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ABSTRACT OF THE DISSERTATION

Functional Domains of Neuron-to-Astrocyte Gg GPCR Communication

by

Min-Yu Sun

Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmealad)Bi
University of California, Riverside, June 2012
Dr. Todd A. Fiacco, Chairperson

The physiological role of astrocytic Gg-protein coupled recept@Ggy GPCRS)
has now drawn more attention in the field of neuroscience, asnbws clear that
astrocytes sense neuronal signals through activation of the@R&Rs. Astrocytes are
thus considered excitable and their role in synaptic transmissiamdsr intense
investigation. Interestingly, in basal conditions without any user-evokeuilation,
astrocytes exhibit spontaneous Gq GPCR activity driven by mechathamstill remain
mysterious. Understanding the mechanisms underlying these yéistréag GPCR
signaling domains in physiological conditions will certainlynéft our knowledge
regarding neuron-to-astrocyte communication. Therefore, the mgael of this
dissertation is to study the underlying mechanisms of astro@gdicGPCR signaling
domains in two parts: 1) To identify the factors governing spontanastoscytic Gq

GPCR activity, and 2) To identify the lowest threshold of neuronabragotential-
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mediated synaptic transmission capable of evoking an astrocyt&PGiR response, and
then to determine if the response occurs as a microdomain or a-cefiobvent. In
Chapter 2, we demonstrate that spontaneous astrocytic Gg GPCRhgigimathains are
driven by mechanisms unrelated to action potential-triggered newsotitdéer release,
but are dependent on spontaneous miniature neurotransmitter reledse.appears that
multiple types of astrocytic Gq GPCRs play essential rateghe generation of
spontaneous Gq GPCR activity. In Chapter 3, our results suggest thayt@st respond
to neuronal afferent stimulation at intensities much lower thamiquely described.
Moreover, the evoked Ggq GPCR domains are qualitatively differemtn fthe
spontaneous ones. Consistent with the findings from Chapter 2, the evekés &ppear
to involve multiple types of astrocytic Gq GPCRs. These data sugjgat astrocytes
respond to neuronal activity in a manner much more sensitive than previously thought.
We also explored the role @#-Arrestin2 in regulating two forms of synaptic
plasticity-long-term potentiation (LTP) and long-term depressidrD]. In Chapter 4,
we report normal LTP, but a markedly impaired LTDfirArrestin2 knockout mice,
suggesting a novel role @FArrestin2 in cellular mechanisms of learning and memory.
This finding could potentially provide a base for developing treasnfmt dementia-

related disorders such as Alzheimer’s disease.
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Chapter 1: Introduction

1.1 Glia: From passive glue to active members of the central nervous system (CNYS)
Given the fact that neurons are the only cell type in the ¢argraous system
(CNS) capabile of firing action potentials, the role of glia MSJphysiology and function
has been largely neglected for nearly a century sincedakiidentity was confirmed in
the late 1800s (Agulhon et al., 2008). Researchers had considered glipassive
connective tissue filling in space unoccupied by neurons and thus not intparthe
transmission of information in the brain. This concept, however, &éas kevised lately
since various types of G protein-coupled receptors (GPCRs)idantfied in glial cells
in cell culture (McCarthy and de Vellis, 1978; Van Calker gtl®78),as well as in acute
tissueslices andn vivo (Porter and McCarthy, 1997). As the GPCRs expressed by glial
cells are similar to those expressed by neurons, it is nowalgnaccepted that glial
cells are biochemically excitable and can respond to relessedtransmitters in various
forms, one of which is increased cytoplasmié‘@ancentration (Agulhon et al., 2008).
Based on morphology and function, glial cells can be divided into founrmaj
groups: 1) oligodendrocytes and Schwann cells, 2) microglia, 3) gkaveintigen 2
(NG-2) positive cells, and 4) astrocytes (Agulhon et al., 2008). Ambesetgroups,
astrocytes are the predominant cell type that comprises/ roeagdthird of the cells in the

mouse brain and approximately half of the cells in the human brain (Cahby2§08).



1.2 The anatomical organization and physological properties of protoplasmic
astrocytes

Being as heterogeneous as neurons in terms of morphology, antigenicypaenot
location and function, astrocytes can be classified into at teas main categories:
protoplasmic and fibrillary (or fibrous) astrocytes. Protoplasnsitoaytes distribute
mainly in gray matter with their ramified processes heagityvrapping synapses and
blood vessels, whereas fibrillary astrocytes, the major ty@stobcytes located in white
matter, have long processes that run between myelinated fibe@ntactc nodes of
Ranvier as well as to produce end feet for vascular attachment (Walz, 20665, 2008).
However, protoplasmic and fibrillary astrocytes can both be recedntzy their
expression of glial fibrillary acidic protein (GFAP), an imediate filament exclusively
expressed by astrocytes in the CNS (Eng et al., 1971; Bignami et al., 1&h&ng et al.,
2002). Moreover, specialized astrocytes that exhibit similavifyrotoplasmic astrocytes
are also found in certain brain areas, including Muller glia inr¢tiea and Bergmann
glia in the cerebellum and radial glia in the developing cortex (Walz, 2Gheed 2008).

Studies over the past few years have proposed that protoplasrowytesty with
their unique spatial distribution and extensive interaction with neuelaaients, could
be critical members that take part in synaptic transmisgBushong et al., 2002;
Agulhon et al., 2008; Barres, 2008). With the aid of three-dimensiongl ¢8bfocal
analysis and electron microscopy, Bushong et al. in 2002 indicategriftaplasmic
astrocytes establish primarily exclusive territories withyanlimited degree of overlap

with neighboring astrocytes. This segregated anatomical @egeom suggests that each



protoplasmic astrocyte has its own distinct domain to interattt lbod vessels or
synapses, and these clusters of elements can be differemilzignced by the activity of
this particular astrocyte (Bushong et al., 2002). In adult rat hippoaiaCA1l, a single
astrocyte has a soma diameter of . However, when its processes are taken into
account, the astrocyte could have a volume up to nearly 6araband would influence
approximately 140,000 synapses (Bushong et al., 2002). In fact, dissteoeytic
“microdomains” have been revealed by Grosche et al. as swaralbartments on the
spongiform processes of Bergmann glia that are capable oinljmie propagation of
glial C&* responses evoked by neuronal activity (Grosche et al., 1999),stingge
protoplasmic astrocytes in CA1 would have this similar orgaoizatind be able to
separate the neuropil on multiple levels (Bushong et al., 2002). bntghgsastrocyte
processes have been shown preferentially surrounding the perohtte axon-dendritic
spine interface that have more glutamate escaping from thetgyckeft (Ventura and
Harris, 1999), implying an essential role for astrocytes in synaptsrmission.

The physiological properties of protoplasmic astrocytes haea bevestigated.
Whole cell currents were recorded from astrocytes for tlet fime in slices from
newborn animals (Steinhauser et al., 1992). In this study, atweasorms of membrane
current patterns were identified that differentiate astrgayi® “passive” and “complex”
cells. Passive astrocytes have high levels of GFAP expresemrdigplay a linear
current-voltage relationship while their holding membrane potental switched from -
80 mV to both hyperpolarizing and depolarizing potentials (-160 mV tor2pin 10

mV increments. Complex astrocytes, on the other hand, have lowgtgihle GFAP



expression and exhibit both inwardly and outwardly rectifying cusréoitowing the
voltage-step protocol (Steinhauser et al., 1992; Zhou et al., 2006)aiSpatterns were
found in adult tissue as well, suggesting this phenomenon is preseteredesielopment
(Kressin et al., 1995). However, approximately 90% of mature astiocn the
hippocampal CA1 region are electrophysiologically passive andPGfesitive (GFAP)
whereas the remaining 10% appear to have voltage-gated chanedBAdP negative
(GFAP), and are called NG2 glia due to their exclusive NG2 expregZiobou et al.,
2006). Other differences between GFAdtrocytes and NG2 glia include gap junction
coupling present solely among GFARBstrocytes, whereas NG2 glia do not exhibit
coupling. Moreover, NG2 glia have relatively high membrane resistanf more than
200 MQ (range 200-400 K2) compared to the low membrane resistance of Q@vlless

recorded in GFAPastrocytes (Lin and Bergles, 2002; Zhou et al., 2006).

1.3 Main functions of astrocytesin the CNS

Astrocytes exhibit various functions in the CNS. One of the meltestablished
functions is to regulate extracellular potassium "[fJK homeostasis. Due to their
abundant expression of kKchannels, astrocytes have a very dominahtéhductance,
resulting in their negative resting membrane potential beingedo the K equilibrium
potential. Astrocytes have been shown to take up excessnk from the extracellular
space via three mechanisms: The /K& pump (Walz and Hinks, 1985; Ballanyi et al.,
1987; Rose and Ransom, 1996; Ransom et al., 2000), an anion transport@- that c
transports K and N& with CI' (Walz and Hinks, 1985), and'Khannels (Ballanyi et al.,
1987). Following K uptake, astrocytes transport these ions via gap junctions ancreleas

4



them in locations where the extracellular ¢oncentration is low, a process known a$ “K
spatial buffering” (Kuffler and Nicholls, 1966; Orkand et al., 1966)ky et al., 2007).
The first identified inwardly-rectifying K (K;;) channel expressed by astrocytes4 K,
plays a critical role in Kspatial buffering (Takumi et al., 1995; Poopalasundaram et al.,
2000), as conditional knock-out of &1 resulted in a marked impairment of #ptake
and early postnatal mortality (Djukic et al.,, 2007). Since the aesliular K
concentration critically influences cellular resting membnaoikential, it can potentially
influence rates of neuronal firing and neurotransmitter relézeddr and Nicholls, 1969;
Balestrino et al., 1986). Failure of removing exce$sdds from the extracellular space
could increase the overall neuronal excitability through a positeetilfack loop
(Magistretti and Ransom, 2002), thereby increasing the likelihoséinfire occurrence.
Indeed, K4.1 has been shown to be a putative seizure susceptibility genécen m
(Ferraro et al., 2004), as well as in humans (Buono et al., 2004).

Another important function of astrocytes is their involvement in glatamptake
and metabolism. Glutamate is the predominant excitatory neunwittersin the CNS
(Fortnum, 1984). After being released from presynaptic terminalsangiié is mainly
taken up by astrocytes and is converted into glutamine via ghaaynthetase, an ATP-
dependent enzyme exclusively expressed by astrocytes (Materaeandez et al., 1977).
Glutamine is then delivered to presynaptic neurons where it is tedve glutamate and
stored in vesicles to initiate a new cycle of neurotransnmtlease. Being a critical part
of this “glutamate-glutamine cycle”, astrocytes remove excgisitamate from the

extracellular space through glutamate transporters, thus prayenteuronal



excitotoxicity (Rosenberg and Aizenman, 1989). There are two tgpegiutamate
transporters expressed by astrocytes: GLT-1 and GLAST (Rothst al., 1994). The
essential role of astrocyte glutamate transporters in maimgaextracellular levels of
glutamate was reinforced by a previous finding, where Rothsteal. eshowed that
genetic down-regulation of GLAST or GLT-1, but not the neuronal subBA&CI,
caused elevated extracellular levels of glutamate and neuirbtoiRothstein et al.,
1996).

Astrocytes also appear to express the water channel aquagé@P4) and play
an important role in water homeostasis (Amiry-Moghaddam anerseti, 2003;
Kimelberg, 2007). AQP4 is the predominant aquaporin in the brain, whichnigrily
present on the plasma membrane of astrocytes (Jung et al., 19944ith lower
expression levels in ependymal cells (Kobayashi et al., 2001;yAvtoghaddam et al.,
2003) Its expression is absent from neurons, oligodendrocytes and nmac(éghiry-
Moghaddam and Ottersen, 2003). AQP4 is particularly concentrated nocyast
processes that are in contact with blood vessels and the pia. 83tescyte processes are
part of the perivascular and subpial endfeet, with AQP4 distribubontaone order of
magnitude higher than in non-endfeet membranes including those nepsayr{Amiry-
Moghaddam and Ottersen, 2003). Immunolocalization experiments have shginct a
overlap between AQP4 and;&1 distribution, suggesting that these two molecules
function together. This hypothesis was tested in acute corticak dbllowing evoked
neuronal activity in layer IV. In this study, water flux was ntorad by optical signals

which were generated or diminished when the extracellular spa@ased or decreased,



respectively. The results demonstrated that water transponrisnad activity-dependent,
and is coupled to flux of K(Niermann et al., 2001). Similarly, another study revealed
impaired K clearance following stimulation of Schaffer Collaterals andopant path
fibers in hippocampal slices from mice lacking perivascular AQPhe excessive
amounts of extracellular Kcould potentially facilitate the generation of epileptiform
discharges by depolarizing neurons. Indeed, these mice were shohewegomore
pronounced epileptic seizures induced by hyperthermia, even though ékbottr to
induce seizures was the same as that of wild-type madeenTtogether, these findings
suggest that water flux through perivascular AQP4 is coupleditieetf K" removal and
that deficits in water transport could enhance neuronal excitabilitlyseizure severity
(Amiry-Moghaddam et al., 2003). The correlation between AQP4 andreeseverity
gives rise to essential roles played by AQP4 and astrogytpathological conditions,
which also includes the development of brain edema. It has been shavexphession
of AQP4 on the perivascular endfeet of astrocytes contributes itboditama formation
(Nielsen et al.,, 1997; Amiry-Moghaddam et al., 2003), and a delayeét ais
hyponatremic edema was also observed in mice lacking AQP4 aitéhkiace between
brain and blood/CSF (Vajda et al., 2002).

Other critical functions of astrocytes include their contributitlh CNS
development. They promote synaptogenesis by releasing thrombosponding T&8e
matrix-associated protein. A significant reduction in synapse nuwas found in
Thrombospondin-1/2 knockout mouse brain, suggesting the involvement of astincytes

facilitating synapse formatiam vivo (Christopherson et al., 2005; Barres, 2008).



1.4 Neuron-to-astrocyte communication

1.4.1 Astrocytes express numerous neurotransmitter receptors

It is now widely accepted that astrocytes are capable pbmeing to neuronal
signaling due to their expression of numerous neurotransmitt@toedgpes (Bowman
and Kimelberg, 1984; Kettenmann et al., 1984). To date, there arstaitebve types of
neurotransmitter receptors identified in astrocytes (includingoplagémic and fibrillary
astrocytes as well as Bergmann and Mduller glia) : 1) glatameceptors, 2)-amino-
butyric-acid (GABA) receptors, 3) purinoreceptors (ATP receptody) histamine
receptors, 5) cholinergic receptors, 6) adrenergic receptorsyatpsergic receptors, 8)
substance P receptors, 9) opioid receptors, 10) dopaminergic recetprsitrial
natriuretic factor receptors, and 12) cannabinoid receptors (CBLRe( and McCarthy,
1997; Navarrete and Araque, 2008). Astrocytes exhibit both ionotropic rexegptdr
metabotropic receptors to glutamate, GABA and ATP. However, wheihssive
astrocytes express ionotropic neurotransmitter receptors ise#t ahd the functional
importance of ionotropic receptors present in astrocytes remaagedy unresolved. Due
to their expression of these various types of neurotransnetteptors, astrocytes have
been shown to respond to neuronal activity with increases in ilaceCa*
concentration (Porter and McCarthy, 1996, 1997; Agulhon et al., 2008). Traiseihalar
Cd* elevation results mainly, if not exclusively, from Gq subtgperotein coupled
receptors (Ggq GPCRs), and not from a®‘Ciflux through voltage-gated calcium
channels (VGCCs) or ionotropic receptors permeable to extrace@afa (Duffy and
MacVicar, 1994; Jabs et al., 1994; Porter and McCarthy, 1995; Carmignhatg 1998;
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Nett et al., 2002; Parri and Crunelli, 2003; Beck et al., 2004; Straalh 2006; Agulhon
et al., 2008).

The most abundant type of metabotropic glutamate Gg GPCR founuldoyaess
is mGIluR, (Romano et al.,, 1995; van den Pol et al., 1995). There is only véey litt
evidence showing mGluRexpression in astrocyt@ssitu (Shigemoto et al., 1992; Baude
et al., 1993; van den Pol et al., 1995; Mudo et al., 2007). Activation of n3Gilpéh
glutamate binding results in increased cytoplasmié® Gancentration that can be
blocked by inhibitors of store-specific €aATPases such as thapsigargin. Also?'Ca
elevations were inhibited following the application of heparin, iaositol 1,4,5-
trisphosphate (K} receptor blocker (Kirischuk et al., 1999). These results providagstr
evidence that activation of astrocyte Gq GPCRs upon binding neurotit@énsns
coupled to intracellular G4 elevations triggered by 4@nduced C& release from
internal stores. This mechanism is utilized by other Gg GPCRs ocwss including the
metabotropic GABA receptors-GABRS (Nielsen et al., 1997; Kang et al., 1998), the
P2Y receptors, which are activated upon binding to ATP (Kirischulale 1995;
Verkhratsky et al., 1998), the metabotropic cholinoreceptors (mogcaeceptors,
MAChRSs) activated by acetylcholine (Catlin et al., 2000; SheltahMcCarthy, 2000;
Araque et al., 2002), thel-adrenergic receptors (Shao and McCarthy, 1993; Kirischuk et
al., 1996), the Hhistamine receptors (Kirischuk et al., 1996), the A1 adenosieets
(Porter and McCarthy, 1995), and the CB1Rs activated by endocannahieleased

from postsynaptic neurons upon sufficient depolarization (Navarrete and Araqug, 2008



1.4.2 M echanisms of Gq GPCR-linked Ca?* elevationsin astrocytes

Given that the Gq GPCR-triggered intracellula’Gdevation is the most well-
established astrocyte response to neuronal activity, mechanismsyingd&fi GPCR
activation have also been heavily investigated (Agulhon et al., 2008).g&nisrally
thought that Gg GPCR activation is linked to phospholipase C (PLCpdhway
(Waldo et al., 2010). Following Gq GPCR activation, PLC is actvatnd cleaves the
membrane-bound phosphatidylinositol 4, 5-bisphosphate)(Pe diacylglycerol (DAG)
and IR. These newly-generated;lmolecules are mobile and bitfé receptors (IER)
located on the membrane of endoplasmic reticulum (ER), triggerAgrélease from
ER (Scemes, 2000; Parri and Crunelli, 2003; Volterra and Steeh&@04; Fiacco and
McCarthy, 2006; Scemes and Giaume, 200@preover, functional IERs that are
exclusively expressed by hippocampal astrocytes have been ebtbrasfitype 2 RS
(IPsR2), which are not found in neurons or other types of glia (Sheppard 9@,
Holtzclaw et al., 2002; Hertle and Yeckel, 2007; Weerth et al., 2B6ifavicz et al.,
2008). Activation of IBR can be positively modulated by the store-releaséd, Gaich
functions as a co-agonist on these receptors. Moreover, the deaserk CH also
enhances PLC activation and results in mogggdheration (Foskett et al., 200Bpth of
these actions most likely contribute to’C@ropagation across a variable volume of
cytoplasm—the so called “intracellular Tavave”. Another molecule generated from
PIP, cleavage, DAG, has been shown to participate in the terminatitire afstrocytic
Cd* transients via activation of its downstream molecule—protein ki@ag®KC)

(Codazzi et al., 2001; Parri and Crunelli, 2003).
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1.4.3 Astrocytes are biochemically excitable cells with Ca** responses evoked by
either neuronal afferent stimulation or exogenously-applied agonists

There is accumulating evidence indicating that elevated neurcintyaevokes
astrocytic C&" responses in brain areas including the hippocampus, cerebellum, and
retina. Electrical stimulation of neuronal afferents in hippocangiales triggers
hippocampal astrocytic Gaelevations via activation of astrocytic mGluRs (Porter and
McCarthy, 1996; Pasti et al., 1997; Fellin et al., 2004; Perea aaqgLéy 2005), GABA
receptors (Kang et al., 1998); muscarinic acetylcholine rexepforaque et al., 2002;
Perea and Araque, 2005), as well as endocannabinoid receptors (aaade\raque,
2008). The Bergmann glial cells in the cerebellumsitu were also shown able to
respond to electrical stimulation of parallel fibers or neurons @i* elevations. These
responses most likely result from activationoe@drenergic, purinergic, mGlyRand/or
AMPA receptors (Kulik et al., 1999; Matyash et al., 2001; Groscla.,e2002; Matsui
and Jahr, 2004; Matsui et al., 2005; Beierlein and Regehr, 2006; Pigalan@007). The
Muller glial cells in the isolated rat retina appear to respond to light 8gghgsiological
stimuli) with C&" increases mediated by glial purinergic receptor activationv(ie,
2005). The occurrence of neuronal activity-evoked astrocyti¢ @aponses are further
proven from then vivo studies (Hirase et al., 2004; Wang et al., 2006; Dombeck et al.,
2007; Gobel et al., 2007; Bekar et al., 2008; Schummers et al., 2008). Byngppl
whisker stimulation to anesthetized adult mice, Wang et al. in 2@06 able to elicit
Cd" elevations in both soma and processes of astrocytes in the tamet. These

astrocytic C&' elevations were reduced in the presence of the group | mGluRoaistag
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MPEP and LY367385, implying the involvement of astrocytic Gq mGluf@saded by
synaptically-released glutamate (Wang et al., 2006). Anothewivo study also
demonstrated that in the adult ferret visual cortex, astrocgg®nd to visual stimuli
with robust C&" responses detected in the cell bodies (Schummers et al., 2008).
Moreover, astrocytes in the somatosensory cortex of anaesthetize respond to foot
shock with activation ofi-adrenergic receptors following the release of norepinephrine
from the locus coeruleus (Bekar et al., 2008). Calditansients measured in astrocytes
in the somatosensory cortex correspond to running behavior in awalescadl mice
(Dombeck et al., 2007). Taken together, biotkitu andin vivo studies have indicated a
neuron-to-astrocyte communication via activation of astrocytidlGBERs (Agulhon et
al., 2008).

