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ABSTRACT OF THE DISSERTATION 

 

Functional Domains of Neuron-to-Astrocyte Gq GPCR Communication 

 

by 

 

Min-Yu Sun 

 

Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental Biology 
University of California, Riverside, June 2012 

Dr. Todd A. Fiacco, Chairperson 

 

The physiological role of astrocytic Gq-protein coupled receptors (Gq GPCRs) 

has now drawn more attention in the field of neuroscience, as it is now clear that 

astrocytes sense neuronal signals through activation of their Gq GPCRs. Astrocytes are 

thus considered excitable and their role in synaptic transmission is under intense 

investigation. Interestingly, in basal conditions without any user-evoked stimulation, 

astrocytes exhibit spontaneous Gq GPCR activity driven by mechanisms that still remain 

mysterious. Understanding the mechanisms underlying these astrocytic Gq GPCR 

signaling domains in physiological conditions will certainly benefit our knowledge 

regarding neuron-to-astrocyte communication. Therefore, the main goal of this 

dissertation is to study the underlying mechanisms of astrocytic Gq GPCR signaling 

domains in two parts: 1) To identify the factors governing spontaneous astrocytic Gq 

GPCR activity, and 2) To identify the lowest threshold of neuronal action potential-
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mediated synaptic transmission capable of evoking an astrocytic Gq GPCR response, and 

then to determine if the response occurs as a microdomain or a whole-cell event. In 

Chapter 2, we demonstrate that spontaneous astrocytic Gq GPCR signaling domains are 

driven by mechanisms unrelated to action potential-triggered neurotransmitter release, 

but are dependent on spontaneous miniature neurotransmitter release. It also appears that 

multiple types of astrocytic Gq GPCRs play essential roles in the generation of 

spontaneous Gq GPCR activity. In Chapter 3, our results suggest that astrocytes respond 

to neuronal afferent stimulation at intensities much lower than previously described. 

Moreover, the evoked Gq GPCR domains are qualitatively different from the 

spontaneous ones. Consistent with the findings from Chapter 2, the evoked events appear 

to involve multiple types of astrocytic Gq GPCRs. These data suggest that astrocytes 

respond to neuronal activity in a manner much more sensitive than previously thought.  

We also explored the role of β-Arrestin2 in regulating two forms of synaptic 

plasticity-long-term potentiation (LTP) and long-term depression (LTD). In Chapter 4, 

we report normal LTP, but a markedly impaired LTD in β-Arrestin2 knockout mice, 

suggesting a novel role of β-Arrestin2 in cellular mechanisms of learning and memory. 

This finding could potentially provide a base for developing treatments for 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 (CNS) 

Given the fact that neurons are the only cell type in the central nervous system 

(CNS) capable of firing action potentials, the role of glia in CNS physiology and function 

has been largely neglected for nearly a century since their cell identity was confirmed in 

the late 1800s (Agulhon et al., 2008). Researchers had considered glia as a passive 

connective tissue filling in space unoccupied by neurons and thus not important in the 

transmission of information in the brain. This concept, however, has been revised lately 

since various types of G protein-coupled receptors (GPCRs) were identified in glial cells 

in cell culture (McCarthy and de Vellis, 1978; Van Calker et al., 1978), as well as in acute 

tissue slices and in vivo (Porter and McCarthy, 1997). As the GPCRs expressed by glial 

cells are similar to those expressed by neurons, it is now generally accepted that glial 

cells are biochemically excitable and can respond to released neurotransmitters in various 

forms, one of which is increased cytoplasmic Ca2+ concentration (Agulhon et al., 2008).   

Based on morphology and function, glial cells can be divided into four major 

groups: 1) oligodendrocytes and Schwann cells, 2) microglia, 3) nerve/glial antigen 2 

(NG-2) positive cells, and 4) astrocytes (Agulhon et al., 2008). Among these groups, 

astrocytes are the predominant cell type that comprises nearly one-third of the cells in the 

mouse brain and approximately half of the cells in the human brain (Cahoy et al., 2008).  
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1.2 The anatomical organization and physiological properties of protoplasmic 

astrocytes  

Being as heterogeneous as neurons in terms of morphology, antigenic phenotype, 

location and function, astrocytes can be classified into at least two main categories: 

protoplasmic and fibrillary (or fibrous) astrocytes. Protoplasmic astrocytes distribute 

mainly in gray matter with their ramified processes heavily enwrapping synapses and 

blood vessels, whereas fibrillary astrocytes, the major type of astrocytes located in white 

matter, have long processes that run between myelinated fibers to contact nodes of 

Ranvier as well as to produce end feet for vascular attachment (Walz, 2000; Barres, 2008). 

However, protoplasmic and fibrillary astrocytes can both be recognized by their 

expression of glial fibrillary acidic protein (GFAP), an intermediate filament exclusively 

expressed by astrocytes in the CNS (Eng et al., 1971; Bignami et al., 1972; Bushong et al., 

2002). Moreover, specialized astrocytes that exhibit similarity to protoplasmic astrocytes 

are also found in certain brain areas, including Müller glia in the retina and Bergmann 

glia in the cerebellum and radial glia in the developing cortex (Walz, 2000; Barres, 2008).  

Studies over the past few years have proposed that protoplasmic astrocytes, with 

their unique spatial distribution and extensive interaction with neuronal elements, could 

be critical members that take part in synaptic transmission (Bushong et al., 2002; 

Agulhon et al., 2008; Barres, 2008). With the aid of three-dimensional (3D) confocal 

analysis and electron microscopy, Bushong et al. in 2002 indicated that protoplasmic 

astrocytes establish primarily exclusive territories with only a limited degree of overlap 

with neighboring astrocytes. This segregated anatomical organization suggests that each 
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protoplasmic astrocyte has its own distinct domain to interact with blood vessels or 

synapses, and these clusters of elements can be differentially influenced by the activity of 

this particular astrocyte (Bushong et al., 2002). In adult rat hippocampal CA1, a single 

astrocyte has a soma diameter of 7-9 µm. However, when its processes are taken into 

account, the astrocyte could have a volume up to nearly 66,000 µm3 and would influence 

approximately 140,000 synapses (Bushong et al., 2002). In fact, discrete astrocytic 

“microdomains” have been revealed by Grosche et al. as small compartments on the 

spongiform processes of Bergmann glia that are capable of limiting the propagation of 

glial Ca2+ responses evoked by neuronal activity (Grosche et al., 1999), suggesting 

protoplasmic astrocytes in CA1 would have this similar organization and be able to 

separate the neuropil on multiple levels (Bushong et al., 2002). Interestingly, astrocyte 

processes have been shown preferentially surrounding the perimeter of the axon-dendritic 

spine interface that have more glutamate escaping from the synaptic cleft (Ventura and 

Harris, 1999), implying an essential role for astrocytes in synaptic transmission.  

The physiological properties of protoplasmic astrocytes have been investigated. 

Whole cell currents were recorded from astrocytes for the first time in slices from 

newborn animals (Steinhauser et al., 1992). In this study, at least two forms of membrane 

current patterns were identified that differentiate astrocytes into “passive” and “complex” 

cells. Passive astrocytes have high levels of GFAP expression and display a linear 

current-voltage relationship while their holding membrane potential was switched from -

80 mV to both hyperpolarizing and depolarizing potentials (-160 mV to +20 mV) in 10 

mV increments. Complex astrocytes, on the other hand, have low or negligible GFAP 
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expression and exhibit both inwardly and outwardly rectifying currents following the 

voltage-step protocol (Steinhauser et al., 1992; Zhou et al., 2006). Similar patterns were 

found in adult tissue as well, suggesting this phenomenon is preserved after development 

(Kressin et al., 1995). However, approximately 90% of mature astrocytes in the 

hippocampal CA1 region are electrophysiologically passive and GFAP positive (GFAP+) 

whereas the remaining 10% appear to have voltage-gated channels, are GFAP negative 

(GFAP-), and are called NG2 glia due to their exclusive NG2 expression (Zhou et al., 

2006). Other differences between GFAP+ astrocytes and NG2 glia include gap junction 

coupling present solely among GFAP+ astrocytes, whereas NG2 glia do not exhibit 

coupling. Moreover, NG2 glia have relatively high membrane resistances of more than 

200 MΩ (range 200-400 MΩ) compared to the low membrane resistance of 10MΩ or less 

recorded in GFAP+ astrocytes (Lin and Bergles, 2002; Zhou et al., 2006). 

1.3 Main functions of astrocytes in the CNS 

Astrocytes exhibit various functions in the CNS. One of the most well-established 

functions is to regulate extracellular potassium ([K+]o) homeostasis. Due to their 

abundant expression of K+ channels, astrocytes have a very dominant K+ conductance, 

resulting in their negative resting membrane potential being close to the K+ equilibrium 

potential. Astrocytes have been shown to take up excess K+ ions from the extracellular 

space via three mechanisms: The Na+/K+ pump (Walz and Hinks, 1985; Ballanyi et al., 

1987; Rose and Ransom, 1996; Ransom et al., 2000), an anion transporter that co-

transports K+ and Na+ with Cl- (Walz and Hinks, 1985), and K+ channels (Ballanyi et al., 

1987). Following K+ uptake, astrocytes transport these ions via gap junctions and release 
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them in locations where the extracellular K+ concentration is low, a process known as “K+ 

spatial buffering” (Kuffler and Nicholls, 1966; Orkand et al., 1966; Djukic et al., 2007). 

The first identified inwardly-rectifying K+ (Kir) channel expressed by astrocytes, Kir4.1, 

plays a critical role in K+ spatial buffering (Takumi et al., 1995; Poopalasundaram et al., 

2000), as conditional knock-out of Kir4.1 resulted in a marked impairment of K+ uptake 

and early postnatal mortality (Djukic et al., 2007). Since the extracellular K+ 

concentration critically influences cellular resting membrane potential, it can potentially 

influence rates of neuronal firing and neurotransmitter release (Baylor and Nicholls, 1969; 

Balestrino et al., 1986). Failure of removing excess K+ ions from the extracellular space 

could increase the overall neuronal excitability through a positive feedback loop 

(Magistretti and Ransom, 2002), thereby increasing the likelihood of seizure occurrence. 

Indeed, Kir4.1 has been shown to be a putative seizure susceptibility gene in mice 

(Ferraro et al., 2004), as well as in humans (Buono et al., 2004).  

Another important function of astrocytes is their involvement in glutamate uptake 

and metabolism. Glutamate is the predominant excitatory neurotransmitter in the CNS 

(Fortnum, 1984). After being released from presynaptic terminals, glutamate is mainly 

taken up by astrocytes and is converted into glutamine via glutamine synthetase, an ATP-

dependent enzyme exclusively expressed by astrocytes (Martinez-Hernandez et al., 1977). 

Glutamine is then delivered to presynaptic neurons where it is converted to glutamate and 

stored in vesicles to initiate a new cycle of neurotransmitter release. Being a critical part 

of this “glutamate-glutamine cycle”, astrocytes remove excess glutamate from the 

extracellular space through glutamate transporters, thus preventing neuronal 
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excitotoxicity (Rosenberg and Aizenman, 1989). There are two types of glutamate 

transporters expressed by astrocytes: GLT-1 and GLAST (Rothstein et al., 1994). The 

essential role of astrocyte glutamate transporters in maintaining extracellular levels of 

glutamate was reinforced by a previous finding, where Rothstein et al. showed that 

genetic down-regulation of GLAST or GLT-1, but not the neuronal subtype EAAC1, 

caused elevated extracellular levels of glutamate and neurotoxicity (Rothstein et al., 

1996). 

Astrocytes also appear to express the water channel aquaporin 4 (AQP4) and play 

an important role in water homeostasis (Amiry-Moghaddam and Ottersen, 2003; 

Kimelberg, 2007). AQP4 is the predominant aquaporin in the brain, which is primarily 

present on the plasma membrane of astrocytes (Jung et al., 1994) but with lower 

expression levels in ependymal cells (Kobayashi et al., 2001; Amiry-Moghaddam et al., 

2003). Its expression is absent from neurons, oligodendrocytes and microglia (Amiry-

Moghaddam and Ottersen, 2003). AQP4 is particularly concentrated in astrocyte 

processes that are in contact with blood vessels and the pia. These astrocyte processes are 

part of the perivascular and subpial endfeet, with AQP4 distribution about one order of 

magnitude higher than in non-endfeet membranes including those near synapses (Amiry-

Moghaddam and Ottersen, 2003). Immunolocalization experiments have shown a strict 

overlap between AQP4 and Kir4.1 distribution, suggesting that these two molecules 

function together. This hypothesis was tested in acute cortical slices following evoked 

neuronal activity in layer IV. In this study, water flux was monitored by optical signals 

which were generated or diminished when the extracellular space increased or decreased, 
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respectively. The results demonstrated that water transport is neuronal 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 and perforant path 

fibers in hippocampal slices from mice lacking perivascular AQP4. The excessive 

amounts of extracellular K+ could potentially facilitate the generation of epileptiform 

discharges by depolarizing neurons. Indeed, these mice were shown to have more 

pronounced epileptic seizures induced by hyperthermia, even though the threshold to 

induce seizures was the same as that of wild-type mice. Taken together, these findings 

suggest that water flux through perivascular AQP4 is coupled to efficient K+ removal and 

that deficits in water transport could enhance neuronal excitability and seizure severity 

(Amiry-Moghaddam et al., 2003). The correlation between AQP4 and seizure severity 

gives rise to essential roles played by AQP4 and astrocytes in pathological conditions, 

which also includes the development of brain edema. It has been shown that expression 

of AQP4 on the perivascular endfeet of astrocytes contributes to brain edema formation 

(Nielsen et al., 1997; Amiry-Moghaddam et al., 2003), and a delayed onset of 

hyponatremic edema was also observed in mice lacking AQP4 at the interface between 

brain and blood/CSF (Vajda et al., 2002).  

Other critical functions of astrocytes include their contribution to CNS 

development. They promote synaptogenesis by releasing thrombospondin (TSP), a large 

matrix-associated protein. A significant reduction in synapse number was found in 

Thrombospondin-1/2 knockout mouse brain, suggesting the involvement of astrocytes in 

facilitating synapse formation in vivo (Christopherson et al., 2005; Barres, 2008).  
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1.4 Neuron-to-astrocyte communication 

1.4.1 Astrocytes express numerous neurotransmitter receptors 

It is now widely accepted that astrocytes are capable of responding to neuronal 

signaling due to their expression of numerous neurotransmitter receptor types (Bowman 

and Kimelberg, 1984; Kettenmann et al., 1984). To date, there are at least twelve types of 

neurotransmitter receptors identified in astrocytes (including protoplasmic and fibrillary 

astrocytes as well as Bergmann and Müller glia) : 1) glutamate receptors, 2) γ-amino-

butyric-acid (GABA) receptors, 3) purinoreceptors (ATP receptors), 4) histamine 

receptors, 5) cholinergic receptors, 6) adrenergic receptors, 7) serotonergic receptors, 8) 

substance P receptors, 9) opioid receptors, 10) dopaminergic receptors, 11) atrial 

natriuretic factor receptors, and 12) cannabinoid receptors (CB1R) (Porter and McCarthy, 

1997; Navarrete and Araque, 2008). Astrocytes exhibit both ionotropic receptors and 

metabotropic receptors to glutamate, GABA and ATP. However, whether passive 

astrocytes express ionotropic neurotransmitter receptors is not clear, and the functional 

importance of ionotropic receptors present in astrocytes remains largely unresolved. Due 

to their expression of these various types of neurotransmitter receptors, astrocytes have 

been shown to respond to neuronal activity with increases in intracellular Ca2+ 

concentration (Porter and McCarthy, 1996, 1997; Agulhon et al., 2008). This intracellular 

Ca2+ elevation results mainly, if not exclusively, from Gq subtype G protein coupled 

receptors (Gq GPCRs), and not from a Ca2+ influx through voltage-gated calcium 

channels (VGCCs) or ionotropic receptors permeable to extracellular Ca2+ (Duffy and 

MacVicar, 1994; Jabs et al., 1994; Porter and McCarthy, 1995; Carmignoto et al., 1998; 



9 
 

Nett et al., 2002; Parri and Crunelli, 2003; Beck et al., 2004; Straub et al., 2006; Agulhon 

et al., 2008). 

