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In the Ventrobasal (VB) thalamus, astrocytes are known to elicit NMDA-receptor mediated
slow inward currents (SICs) spontaneously in neurons. These SICs can also be evoked by
activation of astrocytic mGluRs, acting via intracellular Ca®" elevations and presumed
vesicular glutamate release. Fluorescence imaging of astrocytes and patch clamp recordings
from thalamocortical (TC) neurons in the VB of 6-23 day old Wistar rats were performed. TC
neurons exhibit spontaneous SICs at low frequencies (~0.0015Hz) that were inhibited by
NMDA -receptor antagonists D-AP5 (50pM), and were insensitive to TTX (1uM) suggesting a
non-neuronal origin. The effect of corticothalamic (CT) and sensory (Sen) afferent
stimulation on astrocytic signalling was assessed by varying stimulus parameters. Moderate
synaptic stimulation elicited astrocytic Cat increases, but did not affect the incidence of
spontaneous SICs. Prolonged synaptic stimulation induced a 265% increase in SIC frequency.
This increase lasted over one hour after the cessation of synaptic stimulation, so revealing a
Long Term Enhancement (LTE) of astrocyte-neuron signalling. LTE induction required group
I mGluR activation, as it was inhibited by the group I antagonists MTEP (50pM) and
CPCCOEt (200pM), and mimicked by prolonged exposure to the mGluR agonist DHPG
(100pM). LTE SICs targeted NMDA-receptors located at extrasynaptic sites since a NR2B
subunit specific antagonist Ifenprodil (10pM) reduced SIC amplitude significantly but had no
effect on neuronal synaptic currents. LTE showed a developmental profile: from weeks 1-3,
the SIC frequency was increased by an average 50%, 240% and 750% respectively.
Prolonged exposure to glutamate (200pM) increased spontaneous SIC frequency by 1800%.
This “chemical” form of LTE was prevented by the broad-spectrum excitatory amino acid
transporter (EAAT) inhibitor TBOA (300pM) suggesting that glutamate uptake was a critical
factor. Pre-incubating in D-Aspartic acid (200pM), which is a substrate for EAATS and
NMDA-receptor agonist mimicked the “chemical” LTE. Repeating the moderate synaptic
stimulation experiments oOn pre-incubated slices confirmed the ineffectiveness of acute
synaptic stimulation at increasing SIC frequency. My results therefore show complex
glutamatergic signalling interactions between astrocytes and neurons. Furthermore, two
previously unrecognised mechanisms of enhancing SIC frequency are described. The
synaptically induced LTE represents a form of non-synaptic plasticity and a glial “memory”
of previous synaptic activity whilst enhancement after prolonged glutamate exposure may
represent a patholo gical glial signalling mechanism.
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Chapter 1

Introduction

1.1 Brief history of neuron-astrocyte-neuron communication

Glial! cells within the brain tissue were first described in the early 19" century by Ramén y
Cajal, Rudolf Virchow, Camillo Golgi and others, and by the end of the century Carl-Ludwig

Schleich proposed the idea of glia-neuron interactions [Verkhratsky & Toescu, 2006; Garcia-
Marin et al., 2007; Fig. 1.1].

Figure 1.1: Glia in the 19th century. Cajal’s drawing of neuroglia (darker
highly processed cells) in the hippocampus of the human brain. The drawing
shows astrocytic processes contacting blood vessel and pyramidal cells.
(Figure is from Garcia-Marin ef al., 2007).

Nonetheless, the idea of glia-neuron interactions never achieved

acceptance amongst scientists and therefore glial cells within the

central and peripheral nervous system (CNS and PNS

respectively) have been traditionally considered as passive elements giving mechanical,
nutritional and trophic support for the neurons [Nedergaard et al., 2003; Fellin & Carmignoto,

2004; Volterra & Meldolesi, 2005; Verkhratsky & Toescu, 2006].

Almost a century later, pioneering work by Cornell-Bell and his colleagues [Comell-Bell et
al., 1990] showed that glutamate induced astrocytic calcium signalling, raising the question of
whether glia could actually participate in nervous system signalling. Not long after, studies on
cultured astrocytes established that glial cells exhibit a form of excitability based on
intracellular Ca’* ([Ca2+]i) variances leading to glutamate release and activation of neuronal
glutamate receptors [Kim et al., 1994; Nedergaard, 1994; Parpura et al., 1994; Hassinger ef
al, 1995]. A study by Porter and McCarthy [1996] gave the supporting evidence that
astrocytes respond to glutamate released from synaptic terminals in acutely prepared brain
slices (in vitro) whereas work by Pasti et al. [1997] showed that astrocytes in vitro do signal
to neurons via glutamate release. The synaptic influence of glial cells became evident from

-

! Word glia is derived from Greek word gliok which means glue or slime
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studies where glial calcium elevations induced glutamate release that was correlated with
alterations in synaptic function of adjacent neurons [Araque et al., 1998a-b; Kang et al,
1998]; such that glial cells are now considered as active participants in the nervous system
and the term “tripartite synapse”, introduced by Araque et al. [1999], is now used to describe

the synapses where synaptically associated astrocytes are functioning as integral modulatory

elements.

The observations of signalling between neurons and glia have now been extended in many
brain areas involving various neurotransmitters and cell types. Thus far the studies have
covered the retina [Newman & Zahs, 1997; Newman, 2004; 2005], visual cortex [Carmignoto
et al., 1998], ventrobasal thalamus [Parri et al., 2001], hippocampus [Angulo et al., 2004,
Fellin et al., 2004; 2006; Perea and Araque, 2007], nucleus accumbens [D’Ascenzo ef al.,
2007], olfactory bulb [Kozlov et al., 2006] cerebellar cortex [Brockhaus & Deitmer, 2002;
Bellamy & Oqden, 2006] and dorsal root ganglion [Auld & Robitaille, 2003], suggesting this
is a common feature of glial cells in the nervous system. Further evidence of the glial calcium
signalling was demonstrated in the intact (in vivo) cortical and corticothalamic systems
illustrating that these are not just phenomena caused by tissue preparation [Hirase et al., 2004;

Wang et al., 2006].

In contrast to the above, Beierlein & Regher [2006], Fiacco et al. [2007), Petravicz et al.
[2008] and Shigetomi et al. [2008] reported evidence against the fact that astrocytic Ca™"
clevations readily act as an integral modulator at the synapse therefore questioning the
developing consensus that astrocytic Ca®" elevations and glutamate release directly affects

neuronal synaptic activity in vitro.

It was first shown in the ventrobasal thalamus (VB) that astrocytes can display spontaneous
calcium oscillations in vitro [Parri et al., 2001], which consequently lead to neuronal
excitatory N-methyl-D-aspartate (NMDA) -receptor mediated currents in thalamic neurons. In
this thesis I extend the study of these thalamic currents to investigate how signalling between
astrocytes and neurons in the VB is affected by synaptic glutamate released from thalamic
afferents. This might reveal the conditions in which astrocytes causc neuronal excitation
under different thalamic afferent input and would also be of great importance in illuminating

communication in the tripartite synapse.
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1.2 Glial cells in the CNS

The human brain is estimated to contain about 100 billion neurons and about 10 times more
glial cells. Of all glial subtypes in the CNS, astrocytes appear to be the most abundant. In the
rat visual cortex astroglia, oligodendroglia, and microglia are present in a ratio of 6:3:1
respectively [Gabbott & Steward, 1987]. The volume and ratio of astrocytes over neurons
increases brain complexity: in a rodent cortex the ratio is 1 astrocyte per 3 neurons, but in the
human cortex there are 1.4 astrocytes for each neuron, suggesting an important role in brain

function [Nedergaard et al., 2003; Oberheim et al., 2006].

In the CNS, oligodendrocytes, ependymocytes and microglia are known to have specific
functions in myelination, lining of the CNS cavities and production of cerebrospinal fluid as
well as host defence, respectively. In contrast, the role of astrocytes has been less clear.
Commonly accepted roles for astrocytes now include: metabolic and structural support,
control of synaptic formation and function, regulation of ion concentration in the extracellular
space, regulation of brain vascular tone as well as neurogenesis and repair in response to CNS

injuries [Perea & Araque, 2002; Nedergaard et al., 2003; Volterra & Meldolesi, 2005].

1.2.1 Astrocytes and associations with other CNS cells

1.2.1.1 Astrocytes lack ability to fire action potentials

Traditionally, astrocytes are thought to differ from neurons in that they lack a sufficient
amount of sodium channels to conduct electrical activity and generate action potentials
[Sontheimer, 1992]. Orkand and others showed in the 1960’s that glial cells exhibit a large,
almost linear K conductance that makes the resting membrane potential highly negative
(close to -90mV) [Orkand et al., 1966; Sontheimer, 1992]. It has been shown that astrocytes
express many of the same voltage-activated channels as neurons, but their functional
importance is not as clear [Sontheimer, 1992]. It is noteworthy that the expression of voltage-
and ligand-activated channels can be influenced by cell culture preparation methods [Miller et

al., 1993; Duffy & McVicar, 1994; Carmignoto et al., 1998].
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1.2.1.2 Astrocytic populations

Astrocytes are divided into two main classes by their anatomy and distribution: protoplasmic
astrocytes, the major glial type in the gray matter, have fewer glial filaments and extremely
dense ramification of fine shorter processes [Miller & Raff, 1984; Shepherd, 1994; Vesce et
al., 2001). Fibrous astrocytes contain many glial filaments and are mainly found in white
matter [Miller & Raff, 1984; Shepherd, 1994]. Fibrous astrocytes often have polarised shapes
with one process (vascular endfeet) wrapped around blood capillaries [Magistretti & Pellerin;
1999; Zonta et al., 2003]. Astrocytes can also be classified as Type 1 (GFAPJr/AZBS')2 and
Type 2 (GFAP*/A2B5") according to their antigen binding properties [Raff et al., 1983].
Astrocytes are considered to have various sub-populations based on diverse microdomain
function and membrane current profiles [Steinhauser et al., 1992; Grosche et al., 1999; Zhou
& Kimelberg, 2000, 2001; Perea & Araque, 2002; Nedergaard, 2003; Bushong et al., 2002;
2004] although some may question whether the heterogeneity is a reflection of the plasticity
of one astrocyte type under the influence of environmental factors rather than of the existence

of distinct permanent subtypes [Walz, 2000].

1.2.1.3 Astrocytic organisation in the CNS

In the CNS astrocytes appear to be organised so that their cell bodies and larger processes are
not in contact with each other [Nedergaard er al., 2003]. A limited degree of overlap occurs
between the smaller processes of neighbouring astrocytes and extensive overlapping is seen
between the processes of distinct glial cell types such as oligodendrocytes and astrocytes
[Bushong ef al., 2002]. Gap junctions3 contribute greatly to the extent of astrocytic networks
[Lee et al., 1994]. They are mainly composed of connexin 43 and 30, abundantly distributed
within astrocytic network connecting processes of the same cell as well as different cells at
the narrow interfaces [Giaume & McCarthy, 1996; Giaume & Venance, 1998; Wolff et al,
1998; Nedergaard et al., 2003; Blomstrand et al., 2004; Orthmann-Murphy e? al., 2008]. In
the barrel field of the somatosensory cortex, the preferential orientation of coupling inside the

barrels results from subpopulations of astrocytes that have different coupling properties

-

2 Glial fibrillary acidic protein (GFAP) is a specific form of cytoskeletal intermediate filament expressed in
astrocytes. A2BS5 refers to positive or negative monoclonal antibody binding property

3 Gap junctions are formed by a family of structurally related membrane proteins called connexons named after
their molecular weight. They allow direct electrical and chemical communication between cells
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[Houades et al., 2008]: The communication between astrocytes was restricted inside a single
barrel, whereas the astrocytes between barrels were either weakly or not coupled. The extent
of gap-junctional coupling can also be modified, for example, with peptides such as
endothelins as well as neurontransmitters, cytosolic Ca** and related molecules such as IPs
[Giaume & Venance, 1998; Rouach ez al., 2000; Blomstrand et al., 2004]. Gap-junctions that
generally allow direct electrical and chemical communication between neurons are important,
for example, in regulating extracellular K" concentrations, distribution of neurotransmitters as

well as spreading of Ca’" signalling within the astrocytic network [Giaume & Venance, 1998;

Hansson et al., 2000; Schools et al., 2006].

1.2.1.4 Astrocytic coverage of synapses

Glial cells are thought to be a physiological barrier between the synaptic cleft and
extrasynaptic space, limiting the degree of intersynaptic crosstalk caused by neurotransmitter
spillout [Kullman and Asztely, 1998; Piet et al., 2004]. The extent of glial ensheathment of
the synapses is, however, extremely heterogenous and shows plasticity [Spacek, 1985;
Theodosis & Poulain, 1992; Hatton, 1997; Castro-Alamancos, 2004]. Such plasticity 1s
evident in the hypothalamus where glial processes are withdrawn from the synapses during
lactation [Theodosis & Poulain, 1992; Hatton, 1997]. In hippocampal and cerebral synapses,
the association between glia and neuronal membranes on the post-synaptic side has been
shown to far exceed that on the pre-synaptic side suggesting functional specialisation [Lehre
& Rusakov, 2002; Huang & Bergles, 2004]. In the visual and cerebellar cortices, dendritic
spines of Purkinje cells are completely covered by the glial sheath, whereas dendritic spines
of pyramidal cells are only partially covered, leaving spine stalks and synaptic clefts
frequently without any glial isolation [Spacek, 1985]. In the VB, sensory afferents form
synapses termed as “glomeruli” that are completely covered by glial processes, whereas
cortical afferents form smaller synaptic boutons with less intimate contact with astrocytes
[Matthews et al., 1977, Castro-Alamancos, 2004]. Figure 1.2 illustrates astrocytic coverage of

barrel cortex synapse.

Figure 1.2: Astrocytic coverage of synaptic bouton-spine
interface. This figure illustrates 3D construction of spine
head, post synaptic density (PSD) and associated astrocyte
with axonal bouton removed from a barrel cortex synapse.
(Figure from Genoud et al., 2006)

astrocyte

spine head

PSD
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1.2.2 Astrocytes and synaptic transmission in the rodent CNS

In addition to more familiar roles of astrocytes such as maintenance of homeostasis at the
synapse upon neuronal firing, several physiological signalling pathways involving glial cells
have been established. The neuron-glia-microglia pathway involves release of adenosine tri-
phosphate (ATP), cytokines and prostaglandins and can influence the profile of secreted
microglial substances [Fellin & Carmignoto, 2004]. By releasing substances such as atrial
natriuretic peptide, prostaglandins and nitric oxide, astrocytes belonging to the neuron -
astrocyte - blood vessel pathway can regulate cerebral blood flow [Fellin & Carmignoto,
2004]. The recently discovered neuron-astrocyte-neuron/astrocyte pathway involving release

of neuroactive substances will be disussed more in detail below.

1.2.2.1 Astrocytic maintenance of homeostasis during synaptic transmission

Clearance of excess K and glutamate during neuronal activity is fundamental for preventing
interference with neuronal signalling, tonic receptor activation and excitotoxicity [Huang ef
al., 2004; Yi & Hazell, 2006]. Several mechanisms, such as spatial buffering, Na’/K" pump,
KCl co-transport and uptake via inwardly rectifying K* channels have been proposed to be
involved in potassium clearance [Gardner-Medwin et al., 1981; Walz & Hertz, 1983; Grafe &
Ballanyi, 1987; Ballanyi ef al., 1987, Newman, 1993; Philippe et al., 1996; Meeks &
Mennerick, 2007]. Excess neurotransmitter 1is cleared via transporter uptake. GLAST
(EAAT1) and GLT-1 (EAAT?2) are glutamate transporters found on the glial membrane in
rodents [Rothstein ez al., 1994; Lehre et al., 1995; Bergles & Jahr, 1997; Anderson &
Swanson, 2000; Hazell et al., 2001]. Both of these transporters also have affinity for aspartate
[Bergles & Jahr, 1997; Anderson & Swanson, 2000; Diamond & Jahr, 2000; Diamond, 2005;
D’ Aniello, 2006]. Glial cells also have transporters for GABA (GAT-1 and GAT-2/3) and
glycine (GlyT1b) [Kinney & Spain, 2002; Marcaggi & Attwell, 2004]. Transporter uptake 1S
driven by coupling with the transmembrane Na', H' and voltage gradients [Anderson &
Swanson, 2000; Marcaggi & Attwell, 2004]. Glutamate can be cleared from the extrasynaptic
space within 1ms [Clements et al., 1992; Diamond, 2005]. However, the time course of
clearance appears slower in young animals and may be diminished at room temperature

[Bergles & Jahr 1997; Diamond & Jahr, 2000; Diamond, 2005].
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Most of the glutamate taken up by astrocytes is recycled back to neurons via the glutamate-
glutamine cycle. The classical pathway involves conversion of glutamate into glutamine by
glutamine synthetase that is localised in astrocytes [Martinez-Hernandez et al., 1977,
Marcaggi & Attwell, 2004]. Glutamine is then exported to neurons by transporters (SNAT1-3

and 5) and converted back to glutamate by neuron specific glutaminase [Marcaggi & Attwell,
2004].

1.2.2.2 Astrocytes exhibit excitability in the form of [ Cd’"]; variations

Numerous studies have now revealed that astrocytes exhibit neurotransmitter/neurohormone
receptors in vitro such as NMDA-receptors, metabotropic glutamate-receptors (mGluRs),
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPA-R) and
kainate-receptors (KA-R) for glutamate; y-aminobutyric acid-receptors (GABA-R) for
GABA; iono- and metabotropic purinergic-receptors (P2X/P2Y-R) for ATP; CBI1-R for
endocannabinoids as well receptors for nitric oxide (NO), noradernaline (NA) and
acetylcholine (ACh) [Porter & McCarthy, 1997; Shelton & McCarthy, 1999; Hansson &
Ronnbick, 2003; Fellin & Carmignoto, 2004; Volterra & Meldolesi, 2005; Verkhratsky &
Kirchhoff, 2007; Navarrete & Araque, 2008].

During neuronal activity, astrocytes not only buffer excess K" ions and glutamate from the
synaptic cleft, they also respond to the released neurotransmitters acting on G-protein-coupled
receptors (GPC—RS)4 by elevating their [Ca2+]i levels [Cornell-Bell et al., 1990; Parpura et al.,
1994; Porter & McCarthy, 1996; Bernstein et al., 1998; Araque et al, 2002; Fellin &
Carmignoto, 2004; Lin & Bergles, 2004; Schipke & Kettenman, 2004; Lee et al, 2007,
Navarrete & Araque, 2008]. In response to glutamate, there are at least two different pathways
mediating the [Ca“]i elevations [Cornell-Bell et al, 1990; Kim et al., 1994; Shelton &
McCarthy, 1999]. In the first pathway, glutamate can partially bind to GPC group I
metabotropic glutamate receptor (mGluRl) of the synaptic astrocyte [Biber et al., 1999]. This
causes a rise in intracellular levels of phospholipase C (PLC) and hence, the second
messenger inositol-1,4,5-triphosphate  (IP3) production [Biber et al., 1999; Hermans &
Challiss, 2001]. When IP; is released to the intracellular space, it binds to the IP; receptor on

the endoplasmic reticulum (ER) releasing Ca** from the internal stores leading to cytosolic

4 GPC-receptors belong to a large family of transmembrane receptors that bind molecules outside the cell and
activate signal transductions pathways inside the cell
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[Ca2+] elevations [Kim et al., 1994; Biber et al., 1999; Parri & Crunelli, 2003; Petravicz et al.,
2008]. The second pathway involves glutamate binding at ionotropic glutamate receptor
leading to Ca’" influx and potential opening of voltage-operated calcium channels (VOCCs)

engaging additional influx of Ca’ [Cornell-Bell et al., 1990; Kim et al., 1994; Shelton &
McCarthy, 1999].

Different forms of calcium signals that constitute to local, short or long range signalling have
been identified. Ca’* signals can manifest as global or spatially restricted calcium elevations
within a single cell [Cornell-Bell ez al., 1990; Kim et al., 1994; Nett et al., 2002; Parri et al.,
2001; Parri & Crunelli, 2003]. These elevations can be individual spikes, oscillations or
sustained elevations [Kim et al., 1994; Nett et al., 2002; Parri et al., 2001]. Ca™ signals can
also vary in response to different stimulations. Cultured astrocytes, for example, have been
shown to respond in graded fashion to increasing glutamate concentrations [Kim et al., 1994].
In hippocampus in vitro, increasing afferent stimulation intensity, frequency and duration has
been shown to increase the frequency and magnitude of astrocytic Ca®" oscillations [Porter &

McCarthy, 1996; Pasti et al., 1997; Araque et al., 2002; Perea & Araque, 2005].

Propagating Ca’* transients originating from a single cell can sequentially engage
neighbouring cells and generate intercellular Ca>* waves [Cornell-Bell ef al., 1990; Kim et al.,
1994; Parri et al., 2001]. Intercellular Ca’" wave propagation was thought to occur via gap-
junctions [Nedergaard, 1994; Giaume & Venance, 1998; Nedergaard et al., 2003], but now it
is commonly accepted that ATP acts as a major extracellular messenger in this mechanism
[Guthrie et al., 1999; Cotrina & Nedergaard, 2000]. In cell cultures, propagation depends on
Ca**-dependent autocatalysis: at intermediate [Ca2+]i levels, Ca®* can stimulate its own release
as co-agonist for IPs-receptors, whereas high [Ca2+]i levels can produce negative feedback

[Bezprozvanny et al., 1991; Kim et al., 1994].

T 2 . e
1.2.2.3 Astrocytes exhibit spontaneous [Ca’"]; variations

Astrocytes have intrinsic properties that allow them to modulate their [Ca”]i levels
independently of neuronal activity [Nett er al, 2002; Parri & Crunelli, 2003]. In the
hippocampus and thalamus, the mechanism seems to involve 1P5 receptor activation by Ca*"
independently of neurotransmitter release and GPC-receptor activation [Nett e al., 2002;

Parri & Crunelli, 2003]. These signals also manifest as spikes or oscillations within a single
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cell or propagate as intercellular calcium waves [Nett ez al., 2002; Parri & Crunelli, 2003]. In
addition, spontaneous astrocytic [Ca®"}; signalling has also been shown to occur in vivo in the
cortex [Hirase et al., 2004]. Spontaneous neuronal activity is important for the developing
brain [Katz & Shatz, 1996]. As spontaneous astrocytic Ca’" waves occur in many brain
regions during maturation [Aguado et al., 2002], this form of signalling may also be critical
for the development of precise connectivity and could be inducing specific gene activation as

suggested by Rose & Konnerth [2001] and Parri & Crunelli [2002].

1.2.2.4 Astrocytes release various gliotransmitters

In addition to glutamate, astrocytes can release other gliotransmitters and substances such as
GABA, aspartate, taurine, D-serine, ATP, adenosine, growth factors, steroids, eicosanoids and
neuropeptides [Kimelberg et al., 1990; Hansson & Roénnbick, 2003; Fellin & Carmignoto,
2004; Perea & Araque, 2004; Volterra & Meldolesi, 2005; Kozlov et al., 2006]. Release of
neurotransmitters from astrocytes can occur in response to stimuli or spontaneously and 18
collectively termed as gliotransmission [Pasti ez al., 1997; Parpura & Haydon, 2000; Parri et

al., 2001; Nett ez al., 2002; Angulo et al., 2004; Fellin et al., 2004; Perea & Araque, 2005].

The release mechanism of astrocytic glutamate remains uncertain, however, evidence for
several mechanisms has been provided. These include calcium dependent vesicular release,
swelling induced anion channels, connexin hemichannels, P2X receptors, reverse operation of
glutamate transporters and diffusion across the membrane [Kimelberg ef al., 1990; Rutledge
& Kimelberg, 1996; Rutledge et al., 1998; Araque et al., 2000; Darby et al., 2003; Duan et
al., 2003; Ye et al., 2003; Fellin & Carmignoto, 2004; Fellin e? al., 2006; Takano et al.,
2005]. Experiments in cell cultures have demonstrated that physiological astrocytic calcium
levels are sufficient to stimulate glutamate release [Parpura & Haydon, 2000]. Astrocytes
express many proteins required for vesicular formation and indeed, the most commonly
accepted release mechanism involves Ca’*- and SNARE—dependent5 exocytotic vesicular
release [Araque et al., 2000; Mazzani et al., 2001; Bezzi et al., 2004; Montana et al., 2004;
Shiga et al., 2006; Xu et al., 2007]. The other mechanisms, especially swelling and volume

regulated release, are primarily implicated in pathological conditions such as ischemia and

5 Goluble N-ethylmaleimide-sensitive factor (NSF) attachment receptor protein mediating fusion of cellular
vesicles with membranes. The fusion of vesicles and release of neurotransmitters into extracellular space is

called exocytosis.
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may participate in tonic rather than transient release of glutamate [Kimelberg et al., 1990;

Feustel et al., 2004; Fellin et al., 2006].

1.2.2.5 Astrocytic modulation of synaptic activity

Gliotransmission can affect neuronal receptors presynaptically, postsynaptically or
extrasynaptically at the same synapse as well as heterosynaptically at longer distance as
illustrated in figure 1.3 [Haydon & Carmignoto, 2006]. Depending on the site of action and
the released substance, gliotransmission can either depress or facilitate synaptic transmission

or lead to additional extrasynaptic depolarising currents known as slow inward currents

(SICs) [Haydon & Carmignoto, 2006].

Figure 1.3: Astrocytic modulation
of synaptic transmission. Astrocytes
release  gliotransmitters  such  as
glutamate (red dots), D-serine (green
dots) and ATP (blue arrow). These
can have various effects depending on
process the target receptors and locations.
(Figure is from  Haydon &
Carmignoto, 2006).