Astrocytic C&" transients can also be evoked following application of exogenous
Gq GPCR agonists (Yagodin et al., 1994; Yagodin et al., 1995; Sheppardl89a; Zur
Nieden and Deitmer, 2006; Fiacco et al., 2007). Interestingly, agawroked astrocytic
Cc&” transients tend to have a specific initiation site, or*®atspot”, located in one of
the processes. These “Caignals then propagate to other regions of the cell as an
intracellular wave. The proposed mechanism underlying the intuceC&* wave is
thought to be C&-induced C& release via the coordinated activity of?Caunctioning
as a co-agonist with $Pand IBR clustering on the ER membrane (Roth et al., 1995;
Sheppard et al., 1997; Simpson and Russell, 1997; Thomas et al., 2000ar&hdang,
2003; Weerth et al., 2007). Interestingly, activation of differenbagtic Gq GPCRs

following exogenous Ggq GPCR agonist application results in the pattern of C&'
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initiation sites, implying that different Gg GPCRs share theesenachinery that drives
these intracellular G& waves. Moreover, individual astrocytes have their own®"Ca
signature” (Yagodin et al., 1994; Fiacco et al., 2007). The functionalcatipihs for
these signatures and shared patterns of signaling among variouP@RsGs still not
fully elucidated, but it may indicate participation of multipl¢rasytic Gg GPCRs in the
same cellular functions. Hotspots of Gg GPCR signaling machineagtrocytes also
opens the possibility for use-dependent plasticity with higher tiensasf Gq GPCR
expression in astrocyte microdomains neighboring more active or pdéehsynapses.
This would allow an astrocyte to fine tune its Gg GPCR distobutind function in

correlation with local synaptic strength (Agulhon et al., 2008).

1.4.4 Astrocytes exhibit spontaneous Ca** elevations

Spontaneous astrocyte Cactivity is readily observed under basal conditions
without any user-evoked stimulation in slices from hippocampus,xcatel thalamus
(Parri et al., 2001; Aguado et al., 2002; Nett et al., 2002). This phenoreaisis not
only in acute slice models, but algo vivo with similar magnitudes, frequencies, and
patterns of activity (Hirase et al., 2004; Nimmerjahn et al., 200dng et al., 2006).
Spontaneous Gh elevations are present in both astrocyte cell bodies as wéll as
isolated processes and vary in size. Some astrocyfet@asients occupy an area that
spans nearly the entire cell volume, whereas others are cortbnedry restricted
territories of fine processes. Interestingly, these local fodiomain” C&* elevations
usually appear asynchronously, suggesting their independence frormatheraThe
mechanisms underlying the generation of these astrocytice@ants, however, are still
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not fully elucidated. It has been shown that interfering withbiRding to IRR using the
IPsR antagonist heparin significantly reduces astrocytic spontai@gUslevations (Nett
et al., 2002), providing evidence that the spontaneoGse@avations are mainly due to
Cd" release from internal stores and have very little to do ettacellular C& influx.
This suggestion was further confirmed from findings showing that hipguaam
astrocytes in mice lacking 4R2 expression do not exhibit spontaneou$’ €vations
(Petravicz et al., 2008). The spontaneous astrocytit’ €lavations also appear
independent of neuronal activity, as they remain present when miniatuaetion
potential-driven neurotransmitter release is blocked (Parti,e2GD1; Nett et al., 2002;
Parri and Crunelli, 2003). These results suggest that spontaneousyt&stfoe
elevations are driven by intrinsic mechanisms such as consti@gv&PCR activity,
which facilitates the activation of G-proteins by exchangugngsine diphosphate (GDP)
to guanosine triphosphate (GTP) in the absence of agonist (de kigt 2000; Hermans
and Challiss, 2001). Interestingly, in recombinant model cell gstetype la
metabotropic glutamate receptors (mGIYRexhibit constitutive activity proportional to
the level of the receptor expression (Prezeau et al., 1996), igphan any constitutive
Gqg GPCR activity that is restricted to local areas coulgirmate from local Gg GPCR
clustering “hotspots”. This theory was supported by the idertidicaf Homer, a family
of proteins involved in regulating mGIuR cell surface expressiomeurons (Brakeman
et al., 1997; Kato et al., 1998; Ciruela et al., 1999; Roche et al., 1899%ell as
coupling group | mGIuRs to JRs and thus being able to cooperate withgéneration

and C&" release from the internal stores (Tu et al., 1998). Moreover, thsicah
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interaction between mGIuRs and Homer was also shown in hypothatestnoxytes
(Dziedzic et al., 2003). Taken together, these findings suggesththaspbntaneous
microdomain astrocytic Gasignaling domains could result from constitutive Gq GPCR
activity and depend on the local levels of Gq GPCR cell sudapeession. Even though
they can occur in the absence of neuronal activity, previous wook salgwed that
spontaneous whole-cell astrocytic’Calevations are synchronized by neuronal action
potentials (Aguado et al., 2002).

What types of Gq GPCRs are involved in the generation of spontanemcytast
Cd" elevations? Given that group | mGIuRs (particular m@uRays a major role in
astrocytic C&' responses evoked by elevating neuronal actimigitu andin vivo (Porter
and McCarthy, 1996; Wang et al., 2006), it is logical to assumegtioap | mGIuRs
could be essential for the generation of spontaneous astrocyficel®eations. This
hypothesis was tested and supported based on zur Nieden and Befintrig that
spontaneous astrocytic €aransients were largely abolished in the presence ofi{+)-
methyl-4-carboxyphenylglycindCPG), a group | and Il mGIuR antagonist (Zur Nieden
and Deitmer, 2006). However, results from other research groups stiggesGIluRs do
not play a significant role in spontaneous astrocyt& €eents. Aguado et al. observed
no significant effects of MCPG on the spontaneous astrocyficti@asients (Aguado et
al., 2002). Approximately at the same time, Nett et al. publishedwiek showing that
application of an antagonist cocktail containing antagonists for mGIURIRA),
MGIuR5 (MPEP), group II/lll mGluRs (CPPG) and P2YRs (PPAD& suramin), did

not affect spontaneous astrocytic °Ceransients while completely blocking mGIuR
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agonist trans-1-amino-cyclopentane-1,3-dicarboxylic gtddCPD) as well as ATP-
evoked astrocytic Garesponses (Nett et al., 2002). These findings together subgest
other types of astrocytic Gqg GPCRs could play more esseolisl in the generation of

spontaneous astrocytic Eactivity.
1.5 Astrocyte-to-neuron communication

1.5.1 Astrocyte to neuron communication under physiological conditions

Astrocytes have been shown able to release transmitters, a phenomenon
suggesting that communication between astrocytes and neurons couldirbetibnal
(Agulhon et al., 2008; Hamilton and Attwell, 2010). Studies applying pageordings
and C&" imaging have identified a slow inward current (SIC) in thegyssptic neurons
while the intracellular Cdconcentration of a nearby astrocyte is elevated (Parri et al.,
2001; Angulo et al., 2004; Fellin et al., 2004; Perea and Araque, 2005;dd&set al.,
2007). SICs are thought to be generated by astrocyte glutantiaiig @t extrasynaptic
NMDA receptors (Hamilton and Attwell, 2010). In fact, being in eahtwith multiple
synapses allows single astrocytes to trigger SICs in seyeBaB) neurons, thus
enhancing synchronized neuronal firing patterns. (Parri et al., 20@llo et al., 2004;
Fellin et al., 2004).

In addition to releasing glutamate, astrocytes have beenedportelease other
transmitters including ATP and D-serine. Serrano et al. in 2@fl6ated that in response
to repetitive stimulation of hippocampal excitatory neurons, thera depression of

transmitter release from adjacent unactivated synapsesnhibgory effect results from
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activation of presynaptic GABAreceptors by interneuron-released GABA. Moreover,
GABAg receptors in the nearby astrocytes are also activated aodddllby astrocyte
Cd" increases, leading to release of ATP from astrocytes viditten broken down into
adenosine in the extracellular space. Adenosine binds and acthMhtesceptors on
excitatory presynaptic terminals which inhibits presynapticroteansmitter release
(Pascual et al., 2005; Serrano et al., 2006). Furthermore, adenosinactistes
postsynaptic Al receptors coupled tbdkannels, resulting in neuronal hyperpolarization
and reduced excitability (Newman, 2003). These processes togath&t be the
underlying mechanisms for sleep regulation (Halassa et al., 2009).

Another transmitter that could possibly be released from asté®diytD-serine,
which is synthesized in astrocytes from L-serine by thd ghayme serine racemase
(Wolosker et al., 1999). A previous study done in cell culture has shawvadtivation of
astrocytic GluRs upon binding exogenously-applied glutamate trigggfsd€pendent
release of D-serine (Mothet et al., 2005). D-serine can thenidon&gs a co-agonist of
synaptic NMDA receptors and can potentially promote the inductionomd-term
potentiation (LTP), as breaking down D-serine by the enzyme iDeaacid oxidase
decreased postsynaptic NMDA currents and prevented LTP (Yaalg 2003; Panatier

et al., 2006).

1.5.2 Astrocyte to neuron communication under pathological conditions

The possibility that astrocytes release transmitters undkolpgical conditions
has also been studied (Hamilton and Attwell, 2010). Large amountsutairglte are
released from cortical astrocytes in a model of epilepsy, hisd ghenomenon is
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considered a putative cause for seizure initiation (Tian et al.)) 280%ever, this idea is
still controversial as another study has come up with observatanfScting with the
previous findings (Fellin et al., 2006). Moreover, Astrocytes wase found able to
release transmitters in response to hypotonic treatmentse(Beérg et al., 1990). These
transmitters are thought to be released via volume-regulated ahannels (VRACS)
expressed by astrocytes. The release of excitatory tit@srsuch as glutamate could
lead to neuronal excitotoxicity and has been suggested to promqieotiress of acute
pathologies where astrocytic swelling occurs rapidly, includingkstrand trauma
(Kimelberg et al.,, 1995; 2005; 2006; Mongin and Kimelberg, 2005). In addition
releasing transmitters via VRACSs, it has been shown thatiredltastrocytes release
transmitters through multiple mechanisms such as connexin hemichéstwls et al.,
2002; Ye et al., 2003; Kang et al., 2008), pore-forming P2X7 purinergiptias (Duan
et al., 2003; Fellin et al., 2006), and reversal of glutamate traersp@Anderson and
Swanson, 2000), each of which is“Gmdependent and would likely happen under
pathological conditions (Agulhon et al., 2008).

Astrocytes have also been shown able to release prostaglandiPGE,) in
pathological conditions such as Alzheimer’s disease, HIV infectiwh stroke. The
astrocyte-released PGEogether with tumor necrosis factar(TNF-a) generated from
activated microglia leads to astrocytic “Caelevations, thus enhancing astrocytic
exocytotic release of glutamate (Bezzi et al., 1998; 2001puvBy-activating neuronal
NMDA receptors, this astrocyte-released glutamate can seresverall neuronal

excitability and contribute to neuronal death (Hamilton and Attwell, 2010).
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1.6 Role of astrocytic Gg GPCRsin synaptic plasticity

Given that astrocytes are able to talk to neurons by stimulatitrgsynaptic
NMDRs, it raises the possibility that astrocytes mightrivelved in two types of NMDA
receptor-dependent synaptic plasticity: long-term potentiatiofP)Land long-term
depression (LTD) (Malenka and Nicoll, 1999). Consistent with this hypisthprevious
work has reported a modified strength of LTP in the hippocampus fnice lacking
astrocyte-specific GFAP or S100B (a calcium-binding proteipyession, suggesting an
essential role of astrocytes in synaptic plasticity (Mt€thl., 1996; Nishiyama et al.,
2002). Furthermore, studies have indicated that in both the hypothalantus a
hippocampus, astrocytes impact LTP induction through the releasesenfirig- (Yang et
al., 2003; Panatier et al., 2006). However, it was not clear whetheriri2 svas released
from astrocytes through a €adependent mechanism, or whether astrocytic Gqg GPCRs
were involved in modulating hippocampal LTP. To elucidate this issue, Hennebeager et
(2010) clamped astrocyte €ao prevent Gqg GPCR-mediated “Ceses in astrocytes.
This manipulation abolished LTP induction, while bath-applying D-seenersed this
blockade. These results suggested that release of D-serinea$tootytes relies on
intracellular astrocytic Ca elevations, which are known to normally result from Gq
GPCR activation (Henneberger et al., 2010). However, at about thetsaenanother
published study reported conflicting results. Agulhon et al. found unéltfie in mice
lacking IRBR2 expression, which fully prevented Gq GPCR-mediated astrocyte C
elevations (Agulhon et al., 2010). Due to this controversy, the involvemestroicytic

Gqg GPCRs in hippocampal LTP induction is still under dispute.
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1.7 Role of p-arrestin-2, a scaffolding molecule, in dendritic spine remodeling and

synaptic plasticity

1.7.1 Dendritic spine mor phology is deter mined by F-actin dynamics

Dendritic spines are small protrusions located on excitatoryymagisc neuronal
dendrites, and their morphogenesis is highly correlated to functaeadlopment of
excitatory synapses (Pontrello and Ethell, 2009). Dendritic spimebealassified into
three groups based on their morphology: thin, mushroom, and stubby (Lippman and
Dunaevsky, 2005; Matus, 2005; Tada and Sheng, 2006), all of which orifioate
filopodia-like protrusions observed in batmvitro and invivo (Dailey and Smith, 1996;
Ziv and Smith, 1996; Maletic-Savatic et al., 1999; Marrs et al., 20Rabe et al., 2001,
Trachtenberg et al., 2002; Ziv and Garner, 2004; Knott et al., 200€)e ladult brain,
spines are plastic and can undergo dynamic reconstruction in regpookanges in
synaptic efficacy, thus being implicated in processes of learanmymemory (Segal,
2005; Newpher and Ehlers, 2009). Spine head enlargement has been found under
conditions of LTP (Lang et al., 2004; Matsuzaki et al., 2004), whespase head
shrinkage or spine elimination can be induced under conditions of LTD (Zhal, e
2004). Moreover, in developing rat barrel cortex (Lendvai et al., 20806)or cortex
(Kleim et al., 1998), and hippocampus (Geinisman et al., 2000; Leunér 20@3),
spines were shown to undergo experience-dependent structural remddétngng
application of various learning protocols. Loss of dendritic spines has been shown to have
detrimental effects on brain function in several neurodegenerasigasgis (Halpain et al.,
2005), and their rapid remodeling can contribute to recovery from siseagdn as sleep
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deprivation (Chen et al., 2009), as well as from damage to neuromagiCand Nieto-
Sampedro, 1984; Pontrello and Ethell, 2009).

Changes in spine structure and morphology are largely drivemtloy fdament
(F-actin) dynamics (Ethell and Pasquale, 2005). Actin dynamae® been shown to
control cell locomotion (Pollard et al., 2001) and axon pathfinding (Lowexy Van
Vactor, 2009) in motile cells and in growth cones, respectively. Wthesmes to spine
remodeling, F-actin turnover triggers new spine formation as aselelimination of
existing spines, and is considered the underlying mechanism fohatogmal spine
plasticity (Smart and Halpain, 2000; Kolb et al., 2008). F-action is rfradeassembly
of globular action (G-action) monomers, and this polymerization isdoidmal with one
end growing faster (the so called barbed or plus end) whereashtreeoid elongates
more slowly (the pointed or minus end) (Pontrello and Ethell, 2009).iéhatynamics
can be regulated by various actin-binding proteins including Actelat&d Protein (Arp)
2/3 complex (Pantaloni et al., 2000; Amann and Pollard, 2001), cortactn afwl
Parsons, 1993; Ammer and Weed, 2008)Actinin (Sjoblom et al., 2008), drebrin
(Shirao et al., 1994), profilin (Carlsson et al., 1977), spinophiliru(abin II) and
Neurabin | (Allen et al., 1997; Nakanishi et al., 1997), cofilin (Bampi®§9; Condeelis,
2001; Sarmiere and Bamburg, 2004), gelsolin (Yin and Stossel, 1979), and myosins

(Morales and Fifkova, 1989).
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1.7.2 Regulation of cofilin, an F-actin-binding protein, by NM DA receptor activation
and its effects on synaptic plasticity

Among the action-binding proteins, cofilin is a member of the Abfitic family
of actin-depolymerizing proteins that sever filaments and gémdree barbed ends
(Bamburg, 1999; Condeelis, 2001; Sarmiere and Bamburg, 2004). In restsgaell
levels of cofilin activity facilitate F-actin depolymertzan at the pointed ends and
polymerization at the barbed ends, resulting in a slow F-actin turnatee(Bamburg and
Wiggan, 2002). Elevated cofilin activity, however, triggers fasttiadynamics at the
leading edge of migrating cells and in neuronal growth cones @bisspon and
Bamburg, 2003; Gehler et al.,, 2004; DesMarais et al., 2005). Cofilinityacts
determined by its phosphorylation status. LIM kinase (LIMK) phospatay cofilin at
Serine 3 and inactivates it, thus inhibiting its binding to F-aétibdr et al., 1998; Yang
et al.,, 1998). On the other hand, cofilin is activated through its dephosgimryby
phosphatases slingshot (SSH) and chronophin (CIN) (Niwa et al., 2002; &oala
2005; Huang et al., 2006).

