms of synaptic plasticity (Haydon and Carmignoto,
'2006). Although glial cell activation (indicated by calcium elevation) varies
according to 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. o

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 (Auld and Robitaille, 2003b). We chose
two physiological patterns of stimulation, for the soleus muscle, similar to in
vivo motoneuronal activity, which produced two forms of post-tetanic of
plasticity. 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. 1A), and closely replicates
a form of endogenous activity 20 Hz bursts of 20 stimuli were delivered 30
times with 1 second of rest in between. 3 trains were given with this bursting

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 depression during stimulation (Supp. Fig. 1B). This isAthe frequ‘ency
normally seen at the soleus muscle (Hennig and Lomo, 1985), and a pattérn
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 mbnitored
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 % A FIF, 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. 1A). As shown in Figure 1A, this pattern
of stimulation induced post-tetanic depreséion 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, th_at lasted on average 27.3 + 4.8 s and had an average amplitude of
115.4 £28.7 % A F/F, (Fig. 1A). Also, rather than a post-tetahic depression,

- we found that continuous stimulation induced a post-tetanic potentiation of
111.8 £ 1.8% at 15 min in comparison to control stimulation (Fig. 1A; n=8;
P<0.0001; two-tailed t-tgst). 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 decodé the pattern of neuronal activity.

We next turned our attention to testing whether the pattern of the glial

activity caused the selective expression of short-term post-tetanic plasticity.
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We deyelbped an approach using photo-labile substances to directly inhibit or
activate glial cells. The UV photolysis in the absence of any caged compound
had no 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 tdselectively'and precisely target the PSCs or the presynaptic
nerve terminal based on the positioning the optic fiber and the orientation of
the NMJ (Supp. Fig. 3). Furthermore, we ensured that no contribution to the
synaptic modulation was derived from the postsynaptic muscle fiber fhrough
specific loading with caged cbmpounds (Supp. Fig. 4). .



>

Normalized PSP Amplitude (%)

o

Normalized PSP Amplitude (%)

Normalized PSP Amplitude (%) O_

70

o Glial Ca®* - control stimulation
1307 & response « continuous stimulation
120T 8 1.min , Pl
ST RRR R R AR
110+ ! I
stim
' i " T :
100---5—-‘;—2- ‘}-;-1--!-;-2——:--—.“-}-—é—?-;-vt—‘—’-——-
NN : .,y P
y N H
904 ,’; \\ 3 ¥ H
so] & M { } } }
| Glial Ca** ot
£ 81mn - response » bursting stimulation
3 4 0 5 10 15
Time (min)
1407, control stimulation !
130]  ® bursting stimuiation - diazo-2 } } } } } } } }
1204 I }
iy
110- UV stim $ i
iyl
1004 - LR St B R b R R R S e
q o
L L} A ¥ 1) T T
-4 1 0 5 10 15
Time (min)
1104 UV\ stim - control stimulation
; it ' }
j I SRS SUUUS SRS S A S SIS SRS S
‘°°i;§}‘l1‘*174‘ £y i
! } (11 i i D
90 - ! i t ! Pt
|, « continuous stimulation - diazo-2
7’
-4 A0 5 10 15

Time (min)

Figure 1. Different stimulation paradigms induce different glial calcium
signals that determine post-tetanic plasticity. '

(A) Stimulation using bursts of activity induced oscillatory calcium
signals recorded from a glial cell and resulted in post-tetanic ,
depression. Conversely, continuous stimulation induced single calcium
responses in a glial cell and post-tetanic potentiation. (B) Photolysis of
diazo-2 (caged BAPTA) in glial cells during burst stimulation prevented
post-tetanic depression, revealing a potentiation. (C) Photolysis of
diazo-2 in glial cells during continuous stimulation blocked all 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 1B, chelation of glial cell
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.cbmparison to control stimulation (n=8;
P<0.0001; two-tailed t-test). Conversely, photolysis of diazo-2 prior to
continuous stimulation prevented post-tetanic potentiation (Fig. 1C; 97.6 +
1.8%; n=7; P=0.045; two-tailed t-test). These results clearly indicate the
importance of glial activation (vié 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 outcome
| of synaptib 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, acetylcholine and adenosine, all 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-EGTA 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 osCiIIatofy responses
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seen with bursting stimulation or a single calcium response similar to that
seen with continuous stimulation. Multiple calcium transients (4-10) were
elicited with an average amplitude of 38.5 £ 5.1 % AF/F, and average duration
of 8.2 £ 1.0 s. Single calcium elevations were larger and longer with avérage
- amplitudes of 122.9 + 14.2 % AF/F, and average duration of 51.9 £ 9.7s. PSP
| amplitudes were depressed (85.2 + 2.7%, P<0.0003, 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>0.05; 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>0.05; Student’s t-test). Thus, this activation mimics
endogenous acfivation 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 671 56‘(59 uM) that
prevents the degradation of ATP into its metabolites. As shown in Fig 2B, we
observed a potentiétion of 1 1Q.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 depression of PSP amplitude. |
Conversely, when we performed a single phdtolysis 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=>0.05). 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 plasticify is
~due to the degradation of astrocytic ATP into adenosine. |
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Figure 2. Glial calcium and purine regulation determines the outcome of

synaptic plasticity.
(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
induced with photolysis of NP-EGTA in glia resulted in a post-tetanic
potentiation similar to continuous stimulation. (B) Blockade of ATP
hydrolysis with ARL-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'ATP hydrolysis
resulted in the absence of adenosine, ahd an imbalance in A, and A,,
receptor regulation. Interestingly, the A, and A,, adenosine receptors mediate
depression and potentiatidn, respectively, throughout the nervous system
(Correia-de-Sa et al., 1996; Lopes et al., 2002). Addition of the A, adenosine
receptor antagonist PSB-36 (5 nM) prior to photolysis resuited 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 activation of A, recebtors with the selecfive
A, agonist CCPA (0.1 uM; 103.5 £ 2.1%; P>0.05; two-tailed t-test Supp. Fig
6). The involvement of A, receptors in post-tetanic depression was further

- confirmed through the use of A, receptor knockout mice. We observed no
depression in A, -/- (100.4 + 2.5 %, n=8) NMJ preparations (Fig. 3B), whereas
it was normal in +/+ controls (89.1 + 2.9 %) following the multiple photolysis
p'rotocol (P=0.004). Finally, performing the multiple photolysis protocol in the
presence of SCH-58621 (50 nM), an A,, receptdr antagonist, résulted in
depression (92.6 + 1.7%) from control (3C, P<0.0001). Depression was also
significant at NMJs from A,, -/- mice in comparison to +/+ controls (Fig. 3D,
91.3 £ 2.0%; P=0.0001) did not affect the PSC-induced depressio_n. As a

whole, these experiments indicate that the endogenous pattern of activity
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leading to gI'iaI-mediated post-tetanic depression involves A, receptor

activation following ATP degradation.

Direct Bursting Activation of Glia
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Figure 3. Post-tetanic depressmn is regulated by A1 adenosine

receptors.
(A) Multiple photolysus of NP-EGTA in glial cells in the presence of the
A1 receptor antagonist PSB-36 occluded post-tetanic depression (B)
No post-tetanic depression was elicited by multiple photolysis at NMJs
of A1 -/- animals. (C) Presence of the A2A receptor antagonist SCH
has no effect on post-tetanic depression. (D) Post-tetanic depression
was evoked by the multiple photolysns protocol at NMJs from A2A -/-
mice.

Because our hypothesis was based on the possibility that the different
forms of short-term plasticity were due to a balance between A, and A,, we
next tested the involvement of A,, receptor activation in the modulation of
~ glial-mediated potentiation. Thus, we used the single photolysis protocol to
test for the involvement of A,, receptors in the glial-mediated post-tetanic
potentiation. The presence of an A,, antagonist SCH-56821 (50 nM) blocked
the expression of post-tetanic potentiation and was not significantly different '
from controls (Fig. 4A; 96.6 + 2.4%; n=5; P>0.05', two-tailed t-test). Prior
application of CGS-21680 (30 nM), an A,, agonist, occluded the PSC-induced
potentiation and resulted in a depressioh (90.6 + 1.6%) that was significantly

reduced from controls (P<0.0001), further confirming the involvement of A,,
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receptors in potehtiation (Supp. Fig. 6). Furthermore, post-tetanic potentiation |
‘was occluded at NMJs of A,, -/- mice (98.5 + 2.1%, P>0.05; 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. 4C), as did the use NMJs from A1 -/~ mice (Fig.
4D; 110.4 £ 3.0%; P=0.001). Hence, it appears that A,, receptor activation
mediated the glial-dependent potentiation. Taken together, the results
strongly implicate a glial-regulated activation of A, and A,, receptors in the
generation of pattern-dependent induction of depression and potentiation at
the NMJ. | ,

Direct Single Activation of Glia
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Figure 4. A2A receptors regulate post-tetanic potentiation.
(A) Single photolysis of NP-EGTA in glial cells 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 -/- animals. (C) Addition of the A1 receptor
antagonist PSB-36 had no effect on post-tetanic potentiation. (D) Post-
tetanic potentiation was induced by the single photolysis protocol at
NMJs from A1 -/- mice.