Astrocyte Astrocyte
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Depression. Astrocyte mediated depression of synaptic transmission is due to the activation
of neuronal pre-synaptic group II/111 mGluRs [Araque et al., 1998, 1999; Liu et al., 2004].
Activation of these receptors is known to suppress the vesicular release of neurotransmitters
therefore affecting the amplitude of evoked excitatory post-synaptic currents (EPSCs) and
inhibitory post-synaptic currents (IPSCs) or frequency of miniature PSCs [Gereau et al.,
1995; Araque et al., 1998, 1999; Liu et al., 2004].
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Facilitation. Glutamate released from astrocytes can-also bind to neuronal pre/post synaptic
NMDA/non-NMDA receptors and consequently potentiate neuronal inhibitory and/or

excitatory currents [Araque et al., 1998; Kang et al., 1998; Fiacco & McCarthy, 2004; Liu et
al., 2004; Lee et al., 2007; Jourdain et al., 2007)].

Plasticity. Astrocytes also contribute to neuronal plasticity and long term potentiation (LTP)
either by releasing gliotransmitters or by physically controlling neurotransmitter availability
at synapses [Yang et al., 2003; Panatier et al., 2006; Perea & Araque, 2007]. Perea and
Araque [2007] demonstrated that astrocytic Ca’" and SNARE-protein dependent glutamate
release acting on presynaptic group I mGluRs potentiated transmitter release leading to short-
term plasticity. When this coincided with postsynaptic depolarisation, the transient
potentiation became permanent therefore extending the classical rule of Hebbian LTP®.
Astrocytes can also contribute to heterosynaptic plasticity. For example, Ca’" dependent
glially-released ATP is enzymatically degraded to adenosine which acts on pre-synaptic A,
receptors at synapses distant from the original release site, and so is an important mediator of

heterosynaptic depression [Pascual et al., 2005; Serrano et al., 2006].

Slow Inward Currents. SICs were first described on cultured cells where electrical or
mechanical stimulation of astrocytes caused [Ca®"]; increases that were correlated with slow
inward currents in associated neurons [Araque et al., 1998]. Since then SICs have been
studied in vitro in the VB thalamus, hippocampus, cortex, nucleus accumbens, cerebellum and
olfactory bulb including both glutamatergic and GABAergic neurons [Parri et al., 2001; Fellin
et al., 2004; Angulo et al., 2004; Perea & Araque, 2005; Beierlein & Regehr, 2006; Fellin ef
al., 2006; Kozlov et al., 2006; D’ Ascenzo et al., 2007; Ding et al., 2007; Navarrete & Araque,
2008; Shigetomi et al., 2008]. What is common to all these SICs in vitro is that they are much
larger than synaptic currents as demonstrated in figure 1.4. They are insensitive to TTX and
AMPA/KA-receptor antagonists but are inhibited by NMDA-receptor antagonists [Parri et al.,
2001; Fellin et al., 2004; Angulo et al., 2004; Perea & Araque, 2005; Fellin et al., 2006;
Kozlov et al., 2006; D’Ascenzo et al., 2007; Ding et al., 2007; Navarrete & Araque, 2008;
Shigetomi et al., 2008]. Insensitivity to synaptic transmission inhibitors established that these
slow currents were non-neuronal in origin [Araque e? al., 1998; Angulo et al., 2004; Fellin et

al., 2004]. In the field in general, currents with amplitudes greater than 20pA and rise times

6 Hebbian rule of LTP describes the pairing pre- and post synaptic activity leading to persistent increase in
synaptic strength
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longer than 10ms in the presence of TTX are accepted as SIC [Araque et al., 1998; Angulo et
al., 2004; Fellin et al., 2004].

Astrocyte mediated SICs have been shown to preferentially target extrasynaptic NMDA-
receptors containing NR2B sub-unit [Cull-Candy et al., 2001; Fellin et al., 2004; D’ Ascenzo
et al., 2007; Shigetomi et al., 2008]. The average amplitude stated in the literature ranges
between 29 and 182 pA, rise time between 27 and 135ms and decay time between 121 and
608 ms [Parri et al., 2001; Angulo et al., 2004; Fellin ef al., 2004; Perea & Araque, 2005;
Fellin et al., 2006; Xu et al., 2007; Navarrete & Araque, 2008; Shigetomi et al., 2008].
Variability in the SIC magnitude and kinetics is thought to arise from multiple release sites
from one or several astrocytes contacting the same neuron [Angulo et al., 2004; Fellin et al.,
2004; Haydon & Carmignoto, 2006]. Different diffusion distances in extracellular space and
size of the glutamate releasing vesicles may also contribute to the variability [Angulo et al.,

2004; Fellin et al., 2004; Haydon & Carmignoto, 2006].

Neuron-to-neuron Astrocyte—to—neuron

AMPA/NRT-2A NR1-28

EPSC SIC

Rise, ~1ms Rise, ~60 ms
Decay,t,,~10 ms, t,, ~150 ms | Decay, ~600 ms

Astrocyte
process

r NR1.

Figure 1.4: Slow [nward Currents. Astrocytes release glutamate that targets extrasynaptic NMDA-receptors
containing the NR2B subunit. SICs are characterised by their extremely slow kinetics and are orders of
magnitude larger than synaptic EPSCs in hippocampus (Figure is from Haydon & Carmignoto, 2006).

SICs can occur spontaneously or be evoked by various methods that induce astrocytic Ca™
increases [Parri et al., 2001; Angulo et al., 2004; Fellin et al., 2004; Perea & Araque, 2005;
Fellin et al., 2006; Kozlov, 2006; D’Ascenzo et al., 2007; Xu et al., 2007; Navarrete &
Araque, 2008; Shigetomi et al., 2008]. A number of studies have shown direct evidence that
astrocytic Ca" increases coincide with neuronal SIC [Parri et al., 2001; Fellin et al., 2004;
Perea & Araque, 2005; Narravete & Araque, 2008]. Astrocytic Ca’" dependent vesicular

release of glutamate has been directly linked to the generation of SICs and, indeed, such
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astrocytic vesicles have been located opposite to extrasynaptic NMDA-receptors [Araque et
al., 2000; Bezzi et al., 2004; Xu et al., 2007].

Spontaneous SICs occur at very low frequencies in vitro, mean frequency ranging between
0.05 and 1.8 SICs/min corresponding to ~0.001-0.03 Hz [Fellin et al., 2004; Angulo et al.,
2004; Perea & Araque, 2005; Fellin ef al., 2006; Kozlov et al., 2006; D’ Ascenzo et al., 2007;
Navarrete & Araque, 2008; Shigetomi et al., 2008]. Most studies have used Mg-free medium
to enhance the detection of NMDA-mediated events, however SICs do occur in normal aCSF
containing Mg*" albeit at jower frequencies [Fellin er al., 2004; Perea & Araque, 2005;
D’Ascenzo et al., 2007]. Furthermore, although most studies have used young animals (5-23
PN days), SICs have been observed up to the age of 6 weeks with no significant differences in

their prevalence [Angulo et al., 2004; Kozlov et al., 2006; D’ Ascenzo et al., 2007].

Even though astrocyte mediated neuronal depolarization can be large enough to cause
neuronal firing, initially shown by Hassinger and colleagues [1995], the purpose of SICs is
not fully understood. It has been shown that SICs are not necessary for the modulation of
synaptic transmission as it can be modulated in the absence of SICs, or SIC can be detected
without the modulation of synaptic transmission [Araque et al., 1998; D’ Ascenzo et al., 2007,
Jourdain et al., 2007]. However, in paired recordings, populations of SICs have been shown
to occur in synchrony and to elicit robust bursts of action potentials indicating that SICs may
participate in neuronal synchronization [Angulo et al., 2004; Fellin et al., 2004; Fellin ez al.,
2006; D’Ascenzo et al., 2007]. Furthermore, as SICs have been shown to induce neuronal
Ca”" elevations [Parri e al., 2001], it can be expected that SICs participate in biochemical
processes involving Ca”" entry and subsequent activation of second messenger pathways and

gene transcription [Shepherd, 1994].

1.2.2.6 NMDA-receptors: target for astrocytic glutamate release

Tonotropic glutamatergic NMDA-receptors (N-methyl D-aspartate) consist of combinations of
different NR1/NR2A-D subunits with distinct kinetics [Cull-Candy et al, 2001]. For
example, application of glutamate onto NRI/NR2A assemblies generate a macroscopic
current with deactivation time constant of tens of milliseconds compared to several seconds
for NR1/NR2D receptors [Cull-Candy et al., 2001]. NMDA-receptors are characterised by

voltage-dependent Mg®* block and require glycine or D-serine as a co-agonist [Cull-Candy et
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al., 2001]. These receptors have a high Ca®*/Na’ permeability ratio and are strong
implicated in synaptic plasticity as well as in excitoxicity [Shepherd, 1994; Simon et a.

1984; Cull-Candy et al., 2001; Wittmann et al., 2004].

Subunit expression varies both temporally and spatially [Wenzel et al., 1996; 1997; Cul
Candy et al., 2001]. In the rat thalamus, for example, NR2B and NR2C subunit expression

weak during the first post-natal week but increases after P10 [Wenzel et al., 1997
Functionally, the synaptic NMDA-receptor is composed of NR2B subunits at early post-nat:
age but reduces its sensitivity around second post-natal week whilst the NR2A become
dominant in the VB thalamus [Liu et al., 2004; Arsenault & Zhang, 2006]. Expression ¢
NR2B at extrasynaptic location has been shown to be weak in the thalamus throughout th
first 3 PN weeks [Liu et al, 2004]. NR2D subunit, which is shown to be expresse
exclusively at extrasynaptic sites, is abundant at early stages but absent in the VB complex b

P21 [Wenzel et al., 1997; Liu et al., 2004].

1.2.2.7 Dysfunction of glia and unbalanced glia-neuron glutamate signalling

Glutamate is the main excitatory neurotransmitter in the brain, however, in excess it can be
potential neurotoxin [Olney, 1969; Simon et al., 1984; Shepherd, 1994]. Astrocyti
dysfunction and unbalanced glia-neuron glutamate homeostasis in the CNS has beer
associated with many pathological conditions such as epilepsy, amytrophic lateral sclerosis
stroke and ischemia [Aschner et al, 2002; Seifert et al., 2006]. Interestingly, two recen
studies linked astrocytic [Ca**}; increases and subsequent glutamate release to generation o
seizure activity [Kang et al., 2005; Tian et al., 2005]. In these studies, SICs were shown t
generate neuronal paroxysmal depolarizations resembling those typical of intericta
epileptiform acitivity. In contrast, two other studies showed that increased astrocytic Ca*
signalling was more of a result of the preceding epileptic activity than a cause for it [Fellin e,
al., 2006; Ding et al., 2007]. However, the authors did not exclude the possibility thai
astrocytic glutamate release may modulate the intensity of seizure-like events. Furthermore
this astrocytic glutamate release was implicated as a critical signalling element thai

contributes in the induction neuronal death [Ding et al., 2007].
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1.3 The ventrobasal thalamus and its cdnnections

The thalamus lies deep in each side of the cerebral hemispheres of the forebrain. It is thought
to have multiple functions and different parts of the thalamus are engaged with sensory (e.g.
lateral geniculate nucleus for optic tract) or motor systems (ventrolateral nuclei for cerebellar
afferents) [Shepherd, 1994; Shepherd, 2004]. One of the major roles of the thalamus is to
process and relay sensory, excluding olfactory, information from the periphery to the
neocortex [Tanabe et al., 1975; Sherman & Guillery, 1996; Jones, 1998; Castro-Alamancos,
2004]. In this thesis, my particular interest is in the thalamic ventrobasal (VB) nucleus and in
its connections. In rodents the VB complex relays sensory information from the vibrissae
(tactile information from whiskers) to the cortex via the medial lemniscal tract [Woolsey &
Van der Loos, 1970; Killackey et al., 1995; Castro-Alamancos, 2004]. The thalamus is also
involved in regulating sleep and wakefulness as well as levels of arousal via the
corticothalamic feedback loop and brain stem connections [Steriade, 1994; Steriade et al.,

1996; Contreras et al., 1997].

1.3.1 Anatomical connections of the thalamus

Thalamic nuclei are divided into two functionally distinct groups: the first group contains first
order relay cells transferring information between periphery and cortex and the second group
contains higher order relay cells conveying information between cortex and thalamus as well

as between different thalamic nuclei [Guillery, 1995; Shepherd, 2004].

Ventrobasal thalamus (VB complex). The ventrobasal thalamus (also known as primary
somatosensory thalamus or somathetic relay nuclei) consists of ventroposterior medial (VPm)
and lateral (VP]) nuclei [Guillery, 1995; Shepherd, 2004]. 1t is classified as a first order
nucleus (primary relay) and is the primary thalamic nucleus of the somatosensory system
[Guillery, 1995; Shepherd, 2004]. The major VB connections include glutamatergic
corticothalamic afferents (CT input), thalamocortical efferents (TC output) and primary
sensory afferents via the medial Jemniscal tract (Sen input) [Guillery, 1995; Shepherd, 2004].
The VB nucleus is highly interconnected with neocortex and also between different thalamic
nuclei [Guillery, 1995; Shepherd, 2004; Crabtree & Isaac, 2002]. Figure 1.5 outlines the basic

circuitry.

Y



Figure . 1.5: - Thalamocortical: = circuitry:
Schematic of the thalamic nuclei and their
connections: The first:order (FO)'nuclei; such'as
VB complex, receive input from the periphery
(blue track at the bottom). The first order relay
cells (TC neurons) project to cortical layer IV
(primary). The FO receive feedback connections
from the cortical layer VI through the reticular
nucleus of thalamus (nRT). The nRT also sends
GABAergic projections to the FO. Higher order
(HO) nuclei convey information between cortex
and different thalamic nuclei. (Figure from
Guillery, 1995).

i eEhcuaR
NbcLEUS
/

The vibrissae system. Sensory input from visual, somatosensory and auditory afferents form
topographic maps in the thalamus and cortex [Killackey et al., 1995]. In rodents, each whisker
is mapped in the same order in the VB nuclei and somatosensory cortex giving a rise to the
vibrissae system [Woolsey & Van der Loos, 1970; Killackey et al., 1995; Shepherd, 2004].
Within this vibrissae system, tactile information is processed at three levels: The first level of
information processing from mechanoceptors occurs in the trigeminal complex in the
brainstem, where generally one whisker forms one cluster i.e. barrelettes. The trigeminal
axons, forming the lemniscal pathway, innervate the second level barreloids in VPm, where
each cluster of cells represents the same principal whisker. Finally the axons from barreloids
innervate the barrels in layer IV in the cortex giving rise to the thalamocortical pathway

[Castro-Alamancos, 2004, Shepherd, 2004].

CT loop. The thalamus relays sensory information to layer IV of the somatosensory (S1)
cortex via thalamocortical efferents and receives feedback from corticothalamic afferents
originating in cortical layer VI forming the corticothalamic loop. CT afferents are the most
abundant input to the VB thalamus, and are twice as large as the thalamocortical output or
lemniscal input, but have smaller postsynaptic densities [Castro-Alamancos, 2004; Shepherd,

2004]. The functional role of this feedback system is not completely understood but it is
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thought to be involved in the processing of sensory information, synchronisation of thalamic
firing and transitions in the response mode of thalamic relay cells [Castro-Alamancos, 2004,

Alexander & Godwin, 2005; Pinault et al., 2006)].

nRt. The nucleus reticularis (nRt) of the thalamus lies in the path of the thalamocortical and
corticothalamic collaterals lateral to dorsal thalamus. This thin layer of cells projects
GABAergic input to the VB complex and is thought to provide an important regulatory input
since in rodents, the VB complex lacks interneurons and recurrent axon collaterals between
them [Barbaresi e al., 1986; Gentet & Ulrich, 2002; Castro-Alamancos, 2004; Shepherd,
2004; Blethyn et al., 2006].

Other afferents. Other afferents arising from brainstem and basal forebrain include
cholinergic neurons of the parabrachial region, noradrenergic neurons of the locus coeruleus
and serotonergic neurons of the dorsal raphe nucleus. Histaminergic and GABAergic input
arise from hypothalamus and basal forebrain respectively [Castro-Alamancos, 2004;
Shepherd, 2004]. The latter one does not directly innervate the VB but influences relay
properties of the nRt cells [Castro-Alamancos, 2004; Shepherd, 2004].

1.3.2 Synaptic transmission in the VB thalamus

1.3.2.1 Firing modes of the TC neurons

Thalamocortical (TC) neurons are traditionally thought to operate in two different modes
depending on behavioural state: These are fonic firing and bursts firing [Jahnsen & Llinas,
1984; Sherman, 2001; Shepherd, 2004]. At hyperpolarised potentials sufficiently large and
fast depolarising currents lead to burst firing whereas at more depolarised potentials (positive
to -55mV) these cells relay information in tonic firing mode both in vivo and in vitro
[Shepherd, 2004; Llinas & Streriade, 2006]. In general burst firing occurs during drowsiness
and/or slow wave sleep, and tonic firing during wakefulness and arousal [Shepherd, 2004]. It
1s now known however that TC neurons can exhibit a range of firing modes [Li et al., 2003;
Hughes et al., 2004; Crunelli et al., 2006; Lorincz et al., 2008]. These include high threshold
bursting, tonic firing, slow (<1Hz) oscillations and burst firing/delta oscillations [Crunelli et

al., 2006].
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1.3.2.2 Sensory afferents and synaptic transmission

Lemniscal (sensory input) terminals form glutamatergic specialised synapses (glomeruli) with
the soma and/or proximal dendrites of the TC neurons in the VB [Castro-Alamancos, 2004;
Miyata, 2007]. The sensory synapse has multiple release sites and exhibits highly secure all-
or-none responses arising from single axonal contact [Arsenault & Zhang, 2006; Miyata &
Imoto, 2006]. The excitatory input is high in amplitude, fast firing and has short latency
compared to corticothalamic inputs and indeed Lemniscal EPSCs are largely mediated by
AMPA receptors [Castro-Alamancos, 2002; 2004; Miyata, 2007].

During arousal and active exploration TC neurons are in relay mode [Castro-Alamancos,
2002; 2004]. During active exploration rodent whiskers vibrate at frequencies between 4-12
Hz which can rise to several hundred Hertz when a rat whisks over an object [Moore, 2004].
During quiescence vibrissae typically stay almost still vibrating at frequencies below 1 Hz
[Moore, 2004]. Only low frequencies, below 2 Hz, are relayed during quiescent states and in
vitro studies have shown that lemniscal input is suppressed at frequencies above 2 Hz [Castro-
Alamancos, 2002; 2004]. This can be altered by increased levels of ACh and NA (from
brainstem and basal forebrain afferents) during arousal, when the postsynaptic depolarization
they produce on TC neurons brings the depressed Lemniscal EPSPs close to firing threshold
[Castro-Alamancos, 2002].

1.3.2.3 Corticothalamic afferents and synaptic transmission

The glutamatergic synapses of CT afferents target the distal parts of the dendritic processes of
the TC neurons with a single release site [Liu et al, 1995; Castro-Alamancos, 2004]. The
corticothalamic EPSP is relatively small in amplitude and slower in kinetics compared to
lemniscal input possibly due to a higher ratio of NMDA-, kainate- and mGlu- receptors to
Lemniscal synapses [Miyata, 2007]. CT synapses also display strong synaptic facilitation.
This corticothalamic LTP is input-specific, NMDA-receptor independent and reversible, and
its induction is entirely presynaptic and Ca** dependent [Castro-Alamancos & Calcagnotto,
1999]. Neurotransmitter release probability rises greatly at frequencies above 5 Hz and, in
contrast to lemniscal input ACh and NA depress the efficacy of CT synapses [Castro-
Alamancos, 2004].
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The thalamocortical network undergoes distinct functional changes between sleep and
arousal. During sleep, cortex and thalamus are engaged in low frequency oscillations whereas
in wakefullness they are engaged, for example, in a-rythms (8-13Hz) or high frequency
gamma oscillations at 20-60 Hz or [Steriade ef al., 1996; Castro-Alamancos, 2004; Hughes et
al., 2004]. Synchronised fast oscillations (20-60 Hz) can appear spontaneously during
activated states as well as over the depolarization phase of slow wave sleep oscillations in
thalamocortical networks [Steriade et al., 1996]. During sleep, there are three major types of
oscillations present in the thalamus including the VB complex [Steriade, 1994; Marks, 1996;
Hughes et al., 2002; Zhu et al., 2006]: Spindles (7-14 Hz) are generated in the thalamus and
blocked by ACh; Delta oscillations (1-4 Hz) are generated by thalamic neuronal and CT
afferent interplay and are suppressed with ACh and NA; Slow wave oscillations (<1 Hz) are

generated in the cortex and thalamus and are also blocked by ACh and NA.

1.3.2.4 Pathological frequencies engaging thalamic circuits

Absence seizures (3-4Hz) and sleep spindles (7-14Hz) are hypothesized to engage the same
pathways between cortex and thalamus including the VB complex [Pinault et al., 1998;
Blumenfeld & McCormick, 2000; Crunelli & Leresche, 2002; Meeren et al., 2002; Pinaults ef
al., 2006; Steriade, 2006]. In ferret brain slices, for example, single CT stimuli generated
sleep spindles at 6-10 Hz in the thalamus whereas high frequency (600 Hz) burst resembling
seizures lead to paroxysmal oscillations at 3-4Hz [Blumenfeld & McCormick, 2000]. On the
other hand, CT oscillations at 5-9 Hz have shown to be more pro-epileptogenic compared to

physiological 7-14 Hz sleep spindles in some epilepsy model types [Pinault et al., 2006].

In addition, infraslow oscillations (0.02-0.2 Hz), which may involve inputs from subcortical
structures, have been recorded from the cortex during sleep [Vanhatalo et al., 2004]. These
infraslow oscillations were strongly synchronised to faster activities as well as interictal
epileptic events and K complexes [Vanhatalo et al., 2004]. Interestingly, it has been shown
that neurons and glia respond coherently to cortical stimuli and that they oscillate together

during slow sleep oscillations and spike-and-wave seizures [Amzica & Steriade, 2000].
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1.3.3 Developmental issues of the thalamus |

During development, the topographic maps in the thalamus and cortex emerge sequentially
from periphery to the cortex [Killackey ef al., 1995]. In rats the topographic order of afferents
in the VB can be first detected in embryonic day 16 (E16) with more discrete partitioning
occurring during birth (P0) [Killackey et al., 1995]. The formation of the cortical pattern is
complete by postnatal day 7 (P7) [Killackey et al., 1995]. These early postnatal days are
considered as a “critical period” during which vibrissal damage alters the cytoarchitectonic
patterns, and the thalamic critical period ends about two days before that in the cortex (around
P5) [Woolsey et al., 1979; Arsenault & Zhang, 2006]. The development of corticothalamic
projections occurs later: retrograde labelling is detected for the first time at birth, with a

sudden increase in projections at P7 [Miller et al., 1993].

The continuing developmental remodelling of the cells and synapses and proliferation of CT
afferents in the VB nucleus occur most prominently during the first two postnatal weeks,
being completely formed by the end of third week [Ivy & Killackey, 1981; Matthews et al.,
1977; Arsenault & Zhang, 2006; Mooney & Miller, 2007]. Developmental remodelling also
includes death of the postmigratory neurons and selective elimination and reinforcement of
synaptic connections [Katz & Shatz, 1996; Mooney & Miller, 2007]. Neuronal number
decreases during the first postnatal week but increases 2-fold over the next 3 weeks [Mooney
& Miller, 2007]. This postnatal nonhierarchical neurogenesis is intrathalamic and matches
changes in neuromodulatory systems and the arrival of corticothalamic afferents [Mooney &
Miller, 2007]. The total volume of the VB increases 10-fold during the first postnatal month
whilst the neuronal density decreases [Mooney & Miller, 2007].

Extensive refinement of the sensory (lemniscal) synapses occurs during the second postnatal
week. During the first 2 weeks, VPm neurons receive sensory inputs from many axons and
reach the adult state at P16 when most neurons show all-or-none responses suggesting they
receive input from a single axon [Arsenault & Zhang, 2006]. Increase in AMPA and decrease
in NMDA components as well as replacement of synaptic NR2B with NR2A subunits occurs
during this time period [Arsenault & Zhang, 2006]. The maximal rate of synaptogenesis
appears at second PN week. At P7 VB contains only a moderate number of synaptic
complexes [Matthews et al., 1977]. Several fundamental changes appear by P12 and evident

mature synaptic glomeruli can be seen at P15 [Matthews et al., 1977].
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The electrophysiological membrane properties of rat TC neurons have been shown to reach
mature characteristics after P12 when the spike bursts riding on the low threshold calcium
spikes appear, consistent with the emergence of synchronised thalamocortical oscillatiqns
[Mares et al., 1982; Velazquez & Carlen, 1996]. The resting membrane potential becomes
more negative during maturation (-60mV at P13-50) whilst input resistance decreases

(~300MQ at P6-11 and 150MQ at P13-50) [Velazquez & Carlen, 1996].

1.4. The aims of the project

This study examines relationships between astrocytes, neurons and synaptic stimulation in the
rodent VB thalamus and whether this signalling is related to postsynaptic modulation and
outputs from the thalamus. A particular aim is to find factors that increase this type of

signalling.