Regulation of cofilin activity has been reported to be criticalLféP induction
due to its effects on synaptic structural plasticity. The imagthosphomimetic cofili°
mutant was reported to have protective effects agaipshduced spine loss (Chen et al.,
2007; Shankar et al.,, 2007). Moreover, spine remodeling and new filopodia-like
protrusions became dominant under the effects of constitutively-actifién®*",
whereas overexpressing inactive cofiffh enhanced stabilization of mature dendritic

spines (Shi et al., 2009). The underlying mechanisms that requdéitin activity have
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been proposed, one of which is NMDA receptor-mediated dephosphorylatowdilof

(Carlisle et al., 2008). Activation of NMDA receptors triggei ‘Gnflux, which in turn

activates calcineurin and leads to upregulation of SSH agtithereby resulting in
dephosphorylation and activation of cofilin (Wang et al., 2005). In acute hippata
slices, the induction of LTD by low-frequency stimulation is fokalby activation of
the NMDA receptor calcineurin pathway, which was shown to medpate shrinkage
via regulation of cofilin activity (Zhou et al., 2004). Another previstisdy revealed
significantly altered LTD in mice lacking cofilin expressionforebrain neurons while
the level of LTP was unchanged (Rust et al.,, 2010). These résgéther suggest an
essential role of cofilin in regulating synaptic plasticity undlee control of its

phosphorylation status (Pontrello and Ethell, 2009).

1.7.3 Spatial distribution of cofilin by B-Arrestin2

It has been reported that cofilin tends to accumulate in thdl™shrea of
dendritic spines with a dynamic F-actin pool, and is less abunu&me i‘core” area with
a stable F-actin pool (Racz and Weinberg, 2006 mechanisms underlying the spatial
distribution of cofilin in dendritic spines, however, have not been fullgighted. One
group of potential candidates that might be involved in this prosesAirestins. In
addition to their roles in controlling GPCR desensitization and ifteatian (Luttrell
and Lefkowitz, 2002; DeWire et al., 2007; Defea, 2008), the abilit}-Afrestins to
regulate F-actin dynamics via scaffolding actin-binding protbies also been reported
(Barlic et al., 2000; Bhattacharya et al., 2002; Wang and DeFea,. 260N thatp-

Arrestins were shown to mediate cofilin translocation in miggatells (Xiao et al., 2010;
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Zoudilova et al., 2010), a study done by Pontrello and colleagues invegttgatability

of B-Arrestin2 to regulate cofilin translocation in correlation wiMDA-induced
dendritic spine remodeling (Pontrello, 2011). For neurons lagkiAgestin2, there was
failure of translocation of constitutively active coffiifi into dendritic spines following
activation of NMDA receptors, implying that activation of cofififone is not sufficient
for its trafficking into dendritic spines. Moreover, mature spagsear to have a normal
morphology inB-Arrestin2-deficient neurons but lose the ability to undergo remuglel
in response to NMDA treatment or over-expression of constitutivetiyeacofilin®*”.
This phenomenon was rescued wifeArrestin2 was overexpressed in these neurons,
suggesting thap-Arrestin2 is involved in cofilin-mediated spine remodeling and is

required for regulating spatial distribution of active cofilinidaling NMDA receptor

activation (Pontrello, 2011).
1.8 Our hypothesis

1.8.1 Spontaneous astrocytic Gg GPCR microdomain activity can be driven by
neuronal activity

Spontaneous astrocytic €aactivity is a phenomenon that has been observed in
cell culture (Fatatis and Russell, 1992; Charles, 1994; HarriseVéhial., 1998)in situ
(Parri et al., 2001; Aguado et al., 2002; Nett et al., 2002)ravdo (Hirase et al., 2004;
Nimmerjahn et al., 2004; Wang et al., 2006). However, the mechanisteslying these
events as well as their physiological implications have neesaia mystery. As Ga

events in the astrocyte cell bodies persist when action potesutidlsiniature vascular
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release of neurotransmitters were blocked by TTX and bafilomsespectively (Parri et
al., 2001; Aguado et al., 2002; Nett et al., 2002; Parri and Crunelli, 2008)s ibeen
suggested that spontaneous astrocytié® @Gansients occur independent of neuronal
activity. Another study, however, observed increased frequencyasifocytic
microdomain C& elevations following application of mGIUR agonists at low
concentrations (Zur Nieden and Deitmer, 2006), giving rise to the pagsibat local
glutamate spillover from neuronal synaptic transmission is whggers astrocytic
microdomain C& activity. A primary goal of my dissertation research is laify the
mechanisms controlling spontaneous microdomain astrocytic Gq GRURyawhich is

the subject of Chapter 2.

1.8.2 Astrocytes can respond to low level Schaffer Collateral (SC) stimulation with
microdomain Ca’* elevations

It is very well established that high-frequency stimulatiomedironal afferents
results in activation of astrocytic Gqg GPCRs with somatfd €vations in hippocampal
slices (Porter and McCarthy, 1996; Pasti et al., 1997; Kanyj, t998; Araque et al.,
2002; Fellin et al., 2004; Perea and Araque, 2005; Navarrete and Araqueg, 2008
Moreover, astrocytesn vivo also respond with G# elevations in the soma and/or
processes to whisker stimulation (Wang et al., 2006), visual st{®cthummers et al.,
2008), robust foot stimulation (Bekar et al., 2008), and running behavior (Dormabalkck
2007). However, the possibility that astrocytes respond to low intestgitylation with
microdomain C& elevations still remains undetermined. The subject of ChaptemBsof t
dissertation is to provide evidence that identifies how astroogsgond to low levels of
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excitatory afferent stimulation in the hippocampus including thestiald of neuronal
activity necessary for evoking astrocytic “Calevations as well as the astrocytic Gq

GPCR response characteristics and receptors involved.

1.8.3 B-Arrestin2 isinvolved in two forms of NM DAR-dependent synaptic plasticity:
LTPandLTD

Previous studies suggested that cofilin activity is determined itby
phosphorylation status and is upregulated by NMDA receptor activatamg et al.,
2005; Pontrello and Ethell, 2009). Moreover, translocation of cofilin to dengpines is
required for functional spine turnover and synaptic plasticity, anthasght to be
controlled byp-Arrestin2 (Zoudilova et al., 2010). The correlation betwpekrrestin2
and NMDA receptor-mediated spine structural plasticity was stggbbased on findings
showing impaired spine remodeling upon exposure to NMDA (Pontrello, 20li&)td®d
the involvement of-Arrestin2 in NMDA receptor-mediated spine structural plasfid
is likely that B-Arrestin2 impacts the strength of LTP and LTD, two forms ofagyic
plasticity that are NMDA receptor-dependent. This is the sulme€&hapter 4 of this

dissertation.
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Chapter 2: Effects of action potential-driven synaptic activity and miniature
neurotransmitter release on spontaneous astrocytic Gqg GPCR signaling domains
2.1 Abstract

Astrocytes express numerous Gg-protein coupled receptors (Gq GRIGRS)
couple to increases in cytoplasmic?Caoncentration. Previous research has indicated
the presence of three primary astrocytic Gg GPCR signalingidsnig microdomain, 2)
whole-cell, and 3) intercellular. Astrocyte T&microdomains” are discrete regions of
astrocyte processes that exhibit asynchrono$ €avations in basal conditions. It is
still not clear what processes drive active astrocyte sigmaticrodomains. Furthermore,
the role of C& microdomains in astrocyte physiology and pathology is still ndt we
elucidated. Understanding these processes will be critical tounderstanding of
astrocyte function and the purpose of neuron-to-astrocyte commanigatihe brain. To
study the mechanisms behind spontaneous astrocytic Gq GPCRngigi@hains, we
set out to determine: 1) Whether spontaneous astrocytic Gq GRE€&domains are
driven by action potential-mediated neuronal synaptic transmissionW2gther
spontaneous astrocytic Gg GPCR microdomains are driven by mimaturetransmitter
release, 3) Whether spontaneous astrocyte Gq GPCR microdomaingrcap |
metabotropic glutamate receptor (mGlgRrdependent. These questions were addressed
using patch-clamp electrophysiology combined with confocal imagicigniques in CA1
stratum radiatum astrocytes in acute hippocampal slices. Ouragpwas to increase
external K concentration to 5.0 mM to globally elevate neuronal action potéiniia

rates. Our data revealed no corresponding increase in the frequency of mairo8erh
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oscillations with increased neuronal action potentials relativeseliba [K'], of 2.5 mM.
We also examined the effects caused by blocking miniaturetnaasmitter release on
spontaneous microdomain Cascillations. Frequency of microdomain®ascillations
was significantly decreased when miniature neurotransmitesise was blocked in the
presence of Bafilomycin Al, suggesting that astrocyte Gq GR@iRodomains are
driven in part by miniature quantal release of neurotransmitteally; we tested whether
these spontaneous events are m@luldependent by comparing the frequency of
microdomain C& oscillations before and after mGlyR antagonists were applied.
Within-cell comparison showed no significant frequency changesmdntaneous
microdomain C& oscillations in the presence of mGliRantagonists compared to
baseline, suggesting that other types of neurotransmitter rexegter involved in

triggering these spontaneous events.
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2.2 Introduction

Astrocytes exhibit spontaneous, asynchronous microdomaffi d3aillations
within small compartments of their fine processes in conditiorksnig@any user-evoked
stimulation, a phenomenon that has been observed in cell culturas(fatRussell,
1992; Charles, 1994; Harris-White et al., 1998), in slices (Parri et al., 2001d@&gtal.,
2002; Nett et al., 2002) , amd vivo (Hirase et al., 2004; Nimmerjahn et al., 2004; Wang
et al., 2006). The majority of these spontaneou @aillations are not mediated by
voltage-gated calcium channels (Wang et al., 2006) or ryanodoeptoes (Parri and
Crunelli, 2003; Wang et al., 2006). Based on findings showing that these regmrga
astrocytic C4" events were markedly abolished under the treatment -pfetieptor
antagonist Heparin (Nett et al., 2002) or when astrocyeelfeptors were knocked out
(Petravicz et al., 2008), it has been widely accepted that thes&@seous astrocyte €a
events are mainly due to activation of G protein-coupled recepBys@PCRs) and
depend on IRtriggered C& release from internal stores (Agulhon et al., 2008).
Therefore, recording astrocyte Caactivity using C& indicator dyes and confocal
microscopy provides a real-time readout of astrocytic Gq GPE@Rita It has been
shown that, for astrocytes in the hippocampus, spontaneous whole-CetisCiflations
still occur in the presence of tetrodotoxin (TTX), which inhibitdicec potential
generation (Parri et al., 2001; Aguado et al., 2002; Nett et al., Z@dé;and Crunelli,
2003), suggesting that whole-cell astrocytic’Cevents occur independent of neuronal
activity. Mechanisms intrinsic to astrocytes, such as consgét@q GPCR activity which

occurs in the absence of agonist (de Ligt et al., 2000; Hermanshafigs§; 2001), could
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play essential roles in driving these spontaneous astrocyiice@@ations. Interestingly,
however, in another report the frequency of astrocytic' @etivity was elevated when
low concentrations of mGlu Gq GPCR agonists were present, raim@ngpssibility that
some microdomain G& activity can be driven by local glutamate spill over from
neuronal synaptic transmission (Zur Nieden and Deitmer, 20063 hypothesis, if
proven, would imply that astrocytic €amicrodomains are driven by glutamate release
from individual synapses, which would change the current view ofrfeawons signal to
astrocytes. Furthermore, this would open the door to future studiesne@uplasticity

of neuron-to-astrocyte signaling microdomains based on changescah dynaptic
strength. Plasticity of astrocytic Gg GPCR signaling odomains has not been studied,
and could provide a basis for changes in glial investiture of actueonal synapses, as
well as plasticity of critical astrocytic functions including &d glutamate uptake.

In this study, we performed experiments to test the hypothesisgbataneous
astrocytic Gq GPCR microdomain activity is driven by neurontiic This question
was addressed by filling a single astrocyte witi*Gadicator dye using the whole-cell
patch-clamp technique, combined with laser scanning confocal microscomcord
changes in local Gaactivity. To ensure there was effect or photo damage causeddy la
light, we first performed a series of control experimentmé&asure the effects of laser
power and exposure time over the recording period on astrocytes. Weyltimlly
increased hippocampal neuronal firing by doubling the extracellilaconcentration
from 2.5 mM to 5 mM, a concentration still within the physiologicahge which

effectively depolarizes neurons by approximately 10 mV and entd@A&8 neuronal
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firing rates (Xie, 2011). The sodium channel blocker tetrodotoxin (TLT¥VI) was then
bath applied in order to block any action potential-driven astrocyteaeévity. To our
surprise, we found no significant change in spontaneous astrocytica@aity in

conditions when neuronal activity was globally increased or inhibgieggesting that
spontaneous astrocytic Gqg GPCR microdomains are not driven by gdiential-

mediated neurotransmitter release.

In basal conditions without any action potential-driven events, paokejganta
of neurotransmitters are spontaneously released. This “miniatgkgase from
presynaptic terminals produces miniature excitatory postsynaptients (MEPSCSs) in
neurons, which is thought to play a role in synaptic maintenanceitiviei et al., 1999;
Sutton et al., 2006). It has been shown that Bafilomycin Al, an H-ATiRasénhibits
acidification of synaptic vesicles and prevents neurotransriitter being re-loaded into
vesicles, blocks miniature neurotransmitter release and mERS&sue et al., 2000;
Zhou et al., 2000). Previous studies indicated that blocking miniatur®trensmitter
release using Bafilomycin Al had no significant effect on spontarestuscytic C&"
oscillations recorded from the cell bodies of astrocytes (Bletl., 2002; Parri and
Crunelli, 2003). These findings suggested that spontaneous whole-cetlyistC&*
activity does not rely on neuronal vesicular release of neurotraessnibut is driven by
mechanisms “intrinsic” to the astrocyte, probably through consttuGg GPCR
signaling activity (de Ligt et al., 2000; Hermans and Challx¥01). However, the
methods employed at the time only allowed'Qaading in the astrocyte cell bodies so

that Gqg GPCR activity could not be recorded in astrocyte microdemaierefore,
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changes occurring in local fine processes might have been overlootkesl study. In the
current study, individual astrocytes were filled with a higlinéff C&* indicator
(Oregon Green BAPTA-1 or OGB-1) via patch pipette, which abvior maximum
visibility of astrocyte processes. Surprisingly, microdomaimoagte C&" elevations
were significantly reduced, although not abolished, when slices prermcubated in 4
uM Bafilomycin Al for > 2 hours, suggesting that a significant portion of astrocyte
microdomain Gq GPCR activity is driven by miniature releaseeoirotransmitter. This
was surprising based on our initial experiments demonstrating theofaeffect of
elevating and blocking neuronal action potentials on the frequencyra¢yst Gq GPCR
microdomains.

We also attempted to identify which astrocytic Gg GPCR=ewevolved in the
generation of spontaneous microdomairf ‘@acillations. Based on previours situ and
in vivo studies, the neuronal activity-elicited astrocytic>’Ceesponses were largely
blocked by group | mGIuR antagonists (Porter and McCarthy, 1996; Waalg 2006).
Moreover, the spontaneous astrocytic’‘Calevations were reported to be reduced or
suppressed by MCPG, a group | and Il mGIluR antagonist, indicating relatiom
between mGIluRs and spontaneous’*Cascillations in astrocytes (Zur Nieden and
Deitmer, 2006). However, studies done by another research group deneagnificant
change in spontaneous astrocyté ‘Gmcillations when MCPG was applied (Aguado et
al., 2002). As both studies used bulk-loading techniques that only relidlbinef
astrocyte soma with Gaindicator, activity occurring in smaller astrocyte compartment

went unmeasured. To solve this problem, we used whole-cell patch-c@mnfig
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astrocytes with CA indicator as it allows loading of €aindicator in the astrocyte
microdomains while also providing unequivocal identification of the dilkells as
astrocytes based on their passive electrophysiological pregpe@ur results revealed no
significant change in spontaneous astrocyt&’ @scillations after mGluRs antagonists
(CPCCOEt, 10QuM and MPEP, 2QquM) were bath-applied. These results suggest that
other types of astrocytic Gg GPCRs might be involved in generafi@pontaneous
astrocytic C&' elevations.

2.3 Materials and methods

Preparation of hippocampal dlices.

All mice were housed in the animal facility at the Universify California,
Riverside in accordance with Institutional Animal Care and UsenrGittee guidelines.
Parasagittal hippocampal slices (30® thick) were prepared from 12- to 18-day-old
C57BL/6J (Jackson Laboratory, Bar Harbor, ME) wild-type nuisieag a Leica VT1200s
Vibratome (Bannockburn, IL). Slices were prepared in ice-cold, ndiyige®*-free
saline containing (in mM): 125 NaCl, 2.5 KClI, 3.8 MgCl NaHPQ,, 26.6 NaHCQ,
and 25 glucose, bubbled with 5% €85% Q. Subsequently, slices were incubated for
45 min at 35°C in oxygenated artificial cerebrospinal fluid (ACSHjtaining (in mM)
125 NacCl, 2.5 KClI, 2.5 Cagl1.3 MgC}h, 1 NaHPO,, 26.6 NaHCQ, and 25 glucose,
bubbled with 5% C@95% . Following the incubation period at physiological
temperature, slices were given 15 min to cool to room temperatdrihen transferred to
a recording chamber (Warner Instrument), continuously superfuséd owjtgenated,

room temperature ACSF.
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Patch clamp of passive astrocytes.