The most abundant type of metabotropic glutamate Gq GPCR found in astrocytes 

is mGluR5 (Romano et al., 1995; van den Pol et al., 1995). There is only very little 

evidence showing mGluR1 expression in astrocytes in situ (Shigemoto et al., 1992; Baude 

et al., 1993; van den Pol et al., 1995; Mudo et al., 2007). Activation of mGluR5 upon 

glutamate binding results in increased cytoplasmic Ca2+ concentration that can be 

blocked by inhibitors of store-specific Ca2+-ATPases such as thapsigargin. Also, Ca2+ 

elevations were inhibited following the application of heparin, an inositol 1,4,5-

trisphosphate (IP3) receptor blocker (Kirischuk et al., 1999). These results provide strong 

evidence that activation of astrocyte Gq GPCRs upon binding neurotransmitters is 

coupled to intracellular Ca2+ elevations triggered by IP3-induced Ca2+ release from 

internal stores. This mechanism is utilized by other Gq GPCRs in astrocytes including the 

metabotropic GABA receptors-GABABRs (Nielsen et al., 1997; Kang et al., 1998), the 

P2Y receptors, which are activated upon binding to ATP (Kirischuk et al., 1995; 

Verkhratsky et al., 1998), the metabotropic cholinoreceptors (muscarinic receptors, 

mAChRs) activated by acetylcholine (Catlin et al., 2000; Shelton and McCarthy, 2000; 

Araque et al., 2002), the α1-adrenergic receptors (Shao and McCarthy, 1993; Kirischuk et 

al., 1996), the H1 histamine receptors (Kirischuk et al., 1996), the A1 adenosine receptors 

(Porter and McCarthy, 1995), and the CB1Rs activated by endocannabinoids released 

from postsynaptic neurons upon sufficient depolarization (Navarrete and Araque, 2008).  
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1.4.2 Mechanisms of Gq GPCR-linked Ca2+ elevations in astrocytes 

Given that the Gq GPCR-triggered intracellular Ca2+ elevation is the most well-

established astrocyte response to neuronal activity, mechanisms underlying Gq GPCR 

activation have also been heavily investigated (Agulhon et al., 2008). It is generally 

thought that Gq GPCR activation is linked to phospholipase C (PLC)/IP3 pathway 

(Waldo et al., 2010). Following Gq GPCR activation, PLC is activated and cleaves the 

membrane-bound phosphatidylinositol 4, 5-bisphosphate (PIP2) into diacylglycerol (DAG) 

and IP3. These newly-generated IP3 molecules are mobile and bind IP3 receptors (IP3R) 

located on the membrane of endoplasmic reticulum (ER), triggering Ca2+ release from 

ER (Scemes, 2000; Parri and Crunelli, 2003; Volterra and Steinhauser, 2004; Fiacco and 

McCarthy, 2006; Scemes and Giaume, 2006). Moreover, functional IP3Rs that are 

exclusively expressed by hippocampal astrocytes have been identified as type 2 IP3Rs 

(IP3R2), which are not found in neurons or other types of glia (Sheppard et al., 1997; 

Holtzclaw et al., 2002; Hertle and Yeckel, 2007; Weerth et al., 2007; Petravicz et al., 

2008). Activation of IP3R can be positively modulated by the store-released Ca2+, which 

functions as a co-agonist on these receptors. Moreover, the store-released Ca2+ also 

enhances PLC activation and results in more IP3 generation (Foskett et al., 2007). Both of 

these actions most likely contribute to Ca2+ propagation across a variable volume of 

cytoplasm–the so called “intracellular Ca2+ wave”. Another molecule generated from 

PIP2 cleavage, DAG, has been shown to participate in the termination of the astrocytic 

Ca2+ transients via activation of its downstream molecule—protein kinase C (PKC) 

(Codazzi et al., 2001; Parri and Crunelli, 2003). 
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1.4.3 Astrocytes are biochemically excitable cells with Ca2+ responses evoked by 

either neuronal afferent stimulation or exogenously-applied agonists  

There is accumulating evidence indicating that elevated neuronal activity evokes 

astrocytic Ca2+ responses in brain areas including the hippocampus, cerebellum, and 

retina. Electrical stimulation of neuronal afferents in hippocampal slices triggers 

hippocampal astrocytic Ca2+ elevations via activation of astrocytic mGluRs (Porter and 

McCarthy, 1996; Pasti et al., 1997; Fellin et al., 2004; Perea and Araque, 2005), GABAB 

receptors (Kang et al., 1998); muscarinic acetylcholine receptors (Araque et al., 2002; 

Perea and Araque, 2005), as well as endocannabinoid receptors (Navarrete and Araque, 

2008). The Bergmann glial cells in the cerebellum in situ were also shown able to 

respond to electrical stimulation of parallel fibers or neurons with Ca2+ elevations. These 

responses most likely result from activation of α-adrenergic, purinergic, mGluR1 and/or 

AMPA receptors (Kulik et al., 1999; Matyash et al., 2001; Grosche et al., 2002; Matsui 

and Jahr, 2004; Matsui et al., 2005; Beierlein and Regehr, 2006; Piet and Jahr, 2007). The 

Müller glial cells in the isolated rat retina appear to respond to light flashes (physiological 

stimuli) with Ca2+ increases mediated by glial purinergic receptor activation (Newman, 

2005). The occurrence of neuronal activity-evoked astrocytic Ca2+ responses are further 

proven from the in 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). By applying 

whisker stimulation to anesthetized adult mice, Wang et al. in 2006 were able to elicit 

Ca2+ elevations in both soma and processes of astrocytes in the barrel cortex. These 

astrocytic Ca2+ elevations were reduced in the presence of the group I mGluR antagonists 
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MPEP and LY367385, implying the involvement of astrocytic Gq mGluRs activated by 

synaptically-released glutamate (Wang et al., 2006). Another in vivo study also 

demonstrated that in the adult ferret visual cortex, astrocytes respond to visual stimuli 

with robust Ca2+ responses detected in the cell bodies (Schummers et al., 2008). 

Moreover, astrocytes in the somatosensory cortex of anaesthetized mice respond to foot 

shock with activation of α-adrenergic receptors following the release of norepinephrine 

from the locus coeruleus (Bekar et al., 2008). Calcium transients measured in astrocytes 

in the somatosensory cortex correspond to running behavior in awake adolescent mice 

(Dombeck et al., 2007). Taken together, both in situ and in vivo studies have indicated a 

neuron-to-astrocyte communication via activation of astrocytic Gq GPCRs (Agulhon et 

al., 2008). 

Astrocytic Ca2+ transients can also be evoked following application of exogenous 

Gq GPCR agonists (Yagodin et al., 1994; Yagodin et al., 1995; Sheppard et al., 1997; Zur 

Nieden and Deitmer, 2006; Fiacco et al., 2007). Interestingly, agonist-evoked astrocytic 

Ca2+ transients tend to have a specific initiation site, or “Ca2+ hotspot”, located in one of 

the processes. These Ca2+ signals then propagate to other regions of the cell as an 

intracellular wave. The proposed mechanism underlying the intracellular Ca2+ wave is 

thought to be Ca2+-induced Ca2+ release via the coordinated activity of Ca2+ functioning 

as a co-agonist with IP3, and IP3R clustering on the ER membrane (Roth et al., 1995; 

Sheppard et al., 1997; Simpson and Russell, 1997; Thomas et al., 2000; Shuai and Jung, 

2003; Weerth et al., 2007). Interestingly, activation of different astrocytic Gq GPCRs 

following exogenous Gq GPCR agonist application results in the same pattern of Ca2+ 
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initiation sites, implying that different Gq GPCRs share the same machinery that drives 

these intracellular Ca2+ waves. Moreover, individual astrocytes have their own “Ca2+ 

signature” (Yagodin et al., 1994; Fiacco et al., 2007). The functional implications for 

these signatures and shared patterns of signaling among various Gq GPCRs is still not 

fully elucidated, but it may indicate participation of multiple astrocytic Gq GPCRs in the 

same cellular functions. Hotspots of Gq GPCR signaling machinery in astrocytes also 

opens the possibility for use-dependent plasticity with higher densities of Gq GPCR 

expression in astrocyte microdomains neighboring more active or potentiated synapses. 

This would allow an astrocyte to fine tune its Gq GPCR distribution and function in 

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

1.4.4 Astrocytes exhibit spontaneous Ca2+ elevations 

Spontaneous astrocyte Ca2+ activity is readily observed under basal conditions 

without any user-evoked stimulation in slices from hippocampus, cortex, and thalamus 

(Parri et al., 2001; Aguado et al., 2002; Nett et al., 2002). This phenomenon exists not 

only in acute slice models, but also in vivo with similar magnitudes, frequencies, and 

patterns of activity (Hirase et al., 2004; Nimmerjahn et al., 2004; Wang et al., 2006). 

Spontaneous Ca2+ elevations are present in both astrocyte cell bodies as well as in 

isolated processes and vary in size. Some astrocyte Ca2+ transients occupy an area that 

spans nearly the entire cell volume, whereas others are confined to very restricted 

territories of fine processes. Interestingly, these local “microdomain” Ca2+ elevations 

usually appear asynchronously, suggesting their independence from one another. The 

mechanisms underlying the generation of these astrocytic Ca2+ events, however, are still 
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not fully elucidated. It has been shown that interfering with IP3 binding to IP3R using the 

IP3R antagonist heparin significantly reduces astrocytic spontaneous Ca2+ elevations (Nett 

et al., 2002), providing evidence that the spontaneous Ca2+ elevations are mainly due to 

Ca2+ release from internal stores and have very little to do with extracellular Ca2+ influx. 

This suggestion was further confirmed from findings showing that hippocampal 

astrocytes in mice lacking IP3R2 expression do not exhibit spontaneous Ca2+ elevations 

(Petravicz et al., 2008). The spontaneous astrocytic Ca2+ elevations also appear 

independent of neuronal activity, as they remain present when miniature or action 

potential-driven neurotransmitter release is blocked (Parri et al., 2001; Nett et al., 2002; 

Parri and Crunelli, 2003). These results suggest that spontaneous astrocytic Ca2+ 

elevations are driven by intrinsic mechanisms such as constitutive Gq GPCR activity, 

which facilitates the activation of G-proteins by exchanging guanosine diphosphate (GDP) 

to guanosine triphosphate (GTP) in the absence of agonist (de Ligt et al., 2000; Hermans 

and Challiss, 2001). Interestingly, in recombinant model cell systems, type 1a 

metabotropic glutamate receptors (mGluR1a) exhibit constitutive activity proportional to 

the level of the receptor expression (Prezeau et al., 1996), implying that any constitutive 

Gq GPCR activity that is restricted to local areas could originate from local Gq GPCR 

clustering “hotspots”. This theory was supported by the identification of Homer, a family 

of proteins involved in regulating mGluR cell surface expression in neurons (Brakeman 

et al., 1997; Kato et al., 1998; Ciruela et al., 1999; Roche et al., 1999), as well as 

coupling group I mGluRs to IP3Rs and thus being able to cooperate with IP3 generation 

and Ca2+ release from the internal stores (Tu et al., 1998). Moreover, the physical 
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interaction between mGluRs and Homer was also shown in hypothalamic astrocytes 

(Dziedzic et al., 2003). Taken together, these findings suggest that the spontaneous 

microdomain astrocytic Ca2+ signaling domains could result from constitutive Gq GPCR 

activity and depend on the local levels of Gq GPCR cell surface expression. Even though 

they can occur in the absence of neuronal activity, previous work also showed that 

spontaneous whole-cell astrocytic Ca2+ elevations are synchronized by neuronal action 

potentials (Aguado et al., 2002).  

What types of Gq GPCRs are involved in the generation of spontaneous astrocytic 

Ca2+ elevations? Given that group I mGluRs (particular mGluR5) plays a major role in 

astrocytic Ca2+ responses evoked by elevating neuronal activity in situ and in vivo (Porter 

and McCarthy, 1996; Wang et al., 2006), it is logical to assume that group I mGluRs 

could be essential for the generation of spontaneous astrocytic Ca2+ elevations. This 

hypothesis was tested and supported based on zur Nieden and Deitmer’s finding that 

spontaneous astrocytic Ca2+ transients were largely abolished in the presence of (+)-α-

methyl-4-carboxyphenylglycine (MCPG), a group I and II mGluR antagonist (Zur Nieden 

and Deitmer, 2006). However, results from other research groups suggest that mGluRs do 

not play a significant role in spontaneous astrocyte Ca2+ events. Aguado et al. observed 

no significant effects of MCPG on the spontaneous astrocytic Ca2+ transients (Aguado et 

al., 2002). Approximately at the same time, Nett et al. published their work showing that 

application of an antagonist cocktail containing antagonists for mGluR1a (AIDA), 

mGluR5 (MPEP), group II/III mGluRs (CPPG) and P2YRs (PPADS and suramin), did 

not affect spontaneous astrocytic Ca2+ transients while completely blocking mGluR 
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agonist trans-1-amino-cyclopentane-1,3-dicarboxylic acid (tACPD) as well as ATP-

evoked astrocytic Ca2+ responses (Nett et al., 2002). These findings together suggest that 

other types of astrocytic Gq GPCRs could play more essential roles in the generation of 

spontaneous astrocytic Ca2+ activity. 

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 could be bidirectional 

(Agulhon et al., 2008; Hamilton and Attwell, 2010). Studies applying paired recordings 

and Ca2+ imaging have identified a slow inward current (SIC) in the postsynaptic neurons 

while the intracellular Ca2+concentration of a nearby astrocyte is elevated (Parri et al., 

2001; Angulo et al., 2004; Fellin et al., 2004; Perea and Araque, 2005; D'Ascenzo et al., 

2007). SICs are thought to be generated by astrocyte glutamate acting on extrasynaptic 

NMDA receptors (Hamilton and Attwell, 2010). In fact, being in contact with multiple 

synapses allows single astrocytes to trigger SICs in several (~5-8) neurons, thus 

enhancing synchronized neuronal firing patterns. (Parri et al., 2001; Angulo et al., 2004; 

Fellin et al., 2004). 

 In addition to releasing glutamate, astrocytes have been reported to release other 

transmitters including ATP and D-serine. Serrano et al. in 2006 indicated that in response 

to repetitive stimulation of hippocampal excitatory neurons, there is a depression of 

transmitter release from adjacent unactivated synapses. This inhibitory effect results from 
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activation of presynaptic GABAB receptors by interneuron-released GABA. Moreover, 

GABAB receptors in the nearby astrocytes are also activated and followed by astrocyte 

Ca2+ increases, leading to release of ATP from astrocytes which is then broken down into 

adenosine in the extracellular space. Adenosine binds and activates A1 receptors on 

excitatory presynaptic terminals which inhibits presynaptic neurotransmitter release 

(Pascual et al., 2005; Serrano et al., 2006). Furthermore, adenosine also activates 

postsynaptic A1 receptors coupled to K+ channels, resulting in neuronal hyperpolarization 

and reduced excitability (Newman, 2003). These processes together could be the 

underlying mechanisms for sleep regulation (Halassa et al., 2009). 

Another transmitter that could possibly be released from astrocytes is D-serine, 

which is synthesized in astrocytes from L-serine by the glial enzyme serine racemase 

(Wolosker et al., 1999). A previous study done in cell culture has shown that activation of 

astrocytic GluRs upon binding exogenously-applied glutamate triggers Ca2+ dependent 

release of D-serine (Mothet et al., 2005). D-serine can then function as a co-agonist of 

synaptic NMDA receptors and can potentially promote the induction of long-term 

potentiation (LTP), as breaking down D-serine by the enzyme D-amino acid oxidase 

decreased postsynaptic NMDA currents and prevented LTP (Yang et al., 2003; Panatier 

et al., 2006). 

1.5.2 Astrocyte to neuron communication under pathological conditions 

The possibility that astrocytes release transmitters under pathological conditions 

has also been studied (Hamilton and Attwell, 2010). Large amounts of glutamate are 

released from cortical astrocytes in a model of epilepsy, and this phenomenon is 
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considered a putative cause for seizure initiation (Tian et al., 2005). However, this idea is 

still controversial as another study has come up with observations conflicting with the 

previous findings (Fellin et al., 2006). Moreover, Astrocytes were also found able to 

release transmitters in response to hypotonic treatments (Kimelberg et al., 1990). These 

transmitters are thought to be released via volume-regulated anion channels (VRACs) 

expressed by astrocytes. The release of excitatory transmitters such as glutamate could 

lead to neuronal excitotoxicity and has been suggested to promote the progress of acute 

pathologies where astrocytic swelling occurs rapidly, including stroke and trauma 

(Kimelberg et al., 1995; 2005; 2006; Mongin and Kimelberg, 2005). In addition to 

releasing transmitters via VRACs, it has been shown that cultured astrocytes release 

transmitters through multiple mechanisms such as connexin hemichannels (Stout et al., 

2002; Ye et al., 2003; Kang et al., 2008), pore-forming P2X7 purinergic receptors (Duan 

et al., 2003; Fellin et al., 2006), and reversal of glutamate transporters (Anderson and 

Swanson, 2000), each of which is Ca2+-independent and would likely happen under 

pathological conditions (Agulhon et al., 2008). 

Astrocytes have also been shown able to release prostaglandin E2 (PGE2) in 

pathological conditions such as Alzheimer’s disease, HIV infection and stroke. The 

astrocyte-released PGE2 together with tumor necrosis factor α (TNF-α) generated from 

activated microglia leads to astrocytic Ca2+ elevations, thus enhancing astrocytic 

exocytotic release of glutamate (Bezzi et al., 1998;  2001). By over-activating neuronal 

NMDA receptors, this astrocyte-released glutamate can increase overall neuronal 

excitability and contribute to neuronal death (Hamilton and Attwell, 2010). 
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1.6 Role of astrocytic Gq GPCRs in synaptic plasticity 

Given that astrocytes are able to talk to neurons by stimulating extrasynaptic 

NMDRs, it raises the possibility that astrocytes might be involved in two types of NMDA 

receptor-dependent synaptic plasticity: long-term potentiation (LTP) and long-term 

depression (LTD) (Malenka and Nicoll, 1999). Consistent with this hypothesis, previous 

work has reported a modified strength of LTP in the hippocampus from mice lacking 

astrocyte-specific GFAP or S100B (a calcium-binding protein) expression, suggesting an 

essential role of astrocytes in synaptic plasticity (McCall et al., 1996; Nishiyama et al., 

2002). Furthermore, studies have indicated that in both the hypothalamus and 

hippocampus, astrocytes impact LTP induction through the release of D-serine (Yang et 

al., 2003; Panatier et al., 2006). However, it was not clear whether D-serine was released 

from astrocytes through a Ca2+-dependent mechanism, or whether astrocytic Gq GPCRs 

were involved in modulating hippocampal LTP. To elucidate this issue, Henneberger et al. 

(2010) clamped astrocyte Ca2+ to prevent Gq GPCR-mediated Ca2+ rises in astrocytes. 

This manipulation abolished LTP induction, while bath-applying D-serine reversed this 

blockade. These results suggested that release of D-serine from astrocytes relies on 

intracellular astrocytic Ca2+ elevations, which are known to normally result from Gq 

GPCR activation (Henneberger et al., 2010). However, at about the same time another 

published study reported conflicting results. Agulhon et al. found unaltered LTP in mice 

lacking IP3R2 expression, which fully prevented Gq GPCR-mediated astrocyte Ca2+ 

elevations (Agulhon et al., 2010). Due to this controversy, the involvement of astrocytic 

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

synaptic plasticity 

1.7.1 Dendritic spine morphology is determined by F-actin dynamics 

Dendritic spines are small protrusions located on excitatory postsynaptic neuronal 

dendrites, and their morphogenesis is highly correlated to functional development of 

excitatory synapses (Pontrello and Ethell, 2009). Dendritic spines can be classified into 

three groups based on their morphology: thin, mushroom, and stubby (Lippman and 

Dunaevsky, 2005; Matus, 2005; Tada and Sheng, 2006), all of which originate from 

filopodia-like protrusions observed in both in vitro and in vivo (Dailey and Smith, 1996; 

Ziv and Smith, 1996; Maletic-Savatic et al., 1999; Marrs et al., 2001; Okabe et al., 2001; 

Trachtenberg et al., 2002; Ziv and Garner, 2004; Knott et al., 2006). In the adult brain, 

spines are plastic and can undergo dynamic reconstruction in response to changes in 

synaptic efficacy, thus being implicated in processes of learning and memory (Segal, 

2005; Newpher and Ehlers, 2009). Spine head enlargement has been found under 

conditions of LTP (Lang et al., 2004; Matsuzaki et al., 2004), whereas spine head 

shrinkage or spine elimination can be induced under conditions of LTD (Zhou et al., 

2004). Moreover, in developing rat barrel cortex (Lendvai et al., 2000), motor cortex 

(Kleim et al., 1998), and hippocampus (Geinisman et al., 2000; Leuner et al., 2003), 

spines were shown to undergo experience-dependent structural remodeling following 

application of various learning protocols. Loss of dendritic spines has been shown to have 

detrimental effects on brain function in several neurodegenerative diseases (Halpain et al., 

2005), and their rapid remodeling can contribute to recovery from stressors such as sleep 



21 
 

deprivation (Chen et al., 2009), as well as from damage to neurons (Cotman and Nieto-

Sampedro, 1984; Pontrello and Ethell, 2009). 