Glial cells display finely tuned responsiveness to neuronal activiiy’.
They can detect subtie 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 pattérh of neuronal and synaptic
activity to, in turn, influence synaptic fransmission. Our data indicate that this
regulation is likely to occur through a processing of incomirig information and
subsequent feedback to provide altered and tuned modulation tb a given
syn;'zlpse. Not only are glial cells 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 impacts on 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 of short and long-term
synaptic plasticity should no longer be seen as an all 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. '

In this study we have used a PNS synapse as model to reveal cellular |
interactions that are likely applicable td synapses throughout the nervous
system. Indeed, it has previously been demonstratéd that direct activation of
retinal glial cells can induce both positive and negative changes in neuronal
activity (Newman and Zahé, 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
knoWIedge 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 environmerit, 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. | |
Studiés have found that activation of A, and A,, receptors resuits-in inhibition
and activation of different types of presynaptic calcium channels to regulate
transmitter release at synavpses 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'-regiJIation of presynaptic calcium channels (Silinsky, 2004, 2005). For
the first time, our datav indicate that thev balanced A,-A,, regulation can be
controlled, not by the presyna‘ptic pool itself in an auto-regulation manher, but
rather by the perisynaptic glial cells. We propose a model (Supp. Fig. 7) that
takes into consideration the properties of A;AéA 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 A,
receptors and post-tetanic depression. Conversely, post-tetanic potentiation
wquld 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 A,, receptors. |
Our data show that the PSC regulation leads to sustained changes in
synaptic potency that would facilitate or reduce motoneuronal 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 targét for possible treatments of
muécular 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 cells are pattern detectors in the nervous system, a role that could
influence many CNS functions. '



80

2.2.3. REFERENCES AND NOTES
1. D.L. Magleby,J. E. Zengel, J Physiol 260, 687 (1976).
2. R. A. Nicoll, D. Schmitz, Nat Rev Neurosci 6, 863 (2005).
3. R. Guyonneau, R. Vahrullen, S. J. Thorpe, J Physfol Paris 98, 487
(2004). | |
4, K D. Harris, Nat Rev Neurosas 399 (2005).
5. P. G. Haydon, G. Carmignoto, Physiol Rev 86, 1009 (2006).
6. \ L Pasti, A. Volterra, T. Pozzan, G. Carmignoto, J Neurosci17, 7817
(1997). )
7. D. S. Auld, R. Robitaille, Neuron 40, 389 (2003).
8. 20 Hz bursts of 20 stimuli were delivered 30 times with 1 second of
restin betwéen.' 3 trains were given with this bursting pattern interspersed by
20 s of rest. | |
9. R. Hennig, T. Lomo, Nature 314, 164 (1985).
10. D. Rochon, I. Rousse, R. Robitaille, J Neurosci 21, 3819 (2001).
11.  H. Kamiya, R. S. Zucker, Nature 371, 603 (1994).
12. . K. J. Todd, D. S. Auld, R. Robitaille, Eur J Neurosci 25 1287 (2007)
13. ~ P. Correia-de-Sa, M. A. Timoteo, J. A. Ribeiro, JNeurophysm/ 76,
3910 (1996).
14.  J. Dudel, Eur J Neurosci 26, 2160 (2007).
15. R. D. Fields, G. Burnstock, Nat Rev Neurosci7, 423 (2006).
16. L. V. Lopes, R. A. Cunha, B. Kull, B. B. Fredholrm, J. A. Ribeiro,
Neuroscience 112, 319 (2002).
17.  G. Perea, A. Araque, J Neurosci 25, 2192 (2005).
18. E. A. Newman, K. R. Zahs, J Neurosci 18, 4022 (1998).
19. A. Panatier et al., Cell 125, 775 (2006).
20, M. Matsuzéki, N. Honkura, G. C. Ellis-Davies, H. Kasai, Nature 429,.
761 (2004). |



81

21. L. Oliveira; M. A. Timoteo, P. Correia-de-Sa, J Physiol 560, 157
(2004). ' ’

22. R. A. Cunha, Neurochem Int52, 65 (2008).

23. S.De Lorenzo, M. Veggetti, S. Muchnik, A. Losavio, Br J Pharmacol
142, 113 (2004).

24.  E. M. Silinsky, J Physiol 566, 681 (2005).

25. R.S.Redman, E. M. Silinsky, J Physiol 477, 117 (1994).

26. E. M. Silinsky, J Physiol 558, 389 (2004).

2?. B. Johansson et al., Proc Natl Acad Sci U S A 98, 9407 (2001).




82

2.2,4. SUPPORTING ONLINE MATERIAL

Materials and Methods

Animals and Preparation

All experiments were performed in accordance with the guidelines of the
Canadian Council of Animal Care and the Animal Care Committee 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): NaCl, 110; 'KCI, 5; MgCI2, 1; NaHCOS3, 25; CaCl2, 2; glucose, 11;
glutamate, 0.3; glutamine, 0.4; BES buffer, 5; cocarboxylase, 0.4 uM; choline
chloride, 36 yM and bubbled with 95% 02/ 5% CO2.

A1 and A2A kO Mice

The A1 -/- mice were a kind gift from Bertil Fredholm (Karolinska
Institute, Stockholm, Sweden) and Stephen Tilley (University of North
Carolina, Chapel Hill, USA). These mice have previously been described
(Gimenez-Llort et al., Eur J Neurosci 16, 547, 2002). A2A -/- mice were as
previously characterized (Chen et al., J Neurosci 19, 9192, 1999) and kindly
provided by Jiang-Fan Chen (Boston University) and Michael Schwarzschild
(Méssachusetts General Hospital).

Electrophysiological recordings

The tibial nerve was stimulated through a sucfion electrode filled with
extracellular saline. Muscle contractions were prevented with paﬁial blockade
of the postsynaptic ACh receptors using d-tubocurarine chloride (2.9-4.4 uM,
Sigma). Intraceliular recbrdings of post-synaptic potentials (PSPs) were
performed using glass microelectrodes (1.0mm OD; WPI) pulléd to 50-70 MQ
(filled with 3M KCI) with a Brown-FIamin'g micropipette puller (Sutter |
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Instruments). Recbrdings were amplified (200x) using an AM Systems 1200
amplifier connected to a WPI éxternal amplifier, digitized using a National
Instruments BNC 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 évery 2 s. This was repeated 3 times with 20 s of rest between
repetitions. 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 stirﬁu]ation. 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 M Fluo-4AM
(‘Moleculér 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 Princéton
Instruments CCD-1300 can;era. 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 subtracting the background fluorescence
from the neighboring muscle fiber and then performing the calculation (F-
F./F3)*100 to give A F/F; %.

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 (10 uM) alone for 30 min and then with both Fluo-4-AM and caged
compound (20 uM) for 45 min followed by another period of 45 min with fresh
solution. 'Photolys'is 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 um 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 all experiments.

A protocol was desighed to specifically 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“l'iber-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 re_lease_ and PPR (see Supp Fig 3). EXperiments were discarded

when direct presynaptic effects were observed.

Chemicals

All chemiicals were purchased frbm Sigma-Aldrich (St. Louis, MO,
'USA) except for ARL 67156, CGS 21680, Dipyridamole, and PSB-36 (Tocris,
Ellisville, 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 found not to conform to normality, Mann-Whitney U tests

were used. Analyses were deemed significant at P<0.05.
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A Burst Stimulation B Continuous Stimulation
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Supplemental Figure 1. Two patterns of stimulation used in this study.
(A) The top panel illustrates 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 illustrates the continuous stimulation paradigm that
consisted of 1800 pulses at 20 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.
(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 (left) and
following UV photolysis in the absence of any caged compound. (D) -
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 described 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 would 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
oorders of magnitude faster than the glial modulation tested here that
occurs in the time frame of several minutes. (A) Schematic, bright field



90

and fluorescence images of an NMJ selected so that the presynaptic
terminal could be selectively activated (top panel). Recording PSPs
evoked with a paired-pulse protocol during 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
selectively activated (top panel). In these conditions we were able to
elicit a calcium elevation in PSCs without directly affecting the
presynaptic terminal 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 fibers have no effect on
synaptic plasticity following photolysis on glial celis.
Bulk loading with Fluo-4 AM was performed then postsynaptic muscle
fibers were loaded with cell 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. o -
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Supplemental Figure 5. Speclfic glial photolysis of diazo-2 has no direct
presynaptic effects and selectively blocks glial calcium elevations.
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 activate 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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Supplemental Figure 6. Agomst applicatlon occludes synaptic

piasticity.
A) application of the A1 receptor agonist (CCPA) accludes 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. .
(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) thatis |
degraded to adenosine. Relatively low levels of synaptic adenosine.
leads to synaptic depression through activation of A1 receptors and a
decrease in presynaptic calcium entry through P/Q-type calcium
channels (5) and (6). (B), 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).
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2.3. DiscussiON TO CHAPTER 2

Here we have shown that glial cells have fhe capacity to detect
differences in neuronal activity, as reflected in their altered calcium
responses. Importantly, these differences in calcium response are
responsible for the expression of synaptic plasticity through balanced
regulation of A1 and A2A receptor activation.