Pipettes were pulled from borosilicate glass on a Narishigiey¢l Japan) PP-83
two-stage vertical pipette puller and not fire-polished. Pipettae welled to 7-8NR
when filled with (in mM): 130 K-gluconate, 4 Mg&£ 110 HEPES, 10 glucose, 1.185 Mg-
ATP, 10.55 phosphocreatine, and 0.1315 mg/ml creatine phosphokinase, pH 7.3 by KOH
(standard internal solution). The Téndicator dye Oregon green BAPTA-1 (OGB-1;
from Invitrogen; 200uM) was also included. Whole-cell patch-clamp recordings of
astrocytes were performed at room temperature using a ModpckOOB amplifier and
PCLAMP 10.2 software (Axon Instruments, Union City, CA), or a EPC 10 phtah
amplifier and Patchmaster software (HEKA, Germany). Aftbple-cell configuration
was obtained, passive astrocytes were verified by theitrepdysiological properties
(Fiacco and McCarthy, 2004). Passive Astrocytes typicadityae-85 mV with low input
resistances of 10 . They exhibit passive currents when stepped from -180 mV to +80
mV in 20 mV increments. A test pulse of -5 mV was included &éeh voltage step in
order to monitor changes in access resistance. Astrocytencgigmals were low-pass
fillered at 2 kHz and digitized at 100 kHz via a DigiData 1440ofxXnstruments)
interfaced to a personal computer. A smooth, stable off-cell andafiommof an outside-
out patch was used as an indicator of minimal damage to themesibrane during the
patch procedure. After pipette withdrawal, a recovery time of XOwas allowed before
recording astrocytic Ga activity. During astrocyte recordings, solutions were sveitc

using an electronic valve controller (Warner Instrument, Hamden CT).
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Confocal imaging.

Hippocampal CA1 stratum radiatum was visualimsthg an Olympus BX61 WI
upright microscope equipped with UMPLFLN 10X (N.A 0.3) and LUMFLN 60¥A.
1.1) water-immersion objective lenses and differential intartereontrast (DIC) optics.
Astrocytes in CAl stratum radiatum were first identified their characteristic
morphology and size using DIC visualization. After loading with OGB&" indicator
dye, the fluorescence intensity in astrocytes was recorded ovesriméxed focal plane
of 4.127um optical thickness, 1.2 sec scanning interval and 2X zoom-in fa¢tangés
in fluorescence intensity indicated a*Calevation (criteria described in next section).
The microscope was set up for FITC detection to visualize gre#oator under the
specific detection channel. For all experiments, only a siriglel (0f) astrocyte(s) was
recorded per slice to prevent effects caused by multiplerielcstimulations and/or
agonist applications. Laser power was generally kept at 0.3%veer [to prevent
phototoxicity-induced spontaneous®Cascillations (Wang et al., 2006; see also Fig. 2.2
for control experiment). The group | mGIuR agoniSi-§,5-Dihydroxyphenylglycine
(DHPG) or an agonist cocktail (containing A8l each of histamine, carbachol, and 2Na-
ATP, agonists for histamine H1 receptors [H1R], muscarinic ktethne receptors
[mAchR], and purinergic receptors [P2YR], respectively) wereagdrapplied at the end
of the experiment as a positive control to verify intact astrodgq GPCR signaling
pathways. Astrocytes that failed to respond to the positive aontre excluded from
further analysis. Solutions were switched using an electronie \autroller during the

course of the experiments (Warner Instrument, Hamden CT).
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Bafilomycin incubation

Slices were incubated in ACSF containingu#h Bafilomycin (LC Laboratorys)
for > 2 hours before starting the experiment. Slices in the control gneerp
simultaneously incubated in ACSF (without Bafilomycin) for nednly same amount of
time.

Data analysis.

Square-shaped regions of interest (ROI) of a size rangimy &.6 - 17.3um?
were placed over the astrocyte cell body and visible processgs@ympus Fluoview
1000 software. For each ROI, fluorescence increases of atweasticcessive scanning
points with valuesthree standard deviations above 30 s of mean baseline signal were
defined as C& elevations (Honsek et al., 2013pontaneousCa " elevations that
covered < 75% of the planar area of the astrocyte were definédierodomain” C4'
events, whereas those spanning > 75% of the planar area weral defifvwhole cell”
Cd”* events. Neighboring ROIs witha" transients at the same time (< liinge interva)
were grouped together as a single Gq GPCR signaling dditlastrated in Fig. 2.1).
ROls increasing fluorescence intensity at the same timwitiutat least one intervening
ROI that did not increase in intensity were considered sepaiatedomains occurring
at the same time. Student's independent t-test was used tanidetestatistical
significance among conditions or between control and treatmeapgrP value< 0.05

was considered significant.
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2.4 Reaults
2.4.1. Measurement of astrocytic microdomain Ca?* oscillations under increasing
laser power intensity

A previous study has revealed a laser light-induced artifact pomtaneous
astrocytic C&" elevations (Wang et al., 2006). Given that this critical issue arektly
impact our experimental results, we performed a series ofot@xperiments to test the
contribution of confocal laser light, if any, to astrocyté 'Cactivity. The effects of laser
power intensity were examined by recording spontaneous astr@egtiactivity at 0.2%,
0.5%., 1%, 2%, 5%, 10%, and 20% laser power, each for 5 min (Fig. 2.2@niAcant
increase in Cd elevation frequency was observed at 5% and 10% laser powels, whi
elevations gradually diminished at 20% (n = 4 cells). An agonisttabcomposed of
histamine, carbachol and 2Na-ATP was then applied to test tfe\iability. No C&"
response was evoked by the agonist cocktail, suggesting thatttbeytss has been
damaged by the laser intensity protocol. These data provided usnvitidication of
acceptable levels of laser power (< 2%) that were acceptablise for subsequent
experiments. In all experiments agonist cocktail is appliedeaend of the recording to
verify that the cell remained responsive to stimulation of its Gq GPCRs.
2.4.2. Effects of imaging time at fixed 0.2% laser power on spontaneous astrocyte
microdomains

We next attempted to determine the effects of imaging &trfexed laser power
on spontaneous astrocytic ‘Canctivity. Astrocytic CA" elevations were continuously

monitored using confocal microscopy at 0.2% laser power for 60 mm EB).
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Recording was broken down into three windows, 20 min for each. Freqoérsf"
elevations was compared among these three intervals. The réswsdsno significant
changes in astrocyte Eaelevations frequency among these three time windows (Fig.
2.3D; n = 4 cells, p > 0.1), suggesting that the frequency of gisr@a" activity is not
affected by long-term exposure to 0.2% laser light. Based on thedags, all
subsequent experiments were performed using 0.2% laser output power.
2.4.3 Global increase followed by inhibition of neuronal firing does not result in
significant changesin size or frequency of spontaneous astrocytic Gqg GPCR activity
Since increased frequency of astrocyti¢'Gativity was observed in the presence
of low-level mGlu Gq GPCR agonists, (Zur Nieden and Deitmer, 2@06),possibility
that some astrocytic Gq GPCR activity can be driven by Idoshmate spill over from
synaptic transmission was tested in this stlidydetermine if spontaneous astrocyte Gq
GPCR signaling domains are driven by action-potential metgteaptic transmission,
neuronal firing frequency was first elevated, and then blocked, dueicgrding of
spontaneous astrocyte Caransients. Elevated extracellulaf #om 2.5 to 5.0 mM was
used to increase neuronal firing frequencies, after which TTXappked to block action
potentials (Fig. 2.4). Surprisingly, no significant difference veamd in the frequency of
microdomain or whole-cell astrocyte Caelevations when synaptic transmission was
globally increased or inhibited compared to basal conditions (Fig. 2.5/ celis from
8 slices). It is possible that action potentials result in s&osggmulation of astrocytic Gq
GPCRs, leading to larger areas of astrocyté” @amains. To test this, the area of

propagation of each €atransient was compared by breaking down microdomain
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oscillations into small (less than 10f?), medium (between 100 and 5067) and large
(more than 50um?) areas. There was no significant difference in microdomainiarea
5.0 mM K’ or in 5.0 mM K + TTX compared to the baseline 2.5 mM ¢ondition. (Fig.
2.5B). These data suggest that neuronal action potentials are not idspdos
producing whole-cell or microdomain spontaneous astrocyte Gq GPCR activity.
2.4.4 Blockade of miniature neurotransmitter release results in significant changes
in frequency of spontaneous astrocytic Ca?* activity

Previous studies indicated that spontaneous astrocytid @etivity was
unaffected when miniature vesicular neurotransmitter rele@seblocked (Nett et al.
2002; Parri and Crunelli, 2003). As these studies only examined sdBatiactivity in
astrocytes, it has remained unclear whethéf Getivity in local astrocyte processes can
be affected by blockade of miniature neurotransmitter rel@asaddress this possibility,
we applied Bafilomycin Al, a vacuolar type -ATPase inhibitor which blocks
neurotransmitter loading into synaptic vesicles, to deplete mieiateurotransmitter
release. In the experimental condition, slices were incubat&hfilomycin Al for at
least two hours prior to the recording. In the control condition, shie¥se incubated in
regular ACSF without Bafilomycin Al for at least two hours. Toueadull block of
neurotransmitter release, slices were also incubated in f6rX30-60 min prior to
recording C4" activity. After 12 min baseline recording, an agonist cocktail composed of
histamine, carbachol and 2Na-ATP was bath-applied as a postmicfor astrocytic
Gqg GPCR responsiveness. Compared to control slices, astrocytezsnirscubated in

Bafilomycin Al exhibited a significantly reduced frequency of saoebus Gq GPCR

57



activity (Fig. 2.6C; n = 7 cells for control group; n = 8 cédis bafilomycin group; p <
0.05). Interestingly, however, the spontaneous microdomaih a#ivity was not fully
depleted in the presence of Bafilomycin Al, suggesting that sdrttee microdomain
Cd* transients are due to basal or constitutive Gq GPCR signalingtyacTaken
together, these data suggest that a significant proportion afpthrganeous astrocytic
microdomain Gq GPCR activity is driven by miniature neurotransmitteaigele
2.4.5 Blockade of group | mGluRs does not result in significant changesin frequency
of spontaneous astrocytic Ca?* activity

It has been well established that group | mGIluRs are the majoGRBCRS
involved in astrocytic Cd responses evoked by Schaffer Collateral (SC) stimulation
situ or by sensory stimulatiom vivo (Porter and McCarthy, 1996; Wang et al., 2006;
Panatier et al.,, 2011; Honsek et al., 2012). However, the astrocgtidlGBCRS
responsible for spontaneous astrocytié¢ Gaevations are still not fully elucidated. To
investigate the role played by group | mGIuRs in the generatigmootaneous astrocytic
Cd”* elevations, we compared astrocytic?Calevation frequency for 10 min before and
after application of the group | mGIuR antagonists CPCCOEt (1 and 20uM
MPEP (20uM). The group | mGIuR agonist DHPG was also applied at the engeof t
experiment as a control to verify that the group | mGIuR antagowiste effectively
blocking Group | mGluRs. No G4 response was evoked by DHPG, confirming
functional blockade of group | mGluRs by CPCCOEt and MPEP. Thidallagved by
application of agonist cocktail as a positive control to deternhi@e¢ll’s responsiveness

to stimulation of Gq GPCRs (Fig. 2.7 A,B). Overall, there wasigoificant change in
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the frequency of spontaneous astrocytié¢'@ativity while group | mGIuR were blocked,
suggesting that Group | mGIluRs are not responsible for the genecdtspontaneous
Ccd* activity in astrocytes (Fig. 2.7 C). These findings sugdesat other types of
astrocytic Gg GPCRs stimulated by miniature vesicularaseleof neurotransmitter are

involved in triggering spontaneous astrocytié¢ Gavents.

2.5 Discussion

The mechanisms underlying spontaneous astrocytié® @éevations have
remained mysterious. They may represent activity “intrinsic’thte astrocyte due to
constitutive or basal signaling of Gg GPCRs in the absence ofsagonialternatively
they could be activity dependent, driven by local neurotransmitesase Previous work
has indicated that spontaneoug Gascillations in the astrocyte soma occur independent
of neuronal activity, supporting the idea that this activity igneic (Aguado et al 2002;
Nett et al. 2002). However, these studies recorded activityctestio the astrocyte soma,
leaving open the possibility that spontaneou$’ @ativity in astrocyte fine processes is
neuronally-driven. Each astrocyte is thought to encompass a volumespmnding to
over 100,000 synapses (Bushong et al., 2002). As it is known that astracgtes
important for regulating neuronal excitability by uptake of potassium anchgtgalocal
stimulation of astrocytic Gqg GPCRs would redefine domains of neorasttocyte
communication and open the door to synapse specific modulation of potassium a
glutamate uptake by astrocytes. Therefore, we set out to de¢eria the role of

neuronal action potentials; and b) the role of miniature or quantalleasielease, in the
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generation of astrocyte microdomain Gg GPCR activity. We werprised to find that
manipulation of neuronal action potentials had no effect on the freques@eqarea of
propagation) of astrocyte microdomain?Cactivity. We first increased neuronal firing
rates by doubling the extracellular Krom 2.5 to 5.0 mM. As extracellular’Kis a
primary determinant of cellular resting membrane potential, amsudepolarized by
10.09 mV and increased their firing frequency by 0.268 Hz followigy hanipulation
(Xie, 2011). Then in the same recording neuronal action potentiedshiaxked by TTX.
Neither manipulation affected astrocytic ‘Canicrodomains. These data indicated that
spontaneous astrocytic microdomain®Calevations occur independently of neuronal
action potentials, suggesting that spontaneous astrocyte Gq GPCR &ftinirinsic to
the astrocyte, at least as far as neuronal action potentealsoacerned, which is in
agreement with previous studies (Nett et al., 2002; Aguado et al.,. 20&gver, as a
previous study indicated that high-frequency SC stimulation evokestwst whole-cell
Cd" responses (Porter and McCarthy, 1996), our findings do not exclude tliglippss
that some Cd4 microdomain activity can be evoked by low intensity SC stinmati
which is the focus of Chapter 3. Furthermore, if the frequencyastlme intrinsic
spontaneous astrocyte Cactivity is very high, it could potentially obscure any possible
Cd”* transients evoked by elevated neuronal activity. Due to this tcasieact low
intensity SC stimulation may reveal astrocytic Gq GPCRpaoases. By gradually
bringing down SC stimulation intensity, it will allow us to detére whether astrocytes
are capable of responding to neuronal activity with*@¢evations at the microdomain

level.
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Application of TTX will only block action potential driven neurotrangsrit
release, leaving open the possibility that miniature or quanedselof neurotransmitter
is responsible for spontaneous astrocyté’ @zcrodomains. To test this possibility we
compared the spontaneous astrocyté” @ativity in slices incubated in Bafilomycin Al
to control incubated slices. Surprisingly, our data indicated afisigmi reduction in
spontaneous astrocyte Catransients when Bafilomycin was present, a result
contradicting earlier findings in the astrocyte soma madidit et al. in 2002. A major
difference between Nett et al.’s experimental approach andiotine method to load
C&” indicator. In their study the traditional bulk-loading technique usesl to study the
Bafilomycin effect rather than using patch clamp to fill theceyte small compartments
with C&* indicator as we have used. An additional drawback of the bulk-loading
technique is that only cells close to the slice surface canutakke dye. This prevents
analysis of C& activity from astrocytes deeper in the slice, which are lyshahlthier
than those near the surface. Another main difference we have nbabsden Nett's
study and ours, that we have difficulty in reconciling, is tleegdency of C& activity
recorded from the soma. Nett et al. found a very high frequenagtaicyte soma Ga
transients with regular periodicity, leading these reseaduerefer to these events as
“oscillations”. Based on our own data, most of the spontaneous ast@ayteansients
are restricted to microdomains, are not oscillatory, and rarelyagate to the cell body
(Fig. 2.5 D). These differences could be due in part to differeimce=ll health or
incubation chambers used.

Bafilomycin Al did not fully block spontaneous astrocyte ‘Gaevations in our
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studies. Therefore, the data suggest that the majority of spontaastms/te Gg GPCR
activity is governed by quantal vesicular release, while theaireng events are driven
by mechanisms solely “intrinsic” to the cells, namely consti®uGg GPCR activity. Our
findings in comparison to those of Nett et al. raise the posgithlit, if the cells do not
maintain full health, they may no longer be under proper control byonal activity,
leading toward a shift in favor of “intrinsic” mechanisms. In sgglesumstances, any
effect caused by Bafilomycin would never be detectable anymore.

If miniature vesicular release of neurotransmitter is resplendor a large
proportion of microdomain astrocyte Caactivity, which astrocytic Gq GPCRs are
responsible? Multiple reports point to a role for astrocytic grou@luRs in neuronally-
driven astrocyte Ca activity. Surprisingly, we found no significant effects of group |
mGIuR antagonists on spontaneous microdomaif* @evations in astrocytes, an
observation contradicting previous studies (Zur Nieden and Deitmer, .2088) is
surprising given that evoked astrocyte’Ceesponses are driven largely by group |
MGIuRs. Since astrocytes exhibit numerous types of Gqg GPCRer(Rad McCarthy,
1997; Shelton and McCarthy, 2000), future work will be needed to detenvhich
neurotransmitter and which astrocytic receptor(s) are resporisiblbis activity, and
what its physiological purpose is. Candidate neurotransmittdtslené@TP, acetylcholine,
GABA, and cannabinoids, all of which have been shown to stimulate ystree”
responses (Araque et al., 2002; Oka et al., 2006; Navarrete and A2808¢ The most
straightforward approach to test this is to apply an antagauktail containing blockers

of P2YRs, mAchRs, GABARs and CB1Rs in the presence of TTX. If spontaneods Ca
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activity in astrocytes is largely abolished by this treattmthen different combinations of

antagonists can be applied until the most essential receptor is identified.
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Figure L egends

Figure 2.1 Deter mining Gq GPCR signaling domainsin an astrocyte.

Left: A single astrocyte patch-clamped with OGB-%dadicator dye. Numbered ROls
over astrocyte compartments match fluorescence intensity over timedtaicgg.

Right: 10 min baseline recording of spontaneous astrocyficaavity. As stated in the
“Materials and Methods” sectiospontaneous Gaelevations were identified using the
three standard deviations criteria (Honsek et al., 2012). Adjacers Rih C&*
transients with intervals 10 s were grouped together as a single Gg GPCR signaling
domain. ROIs increasing fluorescence intensity at the saneeluhwith at least one
intervening ROI that did not increase in intensity were considsepdrate domains
occurring at the same time. In this representative examgteGg GPCR signaling

domains (A-J) were identified.
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Figure 2.2 Effects of increasing laser output power on spontaneous astrocytic Ca*
elevations.

(A) A single astrocyte was patch-clamped with OGB-f"@adicator dye. Colored boxes
(ROIs) were placed over all visible astrocyte compartmerash avith a particular
number that matches the number of each fluorescence intensity over tima {(@ge i

(B) The astrocyte’s membrane potential was stepped from -18®m80 mV in 20 mV
increments. This voltage-step protocol induced passive currents iradtnecyte.
Following each voltage step was a -5 mV test pulse to monitor ekaimgaccess
resistance.

(C) C&" elevations from ROIs were recorded from the astrocyter avereasing
intensities of laser power: 0.2 %, 0.5 %, 1 %, 2 %, 5 %, 10 %, 2@¢ék,fer 5 min. A
Gq GPCR agonist cocktail composed ofyd ea. of histamine, carbachol, and ATP was
applied at the end of the recording to test the viability of #lé The arrowheads

represent focus-adjusted (FA) points to compensate for “slice drift”. (n = 4)
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Figure 2.3 Effects of exposure to 0.2% confocal laser light over time on astrocytic
Ca’" activity.

(A) A single astrocyte was patch-clamped with OGB-f"@adicator dye. Colored boxes
(ROIs) were placed over all visible astrocyte compartmerash avith a particular
number that matches the number in the fluorescence intensity over timm tf@ge

(B) The cell’'s membrane potential was stepped from -180 mV8t mV in 20 mV
increments. This voltage-step protocol produced passive currents, unequivocall
identifying the cell as an astrocyte. Following each voltage wias a -5 mV test pulse to
monitor changes in access resistance.