Acutely prepared brain slices containing the VB thalamus are used to model the phenomena
for several reasons: Firstly, acute slice preparations preserve intact anatomical relations.
Secondly, it is known that spontaneous astrocyte-neuron signalling occurs here [Parri ef al.,
2001; Parri & Crunelli, 2003] and the astrocytic calcium signals can be evoked by synaptic
stimulation [Parri, unpublished data]. Thirdly, this brain area has an interesting functional role
since it relays sensory information from the periphery to the cortex and is also invo lved in the
regulation of sleep and awakening allowing us to relate possible neuron-astrocyte-neuron
signalling to functional roles of the thalamus. We will use standard methods as described in
the literature to study astrocyte-neuron signalling. Therefore, fluorescence imaging
approaches will be used to study the astrocytic Ca’" responses, and electrophysiological
voltage clamp recordings will be used to investigate the properties of the type of activity that
can lead to an increase in astrocyte mediated SICs recorded from the TC neurons.
Pharmacological studies will be used to support the experiments and provide additional
information on which receptors and neuroactive substances are involved. Figure 1.6 illustrates

a simplified model for the working hypothesis.
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Figure 1.6: Schematic of the working hypothesis. In the VB thalamus, astrocytes exhibit spontaneous [Ca®'];
signalling which leads to glutamate release and subsequent NMDA-receptor mediated SICs recorded from the
TC neurons. Thalamic astrocytes also respond to a synaptic stimulation by elevating their [Ca®"],. Therefore, we
propose that in response to a stimulation of the Corticothalamic and/or Sensory afferents, astrocytes respond
with [Caz+],» rises via mGluRs that lead to glutamate release and feedforward signalling onto TC neurons
manifesting as SICs. We propose that the functional link between synaptic input and astrocytic output is
dependent on the type of stimulation such as stimulus frequency or duration of the activity.
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Chapter 2
Materials and Methods

2.1 Preparation and maintenance of brain slices

Experimental animals and ethics. Animals used for this study were male Wistar rats aged
between 6 and 23 post-natal (PN) days. Care was taken in planning the experiments to
minimize the number of animals needed. All procedures were in accordance of UK Home
Office legislation and Animals (scientific procedure) Act 1986. Animals were placed in the
inhalation incubator and deeply anaesthetized with isoflurance (Fig. 2.1). Loss of pain reflex
was tested by tail- and toe- pinch test. Animals were killed by a Schedule 1 method in
accordance with the Animals (scientific procedure) Act 1986. This was either cervical
dislocation of the neck or overdose of anaesthetics. Complete cessation of blood circulation

and respiratory function was checked before decapitation and removal of the brain.

Mixture of isoflurane,
0, and NO,

S
Chamber for inhalation
anaesthesia

R e R B Tk i

Figure 2.1: Anesthesia incubator.

Preparation of acute brain slices. Acute brain slice preparations [Edwards et al., 1989] were
used for this study. After decapitation the brain was rapidly (<60s) removed and placed in ice-
cold artificial cerebrospinal fluid (aCSF) for cutting and storage, consisting of (in mM): 126
NaCl, 26 NaHCOs, 1 KCl, 1,25 KH,PO,, 5 MgS0,,1 CaCl,, 10 Glucose, 5 pyruvate, 0.3 ascorbic
acid and 0.045 indomethacin. Final osmolarity of the cutting/storage aCSF was approximately
305 mOsm and pH 7.3-7.4. The solution was oxygenated with a mixture of 95% O,/ 5% CO,.
Slices were prepared using DTK-1000 Microslicer (Dosaka, Japan) or HM 650 V Vibration
Microtome (Microm International GmbH, Germany). Within couple of minutes post
decapitation, the brain was fixed to the slicing stage with cyanoacrylate adhesive and placed

into the slicing chamber containing the same aCSF solution as described above. Solution was
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maintained at +3° Celsius and continuously bubbled with 9/5%/ 0, /5% CO,. When the region
of interest was reached, the speed of cutting was adjusted to <0.5mm/sec, frequency to 90 Hz
and amplitude to 0.8mm. 300-350 pm thick slices of the VB thalamus containing sensory and -
corticothalamic inputs were prepared in horizontal plane [Castro-Alamancos, 2002] as shown
in figure 2.2. Brain slices were moved onto petri dish containing same ice-cold cutting
solution, and smaller sections (mini-slices) containing the VB and afferents were dissected

out. The isolation and cutting of the brain slices was carried out within 30 minutes.

Cerebellum

Cerebral cortex

Brainis cutin horizontal plane

Spinal cord

Brain slices was trimmed
further along the dotted
lines to get two minislices
containing VB thalamic
nuclei and afferents

Figure 2.2: Brain tissue slicing. Top picture illustrates the brain and orientation for cutting. Slices were cut in
horizontal plane and trimmed from the top to bottom to reach the area of interest. Slice below shows the
preparation of mini-slices containing the VB thalamus in the middle.

Maintenance of brain slices. Immediately after dissection, slices were transferred mto a
storage chamber and kept in submerged conditions at room temperature (~25°C) for up to 8
hours (Fig. 2.3). Storage aCSF had the same composition as cutting aCSF excluding
indomethacin, and was continuously bubbled with 95% O,/ 5% CO,. The bubbler was placed
so that it was not causing movement for the slices resting on a mesh but was sufficient to keep

the aCSF oxygenated and circulating. Figure 2.4 shows DIC images of'slice preparations.
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2.2 Electrophysiological experiments

Preparation of experimental solutions, drugs and bio-chemicals. Recording aCSF
comprised of (in mM): 126 NaCl, 26 NaHCO;, 2.5 KCl, 1.25 KH,PO;, 2 CaCl,, 10 Glucose (and
1 Mg™"), and was continuously gassed with 95% 0,/5% CO,. Experiments were performed in
Mg-free aCSF to enhance NMDA-receptor mediated events unless otherwise stated.
Osmolarity was approximately 300 mOsm and pH 7.3-7.4. When small quantities of
expensive drugs were used, recording aCSF was re-circulated. All drugs used in the
experiments were diluted at least 1000-fold from stocks and applied by drug delivery system.
Stocks solutions were prepared when appropriate with distilled water (dH,O) or dimethyl

sulfoxide (DMSO)’. All drugs used for the thesis are listed in appendix 1.

Electrophysiological recordings and patch clamp set-up. The method used in these
experiments was the “whole-cell” patch clamp configuration in voltage clamp mode [Hamill
et al., 1981]. The establishment of whole cell recording and the basic patch clamp circuitry
are summarised in figure 2.5. The set-up consisted of the basic electrophysiological devices
required for visualised patch clamping (Fig. 2.6). Slices were viewed with an upright
microscope (Olympus, UK) equipped with water immersion lens of x40 magnification,
attached to charge-coupled device (CCD) camera (Olympus U-CMAD-2, Japan) for
differential interface contrast (DIC) image. The microscope and a movable top plate platform
(MP MTP-01, Scientifica, UK) were mounted on the air-table (Melles Griot, UK). The
recording chamber and micromanipulators (PatchStar, Scientifica, UK) were mounted on the

platform.

Slices were allowed to recover for at least 1 hour prior to experimenting. In the recording
chamber, slices were kept in submerged conditions and continuously perfused with recording
aCSF at +32°C or at room temperature (+25°C) with flow rate of 2-3 ml/min (Fig. 2.7). Low
resistance (3-SMQ) patch microelectrodes using borosilicate GC120F-10 glass micropipettes
(1.2mm O.D. x 0.69 1D, Harvard apparatus Ltd, UK), were pulled with a P-97
Flaming/Brown micropipette puller (Sutter instrument Co, Novato, CA). The electrodes were
filled with internal solution consisting of (in mM): 120 KMeSO,, HEPES 10, 4 Na,ATP, 0.5
GTP and 0.1 EGTA. Internal solution pH was adjusted to 7.3 with KOH. Osmolarity was

adjusted with KCI if necessary and aimed approximately 10-20 mOsm below recording aCSF

" DMSO is a polar aprotic and miscible solvent that means it mixes in all proportions forming homogenous
solutions
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osmolarity. The current signal was sampled at 10 kHz (iﬂtéﬁél 100 ps) with analog-to-digital-
converter Digidata 1200/1440A interface (Axon Instruments, Union City, CA) and filtered at
1 kHz (low-pass Bessel 80dB)8 with Axopatch-200B amplifier (Molecular Devices,
Sunnyvale, CA) or computer controlled MultiClamp 700A (Molecular Devices). Amplifier
output gain was set to x20 for the optimal detection of SICs and adjusted if required. Data
were acquired and viewed online using computer software PClamp 9.2 (Molecular Devices)
for Axopatch-200B amplifier or Axoscope 10.0 (Molecular Devices) for MultiClamp 700A
amplifier. Resting membrane potential (RMP) and ability to fire action potentials was
assessed soon after establishing the whole cell configuration, and cells were then clamped at -
60mV. Membrane potential (V},), series resistance (Rs), input resistance (R;) and holding
current (/,) were monitored throughout the experiments. If ¥Vm was more positive than -

40mV, Rs > 20MQ or I, >-200pA, cells were discarded.

I-V converter

In Bath Cell-attached Whole-cell RF

Patch
pipette DA VOUT

= bR,

Neuron_ -

DA = Differential amplifier
bR = Voltage drop (V=IR)
R¢= Feedback resistor

Vp= Pipette potential

Vc= command potential
Ip= Pipette current

Figure 2.5: Whole cell patch clamp. A) Applying negative pressure to the patch pipette leads to “cell-attached”
configuration and formation of giga-seal (resistance =1GQ) between the patch pipette and cell membrane. Sharp
suction ruptures the membrane at the patch leading to low resistance “whole-cell” configuration. Cell cytoplasm
content is exchanged with the pipette solution within a few minutes. B) Basic circuitry consists of current-to-
voltage converter with feedback resistor and differential amplifier. Pipette attached to the headstage functions as
sensor of the original signal source. If the cell is clamped at desired potential, I-V converter forces the pipette
potential to follow command potential. The recorded pipette current flows through the feedback resistor
producing a voltage drop that is a sum of command potential and voltage drop. DA subtracts the command
potential giving an output signal of Vour=IpRr. After signal conditioning by amplifier, the signal can be read by
the digitizer that converts the analog voltage signal to a digital signal for the computer processing (Figure
modified from Safronov & Vogel, 1999).

# Low-pass Bessel filter attenuates frequencies above the cut-off frequency
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MultiClamp
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Figure 2.6: Patch-clamp set-up. Perfusion for the set-up consisted of closed circuit system where oxygenation
is maintained by pressure from the air-bag filled with 95%0,/5%CO,. The aCSF flows to the recording chamber
by gravity and is heated by circulating through cylinder filled with hot water. Drugs were delivered to the
recording chamber from syringes. The recording parts for the set-up include amplifier that is connected to the
headstage and patch pipette, and analog-to-digital (AD-DA) converter (digitizer) combined with computer
software to acquire and control data. Additional hardware for the set-up included separate stimulation generator,

motorised micromanipulators, CCD camera and a monitor.
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© aCSFinflow
( tubing

Brainslice is kept still
with specific harp

Slices are held submerged
inthe recording chamber
with volume of 1-2ml

aCSF outflow needle

Figure 2.7: Submerged recording chamber. The flow through the recording chamber was approximately 2-
3ml/min and the slices were stabilised with specific harp-shaped weight made of platinum wire and nylon
strings.

2.3 Synaptic stimulation protocols

Bi-polar stimulating electrodes (Harvard épparatus) were placed on the primary sensory and
corticothalamic afferents and responses were recorded from the TC neurons (Fig. 2.8).
Computer controlled 2-channel stimulus generator STG1002 (Multichannel systems,
Germany) or Master-8 (Intracell, UK) was used to program different constant current

stimulation protocols.

Stimulating electrode placed onto internal capsule

Recordings are obtained from
VB thalamic nuclei

Cortex

Stimulating electrode placed

onto medial lemniscus
Hippocampal formation

Figure 2.8: Orientation of the VB thalamus and electrodes. Figure illustrates schematic of horizontal slice
preparation showing one hemisphere containing the VB thalamic nucleus, which was clearly visible in the slice
as darker opal area. Stimulating electrodes were places as indicated in the figure, onto medial lemniscus to
stimulate sensory afferents and onto internal capsule to stimulate corticothalamic fibers. Recordings were aimed
to obtain from the middle of the VB nuclei.
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Protocols for different stimulation parameters. A’ﬁér‘ a 5—1-0 minutes baseline recording, a
stimulation protocol was delivered to one pathway at a time or to both simultaneously.
Stimulus episodes were separated by approximately 60 second inter-stimulus-intervals.
Different stimulus amplitudes ranging from 0.1mA to 3mA were tested using trains of 2ms
pulses for 1 second at 50 Hz in randomised order. Different stimulus durations ranging
between 2ms and 10s were tested at 50Hz by changing the number of pulses within the train
(using sub-maximal stimulus amplitude determined from the evoked EPSC, I;5). Different
frequencies were tested by generating trains of pulses at frequencies between 1Hz and 500Hz
using constant number of stimuli with ;5 stimulus amplitudes. Figure 2.9 illustrates how the

frequency and duration protocols were composed. If Rs and ;s were stable, subsequent

protocols or their combinations were applied.

2.5mA
3mA

1.5mA
2mA

0.6mA
0.2mA

Baseline (5-10 mins)

-

N - ~
~

Stimulus 1s / 50Hz Inter stimulus interVal

7 [} Wy %] v v Wy %] w
— <« < «~ un £ o o~ ¥e)
o ~ o

Stimulus 50Hz / 0.5-1.5mA Inter stimulus interval
N ~N ~N

N N~ ¥ F T I I I

I = S © o

- n 8 8 R & & o

Q& 49

T~ . -

Stimulus 1-4s /O.5-1.5r;1A Inter stimulus interval

Figure 2.9: Stimulation protocols for different frequencies and durations. (Top) Protocol for different
stimulus intensities ranging from 0.2mA to 3mA. (Mid) Protocol for different stimulus durations. Duration was
altered by increasing/decreasing the number of pulses within the stimulus. (Bottom) Protocol for different
stimulus frequencies. Number of pulses was kept constant (50 pulses) and the pulse interval was changed.
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Long term stimulation protocol A and B. Longterm stimulation -(LTS:) éxperimen_ts
consisted of at least 30 minutes long continuous stimulation burst episodes. Each episode
consisted of 10/20 pulses at 50 Hz repeated every 5-10s with approximate I7s stimulus
intensity. Two protocols were applied: A) Sen and CT were stimulated separately whﬂst
recording neuronal activity (Fig. 2.10A), or B) both afferents were stimulated simultaneously
and neuronal activity was recorded after ceasing the stimulation (Fig. 2.10B). A stimulus was
delivered onto each afferent separately prior to spontaneous recording to check the presence
of synaptic inputs. Control slices were exposed to the same conditions in the absence of

stimulation for 60 minutes prior to recording.

¥ s

i ~. - ~

t 1 N -
t

i

5-10 seconds inter
stimulus interval

{ J
|

Bursts of 10-20 pulses (2ms) at 50Hz

B
{ X }
Y Y
60 min Sen+CT stimulation Recording of spontaneous activity

without recording

Bursts of 20 pulses at 50Hz
at 5 seconds intervals

Figure 2.10: Long Term Stimulation protocols. (A) Protocol for long term stimulation (LTS) of either Sensory
or CT afferents while recording neuronal activity and SIC incidence. (B) LTS protocol of Sen and CT afferents
stimulation for 60 minutes prior to patching a cell.
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Sleep spindle protocol. A single “spindle stimulation pattern” (SSP) described by Rosanova
& Ulrich [2005] consisted of 22 spikes in duration of 728ms (Fig. 2.11). Mean spike rate was
30 Hz, grouped to initial 10 Hz bursts followed by tail of decreasing tonic frequency. In some
experiments the SSP was repeated 30 times every 0.6 Hz to mimic the grouping of spindles

by the slow (0.6-0.8 Hz) oscillation [Rosanova & Ulrich, 2005].

— T — i 2.11: i
S@Eﬁi"méﬁe Stirmulus Paliem E%PB {?;lil;‘le 0 SSP protocol. (Figure from Rosanova &
[Nl

2.4 Electrophysiological data analysis

Slow Inward Currents. Clampfit 9.2 software (pClamp 9.2, Molecular Devices) Event
Detection function was used for SIC analysis. Data were filtered off-line using Notch’® (Center
frequency at 50 Hz and / -3dB width at 10 Hz) and Low-pass Bessel 8-pole (-3dB cut-off at
100 Hz) filtering. Threshold search function settings for SICs were as follows: Trigger at -
20pA, re-arm at -10pA, min allowed duration 50ms and noise rejection 10ms). For this
project, inward currents with >20ms rise time measured according to the set threshold
criterions and amplitude >20pA were accepted as SICs. SICs with <20ms rise time were
accepted in cases where the total duration of the inward current exceeded >100ms. Figure
2.12 illustrates the measurements used for SIC characterisation. Data were transferred into
SigmaPlot 9.0 (Systat Software Inc. USA) or Office Excel 2007 (Microsoft, USA) for further
analytical evaluations. Frequency or incidence was normalised to number of SICs per 60
seconds. Cells with =1 SICs during a minimum of 10 minutes recording time were counted as

“cells with SICs”.

Evoked neuronal post-synaptic currents. Evoked excitatory PSC (eEPSC) amplitude was
measured from the peak in respect to baseline level (Clampfit 9.2/AxoScope 10.0). Rise time
was taken from the onset of stimulus to the peak amplitude. Area of the eEPSC was measured
by using the Statistics function (Clampfit) and converted into charge (Q) and expressed as

milli-coulombs (mC).

? Notch filter passes through all other frequencies expect those centred on a centre frequency.
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Figure 2.12: Acceptance criterion for SICs. Peak amplitude over 20pA, rise time (time to peak) over 20ms and

total duration (total time from peak to anti-peak) of the current over 100ms were set as criterion for acceptance
as SICs.

Data presentation. Numerical data is presented as mean + S.E.M unless otherwise stated.
Data were normalised to 100% of control when appropriate. Regression (r°) line was used to
describe the scatter of data correlation. Box plotw was used to compare the spread and
symmetry of variables and population distribution was assessed using cumulative probability

graphs when appropriate.

Statistical analysis. For looking at changes in the data, paired or unpaired Student’s #-test
(SigmaPlot), and Mann-Whitney test (Clampfit) were used as appropriate. Student’s one-tail
t-test (Excel) was used to assess changes in a particular direction. Kolmogorov-Smirnoff
(Clampfit) test was used when appropriate for testing significance in population distribution.
Pearson’s correlation coefficient was used to test whether 1’ value was significantly
correlated (Clampfit). The statistical significance in figures is presented as p<0.05 *, p<0.01
** or p<0.005 ***,

' Box plot is used to summarise following statistical measures: median (line in the box), upper and lower
quartiles (the box contains the middle 50% of the data, upper hinge indicates the 75 and lower hinge the 25
percentaile of the data). Box plot also shows the minimum and maximum data values (ends of the vertical lines)
unless outliers are present (points outside the ends of the vertical lines)
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2.5 Calcium imaging experiments

The calcium sensitive dye Fluo4-AM'' (Molecular Probes, Eugene, Or., USA) was used to
detect changes in the [Ca™]; levels by measuring the fluorescence intensity, whereas the
astrocyte-specific fluorescent dye Sulforhodamine (SR101) was used to identify astrocytes
[Nimmerjahn et al., 2004; Kafitz et al., 2008]. The principle of fluorescence imaging and the
characteristic spectra for excitation and emission wavelengths for Fluor4 and SR101 are

shown in figure 2.13.

1 Fluoa-AM
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Figure 2.13: Fluorescence imaging method. A) Diagrams showing the characteristic excitation and emission
wavelengths for Fluo4 (top) and SR101 (bottom). (Images are from www.invitrogen.com). B) Schematic of the
main components for fluorescence detection in our system. A monchromator is the source for the light. The
dichroic mirror (filter) splits the light on the basis of wavelength. For Fluo4, wavelengths below 510 are
reflected on the sample to excite the fluorescence dye. Emitted light with wavelength above 510 is transmitted

through the dichroich mirror. The emission filter is an optical filter that transmits specific wavelengths and
eliminates background noise and focuses that to the photosensitive array of the CCD camera.

' Acetoxymethyl ester (-AM) attached to the dye aids loading as it is cell permeable but becomes trapped inside
the cell due to cleavage by intracellular esterase
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Dye loading. Slices were prepared as described earliér aﬁd ‘/aﬂo/\éveid to reooﬁer for at least 30
minutes in storage chamber. 0.001% Pluronic acid and SR101 (final conc. 1uM) were mixed
with cutting/storage aCSF. Fluo-4 was first dissolved in DMSO and then added to the solution
containing aCSF/pluronic acid/SR101. Final Fluo-4 concentration was 10 uM. Three slices at
a time were transferred to the dye containing beaker that was kept in a heated water bath at
+32°C for at least one hour (Fig. 2.14). For the last 20 minutes heat was increased to +37°C to

assist SR101 loading.

Solution is continuously
bubbled with 0,/CO,
via patch pipette

attached to tubing

Small glass bottle T

filled with Krebs

solution (3ml) Dye loading bottle was kept in heating

containing dye bath in dark conditions to avoid any
light that could cause dye bleaching

Max 3 brain slices were
incubated at time

Figure 2.14: Dye loading. Slices were loaded in small volume of aCSF mixed with Fluo4, SR101 and Pluronic
acid. Dye container was kept in dark water bath at +32°C for at least one hour prior to imaging.

Imaging set-up. The imaging part of the set-up consisted of an upright Nikon FN1 microscope
(Japan) fitted with specific filter cubes (Chroma VT, USA) for Fluo4 and SR101 dyes
(Molecular Probes), water immersion lens (NA=0.8) with x20 magnification, Optoscan
monochromator (Cairn, UK), Ocra CCD camera (Hamamatsu, Japan) and computer
controlled acquisition software Simple PCI (Compix, Cranberry Township, PA) as illustrated
in figure 2.15. The microscope (Hamamatsu) and remotely movable bridge (Luigs and
Neumann, Germany) were mounted on an air-table (TMC, USA). Submerged recording
chamber and micromanipulators (Luigs and Neumann) were mounted on the bridge. The
aCSF was continuously bubbled with 95%0,/5%CO;, and the inflow and outflow was
adjusted and controlled by peristaltic pump (Watson-Marlow Bredel, UK).
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Filter cubes {excitation, dicroich
mirror, emission filter)

CCD camera Monochromator (Optoscan)

Stimulus generator

Computer Software:

‘/ Simple PCI

Figure 2.15: Generalized scheme for imaging set-up. The imaging part consisted of microscope fitted with
CCD camera for data acquisition, filter cubes for Fluo4 and SR101 fluorescence, monochromator to excite the
fluorescence dyes and computer software for controlling the data acquisition. Other parts of the set-up (not
shown in figure) consisted of the same basic elements that are used for patch clamping from acute brain slices.

Fluorescence imaging. All imaging experiments were performed in aCSF containing Mg2+
(ImM). Slices were imaged just below the surface from the image field size of 444pm x
341um. Fluo4 dye was excited at wavelengths within 460-490nm using the Optoscan
monochromator. Images were acquired for a duration of 0.05-0.1s every Ss (spontaneous
recording) or 2s (short stimulation protocol) using Orca CCD camera (Hamamatsu).
Acquisition was controlled by Simple PCI software (Compix). For optimal image quality,
black level was aimed to keep ~255 and gain adjusted to lowest possible. SR101 imaging was
acquired by changing the focal plane in small steps up or down the slice at each 5s frame
length giving overall image in depth of the astrocytes. SR101 dye was excited at wavelength
range 560-570 nm.

Experimental protocols. Spontaneous Ca”" signals were recorded for 15 minutes in presence
of TTX (1uM). The short stimulation protocol consisted of trains of 2ms pulses for 1-2
second at 50 Hz delivered on Sen or CT. Responses were recorded for at least 1 minute post
stimulation. For long term stimulation experiments, the same LTS protocol was used as
described in Fig. 2.10B. After ceasing the stimulation, TTX (1uM) was bath applied and
images were acquired for 15 minutes. Control slices were exposed to the same conditions in

absence of stimulation for 60 minutes prior to imaging.
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Chapter 3

Spontaneous astrocyte to neuron communication in the
Ventrobasal thalamus

We first characterised the properties of the spontaneous SICs and astrocytic [Ca®*]; elevations
in the Ventrobasal thalamus. Although SICs are known to occur at extremely low frequencies
as well as to vary in amplitude and kinetics [Parri et al., 2001; Angulo et al., 2004; Fellin et
al., 2004; Perea & Araque, 2005; Fellin ef al., 2006; Xu et al., 2007; Navarrete & Araque,
2008; Shigetomi et al., 2008], extensive characterisations of their properties have not been
published. Therefore, in order to understand any effects of synaptic stimulation on SIC

prevalence and properties, it is helpful to assess the profile of spontaneous SIC activity.

As described in the introduction chapter, the VB thalamus undergoes developmental
remodelling until the end of the 3™ post-natal week when the thalamus shows mature
anatomical and physiological characteristics. Previous studies on spontaneous astrocytic Ca**
signalling in the VB showed a developmental profile suggesting a role in the maturation
process [Parri et al., 2001]. However, the developmental profile of SICs was not assessed in
that study. As many studies have shown that SICs are generated by a Ca’" dependent release
of glutamate from the astrocytes [Araque et al., 2000; Parri ef al., 2001; Bezzi et al., 2004;
Fellin et al., 2004; Perea & Araque, 2005; Xu et al., 2007], it is of particular interest whether
the decrease in spontaneous Ca’" signalling is associated with a decrease in the spontaneous

astrocyte to neuron communication.
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3.1 SICs may be classified by their size and kinetics

In our experimental conditions, inward currents with peak amplitude over 20pA, rise time
over 20ms and decay time over 100ms were accepted as SICs in agreement with the
acceptance criteria in the field in general [Araque et al., 1998; Angulo et al., 2004; Fellin et
al., 2004]. Here, spontaneous excitatory currents that did not meet our acceptance criteria
were observed occasionally. These currents resembled spontaneous and miniature thalamic
EPSCs shown in two previous studies [Pfrieger et al, 1992; Gil et al., 1999], and were

therefore quantified for comparison with SICs.

Figure 3.1A shows an example of a recording with an average frequency of 5.5 inward
currents per minute (~0.1Hz). Of the total of 198 events, four were accepted as SICs
(~0.002Hz). Mean amplitude of these SICs was 108.1+43pA compared to 37.8+1.1pA of the
smaller currents considered as EPSCs. Mean rise and decay time for SICs was 48.7+9.5ms
and 207.2+34.05ms respectively, whereas for EPSCs they were 10.4+0.4ms and 69.7+3.03ms.
The mean values are listed in table 3.1. Box plots in figure 3.1B demonstrate the spread of
amplitude, area, rise time and decay time between the currents accepted as SICs (n=211
events; 98 cells) and currents considered as EPSCs (n=211 events; 24 cells). As expected, all
parameters for SICs were notably greater than those not meeting the criteria (Student’s t-test
p<0.005; all parameters). We chose the SIC acceptance criterion to exclude events that may
not be SICs to avoid contamination of SIC analysis, and the distinct properties of these
spontaneous EPSC-like events and putative SICs confirm the validity of my method.