One important unresolved question from this study is(what leads to the
diﬁerénces 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 internal and external calcium. v

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 otherv (Sebastiao'and Ribeiro, 2000). Also, it is possible that
there is altered regulation of purines in the synapse throug‘h 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 subséquently receptor activatio‘n (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 advance our view of glial-synapse interactions
since they demonstrate for the first time the ability of glial éells to
distinguish differences in the pattern of neuronal activity. This
discrimination results in a change in their modulatiovn of the synépse. It is
thought-provoking to hypothesize that glial cells throughout the nervous



98

system may be information processing cells that actively aid in the
regulation and synthesis of information.

'Although the details of the synaptic modutation uncovered here are
likely specific 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'or'e,
critical to understand the mechanisms involved in generating differences in
glial activation, and calcium 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 caIciUm elevations in glial celis (Rose et al., 2003).
Furthermore, the neurotrophins are known for the roles in modulating .
short-, and long-term events in neurons and different types of glia. |
therefore, wondered if the neurotrophins could‘be implicated in the
induction or modulation of glial calcium signalling at the NMJ, since ihey
are well known for their involvement in the development and plasticity of
this synapse.

In this article | investigate the ability of neurotrophins to activate glial
calcium signalling. Furthermore, | study the involvement of neurotrophins in
modulati‘ng glial célcium signalling, a process that could profaundly

influence neuron-glial interactions and synaptic function.
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In the following pages readers will find the article:

Todd, KJ, Auld, DS and Robitaille, R (2007) Neurotrophiné 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

developihg and mature synapses in the CNS and PNS. At the neuromuscular
junction (NMJ),‘neurotrophins, as well 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 could 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 (100ng/ml). Soleus muscles of mice were incubated with the
Ca? indicator Fluo-4AM and Ca* responses in VPSCs 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 Ca* responses.
Investigation of the mechanisms involved in these increases revealed distinct
pathways for BDNF and NT-3. BDNF increased PSC responsiveness through
potehtiation of ATP responses while NT-3 modulaied muscarinic
acetylcholine receptor signalling. Using local appliéations of the
neurotrdphins, we found that both neurotrophins were able to elicit Ca*
responsés in PSCs where BDNF used a PLC-IP, mechanism, while NT-3
~ required extracellular Ca®*. Our results demonstrate a neurotrophin-
dependent modUIation of neuron-glia. signalling through differential
mechanisms employed by NT-3 and BDNF. Hence,'neurotrophins precisely
and diffefentially regulate PSC functions through modulation of either

purinergic or cholinergic 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 ahd modulate short and long-term synaptic plasticity
events. In addition; they regulafe 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), suggestihg that 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 (Auld 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 govérned by neurotrophins. |

The neuromuscular junction (NMJ) is an.excellent model for.
investigating this question. Indeed, n'e_urotrophins 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'neurdtrophin
expression can lead to severe pathology (Belluardo et al., 2001). Among the
receptors expressed by PSCs are the pan-neurotrophin receptor p75"™", TrkC
and truncated TrkB (Frisen et al., 1993; Funakoshi et él., 1993; Gonzalez et
al., 1999; Alderson et al., 2000). |

In 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 Srnith, 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). Furthermore, 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 modulatevneuron-glia interactions aﬁd 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 soleus muscle preparation, we found that short (30
min) applications of BDNF and NT-3, b'ut not NGF, increased amplitude and
duration of evoked PSC Ca* 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 Caz*-mediated pathways. These results
demonstrate differential neurotrophin modulation of glial responses to
neurotransmission and provide evidenge for acute neurotrophin modulation of
the tripartite synapse. Some of these results have been previously published
in abstract form (Todd and Robitaille, 2005). |
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3.2.3. MATERIALS AND METHODS -

Animals and Dissection

All experiments were performed in accordance with fhe 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
Ketamine/Xylazine cocktail. Following loss of pain reflexes, soleus muscles
were removed and pinned in oxygenated saline (in mM): NaCl 124, KCI 5,
MgCl, 2, CaCl, 2, NaHCO; 1, NaPO, 1.25, glucose 10 and HEPES 25.

Ca* Imaging | .

| Dissected soleus muscles were incubated in 10 uM 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 uM TPEN
(Molecular Probes) for 10-20 min. Perfusion saline was then heated to 32-34
°C for the duration of experiments. NMJs and PSCs were located under
bright-field optics for positioning of pipettes used for local drug applications.
All junctions used were on the surface of muscle fibers. Local applications of
agonists (200 msec, 10-20 PSI) were performed using a Picospritzer 1l
(Parker Instruments) and glass micropipettes with tip diameter of 3-4 um.
Evoked Ca?* 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 EGOON upright microscope fittéd
- 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 arate of 1-2

images per second. Peak fluorescence change was calculated as relative
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change from baseline using the formula: AF/F% = (F-F,)/F, * 100. For all

experiments 4-8 muscles were used with a minimum of 10 NMJs.

Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO)
except atropine (RBI Chemicals, MA), adenosine, CPA, w-conotoxins and
K252a (Calbiochem, La Jolla, CA). NT-3 and BDNF were kindly provided by
Regeneron Pharmaceuticals, Inc. (Tarrytown, NY).

Statistical Analysis
Data conforming to tests of normality were treated with Student’s t-test
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.
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3.2.4. RESULTS

BDNF and NT-3 modulate PSC responses
To investigate the capacity of neurotrophins to modulate neuron-glia

interactions we used Ca** imaging to monitor giial responsiveness. The
neurotrophins BDNF, NT-3 and NGF were applied individually to soleus
muscle preparatiohs for 30 minutes at a concentration of 100 ng/ml. Foilowing
this appl'ication, Fluo-4AM-loaded PSCs were imaged during stimulation of
the tibial nerve at 50 Hz for 30 seconds. Ca* réspon'ses were recorded and
analyzed for amplitude, duration, time to peak, latency of response onset and
area under the curve. Figure 1A depicts examples of evoked Ca* responses.
We found that the AF/F, amplftude of PSC Ca* responses (6.8 £+ 1.2, n=9)
‘ Awas increased significantly (ANOVA, p<0.05) by NT-3 application (12.8 £ 2.0,
n=14) but not by BDNF (9.6 + 1.1, n=12) (Fig. 1B). Furthermore, the duration:
of these responses (14.2 .+ 2.8s) were increased significantly (ANOVA,‘
ps0.05) 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 Ca® responses was investigated
using analysis of the area under the curve, both BDNF (117.7 + 25.8 U?) and
NT-3 (133.9 + 37.9 U?) significantly increase responses over control (42.1 +
3.6 AU2; Fig. 1D, ANOVA p<0.05). Time to peak was increased slightly by both
neurotrophin applications but did not reach significance (ANOVA, p>0.05)
(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; BDNF, 3.2 £ 1.0s; NT-3, 7.2 + 2.3s) (Fig. 1).

. To investigate the involvement of the Trk and p75™"" in the modulation
of glial Ca* signals we bath applied NGF (100 ng/mL, 30 min). Since TrkA A
receptors have never been reported at the NMJ, this neurotrophin should only
" activate p75"™. Therefore, if p75"™ were involved in modulating glial Ca*
signals we would observe a similar effect with NGF as seen with BDNF or

NT-3. However, NGF had no effect on glial Ca* responses as they had
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similar kinetics to those in control conditions (Fig. 1A). The AF/F, amplitude of
PSC Ca* responses (8.6 + 1.5, n=8) was not different from control nor was
the duration (13.6 £ 3.0s) or area under the curve (55.6 + 14.8 U?). These
results indicate that the p75"™ is likely not solely involved in modulating glial
Ca* signals at the NMJ.
Hence, these results demonstrate that neurotrophins potentiate the

.responsiveness of PSCs and alter. neuron-glia signalling through inbreasing

| PSC Ca* responses elicited by synaptic activity and acute synapse-glia

" interactions.