(C) C&* activity was recorded from an astrocyte over 60 min with 0.2 $gr lautput
power. The arrowheads represent focus-adjusted (FA) points to catgdos “slice
drift”.

(D) The frequency of microdomain astrocytic’Cactivity did not change over the three

20 min time periods (n =4, p > 0.1).
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Figure 2.4 Microdomain astrocyte Ca”* activity under conditions of 2.5 mM K*
(control), 5mM K" and 5mM K*+TTX.

(A) A single astrocyte filled with OGB-1 Gaindicator dye via patch clamp. Colored
ROIs match fluorescence intensity over time traces in (C).

(B) The cell exhibited a passive current profile to a voltagp-grotocol (-180 to +80
mV in 20 mV increments), identifying it as an astrocyte.

(C) Gq GPCR activity recorded from an astrocyte. Slices wathed in regular ACSF
for 20 min while the baseline recording was obtained, at which thm medium was
switched to ACSF containing 5.0 mM*KAfter an additional 20 min, TTX was bath
applied and remained in solution for another 20 min. At the end of theximent, the
group | mGIuR agonist DHPG (50 uM) was applied to confirm thataieocyte has
intact mGIluR responses. Arrowheads represent focus-adjustegdfdg to compensate

for “slice drift”.
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Figure 2.5 Frequency and size distribution of spontaneous astrocytic Ca?* elevations
following elevated or blocked neuronal firing.

(A) Frequency of total elevations, microdomain elevations and wiedleelevations
recorded under the conditions of 2.5 mM (¢ontrol), 5.0 mM K or 5.0 mM K +TTX.
Overall, there were no significant effects produced by incrgasaronal firing rates or
blocking neuronal firing in TTX compared to the control condition (n = 8, p> 0.1).

(B) Size distribution of spontaneous microdomairi‘@evations in 2.5 mM Kcontrol),
5.0 mM K or 5.0 mM K +TTX. Overall, the area of propagation of microdomain

astrocytic C&" elevations was not affected by neuronal action potentials (n = 8, p > 0.1).
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Figure 2.6 Spontaneous astrocytic Ca®* elevations following blockade of quantal
vesicular release of neurotransmitters.

(A) Top: A single astrocyte in the control condition (incubation I€@Sk without
Bafilomycin A1) patch-clamped with OGB-1 &€aindicator dye. Colored ROIs placed
over individual astrocytic compartments match numbered fluoresceteessity over
time traces, below. Bottom: Astrocyte ‘Caactivity was recorded throughout the
astrocyte for a minimum of 10 min, after which time agonist @kkhistamine,
carbachol and ATP, 0M ea.) was applied as a positive control to evoke a whole-cell Gq
GPCR response. TTX was applied during the entire period to blochaantial effects
caused by action potentials.

(B) Top: A single astrocyte after minimum 2 hr. incubation iafiBmycin Al
(experimental condition) patch-clamped with OGB-£'Gadicator dye. Numbered ROls
in astrocyte compartments match fluorescence intensity awerttaces below. Bottom:
Astrocytic C&" activity was recorded for a minimum of 10 min, after whiclorast
cocktail was applied as a positive control to evoke a whole-cethcyst Gg GPCR
response. TTX was applied during the entire period to block anybpossiects caused
by action potentials. Arrowheads represent focus-adjusted (FA) pointsmpensate for
“slice drift”.

(C) Frequency of spontaneous “Calevations was compared between control and
Bafilomycin-treated astrocytes. A markedly reduced frequenfcyspontaneous Ga
elevations was observed in Bafilomycin-treated astrocytespamd to the untreated

astrocytes. (n = 7 in control group; n = 8 in Bafilomycin group; *p < 0.05).
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(D) Percentage of spontaneous astrocytic €vations including the sorversus

events that did not include the soma was compared for both control and Bafilomycin
groups. Both groups showed a higher percentage dfelavations occurring in

restricted domains of astrocyte processes that did not propagate to the somarn =7 f

both groups, *p < 0.05)
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Figure2.7 Spontaneousastrocytic Ca®* activity before and after block of group |
MGIuRs.

(A) Left: A single astrocyte patch-clamped with OGBS#" indicator dye. Numbered
ROIs over astrocyte compartments match fluorescence int@wsitytime traces at right.
Right: Following 10 min baseline recording of spontaneous astroGgficactivity, the
group | mGIuR antagonists CPCCOEt (10d) and MPEP (2QuM) were bath applied
for 10 min. The group | mGIuR agonist DHPG (50 uM) was then apphkeal control to
ensure that group 1 mGIluRs were indeed blocked by MPEP+ CPCCOtEe Ahd of
the recordingagonist cocktail containing histamine, carbachol and 2Na-ATRI¥Léa.)
was applied as a positive control to evoke a whole-cell astrocyte Gq GPCR esspons
(B) The frequency of spontaneous astrocytié¢*@devations in the presence of group |
MGIuR antagonists was compared to 10 min. of baseline activity. daéssuggest that
spontaneous astrocytic Gg GPCR activity is not driven by neugtutaimate stimulating

astrocytic mGluRs (n =4, p > 0.1).
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Figure2.3
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Figure2.5
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Figure2.6
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Figure2.7
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Chapter 3: Assaying for Gg GPCR signaling domains of neuron-to-astrocyte
communication using low intensity Schaffer Collateral stimulation
3.1 Abstract

It has been well established that neurons can stimulate d@strGxy subtype G
protein coupled receptors (Gq GPCRs), resulting ii* Gdevations that propagate
throughout the astrocyte and its processes. It remains unclear, howevéevel of
neuronal activity required to elicit an astrocytic Gq GPCR regpdnsstratum radiatum
(sr.) of the hippocampus, high-frequency stimulation (HFS, 50 pulses forohdjeof
Schaffer Collaterals (SC) evokes astrocytic group | metabotrgipiamate receptor
(mGIuR)-mediated G elevations in the astrocyte soma, raising the possibilityldha
level SC stimulation might be capable to evoke astrocyte® @vations only in
microdomains. There were two interesting questions derived fromhyipisthesis: 1)
What is the threshold of neuronal activity required to elicit @moegic Gg GPCR
response; and 2) Once this threshold is reached, do astrosgesdan a microdomain
or whole-cell manner? To address these questions, we first telsétlder astrocytes can
respond to various levels of low intensity SC stimulation, rangmg &ingle pulses or 3
pulses to the Schaffer collaterals, to evoking a defined numbextioh gotentials in a
single neuron. Astrocytes in CAslr. of acute mouse hippocampal slices were identified
with Sulforhodamine 101 (SR101) staining and bolus-loading with Oregon Green
BAPTA-1 (OGB-1) AM C&" indicator dye. CH elevations were monitored using
confocal microscopy. Application of three pulses to SCs (rangiogn f25-150uA)

evoked astrocytic Garesponses detected within a consistent time interval. Intergsting
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these evoked G& transients always included the cell soma, and were largsizén
compared to spontaneous?Caicrodomains, which were most often restricted to a local
area without propagating to the cell body (See Chapter 2). Tids@g suggests that
these two events are qualitatively different, despite the oligervéhat the responses
often did not include the entire astrocyte. Following this observatiomedified a few
parameters in the stimulation protocol and applied single pulse SC stimulatiantmex
the possibility of evoking local Gamicrodomains in astrocytes. Application of single
pulses to SCs (ranging from 7-12@\) evoked astrocytic CA responses with a more
variable latency. Interestingly, even though most of these evaiédrénsients included
the cell soma, some were indeed restricted to a localwatieaut propagating to the cell
body. Surprisingly, antagonists of group | metabotropic glutamate GgRGRceptor
MGIuRs only partially reduced astrocyte Gq GPCR responses ¢te giise SC
stimulation, suggesting that other types of astrocytic Gq GP&Rgibute to these
evoked events. Finally, we applied stimulation to single neurons byingezurrent via
whole-cell patch clamp to evoke a defined number of action potentalle mecording
Gq GPCR responses in astrocytes adjacent to visible synaptic bdutomsthe
stimulated neuron. This approach, while powerful, turned out to be tedinical
challenging, and more advanced methods will be needed to addresssdiés i

conclusively.
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3.2 Introduction

Studies over the past ten years have introduced a new concept,ptrateri
synapse, which includes astrocytes as an active participanha&pt8y communication
(Ben Barres 2011). It is now well-established that astrocyaesrespond to elevated
levels of neuronal activity with G& elevations, resulting from the activation of Gq
GPCRs and IPmediated C# release from intracellular stores. In CAL. of the
hippocampus, high-frequency stimulation (50 pulses for 1 second) of Sdbaffeterals
evokes astrocytic group | mGluR-mediated Galevations that propagate throughout the
cell (Porter and McCarthy, 1996). Moreover, inianvivo study in rats, astrocytes in
barrel cortex were able to respond to whisker stimulation with wtelleor global C&'
elevations (Wang et al., 2006). As already discussed in Chaptstr@cydes are also
known to exhibit spontaneous microdomain *Cdransients independent of any
experimental stimulation. A hypothesis derived from these findisghat astrocytes
could potentially respond to lower levels of SC stimulation with |&@a&l elevations
restricted in their processes and without propagating to the amaaThe capability of
astrocytes to respond to lower levels of SC stimulation has beeratiedlirecently,
during the same time we were conducting our studies (Honsek 2052). However, the
precise manner in which astrocytes responded to low level 8Qlation was not fully
elucidated. Specifically, the two main questions we set out to addrdee astrocyte
response threshold and the characteristics of the astrocytic resporee threshold was
reached - were not addressed in this study. Therefore, wedmdtmed that CAlsr.

astrocytes respond to SC stimulation at intensities lower thanhiph-frequency
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stimulation models used thus far. Our situ recording results from acute mouse
hippocampal brain slices demonstrate that multiple astrocytes-lbaldsd with OGB-1

C&" indicator dye responded to three pulses of SC stimulatioméitiess ranging from
25-150pA) with whole-cell C&" elevations detected within a consistent time interval.
Moreover, 87.7 % of the responses included the astrocyte soma, svbahe22.5 % of
spontaneous Gaelevations in the same recordings during the 10 minute baseline prior to
stimulation propagated to the cell body. These data suggest tloalytet respond with a
C&" elevation to SC stimulation intensities much lower than what hes Bescribed
previously, but that these responses, by including the astrocyi® soenqualitatively
different than spontaneous astrocyte microdomain Gq GPCR activity.

These findings left unanswered a very interesting question — Cawoke local
astrocytic Gq GPCR responses restricted to processes withapagating to the cell
body? To test this possibility, we applied single pulse SC siiionl and modified the
experimental approach. First, control experiments were peribtm@&emonstrate that
voltage-gated CA channels are not expressed by astrocytes. Results from these
experiments eliminated the possibility that direct depolarizatibstrocytes by the
locally placed stimulating electrode evoked astrocytié” @esponses by an alternative
mechanism - VGCCs. Our data indicate that astrocytes indseone to single pulse SC
stimulation, and some of these Gq GPCR responses are redwietddcal area without
propagating to the cell body.

We also attempted to determine the main astrocytic Gq GR&SRarsible for the

single pulse SC stimulation-evoked astrocyte*Qasponses. Surprisingly, blocking
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group | mGIuRs did not result in a complete reduction in astrocyfitr€sponses. These
data suggest, contrary to other published reports, that other tyastsamytic Gg GPCRs
are important for locally evoked astrocytic “Caelevations. The identity of these
receptors remains to be determined and is the focus of future studies.

Stimulation of SCs typically depolarizes a variable number fdrexits from
multiple neurons. It is possible that true astrocyte microdomaa®\wked by single
neuronal action potentials or a short train of temporally summatsl Ao test this
possibility we injected current via whole-cell patch clamp intoviddial CA1 or CA3
pyramidal neurons while recording activity in astrocytes located adjacent to visibly
identified synaptic boutons along the neuronal axon. Due to technic&mxhowever,
we were unable to determine if astrocytes can respond to a deiimeder of APs
evoked in a single neuron. Thus, this question has not yet beearigiiered and is still

awaiting further investigation.

3.3 Materials and methods
Preparation of hippocampal dices.

All mice were housed in the animal facility at the Univgrsif California,
Riverside in accordance with Institutional Animal Care and Useni@ittee guidelines.
Parasagittal hippocampal slices (30® thick) were prepared from 12- to 18-day-old
C57BL/6J (Jackson Laboratory, Bar Harbor, ME) wild-type niisig a Leica VT1200s
Vibratome (Bannockburn, IL). Slices were prepared in ice-cold, ndiyi@a®'-free

saline containing (in mM): 125 NaCl, 2.5 KClI, 3.8 MgCl NaHPQ,, 26.6 NaHCQ,
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and 25 glucose, bubbled with 5% £€95% Q. Subsequently, slices were incubated for
45 min at 35°C in oxygenated artificial cerebrospinal fluid (AC&#)taining (in mM)
125 NaCl, 2.5 KClI, 2.5 Cagl1.3 MgC}, 1 NakPQ,, 26.6 NaHCQ, and 25 glucose,
bubbled with 5% C@95% . Following the incubation period at physiological
temperature, slices were given 15 min to cool to room temperatdrihen transferred to
a recording chamber (Warner Instrument), continuously superfuséd owytgenated,
room temperature ACSF.

Bolus-loading of passive astrocytes with Ca?* indicator.

Slices were prepared as described above, except that theynaaated for 20
min at 35°C in low-C& (0.5 mM) ACSF consisting of 1qM sulforhodamine-101
(SR101; Sigma), 10 min in low-&aACSF, and then transferred to regular ACSF in
room temperature 15 min prior to imaging. A bolus-loading pipette contpiOGB-1
(Invitrogen) dissolved in 0.07% pluronic acid (Invitrogen) in ACSF (find3mD
concentration: 0.4%) was used for loading astrocytag@@om the surface of the tissue.
Patch clamp of passive astrocytes.

Pipettes were pulled from borosilicate glass on a Narishigiey¢T Japan) PP-83
two-stage vertical pipette puller and not fire-polished. Pipettes welled to 7-8MR
when filled with (in mM): 130 K-gluconate, 4 Mg&£ 110 HEPES, 10 glucose, 1.185 Mg-
ATP, 10.55 phosphocreatine, and 0.1315 mg/ml creatine phosphokinase, pH 7.3 by KOH
(standard internal solution). The TCandicator dye Oregon green BAPTA-1 (OGB-1
from Invitrogen; 200uM) was also included. Whole-cell patch-clamp recordings of

astrocytes were performed at room temperature using eitMeltialamp 700B amplifier
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and PCLAMP 10.2 software (Axon Instruments, Union City, CA), or a EPQlual
patch amplifier and Patchmaster software (HEKA, Germany)terAfwhole-cell
configuration was obtained, passive astrocytes were verijie¢deir electrophysiological
properties (Fiacco and McCarthy, 2004). Passive Astrocytes typicaligtre85 mV with
low input resistances of 10 ™M They exhibit passive currents when stepped from -180
mV to +80 mV in 20 mV increments. A test pulse of -5 mV was induater each
voltage step in order to monitor changes in access resistasitecyie current signals
were low-pass filtered at 2 kHz and digitized at 100 kHz via giDiata 1440 (Axon
Instruments) interfaced to a personal computer. A smooth, stable off-cetiramation of
an outside-out patch was used as an indicator of minimal damage delltheembrane
during the patch procedure. During astrocyte recordings, solutiores smeéiched using
an electronic valve controller (Warner Instrument, Hamden CT).

Low level afferent stimulation of Schaffer collaterals.

For experiments using three pulse SC stimulation, a |23 tip diameter
monopolar glass stimulating electrode was placed 7prR8Gway from the center of a
field of OGB-1 bolus-loaded astrocytes (typically 3-5 astreg)y CA" activity was
recorded in multiple astrocytes for 10 min as a baseline, aftéch low-level SC
stimulation (three pulses at 50 Hz, 0.2 ms duration, intensity mgigm 25-150uA)
was generated and delivered via a stimulus isolator (WorlddRyednstruments A360)
to SC fibers at 5 min intervals. Stimulation of the same iniengs applied twice in
attempt to verify an astrocyte €aelevation as a response to stimulation. For

experiments using single pulse SC stimulation, ap@a3tip diameter monopolar glass
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stimulating electrode was placed 20-gth from the edge of an individual astrocyte
boundary defined by the limit of the cell’s processes fillggatch-clamp with OGB-1.
Astrocytic C&* activity was recorded for a 5 min baseline, and low-levek@&@ulation
(single pulses of 0.2 ms duration, intensities ranging from 7u)0vas generated and
delivered via a stimulus isolator (World Precision Instruments AB®®C fibers at 5
min intervals. In both three pulse and single pulse SC stimulaiipariments, TTX (1
uM) was used as a negative control to limit the potential of evolstgpcytic C&'
responses via direct depolarization of presynaptic afferents by thdagtimg electrode.

For the single fiber stimulation experiments, A CA3 neuron wigsl fivith Alexa
568 dye (Invitrogen), and after 15-30 min., the course of its axoempadssant boutons
was followed through a field of stratum oriers() or s.r. astrocytes bolus-loaded with
OGB-1 C&" indicator dye. Single and multiple neuronal action potentials vwereed in
the neurons by injection of a brief depolarizing current of variadténsity and duration
while in current clamp mode.

Confocal imaging.

Hippocampal CA1 stratum radiatum was visualimsthg an Olympus BX61 WI
upright microscope equipped with UMPLFLN 10X (N.A 0.3) and LUMFLN 60¥A.
1.1) water-immersion objective lenses and differential intartereontrast (DIC) optics.
Astrocytes in CAl stratum radiatum were first identified their characteristic
morphology and size using DIC visualization. After loading with OIGB&* indicator
dye, the fluorescence intensity in astrocytes was recorded ovesriaéxed focal plane

of 4.127um optical thickness, 1.2 sec scanning interval and 2X zoom-in fa¢tangés
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in fluorescence intensity indicated a?Calevation (criteria described in next section).
The microscope was set up for FITC and rhodamine detection toixesgaten or red
indicators under separate detection channels. For all experiments, single (field of)
astrocyte(s) was recorded per slice to prevent effectsedabg multiple electrical
stimulations and/or agonist applications. For bolus-loading expesiaser power was
used at 1.2 % or below, and for patch-clamp experiments, laser p@asearsed at 0.3%
or lower to prevent phototoxicity-induced spontaneou$’ ®acillations (Wang et al.,
2006; see also chapter 2, Fig. 2.1 for control experiment). The grouguRT#gonNist
(9-3,5-Dihydroxyphenylglycine (DHPG) or an agonist cocktail (conte 10uM each
of histamine, carbachol, and Na2-ATP, agonists for histamine Kdéptars [H1R],
muscarinic acetylcholine receptors [mAchR], and purinergic recep{P2YR],
respectively) were always applied at the end of the experiageat positive control to
verify intact astrocytic Gq GPCR signaling pathways. Astiexyhat failed to respond to
the positive control were excluded from further analysis. Solutiars wwitched using
an electronic valve controller during the course of the experinf&/@mer Instrument,
Hamden CT).