Changes in spine structure and morphology are largely driven by actin filament 

(F-actin) dynamics (Ethell and Pasquale, 2005). Actin dynamics have been shown to 

control cell locomotion (Pollard et al., 2001) and axon pathfinding (Lowery and Van 

Vactor, 2009) in motile cells and in growth cones, respectively. When it comes to spine 

remodeling, F-actin turnover triggers new spine formation as well as elimination of 

existing spines, and is considered the underlying mechanism for morphological spine 

plasticity (Smart and Halpain, 2000; Kolb et al., 2008). F-action is made from assembly 

of globular action (G-action) monomers, and this polymerization is bidirectional with one 

end growing faster (the so called barbed or plus end) whereas the other end elongates 

more slowly (the pointed or minus end) (Pontrello and Ethell, 2009). F-action dynamics 

can be regulated by various actin-binding proteins including Action-Related Protein (Arp) 

2/3 complex (Pantaloni et al., 2000; Amann and Pollard, 2001), cortactin (Wu and 

Parsons, 1993; Ammer and Weed, 2008), α-Actinin (Sjoblom et al., 2008), drebrin 

(Shirao et al., 1994), profilin (Carlsson et al., 1977), spinophilin (Neurabin II) and 

Neurabin I (Allen et al., 1997; Nakanishi et al., 1997), cofilin (Bamburg, 1999; 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 NMDA receptor activation 

and its effects on synaptic plasticity 

Among the action-binding proteins, cofilin is a member of the ADF/cofilin family 

of actin-depolymerizing proteins that sever filaments and generate free barbed ends 

(Bamburg, 1999; Condeelis, 2001; Sarmiere and Bamburg, 2004). In resting cells, low 

levels of cofilin activity facilitate F-actin depolymerization at the pointed ends and 

polymerization at the barbed ends, resulting in a slow F-actin turnover rate (Bamburg and 

Wiggan, 2002). Elevated cofilin activity, however, triggers fast F-actin dynamics at the 

leading edge of migrating cells and in neuronal growth cones (Gungabissoon and 

Bamburg, 2003; Gehler et al., 2004; DesMarais et al., 2005). Cofilin activity is 

determined by its phosphorylation status. LIM kinase (LIMK) phosphorylates cofilin at 

Serine 3 and inactivates it, thus inhibiting its binding to F-actin (Arber et al., 1998; Yang 

et al., 1998). On the other hand, cofilin is activated through its dephosphorylation by 

phosphatases slingshot (SSH) and chronophin (CIN) (Niwa et al., 2002; Gohla et al., 

2005; Huang et al., 2006).  

Regulation of cofilin activity has been reported to be critical for LTP induction 

due to its effects on synaptic structural plasticity. The inactive phosphomimetic cofilinS3D 

mutant was reported to have protective effects against Aβ-induced 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-active cofilinS3A, 

whereas overexpressing inactive cofilinS3D enhanced stabilization of mature dendritic 

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

(Carlisle et al., 2008). Activation of NMDA receptors triggers Ca2+ influx, which in turn 

activates calcineurin and leads to upregulation of SSH activity, thereby resulting in 

dephosphorylation and activation of cofilin (Wang et al., 2005). In acute hippocampal 

slices, the induction of LTD by low-frequency stimulation is followed by activation of 

the NMDA receptor calcineurin pathway, which was shown to mediate spine shrinkage 

via regulation of cofilin activity (Zhou et al., 2004). Another previous study revealed 

significantly altered LTD in mice lacking cofilin expression in forebrain neurons while 

the level of LTP was unchanged (Rust et al., 2010). These results together suggest an 

essential role of cofilin in regulating synaptic plasticity under the control of its 

phosphorylation status (Pontrello and Ethell, 2009). 

1.7.3 Spatial distribution of cofilin by β-Arrestin2 

It has been reported that cofilin tends to accumulate in the “shell” area of 

dendritic spines with a dynamic F-actin pool, and is less abundant in the “core” area with 

a stable F-actin pool (Racz and Weinberg, 2006). The mechanisms underlying the spatial 

distribution of cofilin in dendritic spines, however, have not been fully elucidated. One 

group of potential candidates that might be involved in this process is β-Arrestins. In 

addition to their roles in controlling GPCR desensitization and internalization (Luttrell 

and Lefkowitz, 2002; DeWire et al., 2007; Defea, 2008), the ability of β-Arrestins to 

regulate F-actin dynamics via scaffolding actin-binding proteins has also been reported 

(Barlic et al., 2000; Bhattacharya et al., 2002; Wang and DeFea, 2006). Given that β-

Arrestins were shown to mediate cofilin translocation in migrating cells (Xiao et al., 2010; 



24 
 

Zoudilova et al., 2010), a study done by Pontrello and colleagues investigated the ability 

of β-Arrestin2 to regulate cofilin translocation in correlation with NMDA-induced 

dendritic spine remodeling (Pontrello, 2011). For neurons lacking β-Arrestin2, there was 

failure of translocation of constitutively active cofilinS3A into dendritic spines following 

activation of NMDA receptors, implying that activation of cofilin alone is not sufficient 

for its trafficking into dendritic spines. Moreover, mature spines appear to have a normal 

morphology in β-Arrestin2-deficient neurons but lose the ability to undergo remodeling 

in response to NMDA treatment or over-expression of constitutively active cofilinS3A. 

This phenomenon was rescued when β-Arrestin2 was overexpressed in these neurons, 

suggesting that β-Arrestin2 is involved in cofilin-mediated spine remodeling and is 

required for regulating spatial distribution of active cofilin following NMDA receptor 

activation (Pontrello, 2011).  

1.8 Our hypothesis 

1.8.1 Spontaneous astrocytic Gq GPCR microdomain activity can be driven by 

neuronal activity 

Spontaneous astrocytic Ca2+ activity is a phenomenon that has been observed in 

cell culture (Fatatis and Russell, 1992; Charles, 1994; Harris-White et al., 1998), in situ 

(Parri et al., 2001; Aguado et al., 2002; Nett et al., 2002) and in vivo (Hirase et al., 2004; 

Nimmerjahn et al., 2004; Wang et al., 2006). However, the mechanisms underlying these 

events as well as their physiological implications have remained a mystery. As Ca2+ 

events in the astrocyte cell bodies persist when action potentials and miniature vascular 
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release of neurotransmitters were blocked by TTX and bafilomycin, respectively (Parri et 

al., 2001; Aguado et al., 2002; Nett et al., 2002; Parri and Crunelli, 2003), it has been 

suggested that spontaneous astrocytic Ca2+ transients occur independent of neuronal 

activity. Another study, however, observed increased frequency of astrocytic 

microdomain Ca2+ elevations following application of mGluR agonists at low 

concentrations (Zur Nieden and Deitmer, 2006), giving rise to the possibility that local 

glutamate spillover from neuronal synaptic transmission is what triggers astrocytic 

microdomain Ca2+ activity. A primary goal of my dissertation research is to clarify the 

mechanisms controlling spontaneous microdomain astrocytic Gq GPCR activity, which is 

the subject of Chapter 2. 

1.8.2 Astrocytes can respond to low level Schaffer Collateral (SC) stimulation with 

microdomain Ca2+ elevations 

It is very well established that high-frequency stimulation of neuronal afferents 

results in activation of astrocytic Gq GPCRs with somatic Ca2+ elevations in hippocampal 

slices (Porter and McCarthy, 1996; Pasti et al., 1997; Kang et al., 1998; Araque et al., 

2002; Fellin et al., 2004; Perea and Araque, 2005; Navarrete and Araque, 2008). 

Moreover, astrocytes in vivo also respond with Ca2+ elevations in the soma and/or 

processes to whisker stimulation (Wang et al., 2006), visual stimuli (Schummers et al., 

2008), robust foot stimulation (Bekar et al., 2008), and running behavior (Dombeck et al., 

2007). However, the possibility that astrocytes respond to low intensity stimulation with 

microdomain Ca2+ elevations still remains undetermined. The subject of Chapter 3 of this 

dissertation is to provide evidence that identifies how astrocytes respond to low levels of 
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excitatory afferent stimulation in the hippocampus including the threshold of neuronal 

activity necessary for evoking astrocytic Ca2+ elevations as well as the astrocytic Gq 

GPCR response characteristics and receptors involved.  

1.8.3 β-Arrestin2 is involved in two forms of NMDAR-dependent synaptic plasticity: 

LTP and LTD 

Previous studies suggested that cofilin activity is determined by its 

phosphorylation status and is upregulated by NMDA receptor activation (Wang et al., 

2005; Pontrello and Ethell, 2009). Moreover, translocation of cofilin to dendritic spines is 

required for functional spine turnover and synaptic plasticity, and is thought to be 

controlled by β-Arrestin2 (Zoudilova et al., 2010). The correlation between β-Arrestin2 

and NMDA receptor-mediated spine structural plasticity was supported based on findings 

showing impaired spine remodeling upon exposure to NMDA (Pontrello, 2011). Due to 

the involvement of β-Arrestin2 in NMDA receptor-mediated spine structural plasticity, it 

is likely that β-Arrestin2 impacts the strength of LTP and LTD, two forms of synaptic 

plasticity that are NMDA receptor-dependent. This is the subject of Chapter 4 of this 

dissertation. 
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Chapter 2: Effects of action potential-driven synaptic activity and miniature 

neurotransmitter release on spontaneous astrocytic Gq GPCR signaling domains  

2.1 Abstract 

Astrocytes express numerous Gq-protein coupled receptors (Gq GPCRs) that 

couple to increases in cytoplasmic Ca2+ concentration. Previous research has indicated 

the presence of three primary astrocytic Gq GPCR signaling domains: 1) microdomain, 2) 

whole-cell, and 3) intercellular. Astrocyte Ca2+ “microdomains” are discrete regions of 

astrocyte processes that exhibit asynchronous Ca2+ elevations in basal conditions. It is 

still not clear what processes drive active astrocyte signaling microdomains. Furthermore, 

the role of Ca2+ microdomains in astrocyte physiology and pathology is still not well 

elucidated. Understanding these processes will be critical to our understanding of 

astrocyte function and the purpose of neuron-to-astrocyte communication in the brain. To 

study the mechanisms behind spontaneous astrocytic Gq GPCR signaling domains, we 

set out to determine: 1) Whether spontaneous astrocytic Gq GPCR microdomains are 

driven by action potential-mediated neuronal synaptic transmission, 2) Whether 

spontaneous astrocytic Gq GPCR microdomains are driven by miniature neurotransmitter 

release, 3) Whether spontaneous astrocyte Gq GPCR microdomains are group I 

metabotropic glutamate receptor (mGluR1/5) dependent. These questions were addressed 

using patch-clamp electrophysiology combined with confocal imaging techniques in CA1 

stratum radiatum astrocytes in acute hippocampal slices. Our approach was to increase 

external K+ concentration to 5.0 mM to globally elevate neuronal action potential firing 

rates. Our data revealed no corresponding increase in the frequency of  microdomain Ca2+ 
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oscillations with increased neuronal action potentials relative to baseline [K+]o of 2.5 mM. 

We also examined the effects caused by blocking miniature neurotransmitter release on 

spontaneous microdomain Ca2+ oscillations. Frequency of microdomain Ca2+ oscillations 

was significantly decreased when miniature neurotransmitter release was blocked in the 

presence of Bafilomycin A1, suggesting that astrocyte Gq GPCR microdomains are 

driven in part by miniature quantal release of neurotransmitter. Finally, we tested whether 

these spontaneous events are mGluR1/5 dependent by comparing the frequency of 

microdomain Ca2+ oscillations before and after mGluR1/5 antagonists were applied. 

Within-cell comparison showed no significant frequency change of spontaneous 

microdomain Ca2+ oscillations in the presence of mGluR1/5 antagonists compared to 

baseline, suggesting that other types of neurotransmitter receptors are involved in 

triggering these spontaneous events. 
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2.2 Introduction 

Astrocytes exhibit spontaneous, asynchronous microdomain Ca2+ oscillations 

within small compartments of their fine processes in conditions lacking any user-evoked 

stimulation, a phenomenon that has been observed in cell culture (Fatatis and Russell, 

1992; Charles, 1994; Harris-White et al., 1998), in slices (Parri et al., 2001; Aguado et al., 

2002; Nett et al., 2002) , and in vivo (Hirase et al., 2004; Nimmerjahn et al., 2004; Wang 

et al., 2006).   The majority of these spontaneous Ca2+ oscillations are not mediated by 

voltage-gated calcium channels (Wang et al., 2006) or ryanodine receptors (Parri and 

Crunelli, 2003; Wang et al., 2006). Based on findings showing that these spontaneous 

astrocytic Ca2+ events were markedly abolished under the treatment of IP3 receptor 

antagonist Heparin (Nett et al., 2002) or when astrocyte IP3 receptors were knocked out 

(Petravicz et al., 2008), it has been widely accepted that these spontaneous astrocyte Ca2+ 

events are mainly due to activation of G protein-coupled receptors (Gq GPCRs) and 

depend on IP3-triggered Ca2+ release from internal stores (Agulhon et al., 2008). 

Therefore, recording astrocyte Ca2+ activity using Ca2+ indicator dyes and confocal 

microscopy provides a real-time readout of astrocytic Gq GPCR activity. It has been 

shown that, for astrocytes in the hippocampus, spontaneous whole-cell Ca2+ oscillations 

still occur in the presence of tetrodotoxin (TTX), which inhibits action potential 

generation (Parri et al., 2001; Aguado et al., 2002; Nett et al., 2002; Parri and Crunelli, 

2003), suggesting that whole-cell astrocytic Ca2+ events occur independent of neuronal 

activity. Mechanisms intrinsic to astrocytes, such as constitutive Gq GPCR activity which 

occurs in the absence of agonist (de Ligt et al., 2000; Hermans and Challiss, 2001), could 
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play essential roles in driving these spontaneous astrocytic Ca2+ elevations. Interestingly, 

however, in another report the frequency of astrocytic Ca2+ activity was elevated when 

low concentrations of mGlu Gq GPCR agonists were present, raising the possibility that 

some microdomain Ca2+ activity can be driven by local glutamate spill over from 

neuronal synaptic transmission (Zur Nieden and Deitmer, 2006). This hypothesis, if 

proven, would imply that astrocytic Ca2+ microdomains are driven by glutamate release 

from individual synapses, which would change the current view of how neurons signal to 

astrocytes. Furthermore, this would open the door to future studies examining plasticity 

of neuron-to-astrocyte signaling microdomains based on changes in local synaptic 

strength. Plasticity of astrocytic Gq GPCR signaling microdomains has not been studied, 

and could provide a basis for changes in glial investiture of active neuronal synapses, as 

well as plasticity of critical astrocytic functions including K+ and glutamate uptake.  

In this study, we performed experiments to test the hypothesis that spontaneous 

astrocytic Gq GPCR microdomain activity is driven by neuronal activity. This question 

was addressed by filling a single astrocyte with Ca2+ indicator dye using the whole-cell 

patch-clamp technique, combined with laser scanning confocal microscopy to record 

changes in local Ca2+ activity. To ensure there was effect or photo damage caused by laser 

light, we first performed a series of control experiments to measure the effects of laser 

power and exposure time over the recording period on astrocytes. We then globally 

increased hippocampal neuronal firing by doubling the extracellular K+ concentration 

from 2.5 mM to 5 mM, a concentration still within the physiological range which 

effectively depolarizes neurons by approximately 10 mV and enhances CA3 neuronal 
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firing rates (Xie, 2011). The sodium channel blocker tetrodotoxin (TTX, 1 µM) was then 

bath applied in order to block any action potential-driven astrocyte Ca2+ activity. To our 

surprise, we found no significant change in spontaneous astrocytic Ca2+ activity in 

conditions when neuronal activity was globally increased or inhibited, suggesting that 

spontaneous astrocytic Gq GPCR microdomains are not driven by action potential-

mediated neurotransmitter release. 

In basal conditions without any action potential-driven events, packets or quanta 

of neurotransmitters are spontaneously released. This “miniature” release from 

presynaptic terminals produces miniature excitatory postsynaptic currents (mEPSCs) in 

neurons, which is thought to play a role in synaptic maintenance (McKinney et al., 1999; 

Sutton et al., 2006). It has been shown that Bafilomycin A1, an H-ATPase that inhibits 

acidification of synaptic vesicles and prevents neurotransmitter from being re-loaded into 

vesicles, blocks miniature neurotransmitter release and mEPSCs (Araque et al., 2000; 

Zhou et al., 2000). Previous studies indicated that blocking miniature neurotransmitter 

release using Bafilomycin A1 had no significant effect on spontaneous astrocytic Ca2+ 

oscillations recorded from the cell bodies of astrocytes (Nett et al., 2002; Parri and 

Crunelli, 2003). These findings suggested that spontaneous whole-cell astrocytic Ca2+ 

activity does not rely on neuronal vesicular release of neurotransmitters, but is driven by 

mechanisms “intrinsic” to the astrocyte, probably through constitutive Gq GPCR 

signaling activity (de Ligt et al., 2000; Hermans and Challiss, 2001). However, the 

methods employed at the time only allowed Ca2+ loading in the astrocyte cell bodies so 

that Gq GPCR activity could not be recorded in astrocyte microdomains. Therefore, 
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changes occurring in local fine processes might have been overlooked in this study. In the 

current study, individual astrocytes were filled with a high-affinity Ca2+ indicator 

(Oregon Green BAPTA-1 or OGB-1) via patch pipette, which allowed for maximum 

visibility of astrocyte processes. Surprisingly, microdomain astrocyte Ca2+ elevations 

were significantly reduced, although not abolished, when slices were pre-incubated in 4 

µM Bafilomycin A1 for ≥ 2 hours, suggesting that a significant portion of astrocyte  

microdomain Gq GPCR activity is driven by miniature release of neurotransmitter. This 

was surprising based on our initial experiments demonstrating the lack of effect of 

elevating and blocking neuronal action potentials on the frequency of astrocyte Gq GPCR 

microdomains.  

We also attempted to identify which astrocytic Gq GPCRs were involved in the 

generation of spontaneous microdomain Ca2+ oscillations. Based on previous in situ and 

in vivo studies, the neuronal activity-elicited astrocytic Ca2+ responses were largely 

blocked by group I mGluR antagonists (Porter and McCarthy, 1996; Wang et al., 2006). 