A

Control —
BDNF -~

FIGURE 1. EVOKE CA?* RESPONSES IN PSC ARE MODULATED BY NEUROTROPHINS.
(A) Representative examples of evoked Ca?** 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% AF/F,and 10 s
duration. The horizontal dashed grey line indicates the origin. Inset,
representative soleus NMJ with nerve and PSCs indicated. (B)
Histogram of the AF/F; amplitude of evoked Ca* responses in PSCs.
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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 Ca** 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 Ca® response. Both BDNF and
NT-3 significantly increased overall Ca?* responses in PSCs, however,
NGF had no effect. * indicates significance at p<0.05.

BDNF and NT-3 modulation is target specific

To further investigate what mechanisms were responsible for the
changes in PSC responses, we tested whether neurotrophin treatment
modulated responses to the majdr recepto'rs involved in eliciting Ca*
responses. These include ATP (P2) and adenosine (P1) receptors, as well as
* muscarinic aéetylcholine 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. o

~ When ATP (20 uM) was locally applied following incubation with BDNF,
responses were significantly increased in amplitude (AF/F,; control, 33.6 £ 2.0
%, n=44; BDNF, 45.3 £ 2.4 %, n=58: ANOVA, p<0.001) and duration (control,
41.1 £ 3.3s; BDNF, 55.0 £ 3.8s; ANOVA, p<0.001) (Fig. 2A). Furthermore,
BDNF increased the overall Ca®* response as revealed by analysis of the
area under the curve (control, 746.4 + 107.6 U?; BDNF, 1381.0 + 130.6 U?;
ANOVA, p<0.001). However, NT-3 application had no effect (post hoc Tukey
p>0.05) on response amplitude (29.9 + 1.8 % AF/F,, n=34), duration (37.1 +
2.4s) or area under the curve (507.4 + 40.7 U%). Finally, neither neurotrophin
caused changes in response rise time or latency (data no shown).

PSC Ca* responses evoked by local application of adenosine (20 uM),
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 overall decrease in Ca®* response as indicaied by the .
reduction of the area under the curve (control, 375.0 + 56.4 U%, BDNF, 214.8
+ 26.1 U% ANOVA, p<0.05). NT-3, however, had no effect (post hoc Tukey,
p>0.05)“on adenosine-induced Ca* signals in PSCs (duration = 24.9 + 2.5s,
n=28, area under the curve = 271.4 + 32.5 U?).

Although NT-3 had no effect on purinergic Ca® signalling, it did
significantly alter mAChR-mediated Ca** responses. Application of muscarine
(20 uM) following incubation with NT-3 resulted ln increased duration
(ANOVA, p=0.002) of PSC responses (control, 14.6 + 1.3s, n=28; NT-3, 26.8
+ 2.6s, n=35) (Fig. 2C). Figure 2C also illustrates that the increase in duration
was mirrored in the overall size of Ca* responses (control, 164.4 +22.0 U%
NT-3, 242.8 + 34.5 U?, ANOVA, ps0.05). The time to peak and latency of
muscarine-induced PSC responses were unchanged by either neurotrophin
(data not shown). Furthermore, BDNF had no effect on response duration
(22.2 £ 2.9s, n=25) or the area under the curve (193.0 + 36.8 U? Fig. 2C).
Hence, these fesults demonstrate that NT-3 and BDNF differentially modulate
glial responsiveness. |




Amplitude (%A F/Fo) Duration

A 50 * 60 *
g i
— —
% 230 § 4
o g
S 20
<10 e
] ATP ATP ATP © ATP ATP ATP
+ + + +
B BDNF NT-3 BDNF NT-3
T
[
= c *
& |%’-‘20 _g 20
<10 a 10
<
Adeno Adeno. Adeno Adeno Adeno Adeno
+ + + +
" BDNF NT-3 BDNF NT-3
C
30 30 *
= £20 g 20
g £ =
) €10
= 8
Musc Musc Musc Musc Musc Musc
+ + + +

BDNF NT-3 BDNF NT-3

110

Area Under the Curve
20

*

Tis{
210
S5
<
ATP ATP ATP
+ +
BDNF NT-3
s T
x 3 *
2,
-3
& 1
Adeno Adeno Adeno
+ +
BDNF NT-3
. 3 *
)
Zo =
@ 1
2

Musc Musc Musc
+ +
BDNF NT-3

FIGURE 2. BDNF AND NT-3 DIFFERENTIALLY ALTER PSC RECEPTOR SIGNALLING.
(A) Histograms of Ca** responses elicited by local application of ATP
(20 uM) were increased in AF/F, amplitude and duration by BDNF but
not NT-3. This resulted in an overall increase of Ca* responses (area

- under the curve) by BDNF. (B) Histograms of adenosine-evoked

responses show a decrease in the duration and overall Ca* response
(area under the curve) with BDNF but not NT-3 application. (C)
Histograms of Ca* responses evoked by application of muscarine (20
uM) 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 Ca* signalling pathways

We next wanted to determine the signalling mechanisms used by (

BDNF and NT-3 to modulate PSC Ca? responses, as they are important for

many glial functions. A potential signalling pathway is through Ca* itself as
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Trk receptors contain a phosphdlipase C activation domain. Such a pathway
can initiate Ca? signalling in cerebellar glia (Rose et al., 2003). To investigate
neurotrophin-induced Ca? signalling in PSCs, we used local applications of
neurotrophihs, which enabled us to control the onset of responses. A

First, we monitored PSC Ca** elevations in response to brief (200ms)
local applications of NT-3 and BDNF (100ng/ml in pipette). PSC Ca*
responses induced by local application of ATP (20uM 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
not interacting with neurotrophin signalling, which has been described in other
preparations (Arthur et al., 2005), we measured Ca2+ résponses 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 Figuré 3(A, B), acute, local applications of BDNF or NT-3
both elicited Ca* responses in PSCs. These responses hadvaverage ‘
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 résponses were not significantly -
different from one another but were significantly smaller (ANOVA, p<0.05)
than ATP responses, both in amplitude (70.2 £ 3.7 %AF/F) 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. These results suggest that not all
PSCs responded to our local neurotrophin applications’in an identical fashion.
For example, at a given NMJ not all PSCs responded to the neurotrophins
with Ca® increases, whereas at others all would respondt, and at others still
there would be no responders. |

| Neurotrophin receptors have been shown to occur in full-length and

truncated forms (Klein et al., 1990; Tsoulfas et al., 1993; Valenzuela et al.,

1883). Truncated receptors lack intracellular kinase domains, but retain
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certain signalling funétions (Baxter et al., 1997; Yacoubian and Lo, 2000;
Rose et al., 2003). ‘To inhibit full-length 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 Ca* responses was not'significantly
altered by K252a (BDNF+K252aV 28.3 + 4.3%, n=8; NT-3+K252a 15.8 + 3.9%,
n=6) (T-test, p>0.05) in cells that displayed a Ca* increase in response to
neurotrbphins. Intriguingly, however, the percentage of cells fesponding 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). | o

Together, these results demonstrate that PSCs rapidly respond to NT:
3 and BONF with increases in intracellular Ca*. Moreover, our results
suggest that Trk.B and TrkC associated tyrosine kinase activity is critical for
generating a Ca** response to BDNF or NT-3, respectively, in many 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, even in part, to gen’eratfng the Ca* response. The PSCs, whose
neurotrophin-induced Ca* responses are not sensitive to K252a likely
respond to BDNF through truncated TrkB receptors, which are not sensitive to
inhibition by K252a. |
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FiGURE 3. NT-3 AND BDNF INDUCE CA?* RESPONSES IN PSCs.
Representative Ca* responses induced by a focal application of (A)
BDNF (100ng/ml) or (B) NT-3 (100ng/ml). Neurotrophins were
pressure ejected from glass micropipettes (200msec, 10-20 PSI). The
responses to neurotrophins were preceded by a local application of
ATP. The neurotrophin responses were compared to ATP responses
evoked on the PSCs. (C) Histogram representing the amplitude of Ca
responses (%AF/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>0.05). (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 through the PLC-IP, cascade

We next investigated the signalling pathWay associated with BDNF
responses. To test if BDNF utilizes an intracellular source of Ca?*, we |
removed extracellular Ca®, 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
Ca? solution (38.0 x 4.3 %, T-test p>0.05) whefeas 28 of 64 cells responded,
a rate similar to control (Fig 4). This result~ suggests that BDNF does not
require extracellular Ca** and is operatihg through internal stores. To further
investigate this possibility, we applied cyclopiaionic acid (10 uM), an inhibitor
of Ca®*-ATPase pumps that empties internal Ca* stores. Under these
conditions, no cells responded to BDNF application (0 of 29 cells, Fig. 4).
These results confirm that BDNF utilizes internal stores to induce Ca?
elevations. .