Data analysis.

Square-shaped regions of interest (ROI) of a size rangimy &.6 - 17.3um?
were placed over the astrocyte cell body and visible processgs@ympus Fluoview
1000 software. For each ROI, fluorescence increases of atdeastanning points with
values> three standard deviations (S.D.) above 30s of average baseline clunmess

were defined as Gatransients (Honsek et al., 2018pontaneou€a” elevations that
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covered < 75% of the planar area of the astrocyte were defné&ahicrodomain” C&
events, whereas those spanning > 75% of the planar area weral defifvwhole cell”
Cd" events. Neighboring ROIs with&* transients at the same time (< 1tinse interva)
were grouped together as a single Gq GPCR signaling dorR&ds increasing
fluorescence intensity at the same time but with at leasinbe®ening ROI that did not
increase in intensity were considered separate microdomainsingcatr the same time.
Student’s independent t-test was used to determine statistgraficeince between

control and treatment groups. P valgd3.05 were considered significant.

3.4 Results
3.4.1 Astrocytes respond to three pulse SC stimulation with either whole-cell or
microdomain Ca?* elevations

It has been well established that astrocytes respond to high rgqu&C
stimulation with somatic G elevations. The threshold of evoking astrocytic®’Ca
elevations, however, has not yet been fully investigated. A previadyg kas revealed
that astrocytes respond to three pulse SC stimulation wftheBzvations (Honsek et al.,
2012), indicating that astrocytes can respond to SC stimulatioreasities much lower
than what has been described previously. However, it was not fully addretether the
responses were global, involving the entire cell, or restrictech toicrodomain.
Furthermore, the threshold level of stimulation intensity requioeelvoke an astrocyte
response was not determined. To elucidate these issues, we pérfexperiments

applying three pulses of SC stimulation and monitoring astro€gitactivity following

91



different intensities of stimulation. A 507, 100 Hz (1s) train of pulses was also applied
in the experiment as a positive control to evoke whole-cell asitd€s responses. Our
data showed no detectable®Calevations following the first single pulse stimulation.
However, when three pulses of stimulation (ranging from 25i1&0was applied the
first time, multiple astrocytes responded wittf Calevations detected within a consistent
time interval (27.8 + 11.2 s., Fig. 3.1A,B). To avoid any'Gasponses resulting from
direct depolarization of presynaptic terminals or astrocytesgppéed a 5QA, 100 Hz
train in the presence of TTX at the end of each experimentnagative control. Data
were discarded if astrocytes gave responses in the presemdeXof To our surprise,
results from a recent control experiment indicate that asésayan respond to three
pulse stimulation of higher intensity (150-20@), but not to a 50 Hz train of lower
intensity (50uA), in the presence of TTX (Fig. 3.2D). These data suggestthieat
amplitude or intensity of the stimulation is critical for direlepolarization of synaptic
terminals, not the frequency of stimulation. Therefore, to ensuretivathe astrocytic
Cd" responses evoked by action potential-triggered neurotransmitEaseelwere
selected, only three pulse stimulations of intensiti&® uA were included in subsequent
analyses.

Most astrocytic Cd responses to 3-pulse SC stimulation occurred at the whole-
cell level (> 75% of the entire cell surface area; Fig. 3.1 C,D and Fige8.2rea for 25-
50 pA). Interestingly, a second stimulation of the same intensisyplted in ca'
responses at the microdomain level (Fig. 3.2 A, yellow area f&02\), while 50 pA,

100 Hz trains always evoked whole-cell?Caesponses both times. Also, as the three-
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pulse stimulation intensity increased from 2529 an area that didn’t respond to gA
was responding to 50A and the 50 Hz trains (Fig. 3.2A, red arrowhead), while another
area that didn’t respond to either 25 or p8 was responding to the trains (Fig. 3.2A,
white arrowhead). These observations suggest that the ateaadttocyte responding is
directly related to the number of SC afferent fibers stitedtasince additional afferents
are recruited as the stimulation intensity is increased. dett@ also indicate that the
global astrocyte CA responses are due to a combination of temporal and spatial
summation of neurotransmitter release over a larger area of the astrocyte

We also compared the areas of the*’Qasponses to the different types of
stimulation to the spontaneous “Caevents occurring over the baseline period.
Interestingly, evoked CG& elevations have significantly larger areas and higher
probability of including the cell soma, while spontaneous events enssmpach
smaller areas and often occur in restricted regions ofasir®cyte processes without
propagating to the cell body (Fig. 3.2B, C). These data suggesivitieed astrocyte Ga
elevations, even involving 3 pulses of low intensity stimulation, are quaditatilifferent
from spontaneous microdomain Gq GPCR activity, even though they can passom
75% of the astrocyte area.

Taken together, these results suggest that astrocytes pandde three pulses of
SC stimulation with either microdomain or whole-cell*Calevations, and the evoked

Cd" elevations are qualitatively different from the spontaneoGée®ants.
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3.4.2 Astrocytes do not respond to direct membrane depolarization with Ca®*
elevations

An important issue that comes along with SC stimulation is thsilplity of
directly depolarizing either synaptic terminals or astrocitieshe stimulating electrode.
As described above, TTX was used to control for direct depatanz of synaptic
terminals. Separate experiments were performed to control fotsetifeat could be due to
direct depolarization of astrocytes, namely activation of agimcVGCCs by
depolarization. A previous study reported that astrocytes do notssxpoitage-gated
Cd* channelsn situ (Carmignoto et al., 1998). To confirm this in our experiments, we
patch-clamped an astrocyte and left the patch pipette in the -aglbleonfiguration to
directly depolarize the cell membrane potential by applyinggraf depolarizing current
(-90 to 0 mV at 1 Hz for 10 s) via the pipette electrode. Duhigydepolarization, 83%
(5 out of 6) astrocytes showed no’Caesponses (Fig 3.3). After an additional 5 min
baseline recording, another depolarizing train was applied at brt&0fs, and still, no
Cd" responses were detected (Fig.3.3). However, both before and aftleptiiarization
protocol, the astrocytes responded to Gq GPCR agonist cocktail withr&3ponses,
indicating that the patch pipette was not interfering with thiity to observe an
astrocyte C& response. This result confirmed the idea that astrocytes do pi@ssx
voltage-gated CAchannels and thus would not be able to respond with &avations

to direct membrane depolarization caused by the stimulating electrode.
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3.4.3 Astrocytes respond to single pulse SC stimulation with either whole-cell or
microdomain Ca’* elevations

To further identify the threshold of evoking astrocytic Gq GPCRedriC&"
elevations, we performed experiments using a single pulse SGlaton protocol. In
this set of experiments, astrocytes were filled with OGBX i@dicator dye via a patch
pipette to enhance the resolution of visualized processes. The stig@kectrode was
placed closer to individual astrocytes (20t40) to increase the likelihood of stimulating
single SC fibers (Raastad et al., 1992; Panatier et al., 20ihul&ing a single fiber
may evoke astrocyte microdomains of the same size and locatispoasaneously
occurring astrocyte microdomains. When single pulse SC stimul@aoging from 7-
120 uA) was applied, astrocytes showed varying response patterns. &iroeytes
responded to lower stimulation intensities with a wide randatehcies (Fig. 3.4A-C),
while other astrocytes did not respond to single pulse SC stionulantil intensities
above a certain level were applied (Fig. 3.4D-F). Due tartbensistent time interval
between a stimulus and a putative’Gasponse, it was difficult based on observation
alone to determine if an astrocyte °Calevation occurred due to stimulation or was
rather a spontaneously occurring coincidentaf*Geansient. As a first approach to
address this issue, only the first?Calevation occurring after stimulation with a latency
shorter than 80 s was considered a putative response. Furtheseanalyre performed
(discussed below) to better differentiate true responses fromasgooisly occurring
astrocyte microdomain Gatransients. The average delay time to a putative response

following single pulse SC stimulation was longer (46.3 £ 23.3 s; Fig)Z6mpared to
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that from the three pulse SC stimulation protocol (27.8 + 11.2 s; Fig),3Besumably
because the lower amount of glutamate released from fewes fdders longer to reach
an effective concentration to activate astrocytic Gq GPCRs.

We also compared the areas of propagation of the evoked astr@sftic
elevations to spontaneous events occurring over the baseline peoiotbstimulation.
Once again, evoked &zelevations had significantly larger areas and a higher prolyabilit
of propagating to the cell body, while spontaneous events were matlersin size and
occurred in a restricted territory without involving the somag.(RB.5B,C). The
amplitudes of the astrocytic Eaelevations, however, were not significantly different
between both groups (Fig. 3.5D). These findings suggest that the spontariemysi@as
Cd" elevations are driven by mechanisms other than local AP-médiatease of
neurotransmitter, such as miniature vesicular release or coinstitGPCR signaling
activity (see Chapter 2).

Interestingly, however, although most astrocytié'Gasponses to single pulse SC
stimulation involved larger areas of the cell, there werasionally some “putative”
Cd" responses that occurred at local processes without propagatiregcelitbody (Fig.
3.4F, red arrowheads following 40A and 50 uA). These results give rise to the
possibility that astrocytic G& responses can be confined to areas similar to
spontaneously occurring microdomains when stimulation of singlesfisepplied. This

possibility has also been tested later in this study (see section 3.4.5).
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3.4.4 The astrocytic Ca** elevations evoked by single pulse SC stimulation cannot be
fully blocked by group | mGIuR antagonists

It has been shown that a large portion of astrocyfd aponses evoked by high
frequency SC stimulation are blocked by group | mGIuR antagoni&istef and
McCarthy, 1996). To investigate whether astrocyt& @sponses evoked by single pulse
SC stimulation are the result of group | mGIuR activation, wa-bpplied the group |
mMGIuR antagonists CPCCOEt (1@d/1) and MPEP (20uM) for 5 min, followed by
single pulse SC stimulation (Fig. 3.6). Our data indicate ontyjild reduction in C&
response area (Fig. 3.6D), but a significant decrease in respopdieude (Fig. 3.6E).
Since astrocyte Ga responses were not completely blocked by group | mGIuR
antagonists, it suggests that other types of astrocytic Gq &R@GRinvolved. As a
within-recording control, astrocyte Earesponses to DHPG were blocked, confirming
that the group | mGIuR antagonists were working effectivelythe presence of TTX,
astrocyte C& responses were not detectable when applyingu®68C stimulation (Fig.
3.6C), suggesting that the astrocyte Ca2+ responses were not dweetalelpolarization
of presynaptic terminals. The astrocyte’ Casponses to agonist cocktail at the end of
the experiment verified the cell’s viability and intact GqG@&Psignaling pathways (Fig.
3.6).
3.4.5 Determine whether microdomain astrocyte Ca** elevations can be driven by
glutamate release from single identified CA3 synaptic boutons

To investigate the possibility of evoking local astrocytic*’Galevations, we

performed experiments controlling the firing pattern of a singk3 neuron. By
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adjusting the amplitude (200-400 pA) and duration (50-200 ms) of the injaatenhi;
the number and frequency of evoked action potentials was controlled JHiB).
Neurons were also filled with Alexa 568 included in the recordingteipehich enabled
labeling of the neuronal axon and its en passant boutons as they dbuosegth a field
of C&* dye-loaded astrocytes. €aactivity from astrocytes with processes near the
visually identified synaptic boutons was recorded during neuronallstion (Fig. 3.7A).
Astrocytes showed putative responses in processes following singtn potential
generation. However, the responses could not be re-evoked and were wadrynsm
amplitude (Fig. 3.7). To increase the probability of detectirfj &sponses in astrocytes,
neurotransmitter release from axon terminals was enhancedthsipgtassium channel
blocker 4-Aminopyramidine (4-AP) as described previously (ParidrMcCarthy, 1996).
4-AP prolongs the duration of neuronal action potentials by blocking éteyet
rectifying potassium channel, increasing’Centry into synaptic boutons and therefore
enhancing release of neurotransmitter. 4-AP was thus cons@eegositive control for
the ability of astrocyte microdomains to respond to action polerdgisoked in single
neurons. However, at 100 uM, 4-AP induced CA3 neuronal bursting with trehopgiel
neuronal C& elevations that corresponded to each burst of action potentigls3(8B).
The neuronal Caspikes were distinguishable from astrocyti¢ @devations due to their
comparatively fast durations as well as their sensitivit]f TX (Fig. 3.9A). After 4-AP
was washed in, we observed a time period prior to burst dischargelsich neurons
exhibited increased subthreshold EPSPs. Therefore, this time pesodonsidered as a

“priming period”, in which release probability and amount of neurotrgtemreleased
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by neurons is enhanced but not yet sufficient to cause burstyngedicing the
concentration of 4 AP from 100 to 284, this priming period was extended (Fig. 3.8A).
Furthermore, single neuronal action potentials could then be evok8 v 4-AP
without the confounding variable of spontaneous epileptiform bursting. @BA).
However, use of 4-AP even at these reduced concentrations turneceuytrtablematic.
4-AP itself had a direct effect on astrocytic?Cactivity, causing a prolonged astrocyte
Cd* response that occurrgmtior to CA3 neuronal burst discharges (Fig. 3.9B). This
brought up concerns that any putative astrocyté’ @ssponses evoked by glutamate
released from single synaptic boutons would be difficult to diffieate from those
caused by 4-AP directly. Therefore, 4-AP was considered affigisnt positive control
to determine the link between astrocytic’Calevations and basal neuronal activity.
Overall, due to technical difficulties lining up the many variablesded to do these
experiments, we have not been able to determine the precise minaloion potentials
from single synaptic terminals that are capable of stinmgatistrocytic Gq GPCR

responses.

3.5 Discussion

In this study, we have shown that astrocytes are capablespbnding to low
level (three pulses or single pulses) SC stimulation with GgR&8riven C4" elevations.
These C#& responses were qualitatively different from spontaneous astroGyi
transients because they propagated through a significantdy kamga of the astrocyte and

frequently included the cell soma, whereas the spontaneous evamteddn restricted
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areas without involving the soma. Given the differences between tesgypes of
events, we conclude that spontaneous microdomains of astroytedaity are not
likely driven by AP-mediated glutamate release. Another wlagaying this is that
astrocytic Gg GPCR Ga events evoked by even single pulses of neuronal afferent
stimulation produce large, more global type of astrocyte responsddition, the SC-
evoked events tended to be more plateau-like and thus have largetuahesycompared

to spontaneous activity, most of which appears as single peak, testikpievents. One

of our future goals is to further quantify these two events blyzing the magnitude of
Cd&” transients in both cases.

While we were testing our hypothesis for this study, anothemnm&segroup
published their findings addressing similar questions (Panat&tr, €011). In this study,
astrocytes were able to respond to single-pulse SC stimulgpbied to putative single
fibers with C&" elevations that occurred simultaneously with EPSCs recorded from a
neighboring neuron. In addition, the astrocyti¢ Qasponses were inhibited completely
by the mGluR antagonist MPEP. However, there were some concerns with dagse
First, the patch pipette was left on the astrocyte over theegrtiording period, which
has been shown to be capable of dampening thé simal detected in the cell body:.
Moreover, their stimulating electrode was placed only {utbaway from the astrocyte
process, raising a caveat that the astrocyté” Gasponses could be due to
neurotransmitters released by direct depolarization of neuronahtds, which was not
controlled for. The latency to the astrocyte’Ceesponses was as short as an EPSC,

occurring within milliseconds. A previous study done by Fiacco et(2604) has
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demonstrated that it takes approximately 40 ms to see the &st@&yresponse evoked
by uncaging IB, which is only one step away from Caelease from the internal store
(Fiacco and McCarthy, 2004). In the present study, average det©&y response times

to single pulses, 3 pulses, and 50 Hz trains to the Schaffer collaterals octterndd.8 s,
27.8 s, and 5.1 s, respectively (Fig. 3.5A). The fast astrocyte reqjpoeserecorded by
Panatier et al. therefore raise doubt as to the types oftbeljsare recording from, as
astrocytes do not possess fast sources of activity-evokéde®my such as VGCCs or
ligand-gated ion channels. Based on our results, astrocyficr&mponses following
single pulse SC stimulation have even longer response latencaga®i@ye compared to
three pulse SC stimulation experiments. One possible explanatictmefodifference
between Panatier et al’s findings and ours could be the differandes of stimulating
electrode placement. In Panatier’s study, the stimulatingtretlee was placed much
closer to the astrocyte process. We have also tried sinidetrade placements with
distances of ~ 10-2@m in some cases. However, even with minimal stimulation
intensities of 7 pA, we observed astrocytic’O=sponses in the presence of TTX,
indicating that the responses were caused by direct depolarizatiggresynaptic
terminals. Furthermore, these astrocytic¢'Gasponses were blocked by cadmium (100
uM), a voltage-gated Gachannel blocker (n = 2 cells, data not shown). The only way
we could avoid direct stimulation was to use cadmium combined withaSTa negative
control to figure out a “safe” working distance for electrodegaent. Therefore, it is
possible that the astrocytic €aesponses observed in Panatier’s study are due to direct

stimulation, which would explain the very short response latencies they observed.
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Another important finding in our study is the effect of group | mGéuRagonists
on astrocytic Cd responses evoked by single pulse SC stimulation. Even though we
observed a significantly reduced amplitude following application ougrl mGIuR
antagonists, the astrocytic aresponses were not completely blocked, a similar
phenomenon observed by Porter and McCarthy in 1996 (Porter and McCarthy, 1996)
These results imply that other types of astrocytic Gq GPGR#ilsute to minimal-
stimulation evoked astrocyte €aesponses. Moreover, this finding is consistent with the
antagonist effects we described in Chapter 2, which also suggsststial roles played
by other Gq GPCRs including P2YRs, GABAeceptors, mAchRs and CB1Rs in
triggering the generation of astrocytic’Calevations. Therefore, our next step for this
study is to combine the potential receptor antagonists in diffevemtbinations to
investigate their potential to block SC stimulation-evoked astrocyfitr€sponses.

Our last approach in this study to assay for microdomains of néoHastrocyte
Gg GPCR communication at single synapses - failed to providéusorecresults. From
this set of experiments we have identified a few caveats to consider in tutdiessFirst,
since OGB-1 AM C# indicator delivered by bolus-loading is preferentially taken up by
astrocytes compared to neurons (Porter and McCarthy, 1995), we icamé& the
assumption that all Gaactivity observed would be occurring only in astrocytes, even
within the “background” loading of neuropil which was considered the latticeworkeof f
astrocyte processes. However, we discovered that bolus-loadiag mdo fills neuronal
components of the neuropil which contaminates the astrocyfeaCavity with faster

response properties of neurons due to their expression of fassdocees of Cd entry
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(e.g. ligand-gated ion channels and VGCCs). This prevented us detecting
microdomain C&' activity that occurs solely in the very fine astrocytioqesses. To deal
with this issue, we had considered applying SR101 staining in theximent as it is a
astrocyte-specific marker, and then use an Alexa dye offferetit wavelength for
neuronal loading. However, this approach still does not solve the prafletecting
Cd” signals exclusively in astrocytes. The best stratedy isse patch-clamp to deliver
Cd" indicator to single astrocytes surrounding neuronal boutons, as thid amaible
loading of a specific astrocyte with €aindicator without any confounding factors
related to non-specific uptake of dye by neurons. Moreover, it also enhanedsliouto
detect the microdomain &aactivity that occurs in the very fine astrocytic processes due
to the high signal-to-background ratio. The only caveat with thasegty is that it is very
technically challenging, as neuronal boutons would need to be iderftisedso that
astrocytes surrounding them could then be selected for patch-clagupingiout the
course of the axon and its boutons is in itself is a very draiwé challenging step in this
experiment, for axons have a much narrower diameter comparedcdatee and take
longer to fill with dye. Moreover, the patch pipette for the neuron nieds left on the
cell for current injection at a later time point. As one couh&gine, when patching
adjacent astrocytes, there is a very high chance of losirgg@ealoth the neuron and the
astrocyte. Taken together, we still believe this experimerthes most powerful to
determine if astrocyte microdomains can be evoked by a defined namdbdrequency
of action potentials from single neurons, but all of these issuesdwwmed to be

overcome in order to make this study feasible.
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Figure L egends

Figure 3.1 Astrocyte Ca**elevations following three pulse SC stimulation.