Moreover, the spontaneous astrocytic Ca2+ elevations were reported to be reduced or 

suppressed by MCPG, a group I and II mGluR antagonist, indicating a correlation 

between mGluRs and spontaneous Ca2+ oscillations in astrocytes (Zur Nieden and 

Deitmer, 2006). However, studies done by another research group revealed no significant 

change in spontaneous astrocyte Ca2+ oscillations when MCPG was applied (Aguado et 

al., 2002). As both studies used bulk-loading techniques that only reliably fill the 

astrocyte soma with Ca2+ indicator, activity occurring in smaller astrocyte compartments 

went unmeasured. To solve this problem, we used whole-cell patch-clamp to fill 
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astrocytes with Ca2+ indicator as it allows loading of Ca2+ indicator in the astrocyte 

microdomains while also providing unequivocal identification of the filled cells as 

astrocytes based on their passive electrophysiological properties. Our results revealed no 

significant change in spontaneous astrocyte Ca2+ oscillations after mGluR1/5 antagonists 

(CPCCOEt, 100 µM and MPEP, 20 µM) were bath-applied. These results suggest that 

other types of astrocytic Gq GPCRs might be involved in generation of spontaneous 

astrocytic Ca2+ elevations. 

2.3 Materials and methods 

Preparation of hippocampal slices.  

 All mice were housed in the animal facility at the University of California, 

Riverside in accordance with Institutional Animal Care and Use Committee guidelines. 

Parasagittal hippocampal slices (300 µm thick) were prepared from 12- to 18-day-old 

C57BL/6J (Jackson Laboratory, Bar Harbor, ME) wild-type mice using a Leica VT1200s 

Vibratome (Bannockburn, IL). Slices were prepared in ice-cold, nominally Ca2+-free 

saline containing (in mM): 125 NaCl, 2.5 KCl, 3.8 MgCl2, 1 NaH2PO4, 26.6 NaHCO3, 

and 25 glucose, bubbled with 5% CO2-95% O2. Subsequently, slices were incubated for 

45 min at 35°C in oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM) 

125 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1 NaH2PO4, 26.6 NaHCO3, and 25 glucose, 

bubbled with 5% CO2-95% O2. Following the incubation period at physiological 

temperature, slices were given 15 min to cool to room temperature and then transferred to 

a recording chamber (Warner Instrument), continuously superfused with oxygenated, 

room temperature ACSF.  
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Patch clamp of passive astrocytes.  

Pipettes were pulled from borosilicate glass on a Narishige (Tokyo, Japan) PP-83 

two-stage vertical pipette puller and not fire-polished. Pipettes were pulled to 7-8MΩ 

when filled with (in mM): 130 K-gluconate, 4 MgCl2, 10 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 Ca2+-indicator dye Oregon green BAPTA-1 (OGB-1; 

from Invitrogen; 200 µM) was also included. Whole-cell patch-clamp recordings of 

astrocytes were performed at room temperature using a Multiclamp 700B amplifier and 

PCLAMP 10.2 software (Axon Instruments, Union City, CA), or a EPC 10 dual patch 

amplifier and Patchmaster software (HEKA, Germany). After whole-cell configuration 

was obtained, passive astrocytes were verified by their electrophysiological properties 

(Fiacco and McCarthy, 2004). Passive Astrocytes typically rest at -85 mV with low input 

resistances of 10 MΩ. They exhibit passive currents when stepped from -180 mV to +80 

mV in 20 mV increments. A test pulse of -5 mV was included after each voltage step in 

order to monitor changes in access resistance. Astrocyte current signals were low-pass 

filtered at 2 kHz and digitized at 100 kHz via a DigiData 1440 (Axon Instruments) 

interfaced to a personal computer. A smooth, stable off-cell and formation of an outside-

out patch was used as an indicator of minimal damage to the cell membrane during the 

patch procedure. After pipette withdrawal, a recovery time of 10 min was allowed before 

recording astrocytic Ca2+ activity. During astrocyte recordings, solutions were switched 

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

Hippocampal CA1 stratum radiatum was visualized using an Olympus BX61 WI 

upright microscope equipped with UMPLFLN 10X (N.A 0.3) and LUMFLN 60X (N.A. 

1.1) water-immersion objective lenses and differential interference contrast (DIC) optics. 

Astrocytes in CA1 stratum radiatum were first identified by their characteristic 

morphology and size using DIC visualization. After loading with OGB-1 Ca2+ indicator 

dye, the fluorescence intensity in astrocytes was recorded over time on a fixed focal plane 

of 4.127 µm optical thickness, 1.2 sec scanning interval and 2X zoom-in factor. Changes 

in fluorescence intensity indicated a Ca2+ elevation (criteria described in next section). 

The microscope was set up for FITC detection to visualize green indicator under the 

specific detection channel. For all experiments, only a single (field of) astrocyte(s) was 

recorded per slice to prevent effects caused by multiple electrical stimulations and/or 

agonist applications. Laser power was generally kept at 0.3% or lower to prevent 

phototoxicity-induced spontaneous Ca2+ oscillations (Wang et al., 2006; see also Fig. 2.2 

for control experiment). The group I mGluR agonist (S)-3,5-Dihydroxyphenylglycine 

(DHPG) or an agonist cocktail (containing 10 µM each of histamine, carbachol, and 2Na-

ATP, agonists for histamine H1 receptors [H1R], muscarinic acetylcholine receptors 

[mAchR], and purinergic receptors [P2YR], respectively) were always applied at the end 

of the experiment as a positive control to verify intact astrocytic Gq GPCR signaling 

pathways. Astrocytes that failed to respond to the positive control were excluded from 

further analysis. Solutions were switched using an electronic valve controller during the 

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

 Slices were incubated in ACSF containing 4 µm Bafilomycin (LC Laboratorys) 

for ≥ 2 hours before starting the experiment.  Slices in the control group were 

simultaneously incubated in ACSF (without Bafilomycin) for nearly the same amount of 

time.  

Data analysis. 

Square-shaped regions of interest (ROI) of a size ranging from 9.6 - 17.3 µm2 

were placed over the astrocyte cell body and visible processes using Olympus Fluoview 

1000 software. For each ROI, fluorescence increases of at least two successive scanning 

points with values ≥three standard deviations above 30 s of mean baseline signal were 

defined as Ca2+ elevations (Honsek et al., 2012). Spontaneous Ca2+ elevations that 

covered < 75% of the planar area of the astrocyte were defined as “microdomain” Ca2+ 

events, whereas those spanning > 75% of the planar area were defined as “whole cell” 

Ca2+ events. Neighboring ROIs with Ca2+ transients at the same time (< 10 s time interval) 

were grouped together as a single Gq GPCR signaling domain (illustrated in Fig. 2.1). 

ROIs increasing fluorescence intensity at the same time but with at least one intervening 

ROI that did not increase in intensity were considered separate microdomains occurring 

at the same time. Student’s independent t-test was used to determine statistical 

significance among conditions or between control and treatment groups. P value ≤ 0.05 

was considered significant.   



55 
 

2.4 Results 

2.4.1. Measurement of astrocytic microdomain Ca2+ oscillations under increasing 

laser power intensity  

A previous study has revealed a laser light-induced artifact on spontaneous 

astrocytic Ca2+ elevations (Wang et al., 2006). Given that this critical issue could greatly 

impact our experimental results, we performed a series of control experiments to test the 

contribution of confocal laser light, if any, to astrocyte Ca2+ activity. The effects of laser 

power intensity were examined by recording spontaneous astrocytic Ca2+ activity at 0.2%, 

0.5%., 1%, 2%, 5%, 10%, and 20% laser power, each for 5 min (Fig. 2.2C). A significant 

increase in Ca2+ elevation frequency was observed at 5% and 10% laser powers, while 

elevations gradually diminished at 20% (n = 4 cells). An agonist cocktail composed of 

histamine, carbachol and 2Na-ATP was then applied to test the cell’s viability. No Ca2+ 

response was evoked by the agonist cocktail, suggesting that the astrocyte has been 

damaged by the laser intensity protocol. These data provided us with an indication of 

acceptable levels of laser power (< 2%) that were acceptable to use for subsequent 

experiments. In all experiments agonist cocktail is applied at the end 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 time at fixed laser power 

on spontaneous astrocytic Ca2+ activity. Astrocytic Ca2+ elevations were continuously 

monitored using confocal microscopy at 0.2% laser power for 60 min (Fig. 2.3). 
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Recording was broken down into three windows, 20 min for each. Frequency of Ca2+ 

elevations was compared among these three intervals. The results showed no significant 

changes in astrocyte Ca2+ elevations frequency among these three time windows (Fig. 

2.3D; n = 4 cells, p > 0.1), suggesting that the frequency of astrocyte Ca2+ activity is not 

affected by long-term exposure to 0.2% laser light. Based on these findings, 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 changes in size or frequency of spontaneous astrocytic Gq GPCR activity  

Since increased frequency of astrocytic Ca2+ activity was observed in the presence 

of low-level mGlu Gq GPCR agonists, (Zur Nieden and Deitmer, 2006), the  possibility 

that some astrocytic Gq GPCR activity can be driven by local glutamate spill over from 

synaptic transmission was tested in this study. To determine if spontaneous astrocyte Gq 

GPCR signaling domains are driven by action-potential mediated synaptic transmission, 

neuronal firing frequency was first elevated, and then blocked, during recording of 

spontaneous astrocyte Ca2+ transients. Elevated extracellular K+ from 2.5 to 5.0 mM was 

used to increase neuronal firing frequencies, after which TTX was applied to block action 

potentials (Fig. 2.4). Surprisingly, no significant difference was found in the frequency of 

microdomain or whole-cell astrocyte Ca2+ elevations when synaptic transmission was 

globally increased or inhibited compared to basal conditions (Fig. 2.5A, n = 8 cells from 

8 slices). It is possible that action potentials result in stronger stimulation of astrocytic Gq 

GPCRs, leading to larger areas of astrocyte Ca2+ domains. To test this, the area of 

propagation of each Ca2+ transient was compared by breaking down microdomain 
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oscillations into small (less than 100 µm2), medium (between 100 and 500 µm2) and large 

(more than 500 µm2) areas. There was no significant difference in microdomain area in 

5.0 mM K+ or in 5.0 mM K+ + TTX compared to the baseline 2.5 mM K+ condition.  (Fig. 

2.5B). These data suggest that neuronal action potentials are not responsible for 

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 Ca2+ activity 

Previous studies indicated that spontaneous astrocytic Ca2+ activity was 

unaffected when miniature vesicular neurotransmitter release was blocked (Nett et al. 

2002; Parri and Crunelli, 2003). As these studies only examined somatic Ca2+ activity in 

astrocytes, it has remained unclear whether Ca2+ activity in local astrocyte processes can 

be affected by blockade of miniature neurotransmitter release. To address this possibility, 

we applied Bafilomycin A1, a vacuolar type H+-ATPase inhibitor which blocks 

neurotransmitter loading into synaptic vesicles, to deplete miniature neurotransmitter 

release. In the experimental condition, slices were incubated in Bafilomycin A1 for at 

least two hours prior to the recording. In the control condition, slices were incubated in 

regular ACSF without Bafilomycin A1 for at least two hours. To ensure full block of 

neurotransmitter release, slices were also incubated in TTX for 30-60 min prior to 

recording Ca2+ activity. After 12 min baseline recording, an agonist cocktail composed of 

histamine, carbachol and 2Na-ATP was bath-applied as a positive control for astrocytic 

Gq GPCR responsiveness. Compared to control slices, astrocytes in slices incubated in 

Bafilomycin A1 exhibited a significantly reduced frequency of spontaneous Gq GPCR 
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activity (Fig. 2.6C; n = 7 cells for control group; n = 8 cells for bafilomycin group; p < 

0.05). Interestingly, however, the spontaneous microdomain Ca2+ activity was not fully 

depleted in the presence of Bafilomycin A1, suggesting that some of the microdomain 

Ca2+ transients are due to basal or constitutive Gq GPCR signaling activity. Taken 

together, these data suggest that a significant proportion of the spontaneous astrocytic 

microdomain Gq GPCR activity is driven by miniature neurotransmitter release. 

2.4.5 Blockade of group I mGluRs does not result in significant changes in frequency 

of spontaneous astrocytic Ca2+ activity 

It has been well established that group I mGluRs are the major Gq GPCRs 

involved in astrocytic Ca2+ responses evoked by Schaffer Collateral (SC) stimulation in 

situ or by sensory stimulation in vivo (Porter and McCarthy, 1996; Wang et al., 2006; 

Panatier et al., 2011; Honsek et al., 2012). However, the astrocytic Gq GPCRs 

responsible for spontaneous astrocytic Ca2+ elevations are still not fully elucidated. To 

investigate the role played by group I mGluRs in the generation of spontaneous astrocytic 

Ca2+ elevations, we compared astrocytic Ca2+ elevation frequency for 10 min before and 

after application of the group I mGluR antagonists CPCCOEt (100 µM) and 20 µM 

MPEP (20 µM). The group I mGluR agonist DHPG was also applied at the end of the 

experiment as a control to verify that the group I mGluR antagonists were effectively 

blocking Group I mGluRs. No Ca2+ response was evoked by DHPG, confirming 

functional blockade of group I mGluRs by CPCCOEt and MPEP. This was followed by 

application of agonist cocktail as a positive control to determine the cell’s responsiveness 

to stimulation of Gq GPCRs (Fig. 2.7 A,B). Overall, there was no significant change in 
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the frequency of spontaneous astrocytic Ca2+ activity while group I mGluR were blocked, 

suggesting that Group I mGluRs are not responsible for the generation of spontaneous 

Ca2+ activity in astrocytes (Fig. 2.7 C). These findings suggest that other types of 

astrocytic Gq GPCRs stimulated by miniature vesicular release of neurotransmitter are 

involved in triggering spontaneous astrocytic Ca2+ events. 

 

2.5 Discussion 

The mechanisms underlying spontaneous astrocytic Ca2+ elevations have 

remained mysterious. They may represent activity “intrinsic” to the astrocyte due to 

constitutive or basal signaling of Gq GPCRs in the absence of agonist, or alternatively 

they could be activity dependent, driven by local neurotransmitter release. Previous work 

has indicated that spontaneous Ca2+ oscillations in the astrocyte soma occur independent 

of neuronal activity, supporting the idea that this activity is intrinsic (Aguado et al 2002; 

Nett et al. 2002). However, these studies recorded activity restricted to the astrocyte soma, 

leaving open the possibility that spontaneous Ca2+ activity in astrocyte fine processes is 

neuronally-driven. Each astrocyte is thought to encompass a volume corresponding to 

over 100,000 synapses (Bushong et al., 2002). As it is known that astrocytes are 

important for regulating neuronal excitability by uptake of potassium and glutamate, local 

stimulation of astrocytic Gq GPCRs would redefine domains of neuron-to-astrocyte 

communication and open the door to synapse specific modulation of potassium and 

glutamate uptake by astrocytes. Therefore, we set out to determine: a) the role of 

neuronal action potentials; and b) the role of miniature or quantal vesicular release, in the 
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generation of astrocyte microdomain Gq GPCR activity. We were surprised to find that 

manipulation of neuronal action potentials had no effect on the frequency or size (area of 

propagation) of astrocyte microdomain Ca2+ activity. We first increased neuronal firing 

rates by doubling the extracellular K+ from 2.5 to 5.0 mM. As extracellular K+ is a 

primary determinant of cellular resting membrane potential, neurons depolarized by 

10.09 mV and increased their firing frequency by 0.268 Hz following this manipulation 

(Xie, 2011). Then in the same recording neuronal action potentials were blocked by TTX. 

Neither manipulation affected astrocytic Ca2+ microdomains. These data indicated that 

spontaneous astrocytic microdomain Ca2+ elevations occur independently of neuronal 

action potentials, suggesting that spontaneous astrocyte Gq GPCR activity is intrinsic to 

the astrocyte, at least as far as neuronal action potentials are concerned, which is in 

agreement with previous studies (Nett et al., 2002; Aguado et al., 2002). However, as a 

previous study indicated that high-frequency SC stimulation evoked astrocyte whole-cell 

Ca2+ responses (Porter and McCarthy, 1996), our findings do not exclude the possibility 

that some Ca2+ microdomain activity can be evoked by low intensity SC stimulation, 

which is the focus of Chapter 3. Furthermore, if the frequency of baseline intrinsic 

spontaneous astrocyte Ca2+ activity is very high, it could potentially obscure any possible 

Ca2+ transients evoked by elevated neuronal activity. Due to this caveat, direct low 

intensity SC stimulation may reveal astrocytic Gq GPCR responses. By gradually 

bringing down SC stimulation intensity, it will allow us to determine whether astrocytes 

are capable of responding to neuronal activity with Ca2+ elevations at the microdomain 

level. 



61 
 

Application of TTX will only block action potential driven neurotransmitter 

release, leaving open the possibility that miniature or quantal release of neurotransmitter 

is responsible for spontaneous astrocyte Ca2+ microdomains. To test this possibility we 

compared the spontaneous astrocyte Ca2+ activity in slices incubated in Bafilomycin A1 

to control incubated slices. Surprisingly, our data indicated a significant reduction in 

spontaneous astrocyte Ca2+ transients when Bafilomycin was present, a result 

contradicting earlier findings in the astrocyte soma made by Nett et al. in 2002. A major 

difference between Nett et al.’s experimental approach and ours is the method to load 

Ca2+ indicator. In their study the traditional bulk-loading technique was used to study the 

Bafilomycin effect rather than using patch clamp to fill the astrocyte small compartments 

with Ca2+ indicator as we have used. An additional drawback of the bulk-loading 

technique is that only cells close to the slice surface can take up the dye. This prevents 

analysis of Ca2+ activity from astrocytes deeper in the slice, which are usually healthier 

than those near the surface. Another main difference we have noticed between Nett’s 

study and ours, that we have difficulty in reconciling, is the frequency of Ca2+ activity 

recorded from the soma. Nett et al. found a very high frequency of astrocyte soma Ca2+ 

transients with regular periodicity, leading these researchers to refer to these events as 

“oscillations”. Based on our own data, most of the spontaneous astrocyte Ca2+ transients 

are restricted to microdomains, are not oscillatory, and rarely propagate to the cell body 

(Fig. 2.5 D). These differences could be due in part to differences in cell health or 

incubation chambers used.  

Bafilomycin A1 did not fully block spontaneous astrocyte Ca2+ elevations in our 
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studies. Therefore, the data suggest that the majority of spontaneous astrocyte Gq GPCR 

activity is governed by quantal vesicular release, while the remaining events are driven 

by mechanisms solely “intrinsic” to the cells, namely constitutive Gq GPCR activity. Our 

findings in comparison to those of Nett et al. raise the possibility that, if the cells do not 

maintain full health, they may no longer be under proper control by neuronal activity, 

leading toward a shift in favor of “intrinsic” mechanisms. In such circumstances, any 

effect caused by Bafilomycin would never be detectable anymore.  