Of'the potential intracellular sourcés of Ca®, it has previously been
shown that Trk receptors can activafe PLC resulting in the production of IP,
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 likely that the PI_.C-IP3 cascade is employed in BDNF
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signAaIIin‘g, downstream of TrkB. To test this possibility, the PLC inhibitor
U73122 (5 uM) was bath applied. In these conditions, only 1 of 43 cells
responded (Fig. 4A) representing a reductlon of 94. 3% from control. The
inactive form of the PLC inhibitor (U73343) had no effect with 22 of 52 cells
responding (F|g. 4A) and showed no significant difference in the amplitude of
BDNF responses (43.4 + 4.8%; p>0.05; Fig. 4B). Finally;rwe bath applied the
IP, receptor inhibitor 2-APB (50 uM) prior to applying BDNF. In the presence
of 2-APB, 10 of 45 cells resporided, representing a reduction of 44.5% from
control. The amplitude of Ca* responses was unchanged in the presence of
2-APB (35.6 + 8.5%; p>0.05; Fig. 4B). These data indicate that the PLC-IP,

- pathway mediates BDNF-induced Ca** responses in PSCs.
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FIGURE 4. BDNF SIGNALS THROUGH ACTIVATION OF PLC-IP; CASCADE.
(A) Histogram representing the number of cells responding to BDNF
application before and after various treatments. The application of
BDNF in low Ca* extracellular solution had no effect on the percentage
of cells responding, suggesting an intracellular source of Ca*. Bath

. application of CPA (10 yM) emptied internal 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 uM), but not by the inactive form U73433 (5 uM). Fewer
cells also responded to BDNF in the presence of 2-APB (50 yM). (B)
Histogram representing the amplitude of Ca®* responses (%AF/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>0.05).

NT-3 signals indirectly through extracellular Ca®

Next, we investigated the NT-3-mediated signalling pathways involved
in PSC activation. We first removed Ca?* from the bath sonlution to investigate
the role of intraceIIL_JIar_ stores in NT-3 signalling. Unlike BDNF, application of
low Ca* extracellular solution had a pronounced effect on the ability of NT-3
to induce Ca? responses in PSCs (Fig 5A). Only 6 of the 39 cells tested
responded to NT-3, (a 66% reduction from control), indicating that NT-3
signalling requires influx of Ca®* from the extracellular space. However, the
amplitude of Ca* responses among cells that did respond to NT-3 in the
presence of low extracellular Ca* (29.1 x 3.8%) was not significantly different
from control (Fig. 5B, p=>0.05).

We investigated the involvement of voitage-gated Ca* channels in NT-
3 signalling since, it has been shown that neurotrophins can activate them
~ (Jimenez et al., 1997; Kovalchuk et al., 2002). We therefore, investigated their
involvement in NT-3 signalling. Since only L-type Ca* 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 uM nifedipine, an L-type Ca*
_channel blocker, representing a reduction of 56% (Fig. 5A). In addition to the
L-type Ca®* channels, the contribution of N and P/Q types was investigated as
well since these channels are important for controlling the release of
- neurotransmitters at the mouse NMJ (Uchitel ét al., 1992). Interestingly, the
N-type Ca* channel blocker w-conotoxin GVIA (1 uM) 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. 5A). However, the most pronounced effect
was observed with the P/Q-type channel blbcker w-conotoxin MVIIC (0.5 uM),
where only 6 of 52 cells responded to NT-3, a reduction of 75% from control
(Fig. 5A). There was no sighificant difference in the amplitude of NT-3-evoked
Ca? responses recorded in the presence of the different channel blockers
(Fig. 5B; ANOVA, p>0.05). These results suggest that NT-3 is acting through
a variety of Ca* channels to activate PSCs. | |
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FIGURE 5. NT-3 REQUIRES EXTRACELLULAR CA?', ’
(A) Histogram representing the number of cells responding to NT-3
application in control, in low Ca?* solution and in the presence of
various Ca* channel blockers. The percentage of cells responding to
NT-3 was reduced in Ringer with no-Ca** added. Application of the L-
type Ca? channel blocker nifedipine (10 zM) reduced responding cells
as well as in the presence of the N-type Ca?* channel blocker «—
conotoxin GVIA (1 M). The greatest reduction was observed in the
presence of the P/Q-type Ca®* channel blocker w—conotoxin MVIIC (0.5
UM. (B) Histogram representing the amplitude of Ca®* responses
(%AF/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>0.05).

Indirect effect of NT-3
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Since our results suggest that NT-3 acts through modulating Ca*
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 Ca*
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 aéetylcholine 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 Ca* responses involved mAChRs we bath
applied the general antagonist atropine (20 M), 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 responseé was also unchanged (36.9 + 4.7%;
Fig. 6). To investigate if ATP was the intefmediary transmitter, we perfused
the generaI'P2 receptor antagonist suramin (200 yM) for 15 minutes before
énd dur'ing 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>0.05).-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 fiber or from PSCs themselves.

| In 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
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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 yM; n=49),
while suramin (200 yM) reduced responses to 11.4% (n=44). (B)
Histogram of the amplitude of Ca** responses (%AF/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>0.05).

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 different down-stream targets (Fig.
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7A). We have also shown that different neurotrophins use distinct Ca*
signalling pathways (Fig. 7B).

FIGURE 7. NEUROTROPHINS MODULATE PSC CA?* SIGNALLING AND INDUCE PSC

CA*" RESPONSES. . '
(A) application of BDNF induces a reduction in adenosine-mediated
Ca®* signals in PSCs. In addition BDNF potentiates P2 receptor-
mediated Ca* signals, resulting in.an overall increase in PSC
response to nerve activity. Application of NT-3 differentially modulates
PSC responsiveness to nerve activity through potentiation of mMAChR
responses. It cannot be ruled out that p7SNTRs are co-activated with
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either Trk to mediate the signalling observed. (B) BDNF and NT-3
differentially induce PSC Ca?* responses through IP, and external Ca*
respectively. BDNF seems to directly induce Ca* responses through
production of IP,;. Ca® 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 Ca*
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 Ca?*
signalling during. evoked activity, but also directly induce Ca* signalling.
Interestingly, NT-3 and BDNF seem to have different modulatory actions on
PSCs. Although each neurotrophin seems to change different properties of
the Ca* responsés (amplitude and duration by BDNF and only duration by
NT-3), both result in increased Ca** signals'as revealed by analysis of area
under the curve. .This indicates that neurotrophins increase PSC
respbnsiveness to synaptic transmission at the mouse NMJ.

Importantly, each neurotrophin targets different mechanisms in PSCs:

whi|e NT-3 modulates mAChRs, BDNF interacts more effectively with the

| purinergic receptors (Fig. 7A). Not only does BDNF increase ATP-mediated
signalling, it also decreases adenosine signalling. This further illustrates the
fine level of regulatio‘n mediated by' neurotrophins. The BDNF effect on
modulating purinergic’receptors is not too surprising since reciprocal -
heurotrophin-purinergic interactions has previously been described in muitiple
systems (Lee and Chao, 2001; Arthur 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 othérs 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-
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stream effects on PSCs. Modulation of one cascade could occur
independehtly from the other, in part through differéntia| release of the
neurotrophins (Brigaciski et al., 2005). We hypothesize that the release of
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 cond'ition 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 afe 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 thué be
likely to modulate responses dependent on synapfic activity that influence the
stability and condition of the NMJ. -

Do neurotrophins signal through Trk or p7SNTR?