Rise time (ms)

' Amplitudé (pA) Area (pA*ms)

Decay time (ms)

SicC EPSC

SicC

EPSC

SIC

EPSC

SIC

EPSCs

Mean 98.40 39.86 176.56  10.6241 738.50 58.17 52390.49 1852.00
Median 64.73 35.89 67.00 11.1250 226.20 52.13 12401.38 1516.06
Std.Dev 95.52 14.17 397.54 4.0781 1760.31 30.63 135606.49 958.21
Std.Err 6.58 0.95 27.37  0.2920 121.18 2.06 9357.74 64.46

Table 3.1: SIC versus EPSCs. SICs were notably greater than EPSC-like currents (p<0.005, all parameters).
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Figure 3.1: SICs are classified by their very slow kinetics. A) An example of a recording with a high number
of excitatory inward currents. Currents accepted as SICs are marked with red asterisks. Expanded sections of the
recording beneath shows an example of a SIC on the left and example of currents not meeting the SIC criteria on
the right. B) Box plots illustrate the scatter of amplitude, area, rise time and decay time for SICs compared to the
group of currents considered as EPSCs. The statistical difference is presented as p<0.05%, p<0.01** or

P<0.005%**,
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3.2 SICs are independent of neuronal action potential firing

To assess the SIC dependency on continuing neuronal synaptic transmission, we added TTX
(1IuM) to the recording medium to block Na'-dependent action potential firing and
neurotransmitter release. Only data arising from cells where TTX blocked the sodium current
when the cells were step depolarised to -30mV were included. Figure 3.2A shows a
representative recording of the SICs in the presence of TTX whilst the spontaneous synaptic
currents were abolished. Average frequency of SICs did not change in the presence of TTX
(Ctrl 0.27+0.085 SICs/min; TTX 0.23+0.12 SICs/min; paired Student’s t-test p=0.7; n=9
cells). SIC properties did not change largely as summarised in figure 3.2B. Amplitude was
reduced in TTX from 120.45+30.73 pA to 80.86+16.84 pA (Ctrl n=14 SICs; TTX n=23 SICs;
9 cells; Paired Student’s t-test p=0.02) which results from one unexpectedly active cell which
SIC frequency increased 2-fold during TTX wash-on and these SICs were of much lower

amplitude. Rise time, decay times and area were not different (Paired Student’s t-test p>0.05,

all parameters).
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1s
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Figure 3.2: SICs are independent of neuronal activity. A) Trace showing spontaneous activity before and
during TTX application (1uM). Spontaneous synaptic IPSCs and EPSCs (expanded beneath, left) were abolished
within few minutes whereas SICs (indicated by red asterisks and expanded beneath) remained intact. Bar graph
on the right summarises the mean SIC frequency in control and presence of TTX. B) Bar graphs summarise the
mean amplitude, area, rise time and decay time for SICs before and during TTX.
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3.3 SICs exhibit large variability in occurrence and magnitude

Presence of spontaneous SICs varies across the data as shown in examples in figure 3.3.1A.
Average SIC frequency over the three weeks post-natal period was 0.093+0.019 SICs/min
(0.0015Hz) which equal to 1 SIC during 10 minutes recording (n=98 cells). 43.9% of the TC
neurons did not show SICs at all, and 65.3% had frequency less than 0.05 SICs/min (Fig.
3.3B). Average inter event interval (IEI) in recordings with =2 SICs was 4.41+0.51 minutes

(range 0.007-29.8 min; n=157 1EIs from 34 cells). Frequency histogram in figure 3.3.1C
shows the spread of IEI.
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Figure 3.3.1: SIC prevalence varies across the cell population. A) Traces showing low and high SIC
prevalence (SIC marked with red asterisk) from four different cells over a 30 minute’s recordings. B) Frequency
histogram shows the distribution of SIC prevalence as a function of SICs/minute (range: from 0 to 1.4
SICs/min). C) Frequency histogram for IEI from recordings showing =2 SICs (range: 0.007-29.8 min).
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In addition to the variability in frequency, the size of SICs Wés very heterogeneous as seen in
examples in figure 3.3.2A. The spread of the parameters are illustrated in the histograms in
figure 3.3.2B. Amplitude ranged between 24.4pA and 689.5pA, rise time between 10.5ms and
3.9s, decay time between 62.1ms and 6.6s, and area between 1810.2 and 1165315pA*ms
(n=211 SICs). As described in materials and methods, SICs with rise time >10ms were only

accepted if the overall duration exceeded 100ms.
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Figure 3.3.2: SIC amplitude and kinetics are variable. A) Four examples of SICs of different magnitudes. B)
Frequency histograms for SIC amplitude, area, rise and decay times. Amplitudes over 600pA not shown in the
graph (1 SIC). Rise times longer than 1.5s are not shown in the graph (4). Decay times longer than 4s are not
shown in the graph (6) and areas greater than 450000pA *ms are not shown in the graph (4).
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3.4 SICs are NMDA-receptor mediated

Non-specific NMDA-receptor antagonist D-APS5 (50puM) blocked SICs (Ctrl 0.24+0.04
SICs/min; APS 0.01+0.01 SICs/min; paired Student’s t-test p=0.005; n=5 cells) consistent
with previous studies. Of 11 SICs in control condition, one SIC was still detected in the

presence of D-APS. Figure 3.4 summarises the effect of D-APS.

* *
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100pA
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Figure 3.4: SICs are NMDA-receptor mediated. A) Top traces showing SIC prevalence before (left) and
during (right) D-AP5 (50uM) application. SICs from control trace are marked with asterisks and two of them
expanded beneath. B) Mean SIC frequency in control and in presence of D-APS.

The NMDA-receptor NR2B subunit specific antagonist, ifenprodil (10pM), also reduced the
number of SICs from 21 to 4 in three cells tested (19% of control; n=2 from P12, 1 from P20).
However, the mean frequency difference was not significant (Ctrl 0.37+0.12 SICs/min; Ifen
0.09+0.03 SICs/min; paired Student’s t-test p=0.2; data not shown). The magnitude of the
SICs were reduced in the presence of ifenprodil (Amplitude from 116.0£27.1pA to
77.4+23.8pA; rise time from 103.1+23.4ms to 39.36+9.1ms; decay time from 340.9+102.2 to
185.5+45.7ms; Area 35053+12408 pA*ms to 9378.9+2273.1 pA*ms; Student’s t-test p>0.2

all parameters; n=21, 4 respectively).
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3.5 Spontaneous SICs are detected in presence of Mg?*

Because NMDA-receptors are characterised by voltage-dependent Mg2+ block, most
experiments were done using 0-Mg”" aCSF to enhance the detection of NMDA-receptor
mediated events. Therefore, in order to assess SICs prevalence in more physiological
conditions, spontaneous activity was recorded from TC neurons in normal aCSF containing
Mg2+ (1mM) and compared to SICs recorded in 0-Mg”". As anticipated from previous studies
[Fellin et al., 2004; Perea & Araque, 2005; D’Ascenzo et al., 2007], SIC frequency was
significantly higher in Mg-free medium as shown in figure 3.5A (Mg®" 0.019+0.007
SICs/min; Mg-free 0.069+0.013 SICs/min; Student’s #test p=0.04; n=11; 35 cells
respectively). Box plots (shown as 5"/95™ percentile for rise and decay times and area)
illustrate the spread of the data between the two groups (Fig. 3.5B). Mean values are listed in
table 3.5. None of the mean parameters were significantly different (Student’s t-test p>0.1, all
parameters; Mg2+ n=10; O-Mg2+ n=105 SICs). However, with Mg-free medium, SICs with
very large amplitude (shown in the box plot as potential outliers) were observed more often

(Fig. 3.5B).
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Figure 3.5: Spontaneous SIC prevalence is enhanced in Mg-free aCSF. A) Trace on the left shows a
representative recording of a spontaneous SIC (red asterisk) in normal aCSF contammg 1mM Mg, Trace on the
right shows an example recording in 0- Mg”* aCSF. Bar graph on the right summarises mean frequency. B) Box
plots compare the parameters for both conditions.
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Amplitude (pA) Rise time (ms) _ Decay time (ms)

Mg2+ O’:Mgz* . Mg2+ . _ , Mng v OfMgZ' 7
Mean 7431 124.31 81.15 . 636.51 753.16 40301.80  66805.84
Median 53.61 76.82 62.16 73.13 329.61 268.63 | 9393.06 15883.09
Std.Dev 41.23 118.55 63.07 232.41 957.01 2109.31 | 72213.40 170012.43
Std.Err 13.04 11.57 19.94 22.68 302.63 205.85° | 22835.88  16671.09

Table 3.5: SIC properties in Mg™" vs. 0-Mg™". Mean values were not statistically different (p>0.1).

3.6 SIC frequency and post-natal development

The VB thalamus undergoes developmental remodelling until the end of the 3™ post-natal

week. Therefore, spontaneous SIC prevalence during this period was assessed by comparing

the data from 3 different post-natal weeks (PN wkl P6-7, wk2 P10-15 and wk3 P19-22).

Figure 3.6 shows representative traces for each group and summarises the data. During the 2°¢

PN week, 77.2% of the TC neurons exhibited = SICs (n=35 cells), whereas during the 1* and

3" PN week, SICs were recorded in less than half of the cells (42.4% and 46.7%; n=33, 30

respectively; Fig 3.6B). The overall frequency did not change between the groups (Wkl

0.094+0.03 SICs/min; Wk2 0.069+0.013 SICs/min; Wk3 0.12+0.05 SICs/min; Student’s t-test

p>0.2; all groups compared; Fig 3.6C). However, if the mean frequency was calculated only

from the cells that showed SICs, there was a significant decrease in the frequency during the

2™ PN week compared to the 1% and 3™ week (0.22+0.06>0.089:+0.015<0.25+0.099 SICs/min

respectively; Student’s t-test p<0.03; all groups compared). Furthermore, IEI from data with =
2 SICs per recording showed significant increase during the 2" PN week as shown in figure
3.6D (wk2 6.3175+£0.7985 min, n=17 cells, 79 SICs, compared to wkl 2.2200+0.6339 min
n=8/39 and wk3 2.7263+0.9353 min, n=9/39; K-S test p<0.001 for both; wkl compared to
wk3 p=0.15).

SIC amplitude during the 2™ PN week was significantly higher compared to the 1% and 3"
week as seen in figure 3.6E (Student’s t-test p<0.02, all groups compared). Rise time, decay
time and area were not significantly changed (rise time p>0.3; decay time p>0.6; area p>0.2).

Tables 3.6.1 and 3.6.2 list the mean values.
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3.8 Discussion

These results show that two distinguishable populations of spontaneous excitatory currents,
SICs and EPSC-like events, exist in the VB thalamus. SICs could be distinguished by their
extremely slow kinetics, insensitivity to TTX and sensitivity to NMDA-receptor antagonists.
To clarify, recording aCSF did not include TTX or any antagonists to block spontaneous
EPSCs, IPSCs or slow outward currents (SOCs; see Kozlov et al., 2006) unless otherwise
stated, therefore these currents were often observed throughout the experiments presented
later on. As the aim of this project was to study the modulation of astrocyte mediated SICs,
properties or modulation of any other currents than those meeting the criteria for SIC

acceptance in our experimental conditions were not investigated further.

SICs were present in aCSF containing Mg®", albeit of reduced prevalence consistent with the
voltage-dependent Mg2+ block of NMDA-receptors that mediate SICs. Consistently, SICs
were blocked by the wide spectrum NMDA -receptor antagonist D-APS and the results are in
agreement with previous work done in situ [Parri et al., 2001; Fellin et al., 2004; Angulo et
al., 2004; Perea & Araque, 2005; Fellin et al., 2006; Kozlov et al., 2006; D’Ascenzo et al.,
2007]. The number of SICs was reduced by application of selective antagonist of NR2B
containing receptors, although the lack of significance in overall frequency/size differences
may be due to the rarity of spontaneous events and age variability (wk 2-3). Indeed,
extrasynaptic NR2D subunit [Cull-Candy et al, 2001] expression is stronger than NR2B
expression during the 2™ PN week [Wenzel et al., 1996; 1997].

The variability in SIC kinetics points towards the involvement of extrasynaptic receptors
[Haydon & Carmignoto, 2006]. Here, we have shown extensive variability in both SIC
prevalence and magnitude recorded from different TC neurons. If the kinetics and amplitude
differences arise from different release sites and diffusion distances, the synaptic structure and
degree of glial coverage is expected to have major impact. Indeed, the degree of glial
coverage of neurons has been shown to influence synaptic efficacy [Oliet et al., 2001], but
specific effects at the extrasynaptic locations are still unknown. Nevertheless, we know that at
least two different forms of glial coverage of synapses exist in the VB thalamus: sensory
synapses termed as “glomeruli” that are completely covered by glial sheet, and cortical
synapses with smaller synaptic boutons [Matthews et al., 1977; Castro-Alamancos, 2004].

Furthermore, the degree of glial coverage of synapses has been estimated in barrel cortex in
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the work by Genoud et al. [2006]. They demonstrated that spines in barrel columns show a
large diversity in the portion of their surface that contacts astrocytes: some showed almost
complete astrocytic coverage, whereas others were completely devoid of contact [Genoud et
al., 2006]. Since the primary somatosensory cortex of small rodents is an isomorphic
representation of the body surface and parallel representations are characteristic of the
subcortical pathways [Killackey et al, 1995], similar diversity of astrocytic contacts with
synapses and cells could exist in the VB thalamus. Thus, it can be speculated that the large
variability in SIC frequency and magnitude presented here arise from the heterogeneity of
glial contact with neurons creating uneven extracellular spaces for glutamate diffusion.
Diversity in size of SICs could also arise from astrocytic release of vesicles of variable sizes.
Indeed, astrocytic processes opposing neuronal extrasynaptic receptors have been shown to
have vesicles containing glutamate which may be enlarged in response to glutamate, though
different research groups have reported large variability in the size of these vesicles (diameter

ranging from 30nm to 7um) [Bezzi et al., 2004; Chen et al., 2006; Xu et al., 2007].

On the other hand, as roughly 40% of the total of 98 TC neurons did not show SICs at all, it
may reflect contact with different astrocyte populations possessing distinct physiological
functions regarding astrocyte to neuron communication. Interestingly, reactive astrocytes
have been shown not to exhibit spontaneous astrocytic [Ca2+]i increases [Aguado et al., 2002].
Whether the absence of SICs results from damage to the astrocytes nearby the recorded

neurons or different subpopulations would need further investigations.

Spontaneous [Ca’’]; signalling in slice preparations from P10-12 was also assessed.
Astrocytes exhibited variable forms of spontaneous signalling as seen in previous work done
in the VB thalamus as well as in other brain areas [Parri et al., 2001; Aguado et al., 2002;
Nett et al., 2002]. Interestingly, the frequency and magnitude of Ca”" peaks appeared to vary
greatly. Furthermore, even within the six astrocytes shown in figure 3.7.1, the mean frequency
of the Ca®* peaks (0.004Hz) appeared higher than average SIC frequency (0.0015Hz).
Assuming that SICs are due to Ca**-dependent glutamate release from the astrocytes, it is
possible that only Ca’" peaks achieving certain threshold in magnitude are capable of
inducing glutamate release. This may therefore explain the diversity observed in SIC
frequency. In addition, analysis of the IEI distribution demonstrated that most of the SICs
occurred at short intervals. This combined with extremely low overall frequency suggests that

SICs occur in periods of higher and lower probability.
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The data also revealed distinct differences in the SIC prevalence at different post-natal weeks.
The mean SIC frequency was not different between the PN groups. However, a notably larger
population of TC cells exhibited SICs during the 2™ PN week compared to 1% and 3™ week,
and SICs during the 2™ week were also larger in amplitude. However, surprisingly, the
average SIC frequency of any active cells was lower during the 2" week compared to 1* and
3. This observation is difficult to explain but it is important to remember that the VB
thalamus undergoes most profound remodelling during the 2™ PN week. For example, a
sudden increase in CT afferent proliferation takes place at the end of the 1* PN week and the
maximal rate of synaptogenesis and synaptic remodelling occur during the second week
[Matthews et al., 1977; Miller et al., 1993; Arsenault & Zhang, 2006]. Furthermore, post-
natal maturation of neurons and their connectivity is accompanied with developmental
changes in astrocytes. In the VB thalamus, the dramatic decrease of radial glia has been
shown to occur during the first post-natal week, whilst GFAP staining becomes visible during
the 2™ PN week [Frassoni et al., 2000]. In the hippocampus, astrocytic morphology is highly
heterogenous after birth, but becomes consistent by the end of the 2™ week [Bushong et al.,
2004]. During the first two postnatal weeks, astrocytes were shown to extend overlapping
filopodial processes, whilst fine spongiform processes resulting in the development of
boundaries between neighbouring astrocyte domains appeared during the third week
[Bushong et al., 2004). In view of this, differences in SIC prevalence and properties may
reflect functional importance during maturation. Alternatively, it could be a passive outcome

resulting from physical changes in the reorganization of the TC neurons and synapses.

Developmental changes in spontaneous Ca’" signalling were not investigated here, but
previous studies have suggested developmental roles during maturation as the number of
spontaneous Ca’" signalling events appeared to decrease during maturation [Parri ez al., 2001;
Aguado et al., 2002]. Consequently, the observation that SIC frequency did not decrease
during maturation, raises questions. One possible explanation for this difference is that in the
previous studies, the actual loading of Ca’* dye into the astrocytes decreased when the cells
became more mature as suggested by Aguado et al. [2002]. An increase in connective tissue
may also reduce the ability to detect Ca’" signals. It is noteworthy that not all SICs observed
in previous studies were associated with Ca”" increases in astrocytes. For example in the VB
thalamus, approximately 20% of the SICs were uncorrelated with astrocytic Ca’" increases
[Parri et al., 2001]. As the SIC frequency appeared lower than the frequency of Ca’" peaks, it
is therefore possible that whilst the overall frequency of Ca’" decreases, the proportion of

Ca’* peaks leading to glutamate release remains unaltered.
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Finally, the most interesting question remains: What is the purpose of these extremely rare
events occurring on average once every 10 minutes (0.0015 Hz) with approximately 40% of
the TC neurons not receiving them at all? The low frequency and slow kinetics of SICs
suggests contribution in slow physiological events such as biochemical processes involving
Ca’" rather than a role in fast synaptic transmission. Taken together, we showed that SICs
were present throughout the three post-natal weeks at low frequencies and that astrocytic
[Ca®"]; signals were increased by application of exogenous glutamate indicating existence of
functional glutamate receptors. These results form the basis for the hypothesis that glutamate
released during synaptic stimulation elicits astrocytic [Ca®']; increases and potentially
modulates the prevalence of SICs. Assessing a variety of different stimulation parameters
may reveal conditions under which SICs are induced helping to understand their physiological

role.
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Chapter 4

Effect of synaptic stimulation on SIC incidence

As spontaneous astrocytic Ca’"-elevations can lead to SICs in TC neurons and because
astrocytes have been demonstrated to express functional glutamate receptors in the VB [Parri
et al., 2001; Chapter 3], we hypothesised that stimulation of the corticothalamic (CT) and/or

sensory (Sen) afferents leads to SICs in TC neurons.

Synaptic stimulation of afferents has been shown to increase SIC frequency in other brain
regions by approximately 5-fold [Fellin er al., 2004; D’Ascenzo et al., 2007]. A number of
previous studies have shown that astrocytes showed a dependency on stimulation parameters
exhibited as a potentiation of frequency and magnitude of Ca®" responses by increasing the
afferent stimulation intensity, frequency or duration [Porter & McCarthy, 1996; Pasti ef al.,
1997; Araque et al, 2002; Perea & Araque, 2005; Beierlein & Regehr, 2006]. Most
interestingly, whisker stimulation at SHz has been shown to be the most effective at evoking
Ca”™* responses in the barrel cortex in vivo, whilst 1Hz and 10Hz were least effective [Wang et
al., 2006]. If SICs, in response to synaptic stimulation, are generated by Ca®" dependent
glutamate release, the magnitude of Ca’" increases in astrocytes may influence glutamate
release. Indeed, it has been shown that SICs which did not correlate with astrocytic Ca™*
increases were approximately 40% smaller [Parri ef al., 2001] whilst another study reported

weak correlations with SIC amplitude and magnitude of Ca’" signals [Perea & Araque, 2005].

Taken together and bearing in mind that the thalamus can operate at distinct frequencies and
firing modes depending on the state of arousal, we hypothesised that the astrocytic
feedforward signalling may be recruited by particular stimulus frequencies or durations. The
post-synaptic neuronal current is taken as an indication of pre-synaptic glutamate release that
we assume also activates the perisynaptic astrocytes. Given that SICs are generated
spontaneously in the VB thalamus at low frequencies, with tendency to periods of higher and
lower incidence probability (Chapter 3), establishing differences in spontaneously occurring
and synaptically evoked SICs is important. This could be achieved, for example, by 1)
comparing average SIC incidence before and after stimulation, 2) looking at correlation
between latencies of delayed SICs and delayed astrocytic Ca®" responses, 3) looking at

specific peaks in latencies of post stimulus SICs, and 4) by looking at any particular
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differences in the nature of spontaneous and delayed SICs. “Delayed” refers to the time delay

between onset of synaptic stimulation and the beginning of SIC or peak of Ca?* response.

4.1 Most TC neurons receive both sensory and CT input

TC neurons in the VB receive synaptic inputs from sensory and CT afferents which have
different characteristics (see introduction). In addition, previous studies have shown that less
than 20% of the TC neurons receive both sensory and CT mputs [Miyata & Imoto, 2006].
Therefore, as our aim was to assess the effects of synaptic stimulation and potential function
as coincidence detectors of simultaneous synaptic activity, we determined the properties and
percentage of TC neurons receiving both sensory and CT inputs in our experimental

conditions.

Sensory and CT afferents were stimulated in P10-19 at 50Hz for 1 second at different
intensities. Figure 4.1A shows the placement of stimulating electrodes and recording
electrode. Here, 73.3% (11/15) of TC neurons received both inputs. Evoked post-synaptic
current (PSC) peak amplitude and rise time were measured. Sen and CT alone did not differ
from each other (Student’s t-test, p=0.26). Simultaneous Sen and CT stimulation evoked
significantly larger currents than Sen alone, whereas currents during CT stimulation did not
differ from the combined stimulation (p=0.02 and p=0.2, respectively). Increase in PSC
amplitude was correlated with an increase in stimulus intensity (Sen r*=0.97, Pearson’s
correlation p<0.005; CT r*=0.8, p=0.002; Sen+CT 1*=0.82, p=0.002; Fig. 4.1B), whereas rise
time was not (r’<0.007, p>0.5; all groups). The lack of all-or-none response to sensory
stimulation and high percentage of neurons receiving both inputs indicate that our stimulation
parameters activate most of the afferents even at the lowest stimulus intensity. This is,
however, expected as these were relatively intense stimulation parameters and as sensory

input does not acquire the all-or-none response until after the second PN week.
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Figure 4.2.2: Latency and fluorescence change of the [Ca’']; responses. A) Bar graph showing the mean time
delay between stimulation and the peak of the Ca®* responses. B) Box plot showing the scatter of relative
intensity changes between different stimulations.

4.3 SIC incidence is not increased with moderate stimulation

Above we showed that astrocytes do respond to synaptic stimulation reliably at least with the
given parameters. Therefore, to investigate if any particular pattern of synaptic input may
recruit astrocyte mediated neuronal SICs, stimulation protocols consisting of varying
frequencies and durations were applied. Spontaneous SICs were observed in 40 of 76 (52.6%)
recordings with a mean frequency of 0.1640.03 SICs/min over a 5-10 minutes control period.
The incidence of SICs after each stimulus episode was calculated and compared to the pooled

spontaneous incidence.

Stimulus frequency protocol. The protocol comprised episodes with different frequencies
(range 1-500Hz). For sensory input 61% of cells expressed SICs during stimulation (n=21
cells), whereas 53% of cells (n=30) expressed SICs with CT input. Figure 4.3.1A shows an
example of a control recording following CT stimulation. SIC incidence was not significantly
increased by varying the frequency for either sensory (Student’s -test for each stimuli p>0.1)
or CT input (p>0.6) as shown in figure 4.3.1B. Furthermore, there was no correlation between
increasing stimulus frequency and SIC incidence (Sen 1’=0.02, Pearson’s correlation p=0.45;

CT r’=0.4, p=0.1; linear fit not shown).
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Figure 4.3.1: SIC incidence is not dependent on stimulus frequencies. A) Protocol (top) illustrating pattern of
episodes of 50 stimuli delivered at different frequencies (1-500Hz) to CT input. The responses of the TC neuron
are shown in the example trace below, with SICs indicated by asterisks. The neuronal post synaptic current and
stimulation artefacts (vertical lines) are truncated for clarity. Expanded example SICs are shown beneath. B) Bar
graphs show the relationship of mean incidence of SICs (SICs/min) to different stimulus frequencies for the
sensory and CT inputs.

Stimulus duration protocol. Stimulus durations varied between 2ms — 10s as shown in the
example in figure 4.3.2A. Of 24 cells, 45% expressed SICs during sensory stimulation,
whereas 27% SICs occurred during CT stimulation (n=40). The incidence of apparent evoked
SICs for any particular stimulus was either less than the level of spontaneous activity as
shown in figure 4.3.2B (Sen: 2ms, 0.1s, Student’s t-test p<0.05; CT: 2ms, 1-6s p<0.05) or
unaltered (p>0.1 for the rest). For sensory input, a weak correlation was detected between
increasing stimulus duration and SIC incidence (r*=0.4, p=0.06). No correlation was observed

between increasing CT stimulus duration and SIC incidence (r*=0.2, p=0.18).
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Figure 4.3.2: SIC incidence is not dependent on stimulus duration. A) Protocol (top) illustrating pattern of
stimulation delivered at different duration (2ms-6s) to CT input. The responses of the TC neuron are shown in
the example trace below, with SICs indicated by asterisks and examples are expanded beneath. B) Bar graphs
summarising the mean incidences.