(A) C&" activity in both the cell soma and major processes of foun@ses was
recorded for 10 min prior to low-level SC stimulation. Thetfstimulation was a single
pulse while the rest were three pulses, ranging from 25485 50 pA, 100 Hz train
was applied as a positive control to evoke a whole-cefl” @esponse as has been
published previously (Porter and McCarthy, 1996). TheuBQ 100 Hz train was re-
applied in the presence of TTX as a control to test for direntigttion of astrocytes by
the stimulating electrode. The group | mGIuR agonist DHPG (5D wd4 applied at the
end of the recording as a positive control for the presence of furlogiang | mMGIuRs.
The first C&" elevation following each stimulus is shown by arrowheads markédawit
different color to differentiate individual astrocytes.

(B) OGB-1 AM bolus-loaded astrocytes were identified by co-labelitig the astrocyte-
specific marker SR101 (Nimmerjahn et al., 2004). Four astrocytgssirfield (marked
with colored numbers) were assayed for theif* @ativity with recording traces labeled
with colored arrowheads that match the color of numbered astrocytes.

(C) Recording of C# activity in both the cell soma and processes of a singlecgss.
The first C&" elevation following each stimulus is shown by red arrowheads.

(D) The OGB-1 AM bolus-loaded astrocyte was identified usingasteocyte-specific

marker SR101.
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Figure 3.2 Quantitative analysis of astrocyte Ca**elevations following three pulse SC
stimulation.

(A) Area of propagation of Gaevents under different conditions. For the SC-evoked
Cd" events, the area that was evoked by the first stimulus is charkeed, while the
area that was evoked by the second stimulus is marked in yeldahafwhead points
to an area of the cell that did not respond tu&%ulses but responded to p® pulses
and 50uA, 100 Hz trains; white arrowhead points to another area thatodicespond to

25 pA and 50uA pulses, but responded to p8, 100 Hz pulse trains.

(B) Areas of propagation were compared between spontaneous and ewdkesedts.
The evoked C& events to different stimulation intensities were grouped togethéne
“evoked” C&"*events, and the comparison was made between this group and the group of
spontaneous G events. Overall, the evoked events have significantly largercsurfa
areas compared to the spontaneous events. (*p < 0.05, n = 4 cells fonepost&&
events and 3 cells for evoked®Cavents).

(C) Percentage of Gaevents that included the cell soma. Overall, the evoked events
have significantly higher chance to propagate to the cell soomapared to the
spontaneous events. (**p < 0.01, n = 4 cells for spontanediise@ents and 3 cells for
evoked C& events).

(D) In the presence of TTX, astrocytes responded with €lavations to the three pulse
SC stimulation protocol with intensities > H@\ (150-200uA in this case), but did not
respond to the 5Q0A, 100 Hz train, suggesting that the intensity of the stimulatian is

critical determinant of directly depolarizing synaptic terminals, meftequency.
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Figure 3.3 Recording of astrocytic Ca®* activity following direct cell membrane
depolarization.

(A) A single astrocyte filled with OGB-1 Gaindicator dye via patch clamp. Colored
ROIs match fluorescence intensity over time traces in (C).

(B) The cell exhibited a passive current profile to a voltagp-grotocol (-180 to +80
mV in 20 mV increments), identifying it as an astrocyte.

(C) Astrocytic C4" activity was recorded while the patch pipette was left onctie
After 5 min baseline recording, agonist cocktail was applged positive control for the
ability to record C& elevations while the whole-cell patch pipette is dialyzingctié
Two depolarizing trains (-90 mV to 0 mV at 1 Hz for 10s and then 50s, respectiezly)
then applied via the patch pipette, and agonist cocktail (10 pM edistmine,
carbachol, and 2Na-ATP) was washed in again at the end ofgkdraent (n = 6 cells).
These data suggest that astrocytes do not express functioagevdépendent sources of

C&* elevations.

107



Figure 3.4 Astrocyte Ca®*elevations following single pulse SC stimulation.

(A) Left: Transmitted light image to indicate the position of #temulating pipette
relative to the recorded cell. Right: A single astrocyfediwith OGB-1 C&" indicator
dye via patch clamp. Colored ROIs match fluorescence intensity over tires ina(C).

(B) The cell exhibited a passive current profile to a voltagp-grotocol (-180 to +80
mV in 20 mV increments), identifying it as an astrocyte.

(C) Spontaneous Gaactivity in the astrocyte was recorded for 5 min follovegdsingle
pulse SC stimulation ranging from 7-1g8 (7-50 pA in this representative trace). TTX
was washed in to test for direct depolarization of synaptiitals using the same or
higher stimulation intensities as those used to evoké €avations in the absence of
TTX (50-75 A in this case) . Agonist cocktail (10 uM ea. of histamine, acdrbla and
2Na-ATP) was applied at the end of the recording as a posiintol for viable Gq
GPCR responses to verify the lack of responses in TTX. The Gt elevation
following each stimulus is shown by red arrowheddiste that this astrocyte started to
respond to single pulse SC stimulation with whole-cef' €evations at 1A and 25pA.
(D) Left: Transmitted light image showing the position of ttislating pipette relative
to the recorded astrocyte. Right: A single astrocytedfiléth OGB-1 C4&' indicator dye
via patch clamp. Colored ROIs match fluorescence intensity over time maE®s i

(E) The cell exhibited a passive current profile to a voltage-stetocol (-180 to +80
mV in 20 mV increments), identifying it as an astrocyte.

(F) Spontaneous Gaactivity was recorded in the astrocyte for 5 min prior to single

pulse SC stimulation ranging from 7-1g8. (7-60 pA in this representative trace). TTX
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was washed in to test for direct depolarization of synaptmitals using the same or
higher stimulation intensities as those used to evoké €lavations in the absence of
TTX (60 and 75uA in this case). Agonist cocktail (10 uM ea. of histamine, aetbl,
and 2Na-ATP) was applied at the end of the recording as a pasitite| for functional
Gq GPCR responses to verify the effect of TTX. The first €lavation following each
stimulus is shown by red arrowheads. Note that this astrdayteot respond to single
pulse SC stimulation with whole-cell €alevations until higher stimulation intensities
(60 uA) were reached. Instead, it showed local Gg GPCR signalingiderm processes
without propagating to the cell body in response to lower stinoulatitensities (1A,

25 A, 40 pA and 500A).
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Figure 3.5 Quantitative analysis of astrocyte Ca?*elevations following single pulse

SC stimulation.

(A) Average astrocyte Garesponse times (latency) to single pulse, 3 pulses, and 50 Hz
trains (high frequency stimulation; HFS) of SC stimulation aecuafter 46.3 s, 27.8 s,
and 5.1 s, respectively. (n = 9 cells for single pulse; n ell8 &or three pulses; n = 6
cells for HFS)

(B) Areas of propagation were compared between spontaneous and ewdkegents.

The C&" events to different stimulation intensities were grouped togathtre“evoked”

Cd* events, and the comparison was made between this group and the group of
spontaneous Gaevents occurring over the baseline period. Overall, the evoked events
have significantly larger surface areas compared to the spontanemis. (*p < 0.05, n

= 4 cells for spontaneous £a&vents and 8 cells for evoked®avents).

(C) Percentage of Gaevents that included the cell soma. Overall, the evoked events
have significantly higher chance to propagate to the cell soomapared to the
spontaneous events. (***p < 0.005, n = 4 cells for spontanedis@ents and 8 cells for
evoked C& events).

(D) Amplitude of C&" transients was compared between spontaneous and evoKed Ca
events. AmplitudeAF/Fy) of spontaneous and evoked events was compared within each
trace/ROI first, and then these ROIs were averaged wathoh cell. Based on the data,

no significant change of amplitude was detected between thesgroups. (p > 0.1, n =

4 cells for both spontaneous and evoked' @aents).
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Figure 3.6 Effects of group | mGIuR antagonists on astrocytic Ca®* responses
following single pulse SC stimulation.

(A) Left: Transmitted light image showing the position of thimslating pipette relative
to the recorded astrocyte. Right: A single astrocytedfiléth OGB-1 C4&" indicator dye
via patch clamp. Colored ROIs match fluorescence intensity over time ma€s i

(B) The cell exhibited a passive current profile to a voltagp-grotocol (-180 to +80
mV in 20 mV increments), verifying it as an astrocyte.

(C) Spontaneous Gaactivity of the astrocyte was recorded over a 5 min basgéiried
followed by single pulse SC stimulation ranging from 7-120 (40-120 pA in this
representative trace). Group | mGIuR antagonists (mGarmRagonist CPCCOEt, 100
uM; mGIluRs antagonist MPEP, 20M) were applied to the bath prior to re-stimulating
using the peak intensity used prior to antagonist applicationy(A20 this case). DHPG
was bath-applied afterward to test the effectiveness of tbapGrmGIuR antagonists.
TTX was then applied to test for direct depolarization of syoagtiminals using the
same or higher stimulation intensities as those used to evdKeef@aations in the
absence of TTX (120 and 1%@ in this case). Agonist cocktail (10 uM ea. of histamine,
carbachol, and 2Na-ATP) was applied at the end of the recording@stral to make
sure that any absence of responses in TTX were not due to tliyingll The first C&
elevation following each stimulus is shown by red arrowhelddse that the astrocytic
Cd" responses evoked by single pulse SC stimulation were onlyliyaréduced by
group | mGIuR antagonists.

(D) Area of propagation of Garesponses to SC stimulation were compared before and
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after applying group | mGIuR antagonists. The evoked® @ansients of matching
intensity (120uA in this case) were selected for analysis and comparisorO(p,» = 3
cells). Data were displayed as percent change fi @aponse area relative to before
group | mGIuR antagonist application.

(E) Amplitude of C&" transients elicited by SC stimulation was compared before and
after applying group | mGIuR antagonists.?Ctransients evoked by a given intensity
(120 pA in this case) were selected for analysis and comparison. itiioglAF/F) of
spontaneous and evoked events was compared within each trace/R@dirsten these
ROIs averaged within each cell. Data were displayed azpiechange in amplitude of
Cd"* response relative to before group | mGIuR antagonist applicatior ¢*p5, n = 3

cells).
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Figure 3.7 Microdomain astrocytic Ca®* elevations evoked by action potentials in
single CA3 pyramidal neurons.

(A) Astrocytes in CA3 s. oriens or s. radiatum were bolus-ldadith OGB-1 C&"
indicator. A CA3 pyramidal neuron was patch-clamped and infused Wetta/568 dye,
and after 15-30 min., the course of the axon and its en passant boutoftslaveesd
through a field of astrocytes in s. oriens.

(B) Left: C&" elevations in the cell soma and processes of astrocytes surmpundin
boutons of the CA3 neuronal axon were recorded. The firSt élavations occurring
after stimulation are marked with red arrowheads. The existd@rfcequent spontaneous
astrocyte C& activity together with inconsistency in the delay time betwstimulation
and the first C& elevation made it difficult to determine if the microdomaimere
spontaneous events or responses to stimulation. Right: Patternoof potentials in a
CA3 neuron evoked by different amounts of current injection. Higheemuamplitudes
(400 pA) injected for a longer duration (200 ms) generated a gfesf@ency or number
of action potentials, which reduced the latency to the astrocytee@ations in traces
#6,7,13 and 14, but not for others. Moreover, th& @kevations from traces #4 and #7
following the first action potential evoked by 200 pA, 50 ms currenthdide-occur for
the second time following the same stimulation. Overall, thewlata inconclusive (n =

6).
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Figure 3.8 4-AP effects on microdomain astrocytic Ca?* elevations evoked by single
neuronal action potentials.

(A) Astrocytic C&" elevations and neuronal firing patterns were recorded simultaneously
Action potentials were evoked by manual current injection (markedstim’) to
depolarize the neurons (from resting Vm to -38 mV) in curcéartap mode (n = 3).
Application of 25 uM 4-AP was used to elevate the level of EP8Rs $0 amplify any
putative astrocytic Caresponses (as in Porter & McCarthy, 1996). DHPG was applied at
the end of the recording as a positive control to verify the@ge’s intact Gqg GPCR
signaling pathway.

(B) C&* elevations (marked with red arrowheads) recorded over Alexa 568 filled boutons
were synchronized to each single action potential (marked hy grrowheads),
suggesting that the green®dye in the neuropil loads primarily neuronal compartments

(red arrowheads).
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Figure 3.9 Potential problems associated with 4-AP to study astrocytic Ca®*
elevations evoked by single neuronal action potentials.

(A) 4-AP (100 pM) evoked neuronal €ascillations (trace #5) that tightly corresponded
to each action potential and were sensitive to TTX. To distinguistebatneuronal and
astrocytic C4' transients, response kinetics were used. Astrocyfit l€aponses (traces
#1-4) are slower and longer lasting compared to the fast, pifgss of neuronal CGa
oscillations (trace #5), and were insensitive to TTX.

(B) Application of 100 pM 4-AP produced astrocytic’Calevations prior to neuronal
bursting, suggesting that 4-AP directly evokes astrocyte €vations through an
unknown mechanism (n = 5 slices). Therefore, it was difficult fferdntiate direct
effects of 4-AP on astrocyte Edrom neuronally-driven astrocytic €aelevations. The

arrowhead represents a focus-adjusted (FA) point to compensate ferdisfit
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Figure 3.2
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Figure3.3
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Figure3.4
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Figure 3.5
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Figure 3.6
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Figure 3.7
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Figure3.8
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Figure3.9
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Chapter 4: Exploring the role for B-Arrestin2 in NMDA receptor-dependent long-

term potentiation (L TP) and long-term depression (LTD)

4.1 Abstract

Dendritic spines are small protrusions expressed on the postsynaptcnal
dendrites where they receive neurotransmitters releasedefonatory synapses. Their
morphology is regulated by filamentous actin (F-actin), whose turns\aecelerated by
an actin-binding protein, cofilin, which has been implicated in maithgiasynaptic
plasticity. Dephosphorylation of cofilin by N-methyl-D-aspartgtéMDA) receptor
activation makes it functional and able to travel to dendritic spwasre it triggers
spine and synapse remodeling. The fact that cofilin trafficiongpines is dependent on
B-Arrestin2 suggests a direct involvemeneArrestin2 in regulating synaptic plasticity.
In this study, we explored the impactspeArrestin2 deficiency on two forms of NMDA
receptor-dependent synaptic plasticity: long term potentiatiofP) Land long term
depression (LTD), in knockout mice lackifgArrestin2 gene expression. Our results
revealed normal LTP, but significantly impaired LTD in miaeking -Arrestin2. This
finding provides new insight concerning the rolepeArrestin2 in regulating NMDA

receptor-dependent synaptic plasticity.
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4.2 Introduction

Dendritic spines, located on neuronal dendrites, are the main postssitgst
where numerous excitatory neurotransmitter receptors are s&greshey are small
protrusions varying in morphology and are categorized as two imnfatane (thin and
stubby) and a mature mushroom form (Pontrello and Ethell, 2009). Thestuses are
rich in filamentous actin (F-actin) and are highly dynamic, lakihg plasticity that is
considered to be the underlying mechanism of learning and memtrvy mppocampus
(Yuste and Bonhoeffer, 2001). It has been well established théh gofimotes F-actin
turnover via binding and severing actin filaments, allowing the bated ends to be
generated and reached by other actin monomers (Moriyama et al;, Yed&0a et al.,
1996; Carlier et al.,, 1997; Lappalainen and Drubin, 1997; Rosenblatt, e198I7;
Bamburg, 1999; Pontrello and Ethell, 2009). The alternation between nF-acti
depolarization and assembly facilitates spine remodeling and ighthta be regulated
by activation of NMDA receptors - one of the ionotropic glutamateptors involved in
excitatory synaptic transmission.

Previous studies suggest that cofilin is dephosphorylated vimealin and P13
kinase pathways in response to NMDAR activation (Wang et al., 20059.
dephosphorylated cofilin is functional and can be delivered to dendritic sspme
modulate spine morphology. The translocation of cofilin to spines dependkeon t
assistance from a scaffolding proterArrestin2 (Zoudilova et al., 2010), suggesting a
role for B-Arrestin2 in dendritic spine remodeling. Interestingly, whil@pacampal

neurons lacking Arrestin2 have shown normal spine development and maturation both
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in vitro andin vivo, they lose the ability to undergo spine remodeling when exposed to
NMDA (Pontrello 2011). Based on these findings, we proposed a hypothasig-
Arrestin2 is involved in the two forms of NMDAR-dependent synaptistyl#y: LTP

and LTD.

In this study, we tested the hypothesis ugirfyrestin2 knockout (KO) mice as a
model system. Effects of LTP and LTD were measured3-lirrestin2 KO mice
hippocampal slices and were compared to those measured fronypéldlittermate
control mice. Our results indicated no difference of LTP between dpailps, but a
significantly impaired LTD was observed ffrArrestin2 KO mice. This finding suggests
an essential role of-Arrestin2 in regulating NMDAR-dependent LTD by facilitating

cofilin-mediated F-actin turnover and spine remodeling.

4.3 Materialsand methods
Preparation of hippocampal dices.

All mice were housed in the animal facility at the Uniwgrsaf California,
Riverside in accordance with Institutional Animal Care and Osmmittee guidelines.
Mice aged 17-22 postnatal days old were anesthetized by isofRionhalation and
decapitated. Brains were removed from the skull and immediateheiged in chilled
dissection buffer containing the following (in mM): 87 NaCl, 2.5 KCI, IN26LP Oy, 25
NaHCQ, 75 sucrose, 10 dextrose, 1.3 ascorbic acid, 7 Mg@od 0.5 CaG| bubbled
with 95% Q/ 5% CQ. Transverse hippocampal slices (40® thick) were prepared
from B-Arrestin2 KO and wt C57BL/6J mice using a Vibratome (L&d@d.200S). Slices
were allowed to recover for 45 min in a 35°C submersion chamber filled with oxgdena

127



artificial cerebrospinal fluid (ACSF) containing the followiig mM): 125 NacCl, 2.5
KCI, 1.25 NaHPQO,, 26 NaHCQ, 15 dextrose, 1.3 Mggland 2.5 CaGl Following the
incubation period at physiological temperature, slices wdosved to recover for an
additional 2 hrs at room temperature and then transferred to alirecathamber,

continuously superfused with oxygenated, room temperature ACSF.