Knowledge of the receptors involvéd 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 Ca*
response in the majority of‘ PSCs in response to both NT-3 and BDNF
suggests that full-length, kinase competent TrkC and TrkB receptors,
respectively, are involved. This is consistent with the evidence that full-length
TrkC has previously been reported in Schwann cells (Funakoshi et al., 1993;
Offenhauser et al., 1995). However, there is no evidence for full-length TrkB
receﬁtor expreésion in Schwann cells (Gonzalei et al., 1999). The somewhat
smaller effect of K252a on BDNF signalling may reflect a greater involvement:
of truncated TrkB or non-Trk receptor signalling in response to BDNF
applidation. ltis possible that full-length TrkB receptors are expressed by
PSCs, but at a low level. Alternatively, it is possible that TrkB-mediated Ca®*
signalling is occurring through a similar mechanism to that reported by Rose

and colleagues in Bergmann glia (Rose et al., 2003). These authofs also
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propose that p75"™" or some other signalling protein (Kryl and Barker, 2000)
may be asseciated with truncated TrkB receptors. | _

However, the lack of effect of NGF suggests that sole activation of
p75N® is not sufficient to modulate glial Ca® signals. This would also suggest
that pro-neurofrophins do not mediate the effects we observe. Owing to the
presence of p75"™" 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 Ca** pools, respectively, it seems unlikely that activation of
the same p75"™ receptor would be associated with such a radical difference
in signalling. Accordingly, our data do not support the involvement of p75"™ in-.
both modulations observed. |

Distinct Ca® signals for NT-3 and BDNF
| The mechanisms used by BDNF and NT-3 to induce Ca* signalling in
- PSCs are different, and provide a way for specific alteration of purinergic and
muscarinic receptor pathways respectively (Fig. 7B). | '

The BDNF-dependent Ca* signals were somewhat expected
considering that Trk receptors contain conserved PLC activation domains
(Huang and Reichardt, 2003) and that a sirmilar pathway was reported in
cerebellar glia (Rose et al., 2003). However, the NT-3 mechanism sug'gested

" by our results is more novel. ' | |

Indeed, our res.ults indicate that NT-3 signalling on PSCs is indirect,
requiring the activation of purinergic receptors likely foliowing the release of
ATP (Fig. 7B). Furthermore, the Ca* elevation in PSCs requires the
contribution of diverse Ca* 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 6f pufinergic 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 fibers acting as a retrograde signal to PSCs (Smith,
1991; Cunha and Sebastiao, 1993; Santos et al., 2003). Another
consideration is that releasé 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 would explain the

. reduction in the presence of a purine receptor inhibitor.

It would have been interesting to test whether the Ca**-dependent
mechanisms acutély activated by 'the neurbtrophins are at play in the
modulation observed on the synaptic-mediated interactions between the
synapse and PSCs. However, this proved to be a difficult task bwing to the
fact that the same cellular Ca®> mechanisms are involved in the genesis of the
Ca® responses induced by the neurotrophins and by ATP and muscarine in
PSCs. ‘

The finding that ATP is involved in the NT-3 mediated Ca* signals
would suggest that this pathway may be involved in the modulation of
muscarine-induced Ca® responses. However, this is quite unlikely since ATP
has never been found to modulate mAChR 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 Caé*-dependént
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 possibilify might be that netjrotrophins alter glia-to-neuron
signalling as a consequence of the modulation of neuron-to-glia
communication. Our laboratory has previou‘sly 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 mAChR_s 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 A |
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 associated 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 démonstrate for the first time that neurotrophins are
involved in acute synapse-glial interactions. One troublesofne point thaf 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 | had getting cells to respond
to local application of the neurotrophins. It would also suggest that, when
Considering the results | did obtain, further in\)estigation of neurotrophin
signalling to glial cells during NMJ development could uncover even more in-
depth interactions. A similar problem could also be associated with BDNF-
TrkB signalling as it has been suggested that little of this full-length receptor is
expressed in adu|t PSCs (Gonzalez et al., 1999). Considering this information
it is likely that further investigation of neurotrophin involvement in neuron-glial
interactions would be best-completed in the context of development or
perhaps injury. N | |

An intefesting aspect on neurotrophin signalling to PSCs corhes 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 'develbpment could also be regulated by neurotrophin
signals especially considering that PSCs and myelinating Schwann cells are
developmentally quite similar (ersky et al., 1996).

Avenues of study regarding neurotrophin signalling could |ncIude
investigating their involvement in PSC migration or proliferation during early
postnatal life as there is evidence for the involvement of NT-3 in this (Hess et
al., 2007). Other potential roles could include regulating process elongation
and elaboration. One problem with performing these studies is that it is next.
to imposéible to isolate only PSCs and any sort of dissociation and sorting

procedure would result in inclusion of myelinating Schwann cells as well 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
involvéd in neuroh-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 cépable of acutely é;ltering 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

In this thesis | 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 between patterns of néuronal activity, which |
showed that they can with different calcium elevations, and 2) whaf impact
differences in glial activation has on synaptic functiori. These results impact
the fields of synaptic plasticity and neuron-glial communication by indicating
that glial responses are not simply all or none, but that these responses
contain precise informétion that affects the expression of synaptic plasticity.

The second problem investigated in this thesis involved the pIasticit_y of
glial cell calcium elevations. | investigated this in the context of neurotrophin
signalling to PSCs. | found that not only do glial cells of the NMJ respond
acutely to neurotrophins, but also, longer exposure to them can alter glial
signalling through other recepfor systems. These interactions involving the
neurotrophins could significantly influence neuron-glial communication and

glial modification of synaptic function.

4.1. NEURON-GLIAL INTERACTIONS IN SYNAPTIC PLASTICITY

Expression of synaptic plasticity is dependent on a num'ber 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

in this seétioh I will dich_ss the importance of information processing at
the cellular level for synaptic function. A number of different events can be
involved in processing synaptic infdrmation 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
cellé 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
thir|king appears to be moving towards an inclusive view of coding being
rate and temporally dependeht (Magee, 2003; Harrié, 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 outcome 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 ner\)ous sYstem.
The 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 épike timing-dependent plasticity, where the timing of incoming activity
onto é postsynaptic neuron influences (i.e. increases or decréases) the
strength of subsequent activity between those neurons (Sjostrom and
Nelson, 2002). A recent modell‘ing study illustrated that an individual
“neuron, integrating many inputs can “learn” a pattern by decreasing
response delay to that repéated pattern (Masquelier et al., 2008). This
shows that neurons can be sensitive to particular patterns of activity.




138

| However, in the intacf nervous system there are more cells involved in
synaptic function than just the postéynaptic 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 rhythmicélly,
asynchronously or not at all to a background oscillatory pattern of activity?
Additionally, would 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 somatoéensory cortex. Carola Schipke
showed that astrocytes of the barrel cortex respond to specific neuronal
activity in their own barrel if it occurred in layer IV (Schipke et al., 2008).
However, the same cells did not respond to spontaneous activity occurring
in layers 17111 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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In 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 région and include about 5 astrocytes that display coincidental
activation (Crunelli et al., 2002).vThis stimulates the question of whether
oscillations in astrocytes are at all coordinated with oscillations occurring in
the neuronal network? From in vivo work we do know that glial bells of the
cortex are intimately linked to ongoing neuronal oscillations (Seigneur et
al., 2006) suggésting that they may indeed display coordinated activity with
neurons. Either way it would be interesting since independent glial and
n'eguronal networks, when aligned, could be a source of resolution in a noisy
system. HoWever, it séems more likely that oscillatory patterns in glial cell
and neuronal networks would be linked in some way and a particular
pattern occurring in the context of oscillations could be decoded by glia,
postsynaptic neurons and perhaps by presynaptic neurons as well. All
cellular components, perhaps, provide different bits of information toa
cdm_plex puzzle. Importantly, however, what are the signals that lead to
gliotransmission in a situation where glial oscillaiions are occurring or are
they simply liberating gliotransmitter at each balcium elevation? Probably
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 neurongl alike? It_ seems probable that they could integrate signals
| 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 to
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, mediated by astrocytes have the capacity to synchronize neurons
(Angulo et al., 2004; Fellin et al., 2004). Although the relevance of this in
si'tu has recently been called into question (Fiacco et al., 2007), it remains
a tantalizing mechanism of regulating network function.
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
ina pattern-depe'ndent 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: GLIA 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 synaptic
function in a number of preparations. Additionally, one of these
" demonstrated that glial cells could bidirectionally modulate néuronai
activity, however, the mechanisms were not determined (Newman and
Zahs, 1998). Similarly, separate studies on the NMJ have shown that
neurbnal function can be both positively (Castonguay and Robitaille, 2001)
and negatively (Robitaille, 1998) regulated by PSCs depending on the
" manipulation. Theée kinds of results lead to a working hypothesis that glial
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calcium responses were all or none events that, when preseht, 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
ih synaptic function since it is clear that synapses must both u.p-, 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 caicium elevations were
responsible for potentiation, while activation of other G-protein coupled
receptsrs, 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 signals
at the'receptor level. Certainly these mechanisms could be active and
would be difficult to détect since our primary method of studying glial-
synapse interactions involves calcium imaging, which may not be occurring
under all conditions. However, my results suggest that glial cells can
separate neuronal signals and provide positive and negative feedback to
the synapse based solely on differences in the glial calcium signal. This
arrives through the geheration 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 neuronal 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
accurate indication of howssynaptic 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
these functions (Newman and Zahs, 1998), although it has not yet been
defined in this way. This would be an interésting 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 according]y. 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. GUAL CELLS BIDIRECTIONALLY MODULATE SYNAPTIC FUNCTION