- 68 -



Stimulus intensity protocol. Stimulus intensity experiments were done to determine the sub-
maximal (75%) stimulus intensity for each individual neuron for the experiments that were
presented above. SIC incidence following these stimulations was assessed in addition (Fig.
4.3.3A). Sensory and CT afferents were stimulated for 1s at 50Hz whilst changing intensity
between 0.1-3mA. SIC followed sensory and CT stimulation in 28% and 44% of the cells
tested (n=25, 28 respectively), but did not increase incidence (Sen: 1-1.5mA and 2.5mA less
than control, p<0.03, rest p>0.2; CT: 0.1mA and 3mA less than control, p=0.02 0; rest p>0.2;
Fig. 4.3.3B). Increase in stimulus intensity was not correlated with an increase in SIC

incidence (Sen r’=0.07, p=0.5; CT r*=0.008, p=0.8).
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Figure 4.3.3: SIC incidence is not dependent on stimulus intensity. A) Protocol (top) illustrating pattern of
stimulation delivered at different intensities (0.5-3mA) to CT input. The responses of the TC neuron are shown
in the example trace below, with SICs indicated by asterisks. The neuronal post synaptic current is curtailed for
clarity. Expanded example SICs are shown beneath. B) Bar graphs show the relationship of mean incidence of
SICs to stimulus different stimulus durations.

Mean SIC incidence during the stimulation phase from the above protocols was pooled
together and compared to the mean spontaneous incidence in order to assess the overall effect
of stimulation on astrocytic signalling. Overall there was a 27.1% decrease in the SIC
incidence during stimulation (Spont. 0.16+0.03 SICs/min; Stim. 0.12+0.02 SICs/min;
Student’s t-test p=0.22, n=76). Data were further divided into subsequent control for sensory
and CT. No significant difference was observed during sensory stimulation (Ctrl
0.1458+0.0472 SICs/min; Stim. 0.1341£0.0395 SICs/min; paired Student’s t-test, p=0.8).
However, SIC incidence decreased by 40.7% during CT stimulation (Ctrl. 0.173640.0385
SICs/min; Stim. 0.1029+0.0246 SICs/min, p=0.05). Figure 4.3.4 summarises the data.
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Figure 4.3.4: SIC incidence decrease during stimulation. A) Mean SIC incidence (SICs/min) comparing the
overall effect of pooled control versus stimulation data. B) Overall incidence change between control and Sen or
CT inputs.

The above stimulus frequency and duration protocols compared SIC incidence with
stimulation patterns rather than with changes in PSC amplitude elicited by different stimulus
frequencies and durations. Thus, SIC incidence was plotted against the mean amplitude of
evoked PSC per stimulus type. As shown in figure 4.3.5, SIC incidence was not correlated
with an increase in PSC amplitude consistent with the data from the stimulus intensity

protocol.
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Figure 4.3.5: SIC frequency is not dependent on PSC amplitude. Mean SIC incidence was plotted against
the mean post-synaptic current (PSC) peak amplitude per type of stimuli within each protocol. Y-axis scale on
the right is same for all graphs.

Because of the developmental changes in the thalamus during the first three post-natal weeks,
SIC incidence was compared with the post-natal age. Figure 4.3.6A compares PN age with
the overall SIC incidence data from spontaneous control period and following stimulation
protocols (n=76 cells). There was no significant correlation between the age and SIC
incidence in either category, although a trend towards a decrease with maturation was seen
during the stimulation protocols (Spont. *=0.0001, Pearson’s correlation p=0.9; Stim.

*=0.04, p=0.07). Correlation was also tested between the two inputs (Fig. 4.3.6B). SIC
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Figure 4.4: Astrocytes do not act as co-incidence detectors. A) Each vertical bar (top) represents a
simultaneous Sen and CT stimulus episodes combined of the optimal parameters. Below is an example trace
showing synaptic responses (vertical lines represent stimulus artefacts and inward currents) and SICs (marked
with red asterisks). B) Bar graph summarises the SIC incidence.

4.5 Physiological state dependent stimulation does not increase
SIC prevalence

Considering the nature of the thalamic network, neuromodulators involved in regulation of
sleep and arousal could be critical. As described in the introduction, the thalamocortical
network undergoes distinct functional changes: during sleep, cortex and thalamus are engaged
in low frequency oscillations whereas in arousal they may be engaged in high frequency
gamma oscillations [Steriade et al, 1996; Castro-Alamancos, 2004]. We therefore tested
more physiological stimulation patterns. These included stimulation of CT afferents with
patterns resembling sleep spindles and slow oscillations as described by Rosanova & Ulrich
[2005] (see materials and methods) and bath application of the cholinergic receptor agonist
carbachol (CCh) and the -adrenoceptor agonist isoproterenol (Isop.) in conjunction with
afferent stimulation to mimic the release of ACh and NA from the brain stem afferents during

arousal.

Sleep spindle stimulation was delivered via CT afferents either as a single SSP stimulation
(Fig. 4.5.1A), or a train of 30 SSPs repeated four times (SSPx30x4; Fig 4.5.1B). SSP
stimulation did not increase SIC incidence significantly (Ctrl 0.21£0.098 SICs/min; SSP
0.39+0.14 SICs/min; paired Student’s t-test p=0.4, n=6 cells). Nor did trains of SSP; 47% of
cells showed SICs following the SSPx30x4 protocol with an average SIC incidence of
0.076+0.024 SICs/min compared to spontaneous 0.109+0.039 SICs/min (Paired Student’s t-
test p=0.53; n=17).
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Figure 4.5.1: SIC incidence is not increased during “sleep” activity. A) Vertical bars at the top represent the
SSP stimulation pattern. Trace below shows the post synaptic current in response to SSP stimulation (left)
following with delayed SIC (right). Bar graph on the far right summarises the mean frequency before and after
SSP stimulation. B) Stimulus protocol at the top and trace below with stimulus responses (black vertical bars)
and SICs (asterisked and expanded beneath). Bar graph on the right shows the mean SIC incidence before and
during protocol.

The cholinergic and noradrenergic inputs from the brain stem afferents depolarise thalamic
neurons, allowing switching of the thalamus into active relay mode [McCormick, 1992;
Castro-Alamancos, 2002]. Figure 4.5.2A summarises the hypothesis that depolarising TC
neurons with ACh- and NA- receptor agonists would increase the SIC detection or
synergistically activate astrocytes. Indeed, it has been reported that ACh and NA elicit [Ca®];
responses in the VB astrocytes [Parri & Crunelli, 2001]. Following the stimulation protocol,
CCh (50pM), Isoproterenol (50uM) or both were applied and stimulation was repeated. SIC
incidence was then compared to the preceding control period. All procedures, however, failed
to increase the SIC incidence as summarised in figure 4.5.2B (Spont 0.066+0.037 SICs/min
vs. Stim 0.13+0.037 SICs/min, paired Student’s t-test p=0.1, n=12; CCh ctrl 0.04+0.04
SICs/min vs. CCh stim 0.036+0.036 SICs/min, p=0.9, n=5; Isop ctrl 0.0+0.0 vs. Isop stim
0.064+0.064 SICs/min, p=0.4, n=3 and CCh+lIsop ctrl 0.13+0.054 SICs/min vs CCh+Isop
stim 0.1514+0.0849 SICs/min, p=0.8, n=8). SIC incidence during stimulation with

CCH/Isoproterenol was not significantly different to the spontaneous incidence either (p>0.3).
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Figure 4.5.2: Stimulation with neuromodulators does not increase SIC incidence. A) Schematic of the
hypothesis for using neuromodulators during stimulating Sen and CT inputs (lightning bolt). Pink synapse
mimics the activation of brain stem afferents (not preserved in the slices preparation) by applying exogenous
CCh (50uM) and Isop (50uM). This can change neuronal properties to detect SICs due to depolarization effect
or enhance astrocytic responses B) Bar graph summarising the SIC incidence for each stimulation trial.

4.6 SIC incidence is not affected by the absence of action potential
dependent neurotransmitter release

Abolition of delayed astrocytic Ca®" responses in the presence of TTX and Cd*" has been
previously linked to neurotransmitter release from synaptic terminals [Perea & Araque, 2005;
D’Ascenzo, 2007]. Furthermore, Xu et al. [2007] showed that SIC frequency was increased
by methods that enhanced presynaptic glutamate release. This increase in SIC frequency was
inhibited by TTX, suggesting that direct AP dependent glutamate release is involved. Here,
after a control stimulation protocol, TTX (1uM) was bath applied and the protocol was
repeated. Synaptic inward currents were completely blocked by TTX (Ctrl 570.5+49.3pA;
TTX OpA; paired Student’s t-test, p=0.00008, n=10, data not shown) as illustrated in figures
4.6 A and C. However, SICs were unaffected: mean SIC incidence during stimulation in the
absence of action potential dependent glutamate release was not changed (Ctrl 0.067+0.03
SICs/min; TTX 0.05+0.02 SICs/min; paired Student’s t-test p=0.5; n=10; Fig. 4.6D).
Consistent with the lack of effect of any stimulation protocol shown above, this supports the
findings that even though afferent stimulation elicited astrocytic Ca®" increases in the VB, the

spontaneous SIC activity is unaffected in our experimental conditions.
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Figure 4.6: SIC incidence is not affected by absence of AP induced Glu release. A) Example of the
postsynaptic inward current in response to stimulation indicated by lightning bolt. Excitatory inward current is
shown partially. B) SIC from the same recording. C) In presence of TTX, inward current was abolished (same
neuron), indicating blockage of action potential mediated transmitter release whereas SICs were still detected.
Black vertical bar indicates stimulation artefact (expanded beneath). SIC is indicated with an asterisk and
expanded beneath. D) Mean SIC incidence during control stimulation and in presence of TTX.

4.7 SIC incidence was not increased by inhibition of astrocytic
Glu-Gln cycle

Next we investigated whether increasing cytosolic glutamate concentration in astrocytes
would enhance SIC generation. Glutamate which escapes the synaptic cleft during action
potential firing is cleared by astrocytic transporter uptake and recycled back to neurons via the
glutamate-glutamine cycle (see introduction). Previous studies have shown that by inhibiting
the conversion of glutamate into glutamine, the subsequent accumulation of glutamate inside
the astrocytes resulted in increased SIC frequency [Takano et al., 2005; Xu et al., 2007]. We
investigated whether this would work in our experimental conditions as outlined in figure
4.7A. The glutamine synthetase inhibitor MSO (2-5mM) was bath applied and SIC incidence
was compared before and after stimulation. Surprisingly, this treatment also failed to increase
SIC incidence (MSO Ctrl 0.1757+0.0856 SICs/min; MSO stim. 0.1555+0.0903 SICs/min,
paired Student’s t-test, p=0.9, n=7; Fig. 4.7B). Compared to average spontaneous SIC
frequency, MSO treatment did not change the SIC incidence significantly either (Spont.
0.09+0.02; MSO 0.17+0.06; Student’s t-test p=0.2; n=98, 13 respectively).
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Figure 4.7: SIC incidence is not affected by accumulating cytosolic glutamate. A) MSO inhibits the
conversion of glutamate (Glu) into glutamine (Gln). As a consequence, Glu released during synaptic stimulation
accumulates into the astrocytes, which is then expected to enhance the chances for astrocytic glutamate release.
[Figure from Bacci et al., 2002]. B) Bar graph summarising the effect of MSO before and after stimulation.

4.8 SIC properties show some differences during stimulation

SIC amplitude, rise time, decay time and area were compared before and during stimulation
protocols. Spontaneous SICs were compared to pooled data for Sen, CT and simultaneous
stimulation from experiments including different stimulus frequencies, durations, intensities
and optimal parameters. Data are summarised in figure 4.8.1 and the mean values are listed in
tables 4.8.1 and 4.8.2. SICs were significantly increased in amplitude during sensory
stimulation (Student’s t-test, p<0.005). Rise time and area during CT stimulation were also
significantly increased (p=0.03 and p=0.05, respectively). Decay time was slightly increased
during CT stimulation (p=0.07). Changes during CT stimulation are most likely due to few
large outliers in the data as seen in figure 4.8.1. Other parameters were not significantly

different (p>0.05).

Amplitude Sen cT Area Spont Sen

(pA) (pA*ms) ,
Mean 143.30 | 317.47 | 172.95 | 101.56 | Mean 26752.66 | 62173.418 | 122687.2 | 12163
Median 100.70 | 178.62 | 109.05 80.32 | Median | 12110.95 26166.8 | 18067.31 | 9283
Std.Dev 127.68 | 308.74 | 170.66 63.82 | Std.Dev | 50217.75 | 201992.62 | 512014.7 8832
Std.Err 11.70 | 3237 | 15.98 15.95 | S.E.M 4682.83 | 21411.175 | 49731.26 2280

Table 4.8.1: SIC amplitude and area during stimulation. (n=SICs: Spont 119, Sen 91, CT 114, Sen+CT 16).
Significantly different values are highlighted in bold (amp. p<0.005, area p=0.05).
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Rise time

,'Senﬂ_f

CT

Sen+CT

Decay time

;Sb'o'n’t’ ,

_Sen

Sen+CT

(ms) ms)
Mean 61.45 | 63.34 | 189.67 51.61 | Mean 307.72 | 422.18 880.10 184.60
Median 40.50 | 34.84 42.99 36.36 | Median 217.31 | 23191 234,11 166.25
Std.Dev 49.31 | 73.31 | 652.96 34.88 | Std.Dev 272.89 | 758.02 | 3435.00 78.09
Sts.Err 4.54 7.69 61.16 8.72 | S.E.M 25.23 79.46 321.72 19.52
Table 4.8.2: SIC kinetics during stimulation. Significantly different values are highlighted in bold (p=0.03).
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Figure 4.8.1: SIC parameters versus stimulus. Box plots show the scatter of data between different inputs.
(Statistical significance is presented as p<0.05 *, p<0.01 ** or p<0.005 ***),

SIC from SSP, MSO, CCh and isoproterenol stimulation experiments were compared to

spontaneous SICs as shown in the previous paragraph (n=119 SICs). Data are summarised in

figure 4.8.2 and mean values listed in tables 4.8.3 - 4.8.5. SSP stimulation did not change SIC

properties compared to spontaneous (Student’s t-test p>0.1, all parameters, n=26 SICs). For

experiments including treatment with exogenous agents, SICs from control and during

stimulation were pooled together and compared to previous spontaneous SICs in order to see

the overall effect of these agents on SIC size. CCh and Isoproterenol (50pM) had no effect on
SIC size (p>0.1, n=18), neither did MSO (2-5mM; p>0.1, n=30).
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Figure 4.8.2: SIC parameters during specific stimulus protocols. Box plots show the scatter of data between
different stimulation groups compared to spontaneous SICs.
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Amplitude (pA)

Rise time (ms)

_ "D',ércbaytim'e,-‘(m's)' J

___ Area(pA'ms)

Mean 118.341 72.9915 273.4873 15470.44
Median 65.2642 46.4531 221.5 9689.6

Std.Dev 147.5877 61.9108 174.6528 14438.88
Std.Err 28.9443 12.1417 40.0681 2887.777

Table 4.8.3: SIC parameters during SSP stimulation protocol. No significant differences were found.

_CCh/isop.  Amplitude(pA)  Risetime(ms)  Decaytime(ms)  Area(pA*ms)
Mean 162.7475 59.094 371.7343 25702.19
Median 152.4589 25.5406 281.8495 18611.52
Std.Dev 102.4445 56.3456 394.752 25632.22
Std.Err 24.1464 13.2808 93.0439 6041.571

Table 4.8.4: SIC parameters during CCh/Isoproterenol treatment. No significant differences were found

__ Amplitude(pA)  Risetime(ms)  Decaytime(ms)  Area (pA*ms)
Mean 168.3 63.2288 298.2175 17318.3074
Median 142.7974 38.2002 194.141 9108.9575
Std.Dev 213.7024 66.5569 267.4518 21855.8191
Std.Err 39.0165 12.1516 48.8298 3990.3084

Table 4.8.5: SIC parameters during MSO treatment. No significant differences were found.

4.9 SIC timing is independent of synaptic stimulation

Astrocytic Ca™* responses were shown to occur with an average 6.89+0.17s (n=12 slices, 293
astrocytes) delay from the onset of stimulation. A peak in the delayed SIC timing at a
particular latency to Ca’" responses would suggest a presence of synaptically evoked,
astrocyte mediated SICs. Time delay was measured from the onset of the stimuli as indicated
in figures 4.9 A and B. SIC latencies were pooled from all the stimulation experiments,
excluding SSPx30x4 and experiments treated with TTX, CCh, Isoproterenol and MSO, and
compared with astrocytic Ca’" responses (Fig. 4.9 C and D). Time delay of SICs following
sensory stimulation ranged from 0.37 to 173.3 seconds. Delay after CT stimulation ranged
between 0.85 and 100.7s, and 4.8-150.9s following simultaneous stimulation. The astrocytic
Ca’" elevations ranged from 2 to 20 seconds during sensory stimulation and from 2 to 18
seconds during CT stimulation. On average SICs occurred 26.1 seconds later than Ca™
responses. However, the overlapping frequency histograms showed a clear peak for the Ca®*

responses, but, it failed to reveal any relevant peak for the SIC latencies.
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Figure 4.9: SIC timing is independent of synaptic stimulation. A) Example of 5s long stimulus at 50Hz
delivered on sensory afferents. Stimulus onset is indicated with lightning bolt followed by an inward current and
stimulus artefacts. A SIC was observed within few seconds from the onset of stimuli. B) Example of 0.2s long
stimulus at 50Hz delivered on CT afferent with a SIC following within few seconds. C) Frequency histogram

showing the distribution of SIC latencies (grey bars) and Ca®" delays (black bars) during sensory stimulation. D)
Frequency histogram of latencies during CT stimulation.

As expected for the average of 60 seconds time window, mean SIC latency was 31.1+2.6s for
Sen (n=100 SICs), 32.242.2 for CT (n=137) and 45.3+7.5s after simultaneous Sen and CT
stimulation (n=21) (data not shown). Sen and CT latencies were not different from each other
(Student’s t-test p=0.7), but SICs following simultaneous stimulation had significantly longer
delays compared to stimulation of individual inputs (p=0.0036 and p=0.0032, respectively).
The difference is most likely due to the range in stimulus length itself as latencies were
measured from the onset of stimuli and Sen+CT experiments only comprised optimal stimulus
parameters of overall stimulus duration of 10s. Measuring SIC latency from the stimulus
offset instead of from the onset did not change the latency histogram scatter (data not shown),

and is therefore unlikely to contribute to the lack of peak for SIC latencies presented here.
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4.10 SICs are not predictable

It has been shown previously that stimulation of afferents with the same parameters can evoke
SICs repeatedly [Fellin et al., 2004]. In addition, latencies following the first stimulation can
predict the latency of the next response [Fellin et al., 2004]. We therefore quantified how
often SIC followed the same stimulus using data from the optimal stimulus parameter
experiments where the same stimulus was repeated four times for each pathway or
simultaneously. Reproducibility was quantified by using index where SIC following 1 out of
4 stimulations equals to 0.25 and SICs following each of the four stimulations (4/4) equals 1.
In this index, reproducibility would be signified by an index of 0.5 or greater. The data are
surmmmarised in figure 4.10A-B. During sensory stimulation 44.4% of the cells exhibited SICs.
Within these cells, the average reproducibility index was 0.31+0.03 (Fig. 4.10B). During CT
stimulation, 48% of the cells exhibited SICs with reproducibility index of 0.46+0.06.
Simultaneous sensory and CT stimulation exhibited SICs in 44.4% of the cells with index of

0.2840.02. Within the data with index of =0.5 (n=13), n
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the first and second responses (r"=0.008, Pearson’s correlation p=0.8; Fig. 4.10C), suggesting

that the SIC did not occur in response to that particular stimulus.
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Figure 4.10: SICs are not predictable. A) Table showing the number of recordings against the index value of
how often SICs followed the same stimulation. B Mean index value for recordings with index =0.25. C} Scatfer
plot showing the latency of SICs following the first stimuli compared to latency in response to second stimuli.

4.11 Discussion
Here, we have shown that in the VB thalamus, synaptic stimulation elicits astrocytic Ca®"

increases, yet did not lead to an increase in SIC incidence. This was shown by a series of

experiments testing various stimulation parameters, including more physiological scenarios
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using sleep spindle stimulations as well as neuromodulators mimicking ACh and NA release
from brain stem afferents during arousal. As several previous studies have provided evidence
that astrocytic Ca’* increases were accompanied by glutamate release and synaptic

modulation as discussed in the introduction, the lack of effect here points towards different

mechanisms.

It must be noted that the increase in SIC frequency in response to afferent stimulation seen by
other groups occurred only in about 27-43% of the cells [Fellin et al., 2004; D’ Ascenzo et al.,
2007]. Furthermore, more robust methods that elicit astrocytic Ca”* increases such as agonist
application, direct mechanical stimulation or UV-photolysis of Ca®*, also evoked SICs only in
about half of the cells (28-83%) [Araque et al., 2000; Fellin et al., 2004, 2006; D’Ascenzo et
al., 2007]. The increase was often stated only for the responding cells. Therefore, the lack of
effect here could reflect different analytical methods. Here, it was also noticeable that higher
SIC incidence during spontaneous control period was followed with lower SIC incidence
during stimulation protocols, whilst absence of SICs during control was accompanied with
significantly increased chances of detecting SICs during stimulation protocols (data were not
shown). This pattern seems to fit with the profile of spontaneous SIC appearance at low
frequencies with a tendency to periods of higher and lower probability (chapter 3). SIC
incidence after stimulation only for these responding cells (SICs occurring during stimulation
protocols) was therefore checked, and this did not change the result outcome (data were not
shown). Thus, these alternative data analysis only support the lack of effect by acute synaptic

stimulation.

Some variation in SIC properties was observed. For example, SICs following sensory
stimulation protocols were shown to be higher in amplitude. This may reflect that a small
population of SICs during sensory stimulation was influenced by the synaptic stimulation,
however not strongly enough to be picked up by analysing the mean incidence changes
relative to spontaneous activity. If this was true, we would expect to see the same changes by
sensory afferent stimulation in the future experiments. However, considering the
unpredictable nature regarding the prevalence and magnitude of spontaneous SICs as outlined
in chapter 3, it is not surprising that some variation existed. Nonetheless, the lack of
significance in most SIC parameter comparisons only further supports the general lack of

effect of synaptic stimulation.
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Even though astrocytes have been shown to respond to increases in stimulus strength by an
increase in the magnitude of the [Ca™"]; elevations, we did not assess the Ca** responses for
more than 1-2s long stimulations at 50Hz. It is worth noting that in our experiments, relatively
large postsynaptic currents were observed even with the lowest stimulation intensities and
shorter durations, thus we would expect astrocytes to detect most of them. The increase in the
postsynaptic current amplitude in response to increase in stimulus intensity and duration in
our experiments, was not generally correlated with the SIC incidence, suggesting that SICs
were not dependent on the amount of glutamate detected by the postsynaptic neuron and
presumably by the synaptically associated astrocytes. Saying that, it is tantalising to speculate,
that the weak correlation with the increase in SIC incidence by increasing stimulus duration
during sensory stimulation was real, as SICs were never observed after 2ms stimulation and
single shots to afferents have been shown ineffective at eliciting astrocytic Ca®" increases

[Beierlein & Regehr, 2006].

The finding that overall SIC frequency often decreased following stimulation rather than
increased (Fig. 4.3.4), adds complexity to the interpretation of the results. The reason for an
apparent decrease in SIC incidence following stimulation episodes is unclear. However, due
to the method of calculating SIC incidence in the 60s after stimulation episodes, it may be
expected that some episodes would have low values for SIC incidence. However, what is
clear is that there is no increase in SIC incidence following synaptic stimulation. In concern
that we should not only focus on the increase in incidence in respect to spontaneous activity,
we looked at the patterns within the stimulation protocols. As shown for example in figure
4.3.2 for different stimulus durations delivered on CT afferents, SICs were most often seen
after 0.2s stimulation and a weak trend was seen with increasing the stimulus duration during
sensory stimulation. However, even after several repeated stimulations by these apparent

optimal parameters, the overall SIC incidence was not increased.