If miniature vesicular release of neurotransmitter is responsible for a large 

proportion of microdomain astrocyte Ca2+ activity, which astrocytic Gq GPCRs are 

responsible? Multiple reports point to a role for astrocytic group I mGluRs in neuronally-

driven astrocyte Ca2+ activity. Surprisingly, we found no significant effects of group I 

mGluR antagonists on spontaneous microdomain Ca2+ elevations in astrocytes, an 

observation contradicting previous studies (Zur Nieden and Deitmer, 2006). This is 

surprising given that evoked astrocyte Ca2+ responses are driven largely by group I 

mGluRs. Since astrocytes exhibit numerous types of Gq GPCRs (Porter and McCarthy, 

1997; Shelton and McCarthy, 2000), future work will be needed to determine which 

neurotransmitter and which astrocytic receptor(s) are responsible for this activity, and 

what its physiological purpose is. Candidate neurotransmitters include ATP, acetylcholine, 

GABA, and cannabinoids, all of which have been shown to stimulate astrocyte Ca2+ 

responses (Araque et al., 2002; Oka et al., 2006; Navarrete and Araque, 2008). The most 

straightforward approach to test this is to apply an antagonist cocktail containing blockers 

of P2YRs, mAchRs, GABABRs and CB1Rs in the presence of TTX. If spontaneous Ca2+ 
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activity in astrocytes is largely abolished by this treatment, then different combinations of 

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

Figure 2.1 Determining Gq GPCR signaling domains in an astrocyte. 

Left: A single astrocyte patch-clamped with OGB-1 Ca2+ indicator dye. Numbered ROIs 

over astrocyte compartments match fluorescence intensity over time traces at right.  

Right: 10 min baseline recording of spontaneous astrocytic Ca2+ activity. As stated in the 

“Materials and Methods” section, spontaneous Ca2+ elevations were identified using the 

three standard deviations criteria (Honsek et al., 2012). Adjacent ROIs with Ca2+ 

transients with intervals < 10 s were grouped together as a single Gq GPCR signaling 

domain. ROIs increasing fluorescence intensity at the same time but with at least one 

intervening ROI that did not increase in intensity were considered separate domains 

occurring at the same time. In this representative example, ten Gq GPCR signaling 

domains (A-J) were identified.  
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Figure 2.2 Effects of increasing laser output power on spontaneous astrocytic Ca2+ 

elevations. 

(A) A single astrocyte was patch-clamped with OGB-1 Ca2+ indicator dye. Colored boxes 

(ROIs) were placed over all visible astrocyte compartments, each with a particular 

number that matches the number of each fluorescence intensity over time trace in (C).  

(B) The astrocyte’s membrane potential was stepped from -180 mV to +80 mV in 20 mV 

increments. This voltage-step protocol induced passive currents in the astrocyte. 

Following each voltage step was a -5 mV test pulse to monitor changes in access 

resistance.  

(C) Ca2+ elevations from ROIs were recorded from the astrocyte over increasing 

intensities of laser power: 0.2 %, 0.5 %, 1 %, 2 %, 5 %, 10 %, 20 %, each for 5 min. A 

Gq GPCR agonist cocktail composed of 10 µM ea. of histamine, carbachol, and ATP was 

applied at the end of the recording to test the viability of the cell. 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 

Ca2+ activity. 

(A) A single astrocyte was patch-clamped with OGB-1 Ca2+ indicator dye. Colored boxes 

(ROIs) were placed over all visible astrocyte compartments, each with a particular 

number that matches the number in the fluorescence intensity over time trace in (C).  

(B) The cell’s membrane potential was stepped from -180 mV to +80 mV in 20 mV 

increments. This voltage-step protocol produced passive currents, unequivocally 

identifying the cell as an astrocyte. Following each voltage step was a -5 mV test pulse to 

monitor changes in access resistance.  

(C) Ca2+ activity was recorded from an astrocyte over 60 min with 0.2 % laser output 

power. The arrowheads represent focus-adjusted (FA) points to compensate for “slice 

drift”.  

(D) The frequency of microdomain astrocytic Ca2+ activity did not change over the three 

20 min time periods (n = 4, p > 0.1).  
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Figure 2.4 Microdomain astrocyte Ca2+ activity under conditions of 2.5 mM K+ 

(control), 5 mM K+ and 5 mM K++TTX.     

(A) A single astrocyte filled with OGB-1 Ca2+ indicator dye via patch clamp. Colored 

ROIs match fluorescence intensity over time traces in (C).  

(B) The cell exhibited a passive current profile to a voltage-step protocol (-180 to +80 

mV in 20 mV increments), identifying it as an astrocyte. 

(C) Gq GPCR activity recorded from an astrocyte. Slices were bathed in regular ACSF 

for 20 min while the baseline recording was obtained, at which time the medium was 

switched to ACSF containing 5.0 mM K+. After an additional 20 min, TTX was bath 

applied and remained in solution for another 20 min. At the end of the experiment, the 

group I mGluR agonist DHPG (50 µM) was applied to confirm that the astrocyte has 

intact mGluR responses. Arrowheads represent focus-adjusted (FA) points to compensate 

for “slice drift”. 
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Figure 2.5 Frequency and size distribution of spontaneous astrocytic Ca2+ elevations 

following elevated or blocked neuronal firing.     

(A) Frequency of total elevations, microdomain elevations and whole-cell elevations 

recorded under the conditions of 2.5 mM K+ (control), 5.0 mM K+ or 5.0 mM K+ +TTX. 

Overall, there were no significant effects produced by increasing neuronal firing rates or 

blocking neuronal firing in TTX compared to the control condition (n = 8, p> 0.1).   

(B) Size distribution of spontaneous microdomain Ca2+ elevations in 2.5 mM K+(control), 

5.0 mM K+ or 5.0 mM K+ +TTX. Overall, the area of propagation of microdomain 

astrocytic Ca2+ elevations was not affected by neuronal action potentials (n = 8, p > 0.1).  
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Figure 2.6 Spontaneous astrocytic Ca2+ elevations following blockade of quantal 

vesicular release of neurotransmitters.  

(A) Top: A single astrocyte in the control condition (incubation in ACSF without 

Bafilomycin A1) patch-clamped with OGB-1 Ca2+ indicator dye. Colored ROIs placed 

over individual astrocytic compartments match numbered fluorescence intensity over 

time traces, below. Bottom: Astrocyte Ca2+ activity was  recorded throughout the 

astrocyte for a minimum of 10 min, after which time agonist cocktail (histamine, 

carbachol and ATP, 10 µM ea.) was applied as a positive control to evoke a whole-cell Gq 

GPCR response. TTX was applied during the entire period to block any potential effects 

caused by action potentials.  

(B) Top: A single astrocyte after minimum 2 hr. incubation in Bafilomycin A1 

(experimental condition) patch-clamped with OGB-1 Ca2+ indicator dye. Numbered ROIs 

in astrocyte compartments match fluorescence intensity over time traces below. Bottom: 

Astrocytic Ca2+ activity was recorded for a minimum of 10 min, after which agonist 

cocktail was applied as a positive control to evoke a whole-cell astrocyte Gq GPCR 

response. TTX was applied during the entire period to block any possible effects caused 

by action potentials. Arrowheads represent focus-adjusted (FA) points to compensate for 

“slice drift”.  

(C) Frequency of spontaneous Ca2+ elevations was compared between control and 

Bafilomycin-treated astrocytes. A markedly reduced frequency of spontaneous Ca2+ 

elevations was observed in Bafilomycin-treated astrocytes compared 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 Ca2+ elevations including the soma versus 

events that did not include the soma was compared for both control and Bafilomycin 

groups. Both groups showed a higher percentage of Ca2+ elevations occurring in 

restricted domains of astrocyte processes that did not propagate to the soma (n = 7 for 

both groups, *p < 0.05) 
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Figure 2.7    Spontaneous astrocytic Ca2+ activity before and after block of group I 

mGluRs. 

(A) Left: A single astrocyte patch-clamped with OGB-1 Ca2+ indicator dye. Numbered 

ROIs over astrocyte compartments match fluorescence intensity over time traces at right. 

Right: Following 10 min baseline recording of spontaneous astrocytic Ca2+ activity, the 

group I mGluR antagonists CPCCOEt (100 µM) and MPEP (20 µM) were bath applied 

for 10 min. The group I mGluR agonist DHPG (50 µM) was then applied as a control to 

ensure that group 1 mGluRs were indeed blocked by MPEP+ CPCCOEt. At the end of 

the recording, agonist cocktail containing histamine, carbachol and 2Na-ATP (10 µM ea.) 

was applied as a positive control to evoke a whole-cell astrocyte Gq GPCR response. 

(B) The frequency of spontaneous astrocytic Ca2+ elevations in the presence of group I 

mGluR antagonists was compared to 10 min. of baseline activity. These data suggest that 

spontaneous astrocytic Gq GPCR activity is not driven by neuronal glutamate stimulating 

astrocytic mGluRs (n = 4, p > 0.1). 
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Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
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Figure 2.5 
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Figure 2.6 
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Figure 2.7 
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Chapter 3: Assaying for Gq 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 astrocytic Gq subtype G 

protein coupled receptors (Gq GPCRs), resulting in Ca2+ elevations that propagate 

throughout the astrocyte and its processes. It remains unclear, however, the level of 

neuronal activity required to elicit an astrocytic Gq GPCR response. In stratum radiatum 

(s.r.) of the hippocampus, high-frequency stimulation (HFS, 50 pulses for 1 second) of 

Schaffer Collaterals (SC) evokes astrocytic group I metabotropic glutamate receptor 

(mGluR)-mediated Ca2+ elevations in the astrocyte soma, raising the possibility that low-

level SC stimulation might be capable to evoke astrocyte Ca2+ elevations only in 

microdomains. There were two interesting questions derived from this hypothesis: 1) 

What is the threshold of neuronal activity required to elicit an astrocytic Gq GPCR 

response; and 2) Once this threshold is reached, do astrocytes respond in a microdomain 

or whole-cell manner? To address these questions, we first tested whether astrocytes can 

respond to various levels of low intensity SC stimulation, ranging from single pulses or 3 

pulses to the Schaffer collaterals, to evoking a defined number of action potentials in a 

single neuron. Astrocytes in CA1 s.r. of acute mouse hippocampal slices were identified 

with Sulforhodamine 101 (SR101) staining and bolus-loading with Oregon Green 

BAPTA-1 (OGB-1) AM Ca2+ indicator dye. Ca2+ elevations were monitored using 

confocal microscopy. Application of three pulses to SCs (ranging from 25-150 µA) 

evoked astrocytic Ca2+ responses detected within a consistent time interval. Interestingly, 
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these evoked Ca2+ transients always included the cell soma, and were larger in size 

compared to spontaneous Ca2+ microdomains, which were most often restricted to a local 

area without propagating to the cell body (See Chapter 2). This finding suggests that 

these two events are qualitatively different, despite the observation that the responses 

often did not include the entire astrocyte. Following this observation, we modified a few 

parameters in the stimulation protocol and applied single pulse SC stimulation to examine 

the possibility of evoking local Ca2+ microdomains in astrocytes. Application of single 

pulses to SCs (ranging from 7-120 µA) evoked astrocytic Ca2+ responses with a more 

variable latency. Interestingly, even though most of these evoked Ca2+ transients included 

the cell soma, some were indeed restricted to a local area without propagating to the cell 

body. Surprisingly, antagonists of group I metabotropic glutamate Gq GPCR receptor 

mGluRs only partially reduced astrocyte Gq GPCR responses to single pulse SC 

stimulation, suggesting that other types of astrocytic Gq GPCRs contribute to these 

evoked events. Finally, we applied stimulation to single neurons by injecting current via 

whole-cell patch clamp to evoke a defined number of action potentials while recording 

Gq GPCR responses in astrocytes adjacent to visible synaptic boutons from the 

stimulated neuron. This approach, while powerful, turned out to be technically 

challenging, and more advanced methods will be needed to address this issue 

conclusively. 
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3.2 Introduction 

Studies over the past ten years have introduced a new concept, the tripartite 

synapse, which includes astrocytes as an active participant in synaptic communication 

(Ben Barres 2011). It is now well-established that astrocytes can respond to elevated 

levels of neuronal activity with Ca2+ elevations, resulting from the activation of Gq 

GPCRs and IP3-mediated Ca2+ release from intracellular stores. In CA1 s.r. of the 

hippocampus, high-frequency stimulation (50 pulses for 1 second) of Schaffer Collaterals 

evokes astrocytic group I mGluR-mediated Ca2+ elevations that propagate throughout the 

cell (Porter and McCarthy, 1996). Moreover, in an in vivo study in rats, astrocytes in 

barrel cortex were able to respond to whisker stimulation with whole-cell or global Ca2+ 

elevations (Wang et al., 2006). As already discussed in Chapter 2, astrocytes are also 

known to exhibit spontaneous microdomain Ca2+ transients independent of any 

experimental stimulation. A hypothesis derived from these findings is that astrocytes 

could potentially respond to lower levels of SC stimulation with local Ca2+ elevations 

restricted in their processes and without propagating to the soma area. The capability of 

astrocytes to respond to lower levels of SC stimulation has been indicated recently, 

during the same time we were conducting our studies (Honsek et al., 2012). However, the 

precise manner in which astrocytes responded to low level SC stimulation was not fully 

elucidated. Specifically, the two main questions we set out to address - the astrocyte 

response threshold and the characteristics of the astrocytic responses once threshold was 

reached - were not addressed in this study. Therefore, we first confirmed that CA1 s.r. 

astrocytes respond to SC stimulation at intensities lower than the high-frequency 
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stimulation models used thus far. Our in situ recording results from acute mouse 

hippocampal brain slices demonstrate that multiple astrocytes bolus-loaded with OGB-1 

Ca2+ indicator dye responded to three pulses of SC stimulation (intensities ranging from 

25-150 µA) with whole-cell Ca2+ elevations detected within a consistent time interval. 

Moreover, 87.7 % of the responses included the astrocyte soma, whereas only 22.5 % of 

spontaneous Ca2+ elevations in the same recordings during the 10 minute baseline prior to 

stimulation propagated to the cell body. These data suggest that astrocytes respond with a 

Ca2+ elevation to SC stimulation intensities much lower than what has been described 

previously, but that these responses, by including the astrocyte soma, are qualitatively 

different than spontaneous astrocyte microdomain Gq GPCR activity.  

These findings left unanswered a very interesting question – Can we evoke local 

astrocytic Gq GPCR responses restricted to processes without propagating to the cell 

body? To test this possibility, we applied single pulse SC stimulation and modified the 

experimental approach. First, control experiments were performed to demonstrate that 

voltage-gated Ca2+ channels are not expressed by astrocytes. Results from these 

experiments eliminated the possibility that direct depolarization of astrocytes by the 

locally placed stimulating electrode evoked astrocytic Ca2+ responses by an alternative 

mechanism - VGCCs. Our data indicate that astrocytes indeed respond to single pulse SC 

stimulation, and some of these Gq GPCR responses are restricted to a local area without 

propagating to the cell body.  

We also attempted to determine the main astrocytic Gq GPCRs responsible for the 

single pulse SC stimulation-evoked astrocyte Ca2+ responses. Surprisingly, blocking 
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group I mGluRs did not result in a complete reduction in astrocytic Ca2+ responses. These 

data suggest, contrary to other published reports, that other types of astrocytic Gq GPCRs 

are important for locally evoked astrocytic Ca2+ elevations. The identity of these 

receptors remains to be determined and is the focus of future studies. 

Stimulation of SCs typically depolarizes a variable number of afferents from 

multiple neurons. It is possible that true astrocyte microdomains are evoked by single 

neuronal action potentials or a short train of temporally summated APs. To test this 

possibility we injected current via whole-cell patch clamp into individual CA1 or CA3 

pyramidal neurons while recording Ca2+ activity in astrocytes located adjacent to visibly 

identified synaptic boutons along the neuronal axon. Due to technical problems, however, 

we were unable to determine if astrocytes can respond to a defined number of APs 

evoked in a single neuron. Thus, this question has not yet been fully answered and is still 

awaiting further investigation. 

 

3.3 Materials and methods 

Preparation of hippocampal slices.  

All mice were housed in the animal facility at the University of California, 

Riverside in accordance with Institutional Animal Care and Use Committee guidelines. 

Parasagittal hippocampal slices (300 µm thick) were prepared from 12- to 18-day-old 

C57BL/6J (Jackson Laboratory, Bar Harbor, ME) wild-type mice using a Leica VT1200s 

Vibratome (Bannockburn, IL). Slices were prepared in ice-cold, nominally Ca2+-free 

saline containing (in mM): 125 NaCl, 2.5 KCl, 3.8 MgCl2, 1 NaH2PO4, 26.6 NaHCO3, 
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and 25 glucose, bubbled with 5% CO2-95% O2. Subsequently, slices were incubated for 

45 min at 35°C in oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM) 

125 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1 NaH2PO4, 26.6 NaHCO3, and 25 glucose, 

bubbled with 5% CO2-95% O2. Following the incubation period at physiological 

temperature, slices were given 15 min to cool to room temperature and then transferred to 

a recording chamber (Warner Instrument), continuously superfused with oxygenated, 

room temperature ACSF.  

Bolus-loading of passive astrocytes with Ca2+ indicator.  

Slices were prepared as described above, except that they were incubated for 20 

min at 35°C in low-Ca2+ (0.5 mM) ACSF consisting of 10 µM sulforhodamine-101 

(SR101; Sigma), 10 min in low-Ca2+ ACSF, and then transferred to regular ACSF in 

room temperature 15 min prior to imaging. A bolus-loading pipette containing OGB-1 

(Invitrogen) dissolved in 0.07% pluronic acid (Invitrogen) in ACSF (final DMSO 

concentration: 0.4%) was used for loading astrocytes 40 µm from the surface of the tissue.  

Patch clamp of passive astrocytes.  