Ovér the past decade a number of studieé 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 Feedback _

Acute signalling by glial cells is known to modulated synaptic function'.
As mentioned earlier this occurs through the release of gliotransmitters.
Moét recently researchers have begun to investigate glial-to-neuron
signalling at the single synapse level usiyng direct activation of glial cells
(Perea and Araque, 2007). This study revealed the ability of glial calcium
elevations to potentiate 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 énd postsynaptic activation lead to
prolonged potentiation. This suggests the involvement of glial cells in a
process, preVioust thought to only to involve neurons. 4
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, hdwever,
provides evidence of how glial cells at a given synapse modulate synaptic
efficacy in one direction or the other, 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 | present in Chapter 2
reveal this ability in glial cells. In the case of my study we suggest that glial
cells are releasing different amounts of ATP to cause the differences in
plasticity. However, it is also possible that glial cells could release different
transmitters under diﬁerent 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 well as the
acute ones mentioned above. A good example of this was shown to occur

in the hypothalamus where synaptic-coverage by astrocyteé is changed

| during lactation. These changes can have potent effects on how neurons
communicate and can dramatically alter their activity (Piet et al., 2004;
Panatier et al., 2006). |

There is a certain amountof 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 préparation 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 thét would more strongly implicate glial 'éynaptic
associations in direét_ly shaping synaptic plasticity. These adjustments
could in fact alter the direction or extent of plasticity seen at synapses as
well as the plasticity of neighbouring synapses. |

Distinct calcium signals in glial cells could have a long-term influence on
glial and synaptic horphological 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 cell calcium signals 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 all 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 synapsés, 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 release of different gliotransmitters and through

reorgarnization of synaptic compartments.

4.1.4. GuAL 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 well 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
6ommunication 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). '

Some of the best understood purine-mediated mechanisms involve
adenosine receptor actions on neurons. The mechanisms of A, receptor-
mediated inhibition of synaptic transmission are well understood. At the
presynaptic terminal these receptors can interact with K* channels
(Trussell and Jackson, 1985) and Ca® channels (Mac;DonaId et al., 1986;

Silinsky, 2004) to inhibit release. Also, at the NMJ A,, receptors seem to be
linked to L-ype Ca** 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 sighificant interaction between adenosine receptors where activation of
one can influence the activation of the other. For instance, in the
hippocampus PKC activation by A,, receptors can lead to a functional
down-fegulat‘iOn of A, receptors (Lopes et al., 1999). Additionally, it has

recently been reported that A, and A,, reCeptors can form functional
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heteromers that crosstalk. This was shown to result in A,, mediated
inhibition of A, receptors that occurred as synaptic adenosine levels rose
(Ciruela et al., 2006). This degree of crosstalk may, in fact, play a role in
the phenomena | investigated, where activation of one receptor is
~ dependent on the other. Another scenario is that activation of the A,, leads
to inhibition of the A, receptoré and ultimately synaptic potentiation. Aside‘
from 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 all of these complex interactions one theme is beginning to take
precedence, which is the involvement of glial cells in the generation of
these adenoceptor functions. It is well known that glial cells throughout the
nervous system can release ATP (Fields and BUrnstock,_ 2006). For
instance, in the mammalian retina, Muller glia release ATP, an acfivity that
subsequently decreéses neuronal activity (Newnﬁan, 2003). In hippocampal

- culture, astrocytic ATP can also depress neuronal function (Koizumi et al.,
2003). These eﬁécts were furthe'r shown to occur 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 glial

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 PLASTICITY

Synaptic plasticity is dependent on a number of different factors !
depending on the context ahd region of the nervous system involved. As
discussed above, glial cells are involved in many of these 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, hdwever,_ we
do not know what leads to the differences in glial activation. What is known
is that anything modulating glial calcium signalling 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 calcidm elevations in
CNS glia (Rose et al., 2003). This suggested that neurotrophins could
potentially do the same in PSCs at the NMJ, something that could lead to
altered neuron-glial communication. | _

| investigated the involvement of neurotrophins in the function of PSCs
at the NMJ, and found similar calcium signalling, induced by neurotrophins
as to that reported in the CNS (Rose et al., 2003). | also revealed p6tential
functional implicaﬁdns 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 well 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.
In addition, many other mechanisms exist for the modulation of glial
calcium signals. ' -

Glial cells are heterogeneous, similar to neurons. There are many
different types of glial cells and with each glial cell type are correspondingiy
- different properties. One area of particular relevance is the heterogeneity in
calcium handling. It is well known that different glial cells express different
receptors and this is partially respohsible for differences in calcium
signalling. For éxample, 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 could lead to
different éalciurh signals, signalling cascades can also be regulafed. Here |
have shown that the neurotrophins do just that, by increasing and
decreasing various properties of purine and acetylcholine-dependent
'signals. This modulation could be achieved through a number of different
mechanisms. Considering the time frame (3Q min) it is possible that the
number of receptors on the surface were altered. Also, since the responses
investigated were coupled to metabotropic receptors it is possible that a
step in the signalling cascade was modified. For example, perhaps the.
availability of P|P2, the precursor of IP, 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. |

In fact, all of these molecular cascades could 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 PIP,
and a number of related effectors are linked to actin dynamics (Logan and
Mandato, 2006). Therefore, modulation of PLC activity and the amount of
PIP,available could have important consequences. Another example bf
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 PIP, to the mernbrane (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 in calcium signalling by purihoceptors
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 the stability of PSCs and their processes. Therefore,
investigating the long-term effect of specific perturbations to neurotrophin
signalling in PSCs could reveal new roles for these molecules. '

Despite all these possible roles for neurotrophin signalling in PSCs, |
was dnable to observe any modulation to synaptic function. This could be
due to a number of reasons. One prir'nary'aspe'ct that should be addressed
|n subsequent work is the age of animals used. Since | used adult animals
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. Conéidering this, it seems likely that neurotrophins are
have significant impact on neuron-glial communication and the Iong-terfn
structure of the NMJ even though | observed no short-term modificationto
- 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 6perating in PSCs. This leads to changes in the calcium signalling
in PSCs, which | 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 gan lead to activation of
Trk receptors in the absence of neurotrophins. This seems to occur
through signalling by P2Y2 and A;A receptors. These data lead to the
interesting question of whether activation of presynaptic A,, receptors at
the NMJ, what | showed to induce a potentiation, affects neurotrophin
signalling in any way. Also, a recent report suggests that activation of the
A,, 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 poésible ‘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 some target or substrate in the cascade of the other receptor
that is altered. As mentioned in the last section, one potential target could
be PIP,. Crosstalk between feceptor systems could occur at many places

" in the cascades to cause the observed modulation of calcium sig'nalling.
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P'erhaps at the developing NMJ or even in the adult, A,, receptors and
neurotrophins interact to modulate plasticity and stability /ot 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 well established (Pitts et al., 2006). As more information
surfaces regarding this group of molecules we better understand their
importance, not only for neurons, but also for glial cellé. 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 some recent
evidence that NT-3 could influence PSC proliferation (Hess et al., 2007).
However, considering the importance of néurotrophins for other aspects of
myelinating Schwann cell development and synaptic development it seem
likely that they could have other influences on PSCs as well. 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.

In 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 developmént
of perisynaptic glia other than that mentioned above. However, it is likely
that they induce some 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 perisyhaptic 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 intriguing question regards
the involvement of neurotrophins in PSC stability. Alfhough 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 providing signals to maintain stability, pérhaps
receptor expression increases following denervation, and is involved in
PSC instability and outgrowth. It does, however, seem unlikely that the
neurotrophins pléy any role in the plasticity of mature NMJs’ since we found
no evidence of this, in agreement with others (Ribchester et al., 1998).
Considering this, | suggest that neurotrophin signalling in PSCs at mature
synapses, if they have a role, is likely in a more long-term phenomenon
other than modulation of transmitter release.

4.3. CONCLUSION

In this thesis | have addressed basic aspects of cellular communication
and synaptic function and have also invéstigated the influence of specific
molecules on glial cell function. To this end, | have provided, what | feel, is
novel insight into neuron-glial communication and glial cell function in the
context of synaptic transmissioh. The idea that glial cells could be able to
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 | have provided through my. work on
neuron-glial interactions and the involvement of neurotrophins in those
interactions is the idea that glial calcium signals are varied, and modifiablé.
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 wér,k on the neurotrophins points to one
group of molecules that can influence glial calcium signalling in this way.