In conclusion, these results seem to be in agreement with Beierlein & Regher [2006], Fiacco
et al. [2007], Petravicz et al. [2008] and Shigetomi ez al. [2008] who all reported that increase
in astrocytic Ca®" elevations was not accompanied with modulation of synaptic transmission
or generation of SICs. The fact that SICs occur at extremely low frequencies in general makes
the evaluation more difficult. Whether acute synaptic stimulation decreased the SIC incidence
by unknown mechanisms or whether the decrease occurred by chance, requires further,
alternative experiments, preferably in preparations with already enhanced spontaneous SIC

activity.
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5.1 Long term stimulation increases SIC incidence over time

First we assessed the effect of long term stimulation (LTS) whilst recording from TC neurons.
LTS consisted of bursts of 10 pulses at 50Hz delivered to sensory or CT input every 10s for
up to 30 minutes in P10-15 slices. This revealed an increase in the incidence of SICs over the
course of stimulation as show in the example on figure 5.1.1A. The raster plot shows the SIC
occurrence over time for each TC neuron (Fig. 5.1.1B). Number of SICs in the first 10
minutes for sensory stimulation was 0.6+0.22 and in the last 10 minutes 1.9+0.6 (Paired
Student’s t-test p=0.02, n=10). Numbers for CT stimulation were 0.38+0.18 and 1.5+0.65
respectively (p=0.1, n=8). Histograms in figure 5.1.1C show the increase in number of SICs
over time: During sensory stimulation, SIC incidence was positively correlated with increased
time stimulated (r*=0.8, Pearson’s correlation, p=0.008; linear fit not shown) whereas increase

during CT stimulation was not significant (*=0.4, p=0.07).
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Figure 5.1.1: LTS stimulation increases SIC incidence over time. A) Top bar shows the 30 minute long LTS
protocol. Below are two examples of 2 minute sections from the first 10 minutes of stimulation (left) and from
the final 10 minutes (right) during which SICs were observed (red asterisk). B) Raster plot displays the data for
SIC incidence (black dots) during a 30 minute LTS protocol for CT (dark grey) and Sen inputs (light grey).
White circle indicate a point of 6 events overlapping. C) Histograms for SIC incidence during CT (dark grey)
and Sen (light grey) inputs over time.
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We took this opportunity to measure SIC amplitude during sensory stimulation since in
chapter 4 SICs occurring during moderate sensory stimulation were significantly higher in
amplitude. Here, SICs during long term stimulation of sensory afferents were compared to
spontaneous SICs at the same age group. SIC amplitude was not different (Spont.
124.3+11.6pA; Sen 91.2+22pA; Student’s t-test p=0.2; n=105, 38 respectively; data not
shown), suggesting that the increase in amplitude with sensory stimulation presented in
chapter 4 was not due to the synaptic stimulation effect. SIC amplitude during CT input
(112.1+2pA, n=24) was not different to spontaneous SICs or to the ones occurring during

sensory stimulation (p>0.6, both comparisons).

With the hypothesis that long term stimulation enhances SIC frequency, which the above data
suggests, it is important that the synaptic glutamate release is maintained. Therefore we
assessed the stability of postsynaptic current during LTS protocol by measuring the peak
amplitude at 5 minutes intervals. Interestingly, neurons exhibited either facilitation or
depression in the PSC amplitude as shown in figure 5.1.2A. As shown in figure 5.1.2B,
synaptic efficacy was at least maintained if not increased (Sen r’= 0.7 Pearson’s correlation
p=0.02; CT r’=0.3, p=0.05). Strong facilitation occurred in 4 out of 10 cells during sensory
stimulation and in 3 out of 8 cells during CT stimulation, while depression occurred in 6/10
and 5/8 cells respectively. The average facilitation was 584.3+309.2% for Sen and
275.7469.6% for CT, whereas depression was 56.9+12% and 50.8+11.8% of the controls
respectively (Fig. 5.1.2C). The reason for such strong facilitation during sensory stimulation
1s difficult to explain as only CT synapses have been reported to express strong facilitation
[Castro-Alamancos & Calcagnotto, 1999]. Whether the depression was due to depletion of
synaptic glutamate stores and facilitation due to changes in input resistance, residual post

stimulation potentiation [Diamond & Jahr, 2000] or real facilitation requires further studies.

The overall SIC incidence over the 30 minutes LTS protocol was also compared to the
percentage change of the PSC amplitude. As shown in figure 5.1.2D, SIC incidence was not
correlated with the changes in PSC amplitude (Sen 1’=0.075, Pearson’s correlation p=0.54;
CT r*=0.05, p=0.51). Furthermore, SIC amplitude was not increased over the course of

stimulation as shown in figure 5.1.2E (r*=0.008, p=0.5).
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To assess the stability of the enhancement, SICs were/ énaiysed according to their time of
emergence in 5 minute bins, and all control slices were éompared to LTS stimulated slices as
shown in figure 5.2.3A (n=73, 53 respectively). This demonstrated that the enhanced SIC
frequency persisted for over an hour after the cessation of synaptic stimulation, thus revealing
a Long Term Enhancement (LTE) of the astrocyte mediated SICs shown in figure 5.2.3B
(Student’s t-test p=0.0005).
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Figure 5.2.3: LTS induces Long Term Enhancement. A) Top: Example of protocol and trace from a control
experiment where the slice remains unstimulated for 1 hour before recording. SIC is indicated with red asterisks
and expanded beneath. Bottom: Example of LTS protocol (black bar with vertical lines) and a trace recorded
following 1 hour stimulation. B) Mean scatter plot illustrating control (s) and post LTS (o) SIC frequency in 5
minute bins over a 70 minute period.

To investigate whether basal level of SIC frequency affected the amount LTE that could be
induced, different recording aCSF compositions were tested. Firstly, LTS protocol was
induced by using Mg-free aCSF in order to replicate the recording conditions used during
stimulations in earlier experiments (Ctrl n=35 cells; post LTS n=13). The second group
included Mg-free recording medium with additional glutamine (2mM) to increase synaptic
glutamate supply (n=11, 11). Thirdly, we used normal aCSF containing Mg”" (ImM) and
glutamine (n=12, 11). The aCSF composition modified the level of basal/spontaneous SIC
frequency, but the magnitude of LTE induction was not affected as shown in figure 5.2.4
(Mg-free Ctrl 0.069+0.013 SICs/min, post LTS 0.14+0.03, Student’s t-test p=0.01; Mg-
free+Gln Ctrl 0.1940.03, post LTS 0.51+0.15, p=0.05; Mg”"+Gln Ctrl 0.07+0.02, post LTS
0.24+0.08, p=0.045), thus verifying the reliability of the LTS protocol in enhancing the SIC
frequency.
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Figure 5.2.4: LTE induction is reliable. Recording aCSF composition was varied in order to investigate
whether basal level of SICs affects the amount of LTE that could be induced by LTS stimulation. Control slices
were exposed to the same aCSF composition, in absence of stimulation, for 60 minutes prior to recording. Bar
graphs show the mean average SIC frequency for control and post LTS cells according to the aCSF composition.

5.3 Properties of LTE SICs are not different to spontaneous SICs

SICs from all control experiments and post LTS experiments were pooled together. Box plots
show the spread of the data in figure 5.3A and the mean values are listed in table 5.3. Mean
values were not significantly different (Ctrl n=252; post LTS n=489; Student’s t-test, p>0.1,
all parameters). Testing differences in the cumulative probability distributions using K-S test,
significant differences between control and post LTS SICs were detected (p<0.03, all
parameters). This suggests that after LTS, SICs with lower amplitude and slower kinetics

were seen more often even though the average SIC magnitude remained the same.

'Dec‘ay time (ms)
Ctrl Post LTS

Rise time (ms)
Ctrl Post LTS

_ Amplitude [pR)
Ctrl Post LTS

~ Area (pA*ms)
Ctrl Post LTS

Mean 162.1 147.3 194152.6 50940.3 121.2 125.9 864.2 459.1
Median 105.6 91.0 14657.6 19350.4 50.0 71.8 220 309.2
Std.Dev 156.3 158.9 2229104 106775.2 351.1 142.5 5663.1 532.6
Std.Err 9.8 7.2 140695.8 4833.5 22.1 6.4 356.7 24.1

Table 5.3: Spontaneous vs. LTE SIC parameters. Mean SIC parameters were not significantly different
(p>0.1). (Ctrl n=252; post LTS n=489 SICs)
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Figure 5.4.1: Developmental profile of LTE. A) Example traces from all different age groups. Representative
traces of control recordings are presented on the left and traces from post LTS slices are presented on the right.
PN week is indicated on the far right next to the control recordings. B) Bar graph shows the mean SIC frequency
in control conditions compared to post LTS conditions for each PN week.

The inter event interval was calculated in control and post LTS cells with =2 SICS. Mean IEI
during week 1 was 2.29+0.3 minutes in control (range 0.021-10.39, n=51 IEls, 10 cells) and
2.82+0.4 minutes for post LTS (range 0.049-12.96, n=49 IEIs, n=12 cells). During the ond
week, the mean IEI for control was 6.7+1.54 minutes (range 0.016-16.5, n=15 1EIs, n=7 cells)
and 3.2240.6 minutes post LTS (range 0.03-12.1, n=30 IEIs, n=8 cells). During the 3" week,
control IEI was 5.1+1.1 minutes (range 0.16-13.1, n=17 IEls, 7 cells) and 0.99+0.15 minutes
post LTS (range 0.004-12.89, n=203 IEIs, 18 cells). Overall, the decrease in IEI after LTS
during the 2™ and 3" week was significant (Student’s t-test p=0.014 and p<0.005,
respectively), whereas the 1EI was not different in week 1 (p=0.29). Figure 5.4.2 summarises

the data.
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Figure 5.4.2: 1EI for LTE SIC during maturation. Box plots show the spread of IEI in control and post LTS
slices for each age group. (Statistical significance is presented as p<0.05 *, p<0.01 ** or p<0.005 ***),

The control values reflect consistency with spontaneous SIC frequencies presented in chapter
3 where cells during week 2 were shown to exhibit the lowest rate of SICs. While week 1
cells presented a higher degree of heterogeneity regarding the SIC frequency both in control
and post stimulated slices (range: Ctrl 0-0.703 SICs/min; post LTS 0-0.77 SICs/min), cells
during the 2™ week showed more reliable LTE induction (range: Ctrl 0-0.2 SICs/min, post
LTS 0-0.99 SICs/min). During week 3, the post LTS neurons could be divided into lesser
affected and highly enhanced (range: Ctrl 0-0.32, post LTS 0-7.51 SICs/min), which is also
evident from the spread of the 1EI data in figure 5.4.2 shown as large number of potential
outliers; 4 out of 21 cells had frequency above 1 event per minute, which was 19% of all wk3
post LTS cells. During wkl 46.2% of the cells were above the mean control value = S.EM
(0.22 SICs/min). During wk3 57.1% were above 0.14 SICs/min, whereas during wk2 72.7%
were above 0.087 SICs/min. This suggests that although PN wk3 shows highest overall

percentage increase, the induction of LTE during week 2 is most reliable.

We then tested whether the increase in LTE induction could be explained by an increase in
glutamate input during maturation. As a measurement of this, we took the postsynaptic charge
(PSQ) during Sen+CT stimulation to give an indication of the sum of the excitatory input onto
each neuron. The PSQ did not significantly increase in the same way as the LTE induction as
show in figure 5.4.3A (wkl 0.37£0.12 mC, n=13; wk2 0.43+0.13 mC, n=11; wk3 0.49+0.08
mC, r’=0.02, Pearson’s correlation p=0.35). In addition, LTE SIC frequency was not
correlated to PSQ for individual cells (r"=0.025, Pearson’s correlation p=0.4, n=39

recordings) consistent with previous results that SIC incidence was not related to PSC

amplitude.
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Figure 5.4.3: LTE is not related to PSQ. A) Bar graph showing the mean post-synaptic charge for each age
group. B) Scatter plot showing SIC frequency against post-synaptic charge.

In general, control SICs were not different from post LTS SICs within any age group (wkl
ctrl n=65 SICs, post LTS n=61 SICs; wk2 n=25/40, wk3 n=26/221; Student’s t-test p>0.1).

However, reduced post LTS amplitude in PN wk3 was observed in comparison to wk3 control

SICs (Ctrl 128.6+23.7pA, post LTS 84.0£3.3pA, p=0.0004). This is evident in figure 5.4.1

where SIC frequency was notably higher after LTS compared to control frequency: many of

these post LTE SICs were low in amplitude. The data are shown in figure 5.4.4 and mean

values for amplitude, rise time,decay time and area are listed in tables below.

Amplitude (pA)

Rise time (ms)

Decay time {ms)

Area (pA*ms)

Wk1 Ctrl Post LTS Ctri Post LTS Ctrl Post LTS Ctrl Post LTS
Mean 119.45 96.3 191.6 109.1 785.8 393.9 31131.6 23101.8
Median 87.9 81.1 50.8 41.6 164.1 151.3 9299.2 8806.2
Std.Dev 111.0 60.2 614.0 189.9 2855.5 1166.5 68744.2 52719.3
Std.Err 13.8 7.7 76.2 24.3 354.2 149.4 8593.0 6750.0

_Ctrl PostLTS PostLTS  Ctrl  PostLTS ctrl  PostlLTs
Mean 125.6 99.1 62.0 69.7 268.4 255.7 23271.2 16984.2
Median 97.8 71.6 36.7 63.6 213.0 174.8 10014.3 9777.0
Std.Dev 89.4 71.8 52.2 47.9 197.6 206.5 26892.0 17594.0
Std.Err 17.9 11.4 10.4 7.6 39.5 32.6 5378.4 27819

Wk3 Ctrl Post LTS Ctrl PostLTS  Ctrl Post LTS Ctrl Post LTS
Mean 128.6 84.0 46.6 158.1 235.7 370.5 19175.9 33321.9
Median 80.8 72.9 34.0 58.3 159.6 167.5 9430.4 10536.6
Std.Dev 120.7 48.8 31.5 527.9 186.0 1003.4 23245.1 137209.7
Std.Err 23.67 33 6.2 35.5 36.5 67.5 4558.7 9229.7

Table 5.4: LTE SIC parameters during development. Significantly different values are highlighted

(p=0.0004).
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Figure 5.4.4: Control versus LTE SICs during development. Box plots show spread of SIC properties
between controls and post LTS cells for each PN group. (Statistical significance is presented as p<0.05 *, p<0.01
** or p<0.005 **¥),

5.5 LTE SICs are not dependent on continuing neuronal activity

To rule out the possibility that LTE SICs are due to changes in spontaneous neuronal firing
properties, TTX (1uM) was applied after a control period of LTE SICs including all age
groups. Afferents were stimulated before and during TTX application to confirm the block of
action potential dependent neurotransmitter release as shown in figure 5.5.1A. Figure 5.5.1B
shows the LTE SICs before and during TTX application of the same cell. The frequency of
LTE SICs was not reduced by the presence of TTX (Post LTS 1.94£1.1 SICs/min; post
LTS/TTX 3.99+2.34 SICs/min, paired Student’s t-test p=0.16, n=7; Fig. 5.5.1C).
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5.6 LTE targets neuronal extrasynaptic NMDA-receptors

Spontaneous SICs are mediated by NMDA-receptors and were reduced by 96% in the
presence of the NMDA antagonist D-AP5 (chapter 3). After the LTS protocol and
establishment of LTE in the presence of TTX (1uM), D-AP5 (50 pM) was applied. The
number of observed SICs was reduced from 178 to 18 as demonstrated in figure 5.6.1A.
Overall, the LTE SIC frequency reduced to 14.5+5% of the control as shown in figure 5.6.1B
(Ctr1 0.86+0.43 SICs/min; AP5 0.13+0.07 SICs/min; paired Student’s t-test p=0.00001; n=6).
Depression in SIC frequency was reversed by D-APS wash-out (wash 1.27+0.17, n=2). The
remaining 18 SICs were only slightly reduced in size: amplitude reduced from 76.5+ 4.7 to
61.949.1pA, rise time from 181.8+11.1ms to 163.3£31.5ms and decay time from
504.2+23.4ms to 422.6+90.9ms (Student’s t-test p>0.2, all parameters; data not shown).
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Figure 5.6.1: LTE SICs are mediated by NMDA-receptors. A) Example of post LTS SICs before and during
D-APS (50pM) application. SICs are indicated with red asterisks. B) Bar graph showing the mean percentage
decrease of SIC frequency (SICs/min).

In addition, we used the selective NR2B subunit antagonist Ifenprodil (10pM) in three post
LTS cells of 3 PN week. Here, in the presence of TTX, ifenprodil did not reduce the
frequency as shown in figure 5.6.2A (Ctrl 6.45+3.2 SICs/min; Ifenp. 4.9842.5 SICs/min;
paired Student’s t-test p=0.5; n=3).
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Figure 5.7: EAATS are not involved in LTE induction. A) Top trace shows an example after post LTS. SICs
are indicated with asterisks and expanded beneath. Trace below shows an example from post LTS with TBOA

(100-150pM). B) Bar graph comparing the mean SIC frequency in control (non-stimulated), post LTS and post
LTS with TBOA.

5.8 Tonotropic Glu receptors are not involved in induction of LTE

As discussed in the introduction, astrocytes express both ionotropic and metabotropic
glutamate receptors and both types can induce astrocytic Ca’" responses and potential
glutamate release [Cornell-Bell et al, 1990; Parpura et al., 1994; Parri et al., 2001; Serrano et
al., 2006]. We next applied glutamatergic antagonists in the aCSF during the LTE induction
protocol period in order to identify the receptor subtypes involved in the induction
mechanism. LTE induction was not affected by the broad spectrum ionotropic glutamate
receptor (iGIuR) antagonist kynurenic acid (2ZmM) as shown in figure 5.8 (Ctrl 0.06+0.01
SICs/min; post Kyn LTS 0.2240.08 SICs/min; Student’s t-test p=0.03; n=15, 8, respectively)
indicating that ionotropic NMDA and AMPA receptor activation is not necessary for LTE

induction.
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Figure 5.8: LTE does not involve iGluRs. A) Top trace shows example of control recording exposed to
Kynurenic acid (2mM) in absence of stimulation. SICs are indicated with red asterisks. Trace below shows an
example after LTS protocol including kynurenic acid. B) Bar graph shows the mean SIC frequency for control
and post LTS protocol including Kynurenic acid.

5.9 LTE is induced via group I mGluR

Since group I mGIuR activation elicits astrocytic [Ca”']; elevations and subsequent glutamate
release in the VB thalamus [Parri et al., 2001], we then tested the potential role of group I
mGluRs in LTE using the mGluRS antagonist MTEP (50uM) and mGIluR! antagonist
CPCCOEt (200uM). Experiments were compared to spontaneous SIC frequency and post
LTS SIC frequency, revealing that the presence of mGIluR antagonists during LTS prevents
LTE induction as shown in figure 5.9.1. The LTS protocol induced a significant increase in
SIC frequency compared to spontaneous frequency (Spont 0.069+0.013 SICs/min, n=35; post
LTS: 0.14+0.03 SICs/min; Student’s t-test p=0.01; n=35, 13, respectively). In contrast, SIC
frequency after the LTS protocol with MTEP and CPCCOEt was 0.056+0.02 SICs/min (n=8).
This was not increased above normal spontaneous SIC frequency (Student’s t-test p=0.7), and
was significantly less compared to the LTS protocol without the mGIluR blockers (p=0.04).

LTE induction therefore requires mGluR activation.
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Figure 5.9.1: Group I mGluR receptors are involved in LTE induction. A) Top trace shows normal
spontaneous activity. Middle trace shows a SIC prevalence after LTS protocol. Bottom traces shows SIC
frequency after LTS protocol with group I mGluR antagonists CPCCOEt (200uM) and MTEP (50uM). SICs are
indicated with asterisks. B) Bar graph comparing the mean SIC frequency in spontaneous, post LTS and post
LTS with CPCCOEt (CPC) and MTEP (M).

To confirm the role of group I mGluRs, slices were exposed to the selective agonist DHPG
(100pM) for 60mins in the absence of synaptic stimulation. Recordings made after DHPG
wash-out showed that this treatment also resulted in significant increase in SIC frequency as
shown in figure 5.9.2A-B (Ctrl 0.06+0.01 SICs/min; post DHPG 0.25+0.11 SICs/min; 1-tail
Student’s t-test p=0.04; n=15, 13, respectively). Furthermore, analysis of the time span for the
post DHPG induced SIC enhancement confirmed that group I mGluRs play a role in LTE as

the increased frequency was maintained for up to an hour as shown in figure 5.9.2C.

The previous study in the VB thalamus used acute bath application of group I/II agonist
1S,3R-ACPD that was shown to elicit astrocytic Ca”" increases and SICs [Parri ef al., 20017.
Here, prolonged exposure to ACPD (100pM), however, did not induce LTE (Ctrl 0.06+0.01
SICs/min; post ACPD 0.061+0.03; 1-tail Student’s t-test p=0.5; n=15, 10 respectively).
Whilst DHPG increased SIC frequency above control mean+S.EM (0.073) in 53% of the cells,
only 50% of the cell post ACPD exhibited SICs at all (data not shown).
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appearance of the Ca’* peaks between the groups. The proportion of Ca’’ peaks of =5
fluorescence (F) units out of the total number of peaks per astrocyte was assessed: no
difference was found between the control and post stimulated slices (Ctrl 33.8+5%; Post LTS
28.2+5.7%; Student’s t-test p=0.2; Fig. 5.10.2C).
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Figure 5.10.2: LTS does not increase frequency of [Ca’"]; elevations. A) Bar graph shows the mean number
of active astrocytes within the imaged field in control and post LTS slices. B) Bar graph shows the mean number
of [Ca®*}; elevations per minute. C) Bar graph shows proportion of Ca’* peaks over 5F units.

5.11 Discussion

Here, we showed that prolonged synaptic stimulation induced long term enhancement of
SICs. This enhancement was sustained for an hour after ceasing the stimulation and was
insensitive to TTX demonstrating that LTE SICs were neither mediated nor dependent on
ongoing neuronal activity. LTE induction required group I mGIluR activation and targeted
extrasynaptic NMDA-receptors. In addition, it was shown that LTE has a developmental

profile.

In contrast to moderate synaptic stimulation (Chapter 4), LTE was reliably induced by
prolonged synaptic stimulation. Stimulation of just one afferent pathway was sufficient to
elicit the increase in SIC incidence: Sensory stimulation showed stronger enhancement as
measured by the increase in incidence over the course of stimulation. This may be related to
the differential architecture of the sensory synapse (glomeruli) where astrocytes form more
intimate contact with the synapse. Stronger LTE during sensory stimulation may therefore

have important functional roles.
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Consistent with spontaneous SICs shown in Chapter 3 (Fig. 3.4), LTE SICs were inhibited by
NMDA-receptor antagonists. Previous studies demonstrated that SICs were mediated by
extrasynaptic NMDA-receptors containing NR2B subunit [Fellin et al., 2004; D’Ascenzo et
al., 2007; Shigetomi et al., 2008], and indeed NMDA-receptors in the hippocampus are
composed almost exclusively of NR2A and NR2B subunits [Wenzel et al., 1997]. Here,
ifenprodil reduced the LTE SIC amplitude significantly, whilst neuronal PSC was not
affected, demonstrating that SICs in the VB thalamus target NMDA-receptors at extrasynaptic
locations as well. However, 75% of the SIC current still persisted which may reflect the
presence of other subunits with slow kinetics such as NR2C that is abundantly expressed in
the thalamus by P21 [Wenzel ef al., 1997]. The fact that SICs displayed similar properties to
spontaneous SICs indicates that induction of LTE does not require a new signalling source but

an actual increase in SIC frequency.

The LTE induction mechanism involved presynaptic glutamate release acting on, presumably
astrocytic, group I mGluRs. This was proved by several experiments. First of all, presynaptic
glutamate release was sufficient to induce the LTE, as in the presence of broad spectrum
iGluR antagonist Kynurenic acid, postsynaptic current was completely abolished thus
preventing any secondary glutamate release from the postsynaptic neurons (data were not
shown). LTE induction however was unaffected demonstrating that iGluRs on astrocytes were
not involved. An increase in glutamate uptake appeared not to play a major role either as in
the presence of broad spectrum transporter inhibitor TBOA, LTE induction was not affected.
LTE induction was mimicked by long term exposure to group I agonist DHPG but prevented
in the presence of group I antagonists MTEP and CPCCOEt. Group I mGIuR includes two
subtypes: mGIuR1 and mGIuRS. To distinguish whether there was difference between
activation of these two receptors will require further experiments, but mRNA expression
studies have shown pronounced expression of mGIluR5 on thalamic astrocytes and only weak

expression of mGIluR1 [Biber et al., 1999], suggesting mGluR5 may play more profound role.

An involvement of group I mGIuR is in agreement with many previous studies showing that
agonist application increased SIC frequency, and antagonist application during stimulation
prevented it [Parri ef al., 2001; Angulo et al., 2004; Fellin et al., 2004; D’Ascenzo et al.,
2007]. The difference is that these studies showed the effect with acute application whereas
here, mGluR activation required at least 30 minutes of stimulation. Most surprisingly, LTE

was not accompanied by enhanced astrocytic Ca** signalling as shown in the previous studies
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using acute agonist application. Neither the number of active astrocytes nor the frequency of

each astrocyte was affected. Several explanations could account for this:

First of all, the resolution of the imaging method means that detected Ca”* elevations are most
likely somatic in origin. Therefore, Ca’" elevations occurring in processes may go undetected.
Astrocytic vesicles containing glutamate are shown to be located at the processes in close
proximity to neuronal synapses [Bezzi et al., 2004; Montana et al., 2004; Jourdain er al.,
2007; Xu et al., 2007]. Combining this with the studies showing higher frequency of Ca®*
increases in processes relative to soma and that Ca’* propagation into processes coincide with
SICs [Pasti et al., 1997; Fellin et al., 2004], suggest that the signalling in processes may be
the crucial factor where glutamate release is concerned. Furthermore, whisker stimulation
evokes group I mGluR mediated Ca®" elevations in the barrel cortex and increases in the
processes occurred approximately 1s earlier than in soma [Wang ef al., 2006]. Therefore, the
fact that SIC frequency was increased without a change in somatic Ca’" may reflect a greater
degree of Ca’* signalling in processes which do not propagate to the soma. Alternatively, as
spontaneous Ca’’ increases have been shown to propagate into processes with a delay
compared to soma [Parri e al., 2001], higher proportions of somatic Ca”" increases may have
propagated into processes to induce vesicle release in post LTS slices. It is also possible that
glutamate release may not be dependent on Ca’* per se. Even if the glutamate was released
from the synaptic vesicles, a recent study by Holt ez al. [2008] suggests that synaptic vesicles
are active fusion machines needing only synaptoprevin for activity. In addition, they

demonstrated that the fusion was not accelerated but rather slowed by Ca®".