Pipettes were pulled from borosilicate glass on a Narishige (Tokyo, Japan) PP-83 

two-stage vertical pipette puller and not fire-polished. Pipettes were pulled to 7-8MΩ 

when filled with (in mM): 130 K-gluconate, 4 MgCl2, 10 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 Ca2+-indicator dye Oregon green BAPTA-1 (OGB-1 

from Invitrogen; 200 µM) was also included. Whole-cell patch-clamp recordings of 

astrocytes were performed at room temperature using either a Multiclamp 700B amplifier 
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and PCLAMP 10.2 software (Axon Instruments, Union City, CA), or a EPC 10 dual 

patch amplifier and Patchmaster software (HEKA, Germany). After whole-cell 

configuration was obtained, passive astrocytes were verified by their electrophysiological 

properties (Fiacco and McCarthy, 2004). Passive Astrocytes typically rest at - 85 mV with 

low input resistances of 10 MΩ. They exhibit passive currents when stepped from -180 

mV to +80 mV in 20 mV increments. A test pulse of -5 mV was included after each 

voltage step in order to monitor changes in access resistance. Astrocyte current signals 

were low-pass filtered at 2 kHz and digitized at 100 kHz via a DigiData 1440 (Axon 

Instruments) interfaced to a personal computer. A smooth, stable off-cell and formation of 

an outside-out patch was used as an indicator of minimal damage to the cell membrane 

during the patch procedure. During astrocyte recordings, solutions were switched using 

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

Low level afferent stimulation of Schaffer collaterals.  

For experiments using three pulse SC stimulation, a 2-3 µm tip diameter 

monopolar glass stimulating electrode was placed 75-80 µm away from the center of a 

field of OGB-1 bolus-loaded astrocytes (typically 3-5 astrocytes). Ca2+ activity was 

recorded in multiple astrocytes for 10 min as a baseline, after which low-level SC 

stimulation (three pulses at 50 Hz, 0.2 ms duration, intensity ranging from 25-150 µA) 

was generated and delivered via a stimulus isolator (World Precision Instruments A360) 

to SC fibers at 5 min intervals. Stimulation of the same intensity was applied twice in 

attempt to verify an astrocyte Ca2+ elevation as a response to stimulation. For 

experiments using single pulse SC stimulation, a 2-3 µm tip diameter monopolar glass 
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stimulating electrode was placed 20-40 µm from the edge of an individual astrocyte 

boundary defined by the limit of the cell’s processes filled by patch-clamp with OGB-1. 

Astrocytic Ca2+ activity was recorded for a 5 min baseline, and low-level SC stimulation 

(single pulses of 0.2 ms duration, intensities ranging from 7-120 µA) was generated and 

delivered via a stimulus isolator (World Precision Instruments A360) to SC fibers at 5 

min intervals. In both three pulse and single pulse SC stimulation experiments, TTX (1 

µM) was used as a negative control to limit the potential of evoking astrocytic Ca2+ 

responses via direct depolarization of presynaptic afferents by the stimulating electrode.  

For the single fiber stimulation experiments, A CA3 neuron was filled with Alexa 

568 dye (Invitrogen), and after 15-30 min., the course of its axon and en passant boutons 

was followed through a field of stratum oriens (s.o.) or s.r. astrocytes bolus-loaded with 

OGB-1 Ca2+ indicator dye. Single and multiple neuronal action potentials were evoked in 

the neurons by injection of a brief depolarizing current of variable intensity and duration 

while in current clamp mode. 

Confocal imaging. 

Hippocampal CA1 stratum radiatum was visualized using an Olympus BX61 WI 

upright microscope equipped with UMPLFLN 10X (N.A 0.3) and LUMFLN 60X (N.A. 

1.1) water-immersion objective lenses and differential interference contrast (DIC) optics. 

Astrocytes in CA1 stratum radiatum were first identified by their characteristic 

morphology and size using DIC visualization. After loading with OGB-1 Ca2+ indicator 

dye, the fluorescence intensity in astrocytes was recorded over time on a fixed focal plane 

of 4.127 µm optical thickness, 1.2 sec scanning interval and 2X zoom-in factor. Changes 
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in fluorescence intensity indicated a Ca2+ elevation (criteria described in next section). 

The microscope was set up for FITC and rhodamine detection to visualize green or red 

indicators under separate detection channels. For all experiments, only a single (field of) 

astrocyte(s) was recorded per slice to prevent effects caused by multiple electrical 

stimulations and/or agonist applications. For bolus-loading experiments, laser power was 

used at 1.2 % or below, and for patch-clamp experiments, laser power was used at 0.3% 

or lower to prevent phototoxicity-induced spontaneous Ca2+ oscillations (Wang et al., 

2006; see also chapter 2, Fig. 2.1 for control experiment). The group I mGluR agonist 

(S)-3,5-Dihydroxyphenylglycine (DHPG) or an agonist cocktail (containing 10 µM each 

of histamine, carbachol, and Na2-ATP, agonists for histamine H1 receptors [H1R], 

muscarinic acetylcholine receptors [mAchR], and purinergic receptors [P2YR], 

respectively) were always applied at the end of the experiment as a positive control to 

verify intact astrocytic Gq GPCR signaling pathways. Astrocytes that failed to respond to 

the positive control were excluded from further analysis. Solutions were switched using 

an electronic valve controller during the course of the experiments (Warner Instrument, 

Hamden CT). 

Data analysis. 

Square-shaped regions of interest (ROI) of a size ranging from 9.6 - 17.3 µm2 

were placed over the astrocyte cell body and visible processes using Olympus Fluoview 

1000 software. For each ROI, fluorescence increases of at least two scanning points with 

values ≥ three standard deviations (S.D.) above 30s of average baseline fluorescence 

were defined as Ca2+ transients (Honsek et al., 2012). Spontaneous Ca2+ elevations that 
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covered < 75% of the planar area of the astrocyte were defined as “microdomain” Ca2+ 

events, whereas those spanning > 75% of the planar area were defined as “whole cell” 

Ca2+ events. Neighboring ROIs with Ca2+ transients at the same time (< 10 s time interval) 

were grouped together as a single Gq GPCR signaling domain. ROIs increasing 

fluorescence intensity at the same time but with at least one intervening ROI that did not 

increase in intensity were considered separate microdomains occurring at the same time. 

Student’s independent t-test was used to determine statistical significance between 

control and treatment groups. P values ≤ 0.05 were considered significant.   

 

3.4 Results 

3.4.1 Astrocytes respond to three pulse SC stimulation with either whole-cell or 

microdomain Ca2+ elevations  

It has been well established that astrocytes respond to high frequency SC 

stimulation with somatic Ca2+ elevations. The threshold of evoking astrocytic Ca2+ 

elevations, however, has not yet been fully investigated. A previous study has revealed 

that astrocytes respond to three pulse SC stimulation with Ca2+ elevations (Honsek et al., 

2012), indicating that astrocytes can respond to SC stimulation at intensities much lower 

than what has been described previously. However, it was not fully addressed whether the 

responses were global, involving the entire cell, or restricted to a microdomain. 

Furthermore, the threshold level of stimulation intensity required to evoke an astrocyte 

response was not determined. To elucidate these issues, we performed experiments 

applying three pulses of SC stimulation and monitoring astrocytic Ca2+ activity following 
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different intensities of stimulation. A 50 µA, 100 Hz (1s) train of pulses was also applied 

in the experiment as a positive control to evoke whole-cell astrocytic Ca2+ responses. Our 

data showed no detectable Ca2+ elevations following the first single pulse stimulation. 

However, when three pulses of stimulation (ranging from 25-150 µA) was applied the 

first time, multiple astrocytes responded with Ca2+ elevations detected within a consistent 

time interval (27.8 ± 11.2 s., Fig. 3.1A,B). To avoid any Ca2+ responses resulting from 

direct depolarization of presynaptic terminals or astrocytes, we applied a 50 µA, 100 Hz 

train in the presence of TTX at the end of each experiment as a negative control. Data 

were discarded if astrocytes gave responses in the presence of TTX. . To our surprise, 

results from a recent control experiment indicate that astrocytes can respond to three 

pulse stimulation of higher intensity (150-200 µA), but not to a 50 Hz train of lower 

intensity (50 µA), in the presence of TTX (Fig. 3.2D). These data suggest that the 

amplitude or intensity of the stimulation is critical for direct depolarization of synaptic 

terminals, not the frequency of stimulation. Therefore, to ensure that only the astrocytic 

Ca2+ responses evoked by action potential-triggered neurotransmitter release were 

selected, only three pulse stimulations of intensities ≤ 50 µA were included in subsequent 

analyses.  

Most astrocytic Ca2+ 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 Fig. 3.2, red area for 25-

50 µA). Interestingly, a second stimulation of the same intensity resulted in Ca2+ 

responses at the microdomain level (Fig. 3.2 A, yellow area for 25-50 µA), while 50 µA, 

100 Hz trains always evoked whole-cell Ca2+ responses both times. Also, as the three-
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pulse stimulation intensity increased from 25-50 µA, an area that didn’t respond to 25 µA 

was responding to 50 µA and the 50 Hz trains (Fig. 3.2A, red arrowhead), while another 

area that didn’t respond to either 25 or 50  µA was responding to the trains (Fig. 3.2A, 

white arrowhead). These observations suggest that the area of the astrocyte responding is 

directly related to the number of SC afferent fibers stimulated; since additional afferents 

are recruited as the stimulation intensity is increased. The data also indicate that the 

global astrocyte Ca2+ 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 Ca2+ responses to the different types of 

stimulation to the spontaneous Ca2+ events occurring over the baseline period. 

Interestingly, evoked Ca2+ elevations have significantly larger areas and higher 

probability of including the cell soma, while spontaneous events encompass much 

smaller areas and often occur in restricted regions of the astrocyte processes without 

propagating to the cell body (Fig. 3.2B, C). These data suggest that evoked astrocyte Ca2+ 

elevations, even involving 3 pulses of low intensity stimulation, are qualitatively different 

from spontaneous microdomain Gq GPCR activity, even though they can encompass < 

75% of the astrocyte area.  

Taken together, these results suggest that astrocytes can respond to three pulses of 

SC stimulation with either microdomain or whole-cell Ca2+ elevations, and the evoked 

Ca2+ elevations are qualitatively different from the spontaneous Ca2+ events. 
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3.4.2 Astrocytes do not respond to direct membrane depolarization with Ca2+ 

elevations 

An important issue that comes along with SC stimulation is the possibility of 

directly depolarizing either synaptic terminals or astrocytes by the stimulating electrode. 

As described above, TTX was used to control for direct depolarization of synaptic 

terminals. Separate experiments were performed to control for effects that could be due to 

direct depolarization of astrocytes, namely activation of astrocytic VGCCs by 

depolarization. A previous study reported that astrocytes do not express voltage-gated 

Ca2+ channels in situ (Carmignoto et al., 1998). To confirm this in our experiments, we 

patch-clamped an astrocyte and left the patch pipette in the whole-cell configuration to 

directly depolarize the cell membrane potential by applying trains of depolarizing current 

(-90 to 0 mV at 1 Hz for 10 s) via the pipette electrode. During this depolarization, 83% 

(5 out of 6) astrocytes showed no Ca2+ responses (Fig 3.3). After an additional 5 min 

baseline recording, another depolarizing train was applied at 1 Hz for 50 s, and still, no 

Ca2+ responses were detected (Fig.3.3). However, both before and after the depolarization 

protocol, the astrocytes responded to Gq GPCR agonist cocktail with Ca2+ responses, 

indicating that the patch pipette was not interfering with the ability to observe an 

astrocyte Ca2+ response. This result confirmed the idea that astrocytes do not express 

voltage-gated Ca2+ channels and thus would not be able to respond with Ca2+ elevations 

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 Ca2+ elevations  

To further identify the threshold of evoking astrocytic Gq GPCR-driven Ca2+ 

elevations, we performed experiments using a single pulse SC stimulation protocol. In 

this set of experiments, astrocytes were filled with OGB-1 Ca2+ indicator dye via a patch 

pipette to enhance the resolution of visualized processes. The stimulating electrode was 

placed closer to individual astrocytes (20-40 µm) to increase the likelihood of stimulating 

single SC fibers (Raastad et al., 1992; Panatier et al., 2011). Stimulating a single fiber 

may evoke astrocyte microdomains of the same size and location as spontaneously 

occurring astrocyte microdomains. When single pulse SC stimulation (ranging from 7-

120 µA) was applied, astrocytes showed varying response patterns. Some astrocytes 

responded to lower stimulation intensities with a wide range of latencies (Fig. 3.4A-C), 

while other astrocytes did not respond to single pulse SC stimulation until intensities 

above a certain level were applied (Fig. 3.4D-F). Due to the inconsistent time interval 

between a stimulus and a putative Ca2+ response, it was difficult based on observation 

alone to determine if an astrocyte Ca2+ elevation occurred due to stimulation or was 

rather a spontaneously occurring coincidental Ca2+ transient. As a first approach to 

address this issue, only the first Ca2+ elevation occurring after stimulation with a latency 

shorter than 80 s was considered a putative response. Further analyses were performed 

(discussed below) to better differentiate true responses from spontaneously occurring 

astrocyte microdomain Ca2+ transients. The average delay time to a putative response 

following single pulse SC stimulation was longer (46.3 ± 23.3 s; Fig. 3.5A) compared to 
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that from the three pulse SC stimulation protocol (27.8 ± 11.2 s; Fig. 3.5A), presumably 

because the lower amount of glutamate released from fewer fibers takes longer to reach 

an effective concentration to activate astrocytic Gq GPCRs. 

We also compared the areas of propagation of the evoked astrocytic Ca2+ 

elevations to spontaneous events occurring over the baseline period prior to stimulation. 

Once again, evoked Ca2+ elevations had significantly larger areas and a higher probability 

of propagating to the cell body, while spontaneous events were much smaller in size and 

occurred in a restricted territory without involving the soma (Fig. 3.5B,C). The 

amplitudes of the astrocytic Ca2+ elevations, however, were not significantly different 

between both groups (Fig. 3.5D). These findings suggest that the spontaneous astrocytic 

Ca2+ elevations are driven by mechanisms other than local AP-mediated release of 

neurotransmitter, such as miniature vesicular release or constitutive GPCR signaling 

activity (see Chapter 2).  

Interestingly, however, although most astrocytic Ca2+ responses to single pulse SC 

stimulation involved larger areas of the cell, there were occasionally some “putative” 

Ca2+ responses that occurred at local processes without propagating to the cell body (Fig. 

3.4F, red arrowheads following 40 µA and 50 µA). These results give rise to the 

possibility that astrocytic Ca2+ responses can be confined to areas similar to 

spontaneously occurring microdomains when stimulation of single fibers is applied. This 

possibility has also been tested later in this study (see section 3.4.5).  
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3.4.4 The astrocytic Ca2+ elevations evoked by single pulse SC stimulation cannot be 

fully blocked by group I mGluR antagonists 

It has been shown that a large portion of astrocyte Ca2+ responses evoked by high 

frequency SC stimulation are blocked by group I mGluR antagonists (Porter and 

McCarthy, 1996). To investigate whether astrocyte Ca2+ responses evoked by single pulse 

SC stimulation are the result of group I mGluR activation, we bath-applied the group I 

mGluR antagonists CPCCOEt (100 µM) and MPEP (20 µM) for 5 min, followed by 

single pulse SC stimulation (Fig. 3.6). Our data indicate only a mild reduction in Ca2+ 

response area (Fig. 3.6D), but a significant decrease in response amplitude (Fig. 3.6E). 

Since astrocyte Ca2+ responses were not completely blocked by group I mGluR 

antagonists, it suggests that other types of astrocytic Gq GPCRs are involved. As a 

within-recording control, astrocyte Ca2+ responses to DHPG were blocked, confirming 

that the group I mGluR antagonists were working effectively. In the presence of TTX, 

astrocyte Ca2+ responses were not detectable when applying 150 µA SC stimulation (Fig. 

3.6C), suggesting that the astrocyte Ca2+ responses were not due to direct depolarization 

of presynaptic terminals. The astrocyte Ca2+ responses to agonist cocktail at the end of 

the experiment verified the cell’s viability and intact Gq GPCR signaling pathways (Fig. 

3.6).  

3.4.5 Determine whether microdomain astrocyte Ca2+ elevations can be driven by 

glutamate release from single identified CA3 synaptic boutons 

To investigate the possibility of evoking local astrocytic Ca2+ elevations, we 

performed experiments controlling the firing pattern of a single CA3 neuron. By 
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adjusting the amplitude (200-400 pA) and duration (50-200 ms) of the injected current, 

the number and frequency of evoked action potentials was controlled (Fig. 3.7B). 

Neurons were also filled with Alexa 568 included in the recording pipette, which enabled 

labeling of the neuronal axon and its en passant boutons as they coursed through a field 

of Ca2+ dye-loaded astrocytes. Ca2+ activity from astrocytes with processes near the 

visually identified synaptic boutons was recorded during neuronal stimulation (Fig. 3.7A). 

Astrocytes showed putative responses in processes following single action potential 

generation. However, the responses could not be re-evoked and were very small in 

amplitude (Fig. 3.7). To increase the probability of detecting Ca2+ responses in astrocytes, 

neurotransmitter release from axon terminals was enhanced using the potassium channel 

blocker 4-Aminopyramidine (4-AP) as described previously (Porter and McCarthy, 1996). 

4-AP prolongs the duration of neuronal action potentials by blocking the delayed 

rectifying potassium channel, increasing Ca2+ entry into synaptic boutons and therefore 

enhancing release of neurotransmitter. 4-AP was thus considered as a positive control for 

the ability of astrocyte microdomains to respond to action potentials evoked in single 

neurons. However, at 100 µM, 4-AP induced CA3 neuronal bursting with triggered rapid 

neuronal Ca2+ elevations that corresponded to each burst of action potentials (Fig. 3.8B). 

The neuronal Ca2+ spikes were distinguishable from astrocytic Ca2+ elevations due to their 

comparatively fast durations as well as their sensitivity to TTX (Fig. 3.9A). After 4-AP 

was washed in, we observed a time period prior to burst discharges in which neurons 

exhibited increased subthreshold EPSPs. Therefore, this time period was considered as a 

“priming period”, in which release probability and amount of neurotransmitter released 
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by neurons is enhanced but not yet sufficient to cause bursting. By reducing the 

concentration of 4 AP from 100 to 25 µM, this priming period was extended (Fig. 3.8A). 

Furthermore, single neuronal action potentials could then be evoked in 25 µM 4-AP 

without the confounding variable of spontaneous epileptiform bursting (Fig. 3.8A). 

However, use of 4-AP even at these reduced concentrations turned out to be problematic. 

4-AP itself had a direct effect on astrocytic Ca2+ activity, causing a prolonged astrocyte 

Ca2+ response that occurred prior to CA3 neuronal burst discharges (Fig. 3.9B). This 

brought up concerns that any putative astrocyte Ca2+ responses evoked by glutamate 

released from single synaptic boutons would be difficult to differentiate from those 

caused by 4-AP directly. Therefore, 4-AP was considered an insufficient positive control 

to determine the link between astrocytic Ca2+ elevations and basal neuronal activity. 