Taken together the results that | have presented here advance our
understanding of how synaptic oorhmunication 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.
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6.1. ABSTRACT

. Plasticity of synaptic transmission is believed to be the cellular basis for
learning and memory, and depends upon different pre- and postsyhaptic
neuronal mechanisms. Recently, however, an increasing number of studies
have implicated a third element in plasticity; the perisynaptic glial cell.
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 well as synaptic plasticity. Through specific modulation of
glial cell function, a wide variety of rolés 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



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 signals 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 cells remain
relatively understudied in comparison to their ‘spiking’ counterpairts 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.

Synéptic 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 well established that glia can intéract 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. SYNAPTIC PLASTICITY

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 of synaptic efficacy, termed
depression. Additionally, these changes in synaptic efficacy can be
accompanied and supported by morphoiogiéal 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 control levels 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 all plasticity events can be explained by neuronal elements and that

glial cells provided an essential contribution.

6.4. GLIA AND SYNAPTIC PLASTICITY

6.4.1. GLIA, SYNAPTOGENESIS AND SYNAPTIC EFFICACY

Glial cells are known to be plastic structures, able to change their
phenotypes under various conditions such as following injury or during |
development [46]. Because of this plasticity, and their ability to release
trophic factors and glio-transmitters, it 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 (RGC) cultures. An increase in



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 synapsés 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 mechariism in CNS synaptogenesis
[50]. Further experiments with RGC cultures demonstrated that cholesterol by
itself was sufficient to induce the same 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 phenétype of neurons. '

In 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 factor released by glial cells. In
culture, a decrease in EPSC frequency and amplitude was observed foI/Iowing
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-cell conditioned media (SCCM) to
cultures could increase the number of nerve-muscle contact points that were
apposed to nicotinic cholinefgic 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 sirﬁilar to those found in other culture systems, such
as cholesterols or cytokines. Although many of these results were obtained in
culture, some were tested and reproduced 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]. However, other results have
demonstrated a role for glia in balancing dendritic plasticity ahd 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 morpholdgical synaptic modifications occur in vivo outside the
context of synapse formation?

6.4.2. GLIA, ARCHITECTURAL PLASTICITY AND NEUROTRANSMITTER
CLEARANCE

The examples discussed above demonstrate the ability of glia to
modify syhapses. 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
well 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 mGIuR
activation by high levels of synaptic glutamate. Interestingly, blocking 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 animals, 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 syhaptic cleft.
Not only does glial morphology affects this phenomenon, but their
~transporters are also important for remo‘val 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 mGIuRs.
Piet and others (2004) recorded the amount of GABAergic depression due to
glutamate spillover and activation of presynaptic mGluRs. They observed
that extracellular diffusion was facilitated and that depression was twice as
pronounced in lactating animals 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 incre.ased 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-glial environment and neuro-glial plasticity in a given

brain region?

6.5. GLIA AND SHORT-TERM SYNAPTIC PLASTICITY

Short-term plasticity of synaptic efficacy is widely expressed in the

. nervous system and is a form of plasticity for which a glial contribution has
been found and well characterized. In the following 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 all 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 Ca* elevations [19, 42] and these elevations were frequency-



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 specifically
activating or inactivating glial cells. He showed that interfering with the G-
protein-coupled receptors on PSCs disrupted the NMJ h‘igh frequency-
induced depression (Fig 1A). 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
frequency dépression 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
specific Ca**-mediated activation or ihactivation of glial cells. Direct activation
of the IP, cascade caused a potentiation of neurotransmission at 0.2 Hz [10].
Furthermore, during 10 Hz stimulation, injection of PSCs with the Ca®
chelator BAPTA indluced greater depression (Fig. 1B). This suggests that the
release of Ca?* from internal stores results in a potentiation of transmitter
release. These results suggest that not all PSC G-protein signaling operates
through the same mechanisms, and that the capacity exists for the PSCs to
mediate bi-directional modulation of homosynaptic plasticity in neuromuscular

function.
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Figure 1. Bidirectional modulation of synaptic transmission by
perisynaptic Schwann cells at NMJs.
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 BAPTA 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 involved in the PSC-mediated depression. Pinard et al. [38]

demonstrated the presence of mGIluR mediated depression of neuromuscular
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transmission and invest‘igated evoked (EPPs) and spontaneous end-plate
potentials (MEPPSs) 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 mGIuR
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
syhthase is most likely calcium-dependent since it appears that neuronal NO
synthase is present in muscle fibres, but also in PSCs [13].

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 first, these results may appear in contradiction with those
obtained by Robitaille and colleagues. However, such resuits were
somewhat expected. Indeed, data obtained from neuron-myoblast co-

cultures in the absence of Schwann cells, revealed that synapses displayed
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all 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 investigations 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 CA1 form larger networks
than those in area CA3 (B). Pyr indicates the pyramidal cell layer.
Adapted from D’Ambrosio et al. 1998 with permission from the Society
for Neuroscience. Copyright 1998 Society for Neuroscience.
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6.5.2.1. Hippocampal Plasticity

In the hippocampus, activation of pyramidal neurons has been shown
to induce elevations in glial Ca* levels [39]. In addition, elevations in glial Ca®
levels have been shown to be involved in signaling 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 botential-evoked synaptic transmission was depresséd following
astrocyte stimulation. This depression involved an increase in glial
intracellular Ca* since it was blocked by BAPTA injection in astrocytes [2].
Interestingly, impeding the Ca* activation of glial cells also perturbed the
presynaptic mGluR-induced depréssion. Thus, these results suggest that
astrocytic glutamate release following Ca 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 glialcan 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
inpui. 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 GABA receptors. Furthermore,

application of GABAg 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 CA1 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 colleagués'who investigated the role of glial cells in
purinergic-mediated depression [53]. At CA3-CA1 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‘octancl)l)yor
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, triégering 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 colléteral
tetanization recruits interneurons through NMDA receptors and induces
GABA release. Surrounding glial cells show a calcium-dependent activation
via GABA; receptors. It is thought that the Ca* increase induces ATP release
from glial cells, which degrades into adenosine. We demonstrated that
adenosine, acting through A1 receptors, heterosynaptically induces

depression on Schaffer collaterals. Interestingly, we observed that blocking
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Ca*-mediated activation of glial cells disrupted the heterosynaptic depression
of Schaffer collateral synapses. This suggests that glial cells not only act as
complementar‘y elements 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 modulaﬁon and plasticity
that occur locally probably involve a small 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 Iarge area owing to a large degree of glial
interconnectivity. This suggests that glial cell networks could be important for
signaling over long distances. Gliél 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
Ca* waves over long distances (400 um) [29]. This in situ preparation
responds to light stimuli with changes in neuronal firing 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 all 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 60um 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 pubiished
showing that in the hippocampal CA1 region, astrocytic release of glutamate
synchronously activated neighbouring neurons through extrasynaptic NMDA
receptors [1, 16]. In one of the studies, Carmignoto, Haydon and colleagues
[16] showed that inward currents could occur synchronously in two pyramidal
neurons when astrocytes are stimulated by an mGIuR 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 Ca® 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 uM 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 ih 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 cc;nsider 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 CA1 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 could 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 well
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

~
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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

The cerebellum is a well conserved, highly ordered structure. Long-term
depression (LTD) is a well-characterized form of cerebellar plasticity that is
proposed to be important for fine motor control [8]. Cerebellar LTD is
observed at glutamatergic synapses betwee-n granule cell parallel fibres (PFs)
and Purkinje cells (PCs). The induction of LTD 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 LTD, but could there be a role for Bergmann glia? For
instance, Bergmann glia show the highest levels of NO synthase activity [2'1],
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. Simply that both glial and neuronal
influences likely have different roles in the full expression of cerebellar LTD.
In 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 question of glial involvement in long-
term potentiation (LTP) or LTD in the hippocampué. 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
- NMDA-dependent glutamatergic transmission. The first series of evidence
involves .D-serine, a co-agonist acting on the glycine site at NMDA-type

glutamate receptors, known to be necessary for the induction of hippocampal
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LTP [4, 32]. NMDA receptor activation can be a necessary step in activity-
dependent LTP induction [7]. Additionally, both glutamate..and glycine sites on
NMDA receptors must be filled for activation. Using mixed cultures and
hippocampal slices, it was reported that glial release of D-serine was
necessary to induce NMDA-type LTP [52]. In the presence of glycine sit.e
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 ;econd 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 TNFaq, 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 NMDA receptors in LTP and LTD [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, D-serine and TNFa. The above results are consistent with
observations from glial specific knockout mice where LTP was modified,
providing further support for a glial involvement in LTP [27, 30]. It will be of
interest to investigate in more detail the putative involvement of glial cells in
NMDA and AMPA receptor-mediated types of plasticity.

6.7. CONCLUSION

In this review, evidence has been presented demonstrating that glial celis
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 hippocarﬁpa! 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 blasticity.
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.
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