Furthermore, alternative glutamate release mechanisms to Ca”>" dependent/independent vesicle
release should be considered. As described in the introduction, several mechanisms for
gliotransmission exist such as swelling induced release. For example, mGIluR stimulation may
lead to depolarisation of the astrocyte membrane with resultant K efflux and Na' influx
[Hansson & Ronnbick, 1995]. Accumulation of extracellular K can then lead to neuronal
depolarization and additional glutamate release. The secondary glutamate release and increase
in extracellular K* causes K’ accumulation in astrocytes leading to swelling and possible
swelling induced glutamate release. The mGluR dependent swelling of astrocytes has also

been reported elsewhere [Yuan & Wang, 1996].
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Increases in SIC frequency may also be due to extension of zisffbglial filopodia in response to
glutamate stimulation as occurs in cultures [Cornell-Bell ef al, 1990]. Interestingly,
synaptically released glutamate in response to whisker stimulation has been shown to increase
astrocytic coverage of the synaptic bouton-spine interface in the cortex in vivo [Genoud et al.,
2006]. Therefore, it is possible that long term stimulation causes astrocytic processes to adopt
more intimate contact with synapses in situ. In support for this is the observation that even
though LTE SICs on average were not changed in amplitude or kinetics, which suggest an
increase in the properties of GT release rather than changes in neurons, the cumulative
population distribution analysis revealed a higher proportion of smaller SICs after LTS.
Considering that glutamate may be released from multiple sites and diffuses variable
distances across the extracellular space, a decrease in diffusion distances due to increased
physical contact with the synapse [Piet ef al., 2004] might account for increased detection of

lower amplitude SICs.

The developmental profile of LTE induction may reflect the physical changes, such as
changes in the synaptic structures and afferent connections, occurring during the first 3 PN
weeks in the VB thalamus. Therefore, more mature connectivity will have a stronger impact
on neuron-to-astrocyte signalling and vice versa. As discussed in the chapter 3, astrocytes
themselves also undergo developmental changes. Therefore, astrocytes may acquire the
facility to express LTE during maturation. The fact that the degree of LTE increased
regardless of the change in postsynaptic charge is consistent with previously shown data
(chapter 4) that SIC frequency was not dependent on PSC amplitude. Taken together, these
findings suggest that long term enhancement of gliotansmitter signalling may have important

physiological roles in the functioning adult brain.

In conclusion, we have shown an increase of astrocyte mediated signalling that far outlasts the
inducing stimulus and thus represents a glial “memory” of previous neuronal synaptic
activity. Previously, an increase in SICs has been only shown to occur for a maximum of 5
minutes post stimulation [Fellin et al., 2004; D’Ascenzo et al., 2007]. However, astrocytic
Ca®" signalling has been demonstrated to undergo plasticity and long lasting (>3h) increase in
Ca’" oscillation frequency after repetitive episodes of neuronal stimulation and mGIluR
activation [Pasti et al, 1997]. This was also proposed to represent astrocytic memory of
previous neuronal activity and may therefore be related to the findings presented here if any
future experiments will reveal an increase in Ca’" signalling in the astrocytic processes

following LTE induction.
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6.1 Increasing cytosolic Glu does not increase SIC ftequency

Before testing the effect of external glutamate application, we first assessed whether
increasing astrocytic glutamate levels by accumulating glutamate within the slices into
astrocytes would enhance SIC frequency. Considering that LTS led to LTE over a 30 minute
time period, and that inhibiting glutamate conversion into glutamine with MSO during
moderate synaptic stimulation did not affect SIC frequency (Fig. 4.7), a longer time may be
required to increase cytosolic Glu concentrations. Therefore, slices were exposed to MSO
(1.5-5mM) for =60 minutes prior to experimenting. As shown in figure 6.1, this led to a
small, although not significant, increase in the SIC frequency compared to spontaneous P10-
15 shices (Spont 0.069+0.013 SICs/min; MSO 0.14+0.06 SICs/min; Student’s t-test p=0.1;
n=35, 6 respectively). The increase in frequency was not dependent on the MSO
concentration (r’=0.01, Pearson’s correlation p=0.8; data not shown). These results suggest
that in absence of continuing synaptic activity or external mGIuR activation, there is not

enough glutamate present in astrocytes/slices to increase spontaneous SIC frequency.
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Figure 6.1: Prolonged MSO treatment slightly increases SIC frequeney. A) Top trace shows normal
spontaneous recording and trace below shows recording after pre-incubation in MSO (2.5mM). SICs are
indicated with red asterisks. B) Bar graph comparing mean SIC frequency in spontaneous control slices and after
MSO pre-incubation.
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6.2 Long term exposure to Glu leads to “chemical” form of LTE

We next exposed the slices to external glutamate (Glu) by pre-incubating them in 200uM Glu
for =60 minutes prior to experimenting. Kyn (2mM) was included in the pre-incubation
medium to protect against tonic NMDA-receptor activation without preventing glutamate
induced mGluR activation. Kyn pre-incubation alone did not have any effect on the
spontaneous SIC frequency (Spont. 0.069+0.013 SICs/min {P10-15}; Kyn 0.062+0.01
SICs/min, Student’s t-test p=0.75; n=35, 15 cells, respectively). Therefore spontaneous and
Kyn data were pooled together and used as control. As shown in figure 6.2.1, pre-incubation
with glutamate led to a substantial increase in spontaneous SIC frequency: The average SIC
frequency after pre-incubation was increased by 1800% compared to control SIC frequency
(Ctr] 0.066+0.01 SICs/min; Glu 1.2640.2 SICs/min; Student’s t-test p<0.005; n=50, 25 cells

respectively).
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Figure 6.2.1: Glutamate pre-incubation increases SIC frequency. A) Top trace showing representative
recording from a control slice (Kyn pre-incubated) and the trace below shows a recording from Glu (200uM)
pre-incubated slice. SICs are indicated with red asterisks. B) Bar graph showing the mean SIC frequency in
control and Glu (200uM) pre-incubated slices. (Statistical significance is presented as p<0.05 *, p<0.01 ** or
p<0.005 *¥*),

The stability of Glu pre-incubation induced SIC enhancement was then analysed in the same
way as SIC frequency in post LTS slices. SIC frequency from control slices (n=50) was
compared to SIC frequency from pre-incubated slices (n=25) in 5 minutes bins over a 30
minute recording period. As seen in figure 6.2.2, Glu pre-incubation also induced a long
lasting increase in SIC frequency, thus revealing a “chemical” form of LTE (Student’s t-test

p<0.005).
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Figure 6.2.2: Glu pre-incubation induces “chemical” LTE. A) Recording from Glu pre-incubated slice
showing high SIC frequency. Examples of 3 SICs are expanded beneath. B) Mean scatter plot illustrating SIC
frequency in control (black) and Glu pre-incubated (white) slices in 5 minute bins over a 30 minute recording.

6.3 Glutamine pre-incubation also increases SIC frequency

As glutamine 1s converted to glutamate in neurons by glutaminase enzyme, we tested whether
pre-incubating slices in glutamine (1mM) leads to an increase in SIC frequency. This may
occur indirectly via enhanced spontaneous glutamate release from the neuronal presynaptic
terminals [Szerb & O’Regan, 1984; 1985], which may then increase Glu supply at the synapse
and consequently activate astrocytes. In addition, direct conversion of glutamine to glutamate
may occur in astrocytes [Bowyer ef al., 1995] thus increasing the astrocytic glutamate stores.
As shown in figure 6.3, pre-incubating slices in just glutamine did, indeed, increase the SIC
frequency compared to Kyn pre-incubated control slices (Ctrl 0.06+0.01 SICs/min; Gln
0.540.2 SICs/min; Student’s t-test p=0.0007; n=15, 4 cells respectively). This together with
Glu pre-incubation results suggest that increase in glutamate supply leads to enhancement of

spontaneous astrocytic gliotransmission release.
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6.4 “Chemical” LTE SICs are similar to spontaneous SICs

We then compared SICs induced by Glu pre-incubation with the spontaneous control SICs to
assess if their properties and behaviour were similar. After a control recording period, TTX
(1uM) was bath applied. As expected, SICs were insensitive to TTX (Ctrl 0.85+0.24: TTX
0.69+0.17; paired Student’s t-test p=0.3; n=5 cells, Fig. 6.4.1).

v/

A

Pre-incubated + TTX

Yoo % * %

100

Frequency (%)
(4.4
(=2

J 200pA

255 0

Figure 6.4.1: “Chemical” LTE SICs are TTX insensitive. A) Recording from pre-incubated slice showing
insensitivity to TTX (1uM). SICs are indicated with red asterisks. B) Bar graph showing the percentage change
of SIC frequency in presence of TTX in respect to control.

Cumulative probability distribution graphs in figure 6.4.2 show that SICs from Glu and Gln
pre-incubated slices were often larger in amplitude and slower in kinetics (Ctrl n=134, Glu
n=948 SICs; K-S test p<0.001, all parameters). The mean values are listed in table 6.4.2:
mean amplitude was significantly increased in pre-incubated slices (Student’s t-test p<0.005),

whereas other mean parameters were not different (p>0.06).
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Figure 6.4.3: “Chemical” LTE SICs are inhibited by D-AP5. A) Recording from Glu pre-incubated slice
showing high SIC frequency that is reversibly inhibited by D-APS5 (50uM). Shift in baseline in response to D-
APS is due to tonic glutamate activation. B) Bar graph showing SIC frequency change during D-APS5 application
and during wash-out in respect to control.

Amplitude (pA)

Area (pA*ms)

Rise time (ms)

Decay time {(ms)

Ctrl AP5 Ctrl AP5 Ctrl AP5 Ctrl APS
Mean 231.0 142.1 115959.5 81105.5 159.0 225.0 618.7 738.1
Median 141.9 78.0 33020.4 28343.7 100.4 165.3 317.8 490.3
Std.Dev 220.9 172.6 243986.6 125600.8 217.5 208.8 894.4 803.6
Std.Err 14.7 27.3 16194.0 19859.2 14.4 33.0 59.5 127.1

Table 6.4.3: “Chemical” LTE SIC parameters for ctrl vs. D-AP5. Ctrl n=277 SICs; APS n=40 SICs.
Amplitude p=0.01 (bolded), other parameters p>0.07.

Ifenprodil (10uM) also reduced both frequency and amplitude of SICs. Frequency was
reduced to 47.2+8.5% of the control (Ctrl 1.83+0.87 SICs/min; Ifen. 0.8+0.4 SICs/min; paired
Student’s t-test p=0.025; n=3 cells). The remaining 24 SICs compared to 139 SICs during
control period, were 64.4% smaller in amplitude (Student’s t-test p=0.05), whilst other
parameters were not different (p>0.1). Figure 6.4.4 summarises the frequency data and mean

values for SIC parameters are listed in table 6.4.4.

Amplitude (pA) Area (pA*ms) Rise time (ms) Decay time (ms)

Ctrl Ifen Ctrl ifen ctrl Ifen Ctrl Ifen
Mean 251.5 89.6 110305.2 28230.7 126.7 137.2 558.2 444.0
Median 100.7 66.6 26533.5 13427.7 99.2 93.9 333.3 350.9
Std.Dev 403.3 63.5 287902.1 28954.4 94.5 135.8 735.9 455.6
Std.Err 34.2 13.0 24419.5 5910.3 8.0 27.7 62.4 93.0

Table 6.4.4: “Chemical” LTE SIC parameters for ctrl vs Ifenprodil. Ctrl n=139 SICs; Ifen n=24 SICs.
Amplitude p=0.05 (bolded), other parameters p>0.1.
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Figure 6.4.4: “Chemical” LTE SICs are inhibited by ifenprodil. A) Top traces shows recording from pre-
incubated slice with high SIC frequency and below same TC neuron in presence of Ifenprodil (10pM) showing
reduced SIC amplitudes. B) Bar graph showing the average frequency change in presence of Ifenprodil in respect
to control.

6.5 The temporal profile of “chemical” LTE

Slices were pre-incubated for different durations prior to recording. As shown in figure 6.5.1,
increase in SIC frequency was strongly correlated with the glutamate incubation time (r*=0.3,
Pearson’s correlation p=0.003; n=25 cells). Mean SIC frequency in slices incubated for less
than 2 hours was 0.43+0.1 SICs/min whereas after incubating for 5-6 hours, it was 2.68+0.1
SICs/min (Student’s t-test p>0.000). In contrast, control slices incubated in Kyn (2mM)

showed no change in SIC frequency as expected (*=0.06, p=0.4; n=15; Fig. 6.5.1).

In addition to increase in frequency, SIC kinetics became slower with longer incubation times
as shown in figure 6.5.2 (Area r2=0A9, Pearson’s correlation p=0.0002; rise time r2=0.85,
p=0.0004; decay time r’=0.8, p=0.001). Amplitude did not show significant correlation with
the incubation time (r2=0.3, p=0.1). In contrast, SICs in control conditions did not show any
changes in SIC parameters (Ctrl amp r’=0.1, p=0.6; rise r’=0.06, p=0.8; area r’=0.06, p=0.6;
decay r’=0.2, p=0.6).
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6.6 “Chemical” LTE displays developmelital profile

The developmental profile of the effects of pre-incubation was assessed as shown in figure
6.6.1A-C. The overall frequency from Glu pre-incubated slices was 0.23+0.07 SICs/min
during the 1* PN week (n=4 cells), 1.26+0.2 SICs/min during the 2™ (n=25) and 0.56+0.16
SICs/min during the 3" (n=10) PN week. Significance between different age groups was
compared from slices incubated between 3.5-5 hours only to control the incubation time
dependent effect (Fig. 6.6.1D). Frequency of 0.23+0.07 SICs/min for 1 PN week (n=4) was
significantly less than frequencies from 2™ and 3™ PN week (Wk2 1.67+0.38 SICs/min, n=10,
Student’s t-test p=0.04; Wk3 0.78+0.18 SICs/min, n=7, p=0.05). Although the frequency
during the 2™ week was highest, it was not significantly different to the 3™ week (p=0.08).
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Figure 6.6.1: “Chemical” LTE shows developmental profile. A) Example trace from PN wk 1 pre-incubated
slice. SICs are indicated with asterisks and expanded beneath. Scales are same for all traces (top scale for long
recordings, bottom scale for SICs). B) Example from 2™ PN week pre-incubated slice. C) Example from 3™ PN
week pre-incubated slice. D) Bar graph comparing the SIC frequency between age groups from slices incubated
between 3.5-5 hours only.
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Differences in SIC properties at different ages are illqurated in figure 6.6.2. Only SICs from
slices incubated for 3.5-5h are included for comparison. The amplitude of the SICs was
significantly higher during the 2" PN week compared to the 1% and 3™ (wk1 127.3£27.1pA,
n=29 SICs, Student’s t-test p=0.002; wk2 265.3+11.7pA, n=420 SICs; wk3 114.0+10.1pA,
n=72, p<0.005). SIC area during the 3" week was significantly less (wk2 149547.1£19002.6
pA*ms; wk3 54818.7+10344.2 pA*ms, p=0.01). Other parameter were not significantly
different (p>0.2).
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Figure 6.6.2: SIC properties vs. age for pre-incubated slices. SICs from experiments (Statistical significance
1s presented as p<0.05 *, p<0.01 ** or p<0.005 ***),

6.7 Group I mGluR antagonists do not inhibit “chemical” LTE

We then investigated the mechanism of Glu pre-incubation induced LTE. Since LTS induced
SIC enhancement is via mGluRs, we first used the mGIuR antagonists MTEP (20uM) and (s)-
4-CPG (100-200uM) with Glu (200pM). Figure 6.7.1 summarises the results. The presence of
MTEP and CPG during the pre-incubation period did not block the Glu incubation induced
“chemical” LTE (Ctrl 1.04+0.45 SICs/min; MTEP+CPG 0.99+0.2 SICs/min; Student’s t-test
p=0.9; n=5, 6 cells respectively).
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6.8 Glu uptake via EAAT is required for “éhemical” LTE

Next we studied glutamate uptake transporter involvement in the induction of “chemical”
LTE. The broad-spectrum EAAT inhibitor TBOA was added to the pre-incubation medium
together with Glu (200uM). Figure 6.8.1 summarises data for Glu pre-incubation and Glu
incubation in presence of TBOA (300uM) in comparison to average SIC frequency in Kyn
controls. In these experiments Glu incubation induced a 4670% increase in SIC frequency
compared to spontaneous SIC frequency (Kyn 0.066+0.013 SICs/min; Glu 3.13+0.6
SICs/min; Student’s t-test p<0.005; n=15, 6 cells respectively). TBOA significantly
attenuated this Glu incubation induced increase in SIC frequency (GlW/TBOA 0.41+0.17
SICs/min; p=0.01; n=7). Glu incubation induced “chemical” LTE was not however
completely inhibited and the SIC frequency remained significantly higher compared to Kyn
controls (p=0.005) which may be attributable to mGIuR activation.

The decrease in “chemical” LTE in the presence of TBOA showed concentration dependency
as seen in figure 6.8.1C. In respect to mean SIC frequency in Glu pre-incubated slices
(1.26+0.2 SICs/min; n=25 cells), TBOA at concentrations of 50uM (n=9) and 100uM (n=7)
did not cause significant reduction (50uM 1.5219+0.4029 SICs/min, p=0.5; 100uM
0.75+0.49, p=0.3).

Mean SIC properties from Glu pre-incubated, and Glu pre-incubated in presence of 300uM
TBOA were compared. Mean amplitude was significantly lower in TBOA treated slices (Ctrl
268.4+12.3pA; TBOA 154.3£19.2pA; Student’s t-test p<0.005; n=334, 76 SICs respectively)
although SIC area was not different (Ctrl 113107.1x15335.3 pA*ms; TBOA
96849.3+32250.3 pA*ms; p=0.6). On the other hand, TBOA treated slices had slower kinetics
(Rise time: Ctrl 155.4+12.2ms, TBOA 250.3+76.8, p=0.03; Decay time: Ctrl 538.7+46.6ms,
TBOA 812.2+175.4ms, p=0.04). Data is presented in figure 6.8.2.
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Figure 6.8.1: “Chemical” LTE is inhibited by TBOA. A) Top trace shows a control recording (pre-incubated
in Kyn, 2mM). Middle trace shows a recording from Glu (200uM) pre-incubated slice and trace at the bottom
shows recording from a slice incubated in Glu (200pM) and TBOA (300uM). B) Bar graph compares the mean
SIC frequency from control slices (Kyn) to Glu pre-incubated and GlwTBOA pre-incubated slices. C) Mean SIC
frequency in Glu pre-incubated and in presence of different TBOA concentrations.
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Figure 6.8.2: SIC properties in Glu vs Glu/TBOA pre-incubated slices. (Statistical significance is presented
as p<0.05 *, p<0.01 ** or p<0.005 ***),
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6.9 D-Aspartic acid reproduced the “chéhﬁéal” LTE

Aspartic acid acts as a selective agonist for the NMDA-receptor and is a substrate for EAAT
transporters (D’Aniello, 2007). Thus, D-Aspartic acid (D-Asp) (200uM) could be used to
further examine the involvement of glutamate transporter activity in the pre-incubation
induced LTE. As shown in figure 6.9.1, pre-incubation in D-Asp led to a similar “chemical”
LTE as did pre-incubation in Glu (200uM). SIC frequency from D-Asp pre-incubated slices
(0.74+0.23 SICs/min, n=10) was compared with controls (Kyn 0.062+0.01 SICs/min, n=15)
and Glu pre-incubated slices (1.26+0.2 SICs/min, n=25). The D-Asp induced increase in SIC
frequency was significantly higher than control slices (Student’s t-test p=0.001), but
insignificant to Glu induced LTE (p=0.15). Furthermore, the results showed similar
incubation time dependent increase in SIC frequency as during Glu pre-incubation (r*=0.76,
Pearson’s correlation p=0.001; Fig. 6.9.1C). Less than 2h pre-incubation (n=3) resulted in
frequency of 0.14+0.02 SICs/min compared to 1.28+0.3 with over 3 hours pre-incubation
(n=5).

A B

Asp pre-inc. (1h) — *kk
=
— e—— E 16
S 12
n
> 0.8
c 04
Q
_[100pA o 0.0 ===
200ms lio- E. 3 %
¥ O <«

Asp pre-inc. (6h)

*kk s L2 T2 TR 4

L I

e

_J 200pA

50s

Frequency (SICs / min)

e Kyn Incubation time (h)
@ Asp

Figure 6.9.1: D-Asp mimics the Glu pre-incubation induced LTE. A) Top trace shows an example recording
from a slice pre-incubated in D-Asp (200uM) for 1 hour. SICs indicated with red asterisks and example
expanded beneath. Trace below shows an example recording from a slice incubated for 6h. B) Bar graph
comparing the SIC frequency from control (Kyn pre-incubated, 2mM), Glu (200uM) pre-incubated and D-Asp
pre-incubated slices. C) Scatter plot showing SIC frequency in respect to incubation time (hours) in control
conditions and D-Asp pre-incubation.
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D-Asp pre-incubation induced SICs (n=183) were characferiséd and compared to spontaneous

control SICs (n=134). Mean values are listed in table 6.9.1. Amplitude was significantly
higher after D-Asp pre-incubation (Student’s t-test p<0.005). Other parameters were not
significantly different (p>0.1).

Amplitude (pA)
Ctrl Asp

Decay time (ms)
Ctrl Asp

Area (pA*ms)
ctrl Asp

Rise time (ms)
Ctrl Asp

Mean 148.5 255.8 328665.7 116218.3 165.4 156.2 1316.7 553.8
Median 94.7 155.0 16438.9 42511.0 68.0 100.6 231.6 322.7
Std.Dev 146.2 243.4 3060496.2 226241.7 469.0 160.6 77421 787.8
Std.Err 12.6 18.0 265378.7 16724.3 40.5 11.9 668.8 58.2

Table 6.9.1: D-Asp incubation induced SIC parameters. Amplitude was significantly different (p<0.005;
bolded), but other parameters did not differ significantly (p>0.1).

Furthermore, we assessed TTX insensitivity and the involvement of NMDA-receptors on the
D-Asp induced SICs. Figure 6.9.2 summarises the data. As expected, TTX (1uM) did not
have any effect on the frequency (Ctrl 1.28+0.3 SICs/min; Asp 1.04+0.3 SICs/min; paired
Student’s t-test p=0.3; n=5 cells) and SICs were reversibly blocked by D-AP5 (50uM).
Frequency was reduced from 1.43+0.3 SICs/min to 0.36+0.15 SICs/min in presence of D-AP5
(Paired Student’s t-test p=0.01; n=4), and returned to 0.66+0.2 SICs/min during D-AP5 wash-
out (p=0.02). These results demonstrate that D-Asp induces SICs that express similar kinetics

and properties to normal spontaneous and Glu incubation induced SICs.
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Figure 6.9.2: D-Asp induced SICs are TTX insensitive and NMDA-R mediated. A) Example recording from
D-Asp pre-incubated slice showing that SIC were TTX insensitivite (1uM) but reversibly inhibited by D-AP5
(50uM). B) Bar graph showing mean SIC frequency in presence of TTX in respect to control. C) Bar graph
showing mean SIC frequency in control, in D-AP5 and during wash-out.
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6.10 p-Asp uptake confirms the role of EAAT in “chemical” LTE

To test whether D-Asp induced “chemical” LTE by uptake mechanism rather than direct
action on NMDA-receptors, TBOA (150-300pM) was included in the pre-incubation medium
(D-Asp, 200uM). As shown in figure 6.10, TBOA inhibited the “chemical” D-Asp LTE also
in a concentration dependent manner. SIC frequency from slices treated with a =2 hour pre-
incubation period in D-Asp (1.0+0.28 SICs/min; n=7) was compared to events from slices
pre-incubated in the presence of TBOA. A concentration of 150uM did not inhibit the
“chemical” LTE (0.91+0.26 SICs/min; Student’s t-test p=0.8; n=3), whereas at concentration
of300pM, the frequency was decreased by approximately 85% (0.15+0.07 SICs/min; p=0.02;

n=6) compared to D-Asp pre-incubation.
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Figure 6.10: TBOA inhibits D-Asp induced “chemical” LTE. A) Top trace shows recording form a slice pre-
incubated in D-Asp (200uM) and trace below shows a recording from slice incubated in D-Asgp and TBOA
(300uM). SICs are indicated with red asterisks. B) Bar graph showing the mean SIC frequency for slices
incubated just in D-Asp or in presence of TBOA.
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6.11 mGluR activation does not enhance p-Asp induced LTE

We showed previously that long term exposure to DHPG (100pM) mimicked the LTS
induced LTE (Fig. 5.9.2). Since D-Asp acts on NMDA-receptors but not mGIluRs, we next
studied whether pre-incubation in D-Asp together with the mGluR agonist DHPG would
further augment the “chemical” LTE. However, pre-incubation in D-Asp (200uM) with
DHPG (100uM) did not further increase the SIC frequency as shown in figure 6.11,
suggesting saturation of the system. Mean frequency after D-Asp/DHPG pre-incubation was
0.56+0.11 SICs/min (n=5) compared to 0.74+0.23 SICs/min with D-Asp alone (n=10;
Student’s t-test p=0.6).
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Figure 6.11: DHPG does not augment the D-Asp induced “chemical” LTE. A) Example recording from slice
pre-incubated in D-Asp (200uM) with DHPG (100pM). B) Bar graph comparing the mean SIC frequency from
D-Asp and D-Asp/DHPG pre-incubated slices.

To assess whether DHPG in addition to D-Asp had any effect on SICs, we compared SICs
from D-Asp pre-incubation experiments with SICs from D-Asp/DHPG pre-incubated slices.
Mean values are listed in table 6.11. Rise times were significantly longer after pre-incubation
with D-Asp/DHPG (Student’s t-test p=0.03; Asp n=183; Asp/DHGP n=83), but other

parameters were not different (p>0.5).