Electrophysiology.

For LTP experiments, a previously-described protocol (Agulhon ét(dlQ) was
used. Briefly, extracellular field excitatory postsynaptic eptibls (fEPSPs) were
recorded in CAl stratum radiatum p@n below the pyramidal cell layer with glass
electrodes (1 ) filled with ACSF. Stimuli were delivered to the commissiBahaffer
collateral afferents with a concentric bipolar electrode posiigraeallel to the recording
electrode 50Qum away. Input/output curves were generated by stepping the stonulat
amplitude from 5 to 80/120A. The basal stimulation intensity for our experiments was
set at 50% of the intensity that evoked maximal fEPSP amplitukwas delivered at a
frequency of 0.033 Hz. The half maximal intensity of stimulatiorgeanbetween 18
(lowest level) to 4QuA (highest level). After 15 min of stable baseline recording (< 5%
drift), two trains of 1 sec, 100 Hz pulses were applied to induce LTP.was sampled
for 60 min after induction, and potentiation was calculated by divithagverage slope
of 45-60 min post-induction responses with the average slope of 0-15 mndpcéon
baseline responses. For LTD, a LFS consisting of 900 pairs of s(dstance 50 ms) at
1 Hz was used (Rust et al., 2010). LTD was sampled for 60 miniaftection, and
depression was calculated by dividing the average slope of 45-6@asifinduction
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responses with the average slope of 0-15 min pre-induction baseoasesStudent’s
independent t-test was used to determine statistical signiichetween littermate

control and3-Arrestin2 KOgroups. P values 0.05 were considered significant.

4.4 Results
B-Arrestin2 KO mice exhibit normal LTP, but significantly impaired LTD, in acute

hippocampal dlices.

Since abnormal NMDAR-mediated dendritic spine plasticity wasrabddn the
B-Arrestin2 KO mice, it raised the possibility that deletiorg-gfrrestin2 would result in
alteration of long-term synaptic plasticity. To address hig@othesis, we performed LTP
and LTD experiments in acute hippocampal slices from littere@igol and3-Arrestin2
KO mice. The LTP induction protocol consisted of two 1 s duration HDQetani of
Schaffer collaterals (Agulhon et al., 2010). To our surprise, a pdtent@ 150% of the
field excitatory postsynaptic potentials (fEPSPs) was fourabth groups following 60
minutes of high frequency stimulation, suggesting fha#trrestin2 KO mice exhibit
normal levels of LTP (Fig. 4A,B, P > 0.1). There were also nemiffces observed in
input-output (I/O) curves betweepr-Arrestin2 KO and littermate control mice, an
indication that basal pre- and postsynaptic responses are net dieiknockout of3-
Arrestin2. (Fig. 4E).

Based on the findings in cultured hippocampal neurfasirestin2 KO mice

failed to respond to NMDA-induced dendritic spine remodeling byhdtkhg resistance
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to spine head shrinkage, a mechanism that is associated VidtljBdattie et al., 2000;
Zhou et al., 2004). Furthermore, Rust et al. (2010) found in n-cofilin K& mormal
levels of LTP using this induction protocol but significantly altet&d (Rust et al.,
2010). Therefore, we next tested whether LTD is altered i3tAeaestin2 KO mice
using a similar protocol as Rust and coworkers. Paired-pulséréauency stimulation
(PP-LFS) at 1 Hz for 15 minutes was applied to Schaffer ecleCA1l synapses to
evoke LTD in slices from both wild-type afidArrestin2 KO groups. Interestingly, LTD
was significantly impaired irg-Arrestin2 KO mice as only a 1.2 % depression was
detected following 60 minutes of PP-LFS, compared to a 16.1 % deprebsenved in

wild-type mice (Fig. 4C,D; *p < 0.05).

4.5 Discussion

Interestingly, significant differences were measured in IGUD not LTP inp-
Arrestin2 KO mice compared to littermate controls. These tsfie@e long-term synaptic
plasticity were very similar to those observed by Rust €R@lL0) in n-cofilin KO mice.
This is significant because data from Pontrello suggesptAatestin2 acts by NMDAR-
triggered localization of cofilin to dendritic spines to initighénge remodeling (Pontrello,
2011). Rust et al. found no change in early-LTP (E-LTP) inducedsiygée 1 s, 100 Hz
tetanus of Schaffer collaterals in acute hippocampal slices ffrémestin2 KO mice.
Even thoughp-Arrestin2 KO mice were resistant to NMDA-induced dendrifiens
shrinkage, they were still able to exhibit normal LTP, suggesthmg alternate
mechanisms may compensate for disrudiedrrestin2-mediated cofilin trafficking to
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dendritic spines during LTP-induced spine remodeling. However, in tefnspine
remodeling, generation of LTP is more likely to correlatehvapine enlargement and
stability (Chen et al., 2007; Bozdagi et al., 2010), whereas LTD t®ndssociate with
spine shrinkage (Beattie et al., 2000; Zhou et al., 2004). This fits weltywith our
findings of normal LTP but almost completely absent LTDB#Arrestin2 KO mice.
Therefore, the inability of-Arrestin2 KO mice to exhibit LTD corroborate findings from
Pontrello (2011) indicating th&i-Arrestin2 is essential for localization of cofilin to
dendritic spines during NMDA induced spine remodeling (Pontrello, 2011).

Pontrello also observed deficient long-term spatial learnoidyain B-Arrestin2
KO mice, which seems to conflict with our LTP data if LTR.ahsidered the essential
mechanism underlying hippocampal-mediated learning and memory (Romtreal.,
2011). However, many transgenic and knockout mouse models have shown ndémal LT
effects but altered learning and memory phenotypes (Lee and Silvg, E0@®ermore,
Ge et al. (2010) recently demonstrated that an LTP-blocking NMDARBRn2agonist had
no significant effect on any aspect of spatial memory padoce in a Morris water
maze task in adult rats, whereas an LTD-blocking NMDAR2B antaigamigaired
spatial memory consolidation (Ge et al., 2010). These findings dubgés the present
study, changes in LTD may underlie impaired spatial memerfppnance irp-Arrestin2

KO mice.
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Figure L egends

Figure 4 B-Arrestin2 KO mice exhibit normal baseline synaptic function and LTP,
but significantly impaired LTD compared to wild-type mice.

(A) LTP of Schaffer collateral-CA1l synapses evoked by twmgraf high-frequency
stimulation (HFS, 100 Hz pulses at 1 s duration) was unalterpdimestin2 KO mice
compared to wild-type mice.

(B) Both groups expressed ~40% potentiation at 45-60 min following (HFS 7 for
wild-type mice and 7 fop-Arrestin2 KO mice, P > 0.1).

(C) LTD of Schaffer collateral-CA1 synapses evoked by pgndde LFS (PP-LFS) at 1
Hz for 15 min was significantly reduced frArrestin2 KO mice compared to wild-type
mice.

(D) B-Arrestin2 KO mice expressed ~1.2 % depression compared to the r6rho%he
wild-type mice at 45-60 min following PP-LFS (n = 9 for wilgsé mice and 10 fofs-
Arrestin2 KO mice, *p = 0.027).

(E) Basal synaptic transmission is normal in Schaffer cola@Al synapses of-

Arrestin2 KO mice (n = 17 for wild-type mice and 15 fisArrestin2 KO mice).
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Chapter 5: Discussion and Per spective

5.1 Thefunction of astrocyte Gq GPCR activity in neurophysiology

In this study, we have shown that astrocytes exhibit spontaneousPGR G
activity, some of which appears to be driven by spontaneous miniatun@ra@smitter
release (Chapter 2). Moreover, stimulating Schaffer collasdfatents using low levels
of intensity (7 - 150 pA) and frequency (single or three pulsesfsebstrocytic Gq
GPCR-driven C% elevations, most of which have larger areas compared to spontaneous
events and propagate to the cell body (Chapter 3). These data mleadevidence that
“astrocytes listen to neuronal conversatiomsitu” (Agulhon et al., 2008), and astrocytes
could be even more sensitive sensors of neuronal signals than prevfousgit. Our
findings give rise to a very interesting question: What is ftheetion of neuron-to-
astrocyte Gq GPCR signaling in neurophysiology? A model thabkas proposed in
recent years is the concept of “gliotransmission”, which sthtgsastrocytes talk back to
neurons by releasing gliotransmitters in &'@ependent manner to modulate neuronal
activity as well as modify synaptic strength (Agulhon et 2008; Barres, 2008;
Hamilton and Attwell, 2010). It has been widely observed that agé&®crelease
transmitters (glutamate, D-serine and ATP, reviewed in Chdpteunder particular
conditions. A recently-proposed theory that seems appealing arguegidhransmitters
are released via a €adependent mechanism. This model is supported by studies in
hippocampal Schaffer Collateral (SC)-CA1 pyramidal neuron sysdfs&CAl synapse)
showing that uncaging 4®r C&" elicits glutamate release from astrocytes, which in turn
regulates presynaptic neuronal activity (Fiacco and McCarthy,;, Z084a and Arague,
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2007). Moreover, the SC-evoked astrocyti¢’Gasponses have been found to elicit ATP
release, which then breaks down to adenosine and binds/activates theapmties
adenosine receptors (AlRs), thus suppressing glutamate rel@ase pfesynaptic
terminals (Pascual et al., 2005; Serrano et al., 2006). Furtherstadess reported that
astrocytesin situ release glutamate in response to mGIluR-mediated &levations,
which then evoked slow inward currents (SICs) in postsynaptic nevi@@astivation of
extrasynaptic NR2B subtype NMDA receptors (Angulo et al., 2004inFedl al., 2004).
Based on these findings, astrocyte?Calevations were considered ‘necessary and
sufficient’ to trigger gliotransmitter release from astresytwhich in turn evokes SICs in
postsynaptic neurons (Fellin and Carmignoto, 2004). Moreover, it leasrbported that
astrocytes release transmitters through mechanisms 6f-d€gendent vesicular
exocytosis, as release of transmitters was blocked in teerare of tetanus toxin (TeNT)
or botulinum B (BoNT), two drugs that disrupt vesicle exocytosisr@hin et al., 2007;
Perea and Araque, 2007).

This model, however, has been challenged by findings that cowfitbt the
results described above. Shigetomi et al in 2008 reported diffefentsebf activating
protease-activated receptor 1 (PAR-1) versus P2Y1 purinergeptogs on neuronal
activity, even if astrocytic Garesponses were elicited in both cases. Activation of PAR-
1 resulted in SICs in 60% of CA1 neurons, whereas no SICs weretet following
P2Y1 receptor activation (Shigetomi et al., 2008). These findings duhgésncreasing
astrocytic C& is not guaranteed to modulate neuronal activity. In support of this

interpretation were findings from studies using transgenic mowskels In mice that
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express MrgAl receptors (MrgA1Rs, a type of Gg GPCR) exalysiin astrocytes,
selectively eliciting astrocytic Garesponses using the ligand for MrgAlRs did not
change the frequency or amplitude of miniature EPSCs (mEPS@g)esting unaffected
pre-and postsynaptic neuronal activity (Fiacco et al., 2007).I&8imai this finding, no
effects on SC-CA1 synaptic transmission was observed in mice lackRg éXpression,
in which astrocytic Cd activity was fully abolished (Petravicz et al., 2008).

Given the discrepancy arising from previous reports concerningbvzement
of astrocytic C& increases in gliotransmission, the underlying mechanisms for
astrocytic-mediated gliotransmitter release still ren@introversial. In fact, we have
found it very difficult to believe that astrocytes behave aslaimas neurons in terms of
releasing transmitters. Given that astrocytes do not expatage-gated Gachannels
(Carmignoto et al., 1998) see also chapter 3), the kinetics of @&tréel* elevations in
response to afferent stimulation are significantly slower coetp#&o neuronal Ga
elevations. Instead of having a latency in milliseconds such asna&uGluR-driven
Cd" elevations (Bloodgood and Sabatini, 2007), astrocyté €avations occur with a
latency of seconds as shownvivo (Wang et al., 2006; Dombeck et al., 2007; Bekar et
al., 2008; Schummers et al., 2008). Qusitu study also revealed a significantly longer
latency of astrocytic Ga responses to SC stimulation compared to astrocytic glutamate
transporter currents (GTC) or neuronal fEPSPs (Fig. 5A). A fugMperiment will be
performed by simultaneously recording astrocytic GTCs and’ Qasponses
simultaneously within the same astrocyte to further define lhve esponse times of

astrocytic Gq GPCR-driven &zelevations (Fig. 5B).
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There is no question that astrocytes release transmitters aertean conditions
(reviewed in Agulhon et al., 2008; Hamilton and Attwell, 2010; see alspter 1).
However, the correlation between activation of astrocytic GqR&EP&hd gliotransmitter
release needs to be further elucidated. An alternative pogsivoiild be to consider
downstream signaling molecules other thai*Ga be involved in Gq GPCR-mediated
functional regulation of astrocytes. Activation of astrocytic GC&PR results in not only
a rise of intracellular G4, but also activation of a vast array of other signaling madscul
The role of protein kinase C (PKC) in modulating astrocyte fancin response to
neuronal activity should also be considered. It has been found in Purkimgngen the
cerebellum and cultured astrocytes that PKC activation playgsaential role in
regulating the function of glutamate transporters via phosphorylatesafl® et al., 1993;
Aronica et al., 2003; Shen and Linden, 2005; Susarla and Robinson, 2008). Therefore
these findings raise the possibility that activation of astrodgy GPCRs modulates
astrocyte glutamate uptake via activation of PKC. This hypothasisndeed been tested
and proven in a recent study from our lab, where a marked potentiatsonplitude of
glutamate transporter current has been detected followihgff@guency SC stimulation-
evoked astrocytic Gq GPCR activatiofhis HFS-evoked potentiation of astrocytic
glutamate uptake was shown to be group | mGIluR-dependent, and was not dbserve
when PKC inhibitor was delivered into the astrocyte (Devaraju, 201igse findings
suggest that activation of astrocytic Gq GPCRs following eldvageironal activity can
modulate astrocyte glutamate uptake, thus removing excess glktiantla¢ extracellular

space. As previous work suggests that neuronal activity regudapression and activity
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of astrocyte glutamate transporters, our findings open up numerous [ttessitar how

glutamate uptake might be modulated by neuron-to-astrocyte @&R@BPmmunication.

Miniature release of transmitter might be essential fornteaance of appropriate
expression levels of glutamate transporters and uptake by assoaile spatially- and
temporally summated neuronal action potentials may be criticthéorapid potentiation
of astrocyte glutamate uptake. Modulation of astrocyte glutamnatizke is also very
important as it provides a critical role for astrocytes in phegress of certain brain
disorders including epilepsy, in which neurons suffer from hyperactive to excessive

stimulation of glutamatergic receptors.

5.2 Effects of miniature neurotransmitter release on spontaneous astrocytic Ca?*
elevations

One of the most interesting findings from Results presented in &€haps the
effect of miniature neurotransmitter release on astrocydf® Elevations. As we have
discussed, this finding conflicts with previous findings which dematesthe persistence
of cell soma astrocyte €aoscillations after incubation in Bafilomycin A1 and TTX
(Nett et al., 2002; Parri and Crunelli, 2003) see also Chapter Zdditional experiment
to corroborate our findings that Bafilomycin Al reduces astrocytaramomain C&
activity is to increase vesicular fusion in TTX using high sue®8SF. Elevated sucrose
is a known secretagogue for increasing fusion of readily eddasesicles (Rosenmund
and Stevens, 1996; Di Castro et al., 2011). This would add strengthr fomadings by
demonstrating that spontaneous astrocytic Gqg GPCR activitdiredtionally regulated
by the direction of miniature neurotransmitter release. Tlusltrevould provide more
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convincing evidence demonstrating the effects of miniature neurotittarsmelease on

spontaneous astrocytic €alevations, and is high on our list of future experiments.

5.3 Plasticity of astrocytic Gg GPCRs

In Chapter 3, we have shown that astrocytes respond to single optiseeSC
stimulation with C&" elevations. During the course of these experiments, we did notice a
nonsignificant trend of increased frequency of spontaneous astr@aticelevations
over time. Interestingly, a similar phenomenon has been repoyt€asti et al. (1997).
They observed an increased frequency of astrocyfé ansients over time after
repetitive episodes of neuronal stimulation as well as reetgtimulation with a
metabotropic glutamate receptor agonist (Pasti et al., 1997¢dRas these results, it
raises the possibility that astrocytic Gg GPCRs could potgngahibit use-dependent
plasticity. Plasticity of astrocytic Gqg GPCR signalingght be important to ensure
sufficient glial coverage of active synapses and uptake of sgabiyteleased glutamate.
This hypothesis will be tested in future studies by taking tharadge of the MrgA1R
transgenic mice. Since MrgA1Rs are exclusively expressedriocysts, and the ligand
for MrgA1Rs - FMRF - does not simulate endogenous receptors in @girGPCR
signaling cascades can be selectively activated in agtgoeythout directly affecting the
activity of nearby neurons. The most appropriate strategyif®experiment is to uncage
FMRF in a local area of astrocytic processes to elicft @sponses, and to assay for
changes in the amplitude or areas of propagation after repetitmulation of the same
MrgA1R microdomain. Moreover, it has been shown that each astrocyilaydisa
unique “C&" signature”, where the initiation sites of Calevations are consistent upon
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activation of the same or different astrocytic Gq GPCRsddget al., 1994; Fiacco et
al., 2007); reviewed in Chapter 1). The initiation sites of the GgRGgt@haling domains

- the “hotspots”- are thought to be areas with a higher densiBqadBPCR expression.
Therefore, it is very likely that the expression level&gf GPCRs can be potentiated or
depressed in response to changes in local synaptic strength. Qurefutiure plans is to
test this hypothesis by bath-applying FMRF or DHPG to figurtethe C&" signature for

a specific astrocyte. We will then uncage FMRF repetitivargr a local area of the
astrocyte which initially does not appear to be a hotspot. Afterdpietitive stimulation,
FMRF or DHPG will be bath-applied again to evoke th&"@mnature for this particular
astrocyte, and the pattern of the?Chnitiation sites will be compared before and after
repetitive uncaging of FMRF. These data will help us to determirether astrocytic Gq
GPCRs exhibit plasticity in a synapse-specific manner. Ayp®thesis, once supported,
will provide a better understanding of the plasticity of astioagceptors and enrich our

understanding of neuron-to-astrocyte communication.
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Figure L egend

Figure 5 Experimental design for ssimultaneous recording of astrocytic glutamate
transporter currentsand Ca?* elevations following high frequency SC stimulation.

(A) Latency of fEPSPs (recorded in CA1 pyramidal neuronvolg 0.033 Hz SC
stim.), astrocyte glutamate transporter currents (Devaraju, 20id)C&" elevations
(both recorded in astrocytes following 100-200 Hz SC stim.) are aehfa = 5 cells

for each group; ***p < 0.001).

(B) With the patch pipette left on an OGB-1 filled astrocygkjtamate transporter
currents and Caresponses can be recorded simultaneously following high frequéhcy S

stimulation.
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