Overall, due to technical difficulties lining up the many variables needed to do these 

experiments, we have not been able to determine the precise number of action potentials 

from single synaptic terminals that are capable of stimulating astrocytic Gq GPCR 

responses.  

 

3.5 Discussion 

In this study, we have shown that astrocytes are capable of responding to low 

level (three pulses or single pulses) SC stimulation with Gq GPCR-driven Ca2+ elevations. 

These Ca2+ responses were qualitatively different from spontaneous astrocytic Ca2+ 

transients because they propagated through a significantly larger area of the astrocyte and 

frequently included the cell soma, whereas the spontaneous events occurred in restricted 
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areas without involving the soma. Given the differences between these two types of 

events, we conclude that spontaneous microdomains of astrocyte Ca2+ activity are not 

likely driven by AP-mediated glutamate release. Another way of saying this is that 

astrocytic Gq GPCR Ca2+ events evoked by even single pulses of neuronal afferent 

stimulation produce large, more global type of astrocyte response. In addition, the SC-

evoked events tended to be more plateau-like and thus have larger magnitudes compared 

to spontaneous activity, most of which appears as single peak, fast-spike like events. One 

of our future goals is to further quantify these two events by analyzing the magnitude of 

Ca2+ transients in both cases. 

While we were testing our hypothesis for this study, another research group 

published their findings addressing similar questions (Panatier et al., 2011). In this study, 

astrocytes were able to respond to single-pulse SC stimulation applied to putative single 

fibers with Ca2+ elevations that occurred simultaneously with EPSCs recorded from a 

neighboring neuron. In addition, the astrocytic Ca2+ responses were inhibited completely 

by the mGluR5 antagonist MPEP. However, there were some concerns with these data. 

First, the patch pipette was left on the astrocyte over the entire recording period, which 

has been shown to be capable of dampening the Ca2+ signal detected in the cell body.  

Moreover, their stimulating electrode was placed only 7-15 µm away from the astrocyte 

process, raising a caveat that the astrocyte Ca2+ responses could be due to 

neurotransmitters released by direct depolarization of neuronal terminals, which was not 

controlled for. The latency to the astrocyte Ca2+ responses was as short as an EPSC, 

occurring within milliseconds. A previous study done by Fiacco et al. (2004) has 
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demonstrated that it takes approximately 40 ms to see the astrocyte Ca2+ response evoked 

by uncaging IP3, which is only one step away from Ca2+ release from the internal store 

(Fiacco and McCarthy, 2004). In the present study, average astrocyte Ca2+ response times 

to single pulses, 3 pulses, and 50 Hz trains to the Schaffer collaterals occurred after 46.3 s, 

27.8 s, and 5.1 s, respectively (Fig. 3.5A). The fast astrocyte response times recorded by 

Panatier et al. therefore raise doubt as to the types of cells they are recording from, as 

astrocytes do not possess fast sources of activity-evoked Ca2+ entry such as VGCCs or 

ligand-gated ion channels. Based on our results, astrocytic Ca2+ responses following 

single pulse SC stimulation have even longer response latencies on average compared to 

three pulse SC stimulation experiments. One possible explanation for the difference 

between Panatier et al’s findings and ours could be the different distances of stimulating 

electrode placement. In Panatier’s study, the stimulating electrode was placed much 

closer to the astrocyte process. We have also tried similar electrode placements with 

distances of ~ 10-20 µm in some cases. However, even with minimal stimulation 

intensities of 7 µA, we observed astrocytic Ca2+ responses in the presence of TTX, 

indicating that the responses were caused by direct depolarization of presynaptic 

terminals. Furthermore, these astrocytic Ca2+ responses were blocked by cadmium (100 

µM), a voltage-gated Ca2+ channel blocker (n = 2 cells, data not shown). The only way 

we could avoid direct stimulation was to use cadmium combined with TTX as a negative 

control to figure out a “safe” working distance for electrode placement. Therefore, it is 

possible that the astrocytic Ca2+ responses 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 I mGluR antagonists 

on astrocytic Ca2+ responses evoked by single pulse SC stimulation. Even though we 

observed a significantly reduced amplitude following application of group I mGluR 

antagonists, the astrocytic Ca2+ responses 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 GPCRs contribute to minimal-

stimulation evoked astrocyte Ca2+ responses. Moreover, this finding is consistent with the 

antagonist effects we described in Chapter 2, which also suggests essential roles played 

by other Gq GPCRs including P2YRs, GABAB receptors, mAchRs and CB1Rs in 

triggering the generation of astrocytic Ca2+ elevations. Therefore, our next step for this 

study is to combine the potential receptor antagonists in different combinations to 

investigate their potential to block SC stimulation-evoked astrocytic Ca2+ responses. 

Our last approach in this study to assay for microdomains of neuron-to-astrocyte 

Gq GPCR communication at single synapses - failed to provide conclusive results. From 

this set of experiments we have identified a few caveats to consider in future studies. First, 

since OGB-1 AM Ca2+ indicator delivered by bolus-loading is preferentially taken up by 

astrocytes compared to neurons (Porter and McCarthy, 1995), we came in with the 

assumption that all Ca2+ activity observed would be occurring only in astrocytes, even 

within the “background” loading of neuropil which was considered the latticework of fine 

astrocyte processes. However, we discovered that bolus-loading in fact also fills neuronal 

components of the neuropil which contaminates the astrocyte Ca2+ activity with faster 

response properties of neurons due to their expression of fast local sources of Ca2+ entry 
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(e.g. ligand-gated ion channels and VGCCs). This prevented us from detecting 

microdomain Ca2+ activity that occurs solely in the very fine astrocytic processes. To deal 

with this issue, we had considered applying SR101 staining in this experiment as it is a 

astrocyte-specific marker, and then use an Alexa dye of a different wavelength for 

neuronal loading. However, this approach still does not solve the problem of detecting 

Ca2+ signals exclusively in astrocytes. The best strategy is to use patch-clamp to deliver 

Ca2+ indicator to single astrocytes surrounding neuronal boutons, as this would enable 

loading of a specific astrocyte with Ca2+ indicator without any confounding factors 

related to non-specific uptake of dye by neurons. Moreover, it also enhances our ability to 

detect the microdomain Ca2+ activity that occurs in the very fine astrocytic processes due 

to the high signal-to-background ratio. The only caveat with this strategy is that it is very 

technically challenging, as neuronal boutons would need to be identified first so that 

astrocytes surrounding them could then be selected for patch-clamp. Figuring out the 

course of the axon and its boutons is in itself is a very critical and challenging step in this 

experiment, for axons have a much narrower diameter compared to dendrites and take 

longer to fill with dye. Moreover, the patch pipette for the neuron needs to be left on the 

cell for current injection at a later time point.  As one could imagine, when patching 

adjacent astrocytes, there is a very high chance of losing seals on both the neuron and the 

astrocyte. Taken together, we still believe this experiment is the most powerful to 

determine if astrocyte microdomains can be evoked by a defined number and frequency 

of action potentials from single neurons, but all of these issues would need to be 

overcome in order to make this study feasible. 
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Figure Legends 

Figure. 3.1    Astrocyte Ca2+elevations following three pulse SC stimulation. 

 (A) Ca2+ activity in both the cell soma and major processes of four astrocytes was 

recorded for 10 min prior to low-level SC stimulation. The first stimulation was a single 

pulse while the rest were three pulses, ranging from 25-150 µA. A 50 µA, 100 Hz train 

was applied as a positive control to evoke a whole-cell Ca2+ response as has been 

published previously (Porter and McCarthy, 1996). The 50 µA, 100 Hz train was re-

applied in the presence of TTX as a control to test for direct stimulation of astrocytes by 

the stimulating electrode. The group I mGluR agonist DHPG (50 µM) was applied at the 

end of the recording as a positive control for the presence of functional group I mGluRs. 

The first Ca2+ elevation following each stimulus is shown by arrowheads marked with a 

different color to differentiate individual astrocytes.  

(B) OGB-1 AM bolus-loaded astrocytes were identified by co-labeling with the astrocyte-

specific marker SR101 (Nimmerjahn et al., 2004). Four astrocytes in this field (marked 

with colored numbers) were assayed for their Ca2+ activity with recording traces labeled 

with colored arrowheads that match the color of numbered astrocytes.  

(C) Recording of Ca2+ activity in both the cell soma and processes of a single astrocyte. 

The first Ca2+ elevation following each stimulus is shown by red arrowheads.  

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

marker SR101.  
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Figure 3.2 Quantitative analysis of astrocyte Ca2+elevations following three pulse SC 

stimulation. 

(A) Area of propagation of Ca2+ events under different conditions. For the SC-evoked 

Ca2+ events, the area that was evoked by the first stimulus is marked in red, while the 

area that was evoked by the second stimulus is marked in yellow. Red arrowhead points 

to an area of the cell that did not respond to 25 µA pulses but responded to 50 µA pulses 

and 50 µA, 100 Hz trains; white arrowhead points to another area that did not respond to 

25 µA and 50 µA pulses, but responded to 50 µA, 100 Hz pulse trains. 

(B) Areas of propagation were compared between spontaneous and evoked Ca2+ events. 

The evoked Ca2+ events to different stimulation intensities were grouped together as the 

“evoked” Ca2+ events, and the comparison was made between this group and the group of  

spontaneous Ca2+ events. Overall, the evoked events have significantly larger surface 

areas compared to the spontaneous events. (*p < 0.05, n = 4 cells for spontaneous Ca2+ 

events and 3 cells for evoked Ca2+ events).  

(C) Percentage of Ca2+ events that included the cell soma. Overall, the evoked events 

have significantly higher chance to propagate to the cell soma compared to the 

spontaneous events. (**p < 0.01, n = 4 cells for spontaneous Ca2+ events and 3 cells for 

evoked Ca2+ events). 

(D) In the presence of TTX, astrocytes responded with Ca2+ elevations to the three pulse 

SC stimulation protocol with intensities > 50 µA (150-200 µA in this case), but did not 

respond to the 50 µA, 100 Hz train, suggesting that the intensity of the stimulation is a 

critical determinant of directly depolarizing synaptic terminals, not the frequency. 
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Figure 3.3 Recording of astrocytic Ca2+ activity following direct cell membrane 

depolarization.  

(A) A single astrocyte filled with OGB-1 Ca2+ indicator dye via patch clamp. Colored 

ROIs match fluorescence intensity over time traces in (C).  

(B) The cell exhibited a passive current profile to a voltage-step protocol (-180 to +80 

mV in 20 mV increments), identifying it as an astrocyte. 

(C) Astrocytic Ca2+ activity was recorded while the patch pipette was left on the cell. 

After 5 min baseline recording, agonist cocktail was applied as a positive control for the 

ability to record Ca2+ elevations while the whole-cell patch pipette is dialyzing the cell. 

Two depolarizing trains (-90 mV to 0 mV at 1 Hz for 10s and then 50s, respectively) were 

then applied via the patch pipette, and agonist cocktail (10 µM ea. of histamine, 

carbachol, and 2Na-ATP) was washed in again at the end of the experiment (n = 6 cells). 

These data suggest that astrocytes do not express functional voltage-dependent sources of 

Ca2+ elevations.  
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Figure 3.4 Astrocyte Ca2+elevations following single pulse SC stimulation. 

(A) Left: Transmitted light image to indicate the position of the stimulating pipette 

relative to the recorded cell. Right: A single astrocyte filled with OGB-1 Ca2+ indicator 

dye via patch clamp. Colored ROIs match fluorescence intensity over time traces in (C).  

(B) The cell exhibited a passive current profile to a voltage-step protocol (-180 to +80 

mV in 20 mV increments), identifying it as an astrocyte. 

(C) Spontaneous Ca2+ activity in the astrocyte was recorded for 5 min followed by single 

pulse SC stimulation ranging from 7-120 µA (7-50 µA in this representative trace). TTX 

was washed in to test for direct depolarization of synaptic terminals using the same or 

higher stimulation intensities as those used to evoke Ca2+ elevations in the absence of 

TTX (50-75 µA in this case) . Agonist cocktail (10 µM ea. of histamine, carbachol, and 

2Na-ATP) was applied at the end of the recording as a positive control for viable Gq 

GPCR responses to verify the lack of responses in TTX. The first Ca2+ elevation 

following each stimulus is shown by red arrowheads. Note that this astrocyte started to 

respond to single pulse SC stimulation with whole-cell Ca2+ elevations at 7 µA and 25 µA.   

(D) Left: Transmitted light image showing the position of the stimulating pipette relative 

to the recorded astrocyte. Right: A single astrocyte filled with OGB-1 Ca2+ indicator dye 

via patch clamp. Colored ROIs match fluorescence intensity over time traces in (C).  

(E) The cell exhibited a passive current profile to a voltage-step protocol (-180 to +80 

mV in 20 mV increments), identifying it as an astrocyte. 

(F) Spontaneous Ca2+ activity was recorded in the astrocyte for 5 min prior to single 

pulse SC stimulation ranging from 7-120 µA (7-60 µA in this representative trace). TTX 
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was washed in to test for direct depolarization of synaptic terminals using the same or 

higher stimulation intensities as those used to evoke Ca2+ elevations in the absence of 

TTX (60 and 75 µA in this case). Agonist cocktail (10 µM ea. of histamine, carbachol, 

and 2Na-ATP) was applied at the end of the recording as a positive control for functional 

Gq GPCR responses to verify the effect of TTX. The first Ca2+ elevation following each 

stimulus is shown by red arrowheads. Note that this astrocyte did not respond to single 

pulse SC stimulation with whole-cell Ca2+ elevations until higher stimulation intensities 

(60 µA) were reached. Instead, it showed local Gq GPCR signaling domains in processes 

without propagating to the cell body in response to lower stimulation intensities (7 µA, 

25 µA, 40 µA and 50 µA).  
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Figure 3.5 Quantitative analysis of astrocyte Ca2+elevations following single pulse 

SC stimulation. 

(A) Average astrocyte Ca2+ response times (latency) to single pulse, 3 pulses, and 50 Hz 

trains (high frequency stimulation; HFS) of SC stimulation occurred after 46.3 s, 27.8 s, 

and 5.1 s, respectively. (n = 9 cells for single pulse; n = 3 cells for three pulses; n = 6 

cells for HFS) 

(B) Areas of propagation were compared between spontaneous and evoked Ca2+ events. 

The Ca2+ events to different stimulation intensities were grouped together as the“evoked” 

Ca2+ events, and the comparison was made between this group and the group of 

spontaneous Ca2+ events occurring over the baseline period. Overall, the evoked events 

have significantly larger surface areas compared to the spontaneous events. (*p < 0.05, n 

= 4 cells for spontaneous Ca2+ events and 8 cells for evoked Ca2+ events).  

(C) Percentage of Ca2+ events that included the cell soma. Overall, the evoked events 

have significantly higher chance to propagate to the cell soma compared to the 

spontaneous events. (***p < 0.005, n = 4 cells for spontaneous Ca2+ events and 8 cells for 

evoked Ca2+ events). 

(D) Amplitude of Ca2+ transients was compared between spontaneous and evoked Ca2+ 

events. Amplitude (∆F/F0) of spontaneous and evoked events was compared within each 

trace/ROI first, and then these ROIs were averaged within each cell. Based on the data, 

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

4 cells for both spontaneous and evoked Ca2+ events). 
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Figure 3.6 Effects of group I mGluR antagonists on astrocytic Ca2+ responses 

following single pulse SC stimulation. 

(A) Left: Transmitted light image showing the position of the stimulating pipette relative 

to the recorded astrocyte. Right: A single astrocyte filled with OGB-1 Ca2+ indicator dye 

via patch clamp. Colored ROIs match fluorescence intensity over time traces in (C).  

(B) The cell exhibited a passive current profile to a voltage-step protocol (-180 to +80 

mV in 20 mV increments), verifying it as an astrocyte. 

(C) Spontaneous Ca2+ activity of the astrocyte was recorded over a 5 min baseline period 

followed by single pulse SC stimulation ranging from 7-120 µA (40-120 µA in this 

representative trace). Group I mGluR antagonists (mGluR1 antagonist CPCCOEt, 100 

µM; mGluR5 antagonist MPEP, 20 µM) were applied to the bath prior to re-stimulating 

using the peak intensity used prior to antagonist application (120 µA in this case). DHPG 

was bath-applied afterward to test the effectiveness of the Group I mGluR antagonists. 

TTX was then applied to test for direct depolarization of synaptic terminals using the 

same or higher stimulation intensities as those used to evoke Ca2+ elevations in the 

absence of TTX (120 and 150 µA in this case). Agonist cocktail (10 µM ea. of histamine, 

carbachol, and 2Na-ATP) was applied at the end of the recording as a control to make 

sure that any absence of responses in TTX were not due to the cell dying. The first Ca2+ 

elevation following each stimulus is shown by red arrowheads. Note that the astrocytic 

Ca2+ responses evoked by single pulse SC stimulation were only partially reduced by 

group I mGluR antagonists.  

(D) Area of propagation of Ca2+ responses to SC stimulation were compared before and 
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after applying group I mGluR antagonists. The evoked Ca2+ transients of matching 

intensity (120 µA in this case) were selected for analysis and comparison (p > 0.1, n = 3 

cells). Data were displayed as percent change in Ca2+ response area relative to before 

group I mGluR antagonist application. 

(E) Amplitude of Ca2+ transients elicited by SC stimulation was compared before and 

after applying group I mGluR antagonists. Ca2+ transients evoked by a given intensity 

(120 µA in this case) were selected for analysis and comparison. Amplitude (∆F/F0) of 

spontaneous and evoked events was compared within each trace/ROI first, and then these 

ROIs averaged within each cell. Data were displayed as percent change in amplitude of 

Ca2+ response relative to before group I mGluR antagonist application. (*p < 0.05, n = 3 

cells).  
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Figure 3.7 Microdomain astrocytic Ca2+ elevations evoked by action potentials in 

single CA3 pyramidal neurons. 

(A) Astrocytes in CA3 s. oriens or s. radiatum were bolus-loaded with OGB-1 Ca2+ 

indicator. A CA3 pyramidal neuron was patch-clamped and infused with Alexa 568 dye, 

and after 15-30 min., the course of the axon and its en passant boutons was followed 

through a field of astrocytes in s. oriens.  