' Amplitﬁdei(pA') Area (bA"fms) 7 ' Ri'se_rtime (nds) ' »De'caytirmre (rﬁs):" 'v

Asp  Asp/DHPG Asp Asp/DHvPVG Asp  Asp/DHPG Asp Asp/DHPG

Mean 255.8 234.2 116219.3 1495029.1 156.2 231.3 553.8 555.6
Median 155.0 146.4 42511.0 27180.7 100.6 88.8 322.7 279.7
Std.Dev 243.4 242.0 226241.7 493764.4 160.6 405.0 787.8 755.9
Std.Err 18.0 26.6 16724.3 54197.7 11.9 44.5 58.2 84.0

Table 6.11: Asp vs Asp/DHPG induced. Rise time was significantly different (p=0.03, bolded), whereas other
parameters were not.
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6.12 Discussion

Here, we showed that increasing extracellular glutamate concentration induces long term
enhancement of SIC frequency, which was termed “chemical” LTE. This increase was
attributable to glutamate uptake via EAAT. “Chemical” LTE SICs shared the same basic
properties as spontaneous SICs presented in Chapter 3: they were similar in kinetics,

insensitive to TTX and inhibited by the NMDA-receptor antagonist D-AP5.

Glutamate uptake into the astrocytes played the major role in “chemical” LTE as the broad
spectrum EAAT antagonist TBOA significantly reduced it. It is noteworthy that SIC
prevalence after GIwW/TBOA incubation was still significantly higher than spontaneous
frequency in control slices. Therefore, it is likely that a proportion of the “chemical” LTE was
due to mGIuR activation. D-Asp, which is a substrate for EAA transporter [D’Aniello, 2006],
also induced “chemical” LTE, thus confirming the central role of EAA uptake into astrocytes.
Presynaptic amino acid uptake and subsequent spontaneous release cannot be excluded, but it
is unlikely as all chemically induced SICs shared the same properties as the well established
SICs from non-neuronal origins (see introduction and chapter 3). Furthermore, as D-Asp is an
agonist only for NMDA-receptors [D’Aniello, 2006], it confirms the central role of NMDA-
receptors being the target for gliotransmission. Considering the slow variable kinetics of these

SICs, they are most likely extrasynaptic as discussed before in chapter 3.

Surprisingly, the increase in SIC frequency by Glu/Asp pre-incubation exhibited strong
temporal dependency. It may be that the time dependent increase was due to insertion of new
EAA transporters which has been shown at least on cultured astrocytes in response to Glu
exposure [Duan et al., 1999]. This would increase uptake rate over time and potentially aid
building up of cytosolic glutamate in astrocytes. Increase in surface expression of GLASTSs
was shown to be triggered by transporter activity itself rather than activation of glutamate
receptors, which may explain why the results presented here as well as in the previous study

were reproduced by D-Asp [Duan et al., 1999].

The finding that D-Asp induces SICs adds even further complexity to the possible
gliotransmitter release mechanism. As we showed in the previous chapter, LTE was
surprisingly not accompanied with changes in astrocytic somatic Ca’* elevations, thus

questioning the consensus of Ca** dependent gliotransmission. D-Asp (and Glu) has been
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shown to be released from astrocytes via P2X; hemichannels and swelling induced

mechanisms, which all are considered as more pathological than physiological conditions
[Rutledge & Kimelberg, 1996; Duan et al., 2003; Ye et al., 2003]. Furthermore, vesicular
glutamate transporters have been shown not to transport aspartate [Fremeau et al., 2001].
However, some evidence suggests that D-Asp is stored in synaptic vesicles-like structures at
nerve endings in conjunction with other AAs [D’ Aniello, 2006]. Therefore, SICs mediated via
Ca™* dependent/independent vesicle release in pre-incubated slices is not completely ruled

out.

We also tested glutamine induced enhancement of glutamate release which has been
previously shown in cell cultures and hippocampal slices [Szerb & O’Regan, 1984; 1985].
Here, glutamine incubation led to a significant increase in SIC frequency. However, the
increase was not as intense as with Glu pre-incubation, rather it reached the same level as
with the LTS protocol. This suggests that the SIC increase was due to an indirect
enhancement of spontanecous presynaptic Glu release acting on astrocytic mGluRs or
glutamate uptake, rather than directly in astrocytes. However, several Na'-dependent
glutamine transporter genes have been isolated and studies in rats indicate that ASCT2/ATB’,
for example, is expressed on glia [Bode, 2001; Heckel et al., 2003]. Transporters have been
shown to mediate both influx and efflux; therefore it is possible that astrocytic amino acid
transporters are also involved in uptake of glutamine [Broer et al, 1999]. Indeed, some
studies suggest that enzymatic conversion of glutamine to glutamate within glia may be an
important factor in the glutamine-mediated elevation of extracellular glutamate levels
[Bowyer et al., 1995; Kvamme et al., 2001]. The mechanism of Gln induced enhancement of
SICs was not studied further at this point, but these results support the idea that increasing
external glutamate supply directly or indirectly is a critical factor in enhancement of

spontaneous SIC frequency.

The degree of “chemical” LTE varied across the developmental period; the 2" PN week
exhibited the most profound increase. Interestingly, SICs during this week were again higher
in amplitude which is consistent with spontanecous SICs presented in chapter 3. Although
more data will be needed to assess the degree of “chemical” LTE to its full extension, it is
interesting to note that slices from the 1% PN week were hardly affected similarly to post LTS
LTE presented in chapter 5. Moreover, even though the overall post LTS LTE was highest
during the 3™ PN week, the second week appears to be most reliable. As discussed in chapter

3 and 5, this may be related to the developmental changes in the VB thalamus.
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7.1 Stimulation at different frequencies and durations does not
increase SIC frequency in pre-incubated slices

First, the effect of different stimulus durations and frequencies was assessed. Four different
stimulus durations (0.2s, 3s, 6s, 10s) or frequencies (1Hz, 5Hz, 10Hz, 50Hz) were delivered
on sensory or CT afferents after pre-incubating slices in Glu (200pM) for =2h to increase
spontaneous SIC frequency. Sen and CT stimulation data were pooled together. Mean SIC
frequency from the spontaneous control period was compared to mean SIC frequency over
60s after each stimulation. Figure 7.1 summarises the data. Apart from depression of SIC
frequency following 1Hz stimulation (from 0.3231+0.0533 to 0.0769+0.0769 SICs/min;
paired Student’s t-test p=0.02; n=13 cells), neither different stimulus durations (n=15) nor

different frequencies (n=13) had any effect on SIC frequency.
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Figure 7.1: Different stimulus durations and frequencies on pre-incubated slices. A) Protocol (top)
illustrating pattern of four different stimulus durations delivered to CT input. The responses are shown in the
example trace below, with SICs indicated by red asterisks. B) Protocol (top) illustrating different stimulus
frequencies pattern and below is an example trance of responses during Sen stimulation. C) Mean bar graph
showing the SIC frequency from spontaneous control period and following different stimulus durations. D)
Mean bar graph showing the SIC frequency from spontaneous control period and following different stimulus
frequencies. (Statistical significance is presented as p<0.05 *, p<0.01 ** or p<0.005 ***),
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7.2 Acute synaptic stimulation suppresses SIC activity

To assess the overall effect of stimulation on the SIC frequency, slices were first pre-
incubated in Glu (200pM). We then applied the optimal stimulus protocol (shown in Fig. 4.4)
first to their respective inputs (Sen 10s/20Hz; CT 0.2s/50Hz) and then simultaneously. The
experiment was constructed so that spontaneous activity was recorded for 10 minutes before
any stimulation period. Each stimulation period consisted of 4 stimulation episodes using the
optimal stimulus parameters at 60s inter-stimulus-intervals. Mean SIC frequency of the 10
minutes spontaneous recordings between any stimulation period was compared to mean SIC
frequency during each stimulation period. Interestingly, on average SIC frequency was
depressed during stimulation periods whilst appearing increased during the 10 minutes silent
periods between the stimulation episodes as shown in figure 7.2B. SIC frequency reduced
from 0.92+0.2 SICs/min to 0.63+0.13 SICs/min during Sen stimulation (Paired Student’s t-
test p=0.04; n=11 cells), from 0.88+0.18 to 0.59+0.14 during CT stimulation (p=0.1; n=9) and
from 0.83+0.2 to 0.35+0.13 during simultaneous stimulation (p=0.03; n=7). Overall there was

a 40% reduction during stimulation periods.
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Figure 7.2: SIC frequency decrease during stimulation in Glu loaded slices. A) Example trace from Glu
(200puM) pre-incubated slice showing baseline prior to CT stimulation (4 stimulation episodes of 5x0.2s/50Hz
stimuli). SICs are indicated with red asterisks. Thick vertical bars indicate stimulation artefacts. SIC incidence
over the 10 minutes silent period prior to the first stimulation was compared to the overall SIC incidence over the
stimulation episodes (including all 4 stimulation shown in the figure and 60s after the last stimulation). B) Mean
scatter plot showing the SIC frequency change during silent baseline (BI.1-3) periods and stimulation episodes.
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7.3 Stimulation suppresses SIC ratherﬂ tﬁan enhances them

Next we focused on a single stimulation episode to assess what happens before and aﬁef
stimulation. Slices were again pre-incubated in Glu (200uM) and then stimulated once either
on sensory (10s at 20Hz/SOHz) or CT (0.2s or 10s at 50Hz) afferents. A minimum of 5
minutes was recorded before and after the stimulation. As shown in figure 7.3.1C-D, SIC
amplitude was plotted against the time before and after stimulation to assess the change in
SIC frequency and SIC properties at the same time. Specific attention was given to the period
of 60s following synaptic stimulation as this corresponds to the typical inter-stimulus-interval
used here and in Chapter 4 (grey shadowed area following stimulation marked with red line).
After sensory stimulation (n=14), a slight decrease was observed in SICs prevalence after the

stimulation, whereas after CT stimulation (n=21), the difference was not as obvious.
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Figure 7.3.1: SICs pre and post stimulation in Glu incubated slices. A) Example of Sen stimulation on Glu
(200uM) pre-incubates slices showing high SIC frequency. Lightning bolt indicates the stimulation (10s/20Hz).
B) Example of CT stimulation (5x0.2s/50Hz) on pre-incubated slice showing SICs before but not after
stimulation. C) Dot plot showing SIC amplitude against time before and after Sen stimulation. Red line at O time
point indicates the stimulation time point. Grey area indicates an average inter-stimulus-interval period after the
stimulus. D) SIC amplitude against the time before and after CT stimulation.
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Mean SIC frequency was calculated 5 minutes before and after stimulation in 60 seconds bins

as shown in figure 7.3.2. During both sensory and CT stimulation, mean SIC frequency
appeared to be depressed for 1-2 minutes after the stimulation. This reduction, however, was
not significant when comparing the frequency over 60 seconds before and after stimulation
(Sen: pre stim. 1.43+£0.7 SICs/min, post stim. 0.36+0.17 SICs/min, paired Student’s t-test
p=0.17, n=14; CT: pre stim. 1.0+£0.2 SICs/min, post stim. 0.58+0.2 SICs/min, p=0.18, n=21).
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Figure 7.3.2: SIC frequency pre and post stimulation in pre-incubated slices. Mean SIC frequency was
calculated for a each 60 minute time period 5 minutes before and after stimulation. Mean bar graph on the left
shows data during sensory stimulation and on the right during CT stimulation.

7.4 Discussion

These results are in agreement with results shown in chapter 4 that despite evoking astrocytic
Ca”" elevations, synaptic stimulation does not evoke SICs. A trend towards a decrease in SIC
prevalence after stimulation was even more profound here when using the “chemical” LTE
slices. One possible explanation could be that the synaptically induced Ca’" increases were
above the threshold of feed forward signalling leading to an inhibition instead. As discussed
in the introduction, Ca>* propagation depends on Ca’*-dependent autocatalysis at least in cell
cultures, which means that at high [Ca®']; levels it can produce negative feedback
[Bezprozvanny et al., 1991; Kim et al, 1994]. Therefore, high somatic Ca’ level may
actually inhibit Ca’" dependent release in processes. Furthermore, recent studies suggesting
that Ca’" slows rather than enhances vesicle release [Holt et al., 2008], could account for the

reduction in SIC prevalence observed here after synaptic stimulation.
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Chapter 8

Final discussion

The key findings in this thesis are that /) moderate synaptic stimulation evoked astrocytic
[Ca®"]; elevations which did not elicit SICs, 2) long term synaptic stimulation induced an LTE
of SICs that far outlasted that of neuronal activity, 3) the degree of LTE showed a
developmental profile, 4) prolonged exposure to glutamate induced a “chemical” form of LTE
and finally, 5) moderate synaptic stimulation during “chemical” LTE induced depression of

SIC frequency.

The functional importance of astrocyte to neuron signalling by synaptic stimulation in the VB
thalamus appears more complex than shown in other brain areas [Fellin et al, 2004;
D’ Ascenzo et al., 2007]. First of all, moderate synaptic stimulation of varying frequencies and
durations, including sleep patterns and neuromodulators, did not induce gliotransmission.
Instead, LTE induction required sustained synaptic activity. It may therefore be predicted that
LTE in vivo could be elicited by long lasting thalamocortical loop activity, and may indeed be
dependent on the precise patterning of such activity in different arousal states. It is also
noteworthy that LTE can be induced by input from a single pathway, so that sustained sensory
input, such as from the vibrissae may induce enhancement of this form of non-synaptic

astrocyte-neuron excitatory signalling.

The induction mechanism for synaptically induced LTE and “chemical” LTE was different:
LTS induced LTE relied on prolonged mGluR activation whereas in “chemical” LTE, amino
acid uptake played the major role. What was common to both of these induction mechanisms
was that they exhibited a temporal profile. This was evident from experiments during
stimulation showing that SIC frequency was not correlated with the increase in synaptic
efficacy/charge, but showed a progressive increase during prolonged stimulation (chapter 5).
“Chemical” LTE also showed a progressive increase in SIC frequency over time (chapter 6).
Considering this time depedent profile, the possibility that LTE induction involves two
phases, exists. Initially, both LTS and Glu pre-incubation induced LTE may be due to mGIluR
activation. This is supported by the observation that less than 2h Glu pre-incubation reached
similar potentiation in SIC frequency as 60 minute LTS (0.43+0.1 SICs/min and 0.314+0.06
SICs/min respectively), whilst after pre-incubation in D-Asp, which is a substrate for EAATS
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and NMDA-receptors, SIC frequency was still less than 0.2 SICs/min. The second phase

occurring after prolonged period (>2h) may then involve EAA transporter uptake. As
discussed in chapter 6, up-regulation of EAATSs has been shown to occur in time dependent
manner in response to glutamate exposure [Duan et al., 1999] and may account for the 10-

fold increase over several hours as more glutamate is continuingly taken up into astrocytes.

Normally, brain extracellular glutamate concentration is approximately 1-2uM [Benveniste et
al., 1984], whilst cytosolic concentration of Glu in neurons and astrocytes ranges between 1-
10mM [Hertz et al., 1988; Ottersen, 1989; Erecinska & Silver, 1990; Levi & Patrizio, 1992].
Upon synaptic activity, glutamate concentrations as high as several millimolar can be reached
in the synaptic cleft (clearance is biphasic with time constants of approximately 100 us and 2
ms) [Clements et al., 1992; Clements, 1996; Diamond & Jahr, 1997]. Compared to this, a
concentration of 200pM Glu during pre-incubation is relatively low. To what extent the actual
amount of Glu plays a significant role in LTE during the LTS compared to the pre-incubation
method, is difficult to estimate at this point. Further studies will be indeed needed to

characterise the relationship and the temporal profile.

The properties of SICs presented here are consistent with previous work done in the VB
thalamus and in other brain areas [Parri ef al., 2001; Fellin ef al., 2004; Angulo et al., 2004;
Perea & Araque, 2005; Beierlein & Regehr, 2006; Fellin et al., 2006; Kozlov et al., 2006;
D’ Ascenzo et al., 2007; Ding et al., 2007; Navarrete & Araque, 2008; Shigetomi et al., 2008].
Regardless of whether they were spontaneous or synaptically/chemically enhanced, they had
characteristic slow kinetics, were insensitive to TTX and targeted NMDA-receptors consistent
with an astrocytic locus of modulation. SIC parameters, however, varied across the
experiments to some extent. During moderate sensory stimulation, for example, SICs were
increased in amplitude (chapter 4) but not during prolonged sensory stimulation (chapter 5).
The significance of some of these changes is difficult to explain but may be attributable to the
unpredictable nature of SICs as outlined in chapter 3. Some changes, such as an increase in
amplitude after Glu pre-incubation can be related to the increased Glu uptake into astrocytes,
as the broad-spectrum EAAT blocker TBOA prevented both the enhancement of frequency
and increase in SIC amplitude. The mechanism of Glu release in both synaptically induced
LTE and “chemical” LTE will also require further experiments. It is possible that they involve
different mechanism, so that synaptic LTE recruits Ca”* dependent/ independent vesicle
release whilst prolonged Gluw/Asp pre-incubation may involve swelling induced release

[Rutledge & Kimelberg, 1996; Duan et al., 2003; Ye et al., 2003].
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The findings presented here describe two previously unrecognised forms of plasticity of glial-

neuron signalling: a plasticity of glial output induced synaptically or chemically. For example,
the synaptically induced enhancement far outlasts the inducing stimulus and so represents a
glial “memory” of previous neuronal synaptic activity. “Chemical” LTE also outlasted the
inducing period and may therefore represent a “memory” of previous Glu exposure. The
physiological roles of LTE SICs may include, for example, involvement in synchronisation of

TC neurons or induction of neuronal plasticity.

Single glial glutamate release events have been shown to induce synchronous SICs in
neighbouring pairs of neurons, and to elicit action potential firing [Angulo et al., 2004; Fellin
et al., 2004; Fellin et al., 2006; D’ Ascenzo et al., 2007]. As TC neurons are coupled via gap-
junctions [Hughes et al., 2001], a single SIC may also promote synchronised firing in the VB
thalamus by the propagation of elicited action potentials within small groups of neurons.
Depression of SICs on chemical LTE slices following synaptic stimulation added more
complexity to the interpretation of the functional roles, and further investigations into the
mechanism of this depression are indeed required. However, as discussed in chapter 7,
astrocytic [Ca®"]; exceeding a certain threshold can in fact produce a negative feedback
[Bezprozvanny et al., 1991; Kim et al., 1994; Holt et al., 2008]. This may thus function as a
gating mechanism that prioritises synaptic activity over extrasynaptic during specific short

term input.

It is known that astrocytes contribute to neuronal plasticity and LTP either by releasing
gliotransmitters or by changes in synaptic ensheathment [Yang et al., 2003; Panatier es al.,
2006; Perea & Araque, 2007]. Signalling to glial cells can also undergo plasticity [Ge et al.,
2006] and the idea of glial cells showing plasticity similar to neuronal LTP was proposed
almost a decade ago [Pasti ef al., 1995; 1997]. As SICs have been shown to elicit neuronal
Ca’* changes [Parri et al, 2001}, 1t can be expected that they participate in biochemical
processes involving Ca”* entry which can activate second messenger pathways and gene
transcription [Shepherd, 1994]. Here, SICs were shown to target extrasynaptic receptors
containing NR2B-subunits consistent with previous studies [Fellin et al., 2004; D’ Ascenzo et
al., 2007]. Interestingly, whereas synaptic NMDA-receptors are linked to LTP, the
extrasynaptic NMDA-receptors containing NR2B and NR2D subunits have been shown to
participate in LTD [Hrabetova et al, 2000; Massey et al, 2004; Duffy et al., 2008].

Extrasynaptic NMDA-receptors have also been shown to participate in plasticity by inducing
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a protein kinase C dependent switch in synaptic AMPA-receptors to the Ca2+—impermeable

subunit, thus suppressing synaptic LTP induction [Sun & Liu, 2007].. Gliotransmission
targeting pre-synaptic sites is not completely excluded either, and may indeed account for the
enhancement of PSC amplitude during LTS (chapter 5, section 5.1). Therefore, sustained LTE
may be expected to impact on the processing of afferent synaptic signals to the thalamus by
both presynaptic modulation of neurotransmitter release, and extrasynaptic excitation via
NMDA-receptors, suggesting a distinct function of this excitation to synaptic input
[Hrabetova et al., 2000; Hardingham et al., 2002; Massey et al., 2004; Wittmann et al., 2004;
Ivanov et al., 2006; Duffy et al., 2008]. It is therefore possible that thalamic astrocytes have

roles as “drivers” and “modulators” [Sherman & Guillery, 1998].

SIC frequency and properties showed developmental profiles in spontaneous (chapter 3),
synaptically induced LTE (chapter 5) and chemically induced LTE (chapter 6) experiments.
From weeks 1-3, the degree of SIC frequency was increased by an average 50%, 240% and
750% respectively. Interestingly, rats do not exhibit much whisking during the first PN week
due to a lack of functional vibrissae [S Glazewski, personal communication], which would be
consistent with the observed activity dependent mechanism of LTE. In addition, SICs during
the second week displayed a tendency to be larger in amplitude. Furthermore, spontaneous
SIC prevalence across the cell population (recorded neurons) as well as the induction of
synaptic LTE and “chemical” LTE was most profound during the second PN week. Since the
VB thalamus undergoes multiple developmental changes during the first three post-natal
weeks, for example, the maximal rate of synaptogenesis and synaptic remodelling occur
during the second week [Matthews et al, 1977; Miller et al., 1993; Arsenault & Zhang,
2006], these results may represent a previously unrecognised period of plasticity implicated in

the development of the VB thalamus [Crair & Malenka, 1995; Lu et al., 2001].

The possibility that both synaptically induced LTE and/or “chemical” LTE are recruited in
pathological conditions in vivo still remains. Robust synchronized burst firing is a hallmark of
epileptic activity [Najm et al., 2001; Crunelli & Leresche, 2002]. As discussed in the
introduction, previous brain slice studies have demonstrated increased SIC frequency and
astrocytic Ca”* signalling either as a cause or a result of epileptic activity [Kang et al., 2005;
Tian et al., 2005; Fellin et al., 2006; Ding et al., 2007]. Fellin et al. [2006], for example,
showed that epileptiform activity was associated with an increase in SIC frequency. Indeed,
the LTS protocol partially resembles, for example, interictal-like activity in a way that it can

also repeatedly synchronize a large population of TC neurons. Furthermore, SICs with sodium
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currents as well as transient depolarisation with spontaneous spiking on top of them were

resembling those that were suggested to induce epileptic discharges [Kang et al., 2005],

observed occasionally (data not shown).

Furthermore, 10-fold increases in extracellular EAA concentrations have been implicated in
many pathological conditions such as ischemia and epilepsy [Benveniste et al., 1984; Zhang
et al, 1995; Lipton, 1999; Chapman, 2000; Arundine & Tymianski, 2004; Seifert et al.,
2006]. Subsequently, Glu pre-incubation has been often used as a model to study such
conditions, for example, primary hippocampal cultures were exposed to 5 pmol/L glutamate
for various durations [Nonaka et al., 1998; Sun et al., 2001]. A 30 minute long exposure to 5
umol/L glutamate produced a subset of neurons that died and a larger population of injured
neurons that survived [Sun et al., 2001]. In these pathological conditions, neurodegeneration,
often characterized by a long delay between the insult and manifestation of major cell
damage, is linked to increased NMDA-receptor activation [Simon et al., 1984; Lipton, 1999;
Cull-Candy et al., 2001; Wittmann er al., 2004]. Furthermore, as synaptic and extrasynaptic
location of NMDA-receptors has been shown to promote neuronal survival and death
respectively [Hardingham et al, 2002; Vanhoutte & Bading, 2003; Wittmann et al., 2004;
Ivanov et al., 2006], SICs that target extrasynaptic NMDA-receptors may therefore have a

central role in pathological conditions.

In conclusion, these results showed that signalling between astrocytes and neurons in the VB
thalamus is a complex phenomenon requiring future experiments. Nevertheless, the two
previously unrecognised mechanisms of enhancing SIC frequency are of great importance in
the field of glial signalling. The synaptically induced LTE represents a form of non-synaptic
plasticity and a glial “memory” of previous synaptic activity whilst enhancement after
prolonged Glu exposure may represent a pathological situation. Furthermore, these findings
will provide new methods of studying the functional role of SICs in both physiological and

pathological conditions.
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Experimental
drugs

Appendix 1

Chemical name

Function

Supplier

ACPD (1S,3R)- 1—’Ammocy.clop¢.3ntane~ 1,3- Group I/group II'mGlu Tocris (Bristol, UK)
dicarboxylic acid agonist
Cholinergic receptor Sigma-Aldrich
CCh Carbachol agonist (Poole, UK)
.. Selective non-
CPCCOFt 7-Hydroxy1m1nocyclopropan[b]chromen- competitive mGIuR, Ascent (Weston-
le-carboxylic acid ethyl ester . super-Mare, UK)
antagonist
Competitive group I
CPG (S)-4-Carboxyphenylglycine mGlu antagonist/weak Tocris
group II agonist
. L Selective antagonist for . .
D-APS D-(-)-2-Amino-5-phosphonopentanoic acid NMDA receptors Sigma-Aldrich
R EAAT substrate and .
D-Asp D-Aspartic acid NMDA-r agonist Tocris
DHPG (RS)-3,5-Dihydroxyphenylglycine Sclectlvz gg;::;}; ImGlu Ascent
. Acros Organics
Gin L(+)-Glutamine EAA (New Jersey, USA)
Glu L-Glutamic acid monosodium salt EAA Sigma-Aldrich
monohydrate
Selective antagonist for
. 4-[2-[4-(cyclohexylmethyl)- 1-piperidinyl]- NMDA receptors .
lenprodil 1-hydroxypropyl]phenol containing NR2B Toeris
subunit
Isop (-)-Isoproterenol hydrochloride Selective §- . Sigma-Aldrich
adrenoceptor agonist
Non-selective antagonist
K L at NMDA and . .
yn Kynurenic acid AMPA/kainate Sigma-Aldrich
receptors
Selective, competitive Calbioch
SR95531 gabazine GABA-A receptor (N t;l 10(: erInJK
antagonist ottingham, UK)
. Potent, selective non-
3-((2-Methyl-1,3-thiazol-4- e
M ’ . , .
TEP yDethynyl)pyridine competitive mGluS Tocris
antagonist
Potent, selective non-
TBOA L-Threo-beta-benzylox yaspartate transportable inhibitor Tocris
of EAATSs
TTX Tetrodotoxin Na" channel blocker Ascent
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