(B) Left: Ca2+ elevations in the cell soma and processes of astrocytes surrounding 

boutons of the CA3 neuronal axon were recorded. The first Ca2+ elevations occurring 

after stimulation are marked with red arrowheads. The existence of frequent spontaneous 

astrocyte Ca2+ activity together with inconsistency in the delay time between stimulation 

and the first Ca2+ elevation made it difficult to determine if the microdomains were 

spontaneous events or responses to stimulation. Right: Pattern of action potentials in a 

CA3 neuron evoked by different amounts of current injection. Higher current amplitudes 

(400 pA) injected for a longer duration (200 ms) generated a greater frequency or number 

of action potentials, which reduced the latency to the astrocyte Ca2+ elevations in traces 

#6,7,13 and 14, but not for others. Moreover, the Ca2+ elevations from traces #4 and #7 

following the first action potential evoked by 200 pA, 50 ms current did not re-occur for 

the second time following the same stimulation. Overall, the data were inconclusive (n = 

6). 
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Figure 3.8 4-AP effects on microdomain astrocytic Ca2+ elevations evoked by single 

neuronal action potentials.  

(A) Astrocytic Ca2+ elevations and neuronal firing patterns were recorded simultaneously. 

Action potentials were evoked by manual current injection (marked as ‘stim’) to 

depolarize the neurons (from resting Vm to -38 mV) in current-clamp mode (n = 3). 

Application of 25 µM 4-AP was used to elevate the level of EPSPs so as to amplify any 

putative astrocytic Ca2+ responses (as in Porter & McCarthy, 1996). DHPG was applied at 

the end of the recording as a positive control to verify the astrocyte’s intact Gq GPCR 

signaling pathway.  

(B) Ca2+ elevations (marked with red arrowheads) recorded over Alexa 568 filled boutons 

were synchronized to each single action potential (marked by gray arrowheads), 

suggesting that the green Ca2+ 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 Ca2+ 

elevations evoked by single neuronal action potentials.  

(A) 4-AP (100 µM) evoked neuronal Ca2+ oscillations (trace #5) that tightly corresponded 

to each action potential and were sensitive to TTX. To distinguish between neuronal and 

astrocytic Ca2+ transients, response kinetics were used. Astrocytic Ca2+ responses (traces 

#1-4) are slower and longer lasting compared to the fast, tiny spikes of neuronal Ca2+ 

oscillations (trace #5), and were insensitive to TTX.  

(B) Application of 100 µM 4-AP produced astrocytic Ca2+ elevations prior to neuronal 

bursting, suggesting that 4-AP directly evokes astrocyte Ca2+ elevations through an 

unknown mechanism (n = 5 slices). Therefore, it was difficult to differentiate direct 

effects of 4-AP on astrocyte Ca2+ from neuronally-driven astrocytic Ca2+ elevations. The 

arrowhead represents a focus-adjusted (FA) point to compensate for “slice drift”.  
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Figure 3.1 
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Figure 3.2 
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Figure 3.3 
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Figure 3.4 
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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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Figure 3.8 
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Figure 3.9 
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Chapter 4: Exploring the role for β-Arrestin2 in NMDA receptor-dependent long-

term potentiation (LTP) and long-term depression (LTD) 

4.1 Abstract 

Dendritic spines are small protrusions expressed on the postsynaptic neuronal 

dendrites where they receive neurotransmitters released from excitatory synapses. Their 

morphology is regulated by filamentous actin (F-actin), whose turnover is accelerated by 

an actin-binding protein, cofilin, which has been implicated in modulating synaptic 

plasticity. Dephosphorylation of cofilin by N-methyl-D-aspartate (NMDA) receptor 

activation makes it functional and able to travel to dendritic spines, where it triggers 

spine and synapse remodeling. The fact that cofilin trafficking to spines is dependent on 

β-Arrestin2 suggests a direct involvement of β-Arrestin2 in regulating synaptic plasticity. 

In this study, we explored the impacts of β-Arrestin2 deficiency on two forms of NMDA 

receptor-dependent synaptic plasticity: long term potentiation (LTP) and long term 

depression (LTD), in knockout mice lacking β-Arrestin2 gene expression. Our results 

revealed normal LTP, but significantly impaired LTD in mice lacking β-Arrestin2. This 

finding provides new insight concerning the role of β-Arrestin2 in regulating NMDA 

receptor-dependent synaptic plasticity. 

 

 

 

 

 



126 
 

4.2 Introduction 

Dendritic spines, located on neuronal dendrites, are the main postsynaptic sites 

where numerous excitatory neurotransmitter receptors are expressed. They are small 

protrusions varying in morphology and are categorized as two immature forms (thin and 

stubby) and a mature mushroom form (Pontrello and Ethell, 2009). Their structures are 

rich in filamentous actin (F-actin) and are highly dynamic, exhibiting plasticity that is 

considered to be the underlying mechanism of learning and memory in the hippocampus 

(Yuste and Bonhoeffer, 2001). It has been well established that cofilin promotes F-actin 

turnover via binding and severing actin filaments, allowing the new barbed ends to be 

generated and reached by other actin monomers (Moriyama et al., 1990; Yahara et al., 

1996; Carlier et al., 1997; Lappalainen and Drubin, 1997; Rosenblatt et al., 1997; 

Bamburg, 1999; Pontrello and Ethell, 2009). The alternation between F-actin 

depolarization and assembly facilitates spine remodeling and is thought to be regulated 

by activation of NMDA receptors - one of the ionotropic glutamate receptors involved in 

excitatory synaptic transmission.  

 Previous studies suggest that cofilin is dephosphorylated via calcineurin and PI3 

kinase pathways in response to NMDAR activation (Wang et al., 2005). The 

dephosphorylated cofilin is functional and can be delivered to dendritic spines to 

modulate spine morphology. The translocation of cofilin to spines depends on the 

assistance from a scaffolding protein, β-Arrestin2 (Zoudilova et al., 2010), suggesting a 

role for β-Arrestin2 in dendritic spine remodeling. Interestingly, while hippocampal 

neurons lacking β Arrestin2 have shown normal spine development and maturation both 
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in vitro and in vivo, they lose the ability to undergo spine remodeling when exposed to 

NMDA (Pontrello 2011). Based on these findings, we proposed a hypothesis that β-

Arrestin2 is involved in the two forms of NMDAR-dependent synaptic plasticity: LTP 

and LTD.   

In this study, we tested the hypothesis using β-Arrestin2 knockout (KO) mice as a 

model system. Effects of LTP and LTD were measured in β-Arrestin2 KO mice 

hippocampal slices and were compared to those measured from wild-type, littermate 

control mice. Our results indicated no difference of LTP between both groups, but a 

significantly impaired LTD was observed in β-Arrestin2 KO mice. This finding suggests 

an essential role of β-Arrestin2 in regulating NMDAR-dependent LTD by facilitating 

cofilin-mediated F-actin turnover and spine remodeling.  

4.3 Materials and methods 

Preparation of hippocampal slices.  

 All mice were housed in the animal facility at the University of California, 

Riverside in accordance with Institutional Animal Care and Use Committee guidelines. 

Mice aged 17-22 postnatal days old were anesthetized by isofluorane inhalation and 

decapitated. Brains were removed from the skull and immediately immersed in chilled 

dissection buffer containing the following (in mM): 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 

NaHCO3, 75 sucrose, 10 dextrose, 1.3 ascorbic acid, 7 MgCl2, and 0.5 CaCl2, bubbled 

with 95% O2/ 5% CO2. Transverse hippocampal slices (400 µm thick) were prepared 

from β-Arrestin2 KO and wt C57BL/6J mice using a Vibratome (Leica VT1200S). Slices 

were allowed to recover for 45 min in a 35°C submersion chamber filled with oxygenated 
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artificial cerebrospinal fluid (ACSF) containing the following (in mM): 125 NaCl, 2.5 

KCl, 1.25 NaH2PO4, 26 NaHCO3, 15 dextrose, 1.3 MgCl2, and 2.5 CaCl2. Following the 

incubation period at physiological temperature, slices were allowed to recover for an 

additional 2 hrs at room temperature and then transferred to a recording chamber, 

continuously superfused with oxygenated, room temperature ACSF.  

Electrophysiology.  
 
 For LTP experiments, a previously-described protocol (Agulhon et al., 2010) was 

used. Briefly, extracellular field excitatory postsynaptic potentials (fEPSPs) were 

recorded in CA1 stratum radiatum 50 µm below the pyramidal cell layer with glass 

electrodes (1 MΩ) filled with ACSF. Stimuli were delivered to the commissural/Schaffer 

collateral afferents with a concentric bipolar electrode positioned parallel to the recording 

electrode 500 µm away. Input/output curves were generated by stepping the stimulation 

amplitude from 5 to 80/120 µA. The basal stimulation intensity for our experiments was 

set at 50% of the intensity that evoked maximal fEPSP amplitude, and was delivered at a 

frequency of 0.033 Hz. The half maximal intensity of stimulation ranged between 18 

(lowest level) to 40 µA (highest level). After 15 min of stable baseline recording (< 5% 

drift), two trains of 1 sec, 100 Hz pulses were applied to induce LTP. LTP was sampled 

for 60 min after induction, and potentiation was calculated by dividing the average slope 

of 45-60 min post-induction responses with the average slope of 0–15 min pre-induction 

baseline responses. For LTD, a LFS consisting of 900 pairs of stimuli (distance 50 ms) at 

1 Hz was used (Rust et al., 2010). LTD was sampled for 60 min after induction, and 

depression was calculated by dividing the average slope of 45-60 min post-induction 
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responses with the average slope of 0-15 min pre-induction baseline responses. Student’s 

independent t-test was used to determine statistical significance between littermate 

control and β-Arrestin2 KO groups. P values ≤ 0.05 were considered significant. 

 

4.4 Results 

β-Arrestin2 KO mice exhibit normal LTP, but significantly impaired LTD, in acute 

hippocampal slices. 

 
 Since abnormal NMDAR-mediated dendritic spine plasticity was observed in the 

β-Arrestin2 KO mice, it raised the possibility that deletion of β-Arrestin2 would result in 

alteration of long-term synaptic plasticity. To address this hypothesis, we performed LTP 

and LTD experiments in acute hippocampal slices from littermate control and β-Arrestin2 

KO mice. The LTP induction protocol consisted of two 1 s duration 100 Hz tetani of 

Schaffer collaterals (Agulhon et al., 2010). To our surprise, a potentiation of 150% of the 

field excitatory postsynaptic potentials (fEPSPs) was found in both groups following 60 

minutes of high frequency stimulation, suggesting that β-Arrestin2 KO mice exhibit 

normal levels of LTP (Fig. 4A,B, P > 0.1). There were also no differences observed in 

input-output (I/O) curves between β-Arrestin2 KO and littermate control mice, an 

indication that basal pre- and postsynaptic responses are not altered by knockout of β-

Arrestin2. (Fig. 4E). 

 Based on the findings in cultured hippocampal neurons, β-Arrestin2 KO mice 

failed to respond to NMDA-induced dendritic spine remodeling by exhibiting resistance 
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to spine head shrinkage, a mechanism that is associated with LTD (Beattie et al., 2000; 

Zhou et al., 2004). Furthermore, Rust et al. (2010) found in n-cofilin KO mice normal 

levels of LTP using this induction protocol but significantly altered LTD (Rust et al., 

2010). Therefore, we next tested whether LTD is altered in the β-Arrestin2 KO mice 

using a similar protocol as Rust and coworkers. Paired-pulse low frequency stimulation 

(PP-LFS) at 1 Hz for 15 minutes was applied to Schaffer collateral-CA1 synapses to 

evoke LTD in slices from both wild-type and β-Arrestin2 KO groups. Interestingly, LTD 

was significantly impaired in β-Arrestin2 KO mice as only a 1.2 % depression was 

detected following 60 minutes of PP-LFS, compared to a 16.1 % depression observed in 

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

 

4.5 Discussion 

 Interestingly, significant differences were measured in LTD but not LTP in β-

Arrestin2 KO mice compared to littermate controls. These effects on long-term synaptic 

plasticity were very similar to those observed by Rust et al. (2010) in n-cofilin KO mice. 

This is significant because data from Pontrello suggest that β-Arrestin2 acts by NMDAR-

triggered localization of cofilin to dendritic spines to initiate spine remodeling (Pontrello, 

2011). Rust et al. found no change in early-LTP (E-LTP) induced by a single 1 s, 100 Hz 

tetanus of Schaffer collaterals in acute hippocampal slices from β-Arrestin2 KO mice. 

Even though β-Arrestin2 KO mice were resistant to NMDA-induced dendritic spine 

shrinkage, they were still able to exhibit normal LTP, suggesting that alternate 

mechanisms may compensate for disrupted β-Arrestin2-mediated cofilin trafficking to 
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dendritic spines during LTP-induced spine remodeling. However, in terms of spine 

remodeling, generation of LTP is more likely to correlate with spine enlargement and 

stability (Chen et al., 2007; Bozdagi et al., 2010), whereas LTD tends to associate with 

spine shrinkage (Beattie et al., 2000; Zhou et al., 2004). This fits very well with our 

findings of normal LTP but almost completely absent LTD in β-Arrestin2 KO mice. 

Therefore, the inability of β-Arrestin2 KO mice to exhibit LTD corroborate findings from 

Pontrello (2011) indicating that β-Arrestin2 is essential for localization of cofilin to 

dendritic spines during NMDA induced spine remodeling (Pontrello, 2011).  

 Pontrello also observed deficient long-term spatial learning ability in β-Arrestin2 

KO mice, which seems to conflict with our LTP data if LTP is considered the essential 

mechanism underlying hippocampal-mediated learning and memory (Pontrello et al., 

2011). However, many transgenic and knockout mouse models have shown normal LTP 

effects but altered learning and memory phenotypes (Lee and Silva, 2009). Furthermore, 

Ge et al. (2010) recently demonstrated that an LTP-blocking NMDAR 2A antagonist had 

no significant effect on any aspect of spatial memory performance in a Morris water 

maze task in adult rats, whereas an LTD-blocking NMDAR2B antagonist impaired 

spatial memory consolidation (Ge et al., 2010). These findings suggest that in the present 

study, changes in LTD may underlie impaired spatial memory performance in β-Arrestin2 

KO mice.  
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Figure Legends 

Figure 4 β-Arrestin2 KO mice exhibit normal baseline synaptic function and LTP, 

but significantly impaired LTD compared to wild-type mice.   

(A) LTP of Schaffer collateral-CA1 synapses evoked by two trains of high-frequency 

stimulation (HFS, 100 Hz pulses at 1 s duration) was unaltered in β-Arrestin2 KO mice 

compared to wild-type mice. 

(B) Both groups expressed ~40% potentiation at 45-60 min following HFS (n = 7 for 

wild-type mice and 7 for β-Arrestin2 KO mice, P > 0.1).  

(C) LTD of Schaffer collateral-CA1 synapses evoked by paired-pulse LFS (PP-LFS) at 1 

Hz for 15 min was significantly reduced in β-Arrestin2 KO mice compared to wild-type 

mice.  

(D) β-Arrestin2 KO mice expressed ~1.2 % depression compared to the 16.1% from the 

wild-type mice at 45-60 min following PP-LFS (n = 9 for wild-type mice and 10 for β-

Arrestin2 KO mice, *p = 0.027).  

(E) Basal synaptic transmission is normal in Schaffer collateral-CA1 synapses of β-

Arrestin2 KO mice (n = 17 for wild-type mice and 15 for β-Arrestin2 KO mice). 
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Figure 4 
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Chapter 5: Discussion and Perspective 

5.1 The function of astrocyte Gq GPCR activity in neurophysiology 

In this study, we have shown that astrocytes exhibit spontaneous Gq GPCR 

activity, some of which appears to be driven by spontaneous miniature neurotransmitter 

release (Chapter 2). Moreover, stimulating Schaffer collateral afferents using low levels 

of intensity (7 - 150 µA) and frequency (single or three pulses) elicits astrocytic Gq 

GPCR-driven Ca2+ elevations, most of which have larger areas compared to spontaneous 

events and propagate to the cell body (Chapter 3). These data provide clear evidence that 

“astrocytes listen to neuronal conversation in situ” (Agulhon et al., 2008), and astrocytes 

could be even more sensitive sensors of neuronal signals than previously thought. Our 

findings give rise to a very interesting question: What is the function of neuron-to-

astrocyte Gq GPCR signaling in neurophysiology? A model that has been proposed in 

recent years is the concept of “gliotransmission”, which states that astrocytes talk back to 

neurons by releasing gliotransmitters in a Ca2+-dependent manner to modulate neuronal 

activity as well as modify synaptic strength (Agulhon et al., 2008; Barres, 2008; 

Hamilton and Attwell, 2010). It has been widely observed that astrocytes release 

transmitters (glutamate, D-serine and ATP, reviewed in Chapter 1) under particular 

conditions. A recently-proposed theory that seems appealing argues that gliotransmitters 

are released via a Ca2+-dependent mechanism. This model is supported by studies in 

hippocampal Schaffer Collateral (SC)-CA1 pyramidal neuron synapses (SC-CA1 synapse) 

showing that uncaging IP3 or Ca2+ elicits glutamate release from astrocytes, which in turn 

regulates presynaptic neuronal activity (Fiacco and McCarthy, 2004; Perea and Araque, 
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2007). Moreover, the SC-evoked astrocytic Ca2+ responses have been found to elicit ATP 

release, which then breaks down to adenosine and binds/activates the presynaptic 

adenosine receptors (A1Rs), thus suppressing glutamate release from presynaptic 

terminals (Pascual et al., 2005; Serrano et al., 2006). Furthermore, studies reported that 

astrocytes in situ release glutamate in response to mGluR-mediated Ca2+ elevations, 

which then evoked slow inward currents (SICs) in postsynaptic neurons via activation of 

extrasynaptic NR2B subtype NMDA receptors (Angulo et al., 2004; Fellin et al., 2004). 

Based on these findings, astrocyte Ca2+ elevations were considered ‘necessary and 

sufficient’ to trigger gliotransmitter release from astrocytes, which in turn evokes SICs in 

postsynaptic neurons (Fellin and Carmignoto, 2004). Moreover, it has been reported that 

astrocytes release transmitters through mechanisms of Ca2+-dependent vesicular 

exocytosis, as release of transmitters was blocked in the presence of tetanus toxin (TeNT) 

or botulinum B (BoNT), two drugs that disrupt vesicle exocytosis (Jourdain et al., 2007; 

Perea and Araque, 2007). 

This model, however, has been challenged by findings that conflict with the 

results described above. Shigetomi et al in 2008 reported different effects of activating 

protease-activated receptor 1 (PAR-1) versus P2Y1 purinergic receptors on neuronal 

activity, even if astrocytic Ca2+ responses were elicited in both cases. Activation of PAR-

1 resulted in SICs in 60% of CA1 neurons, whereas no SICs were detected following 

P2Y1 receptor activation (Shigetomi et al., 2008). These findings suggest that increasing 

astrocytic Ca2+ is not guaranteed to modulate neuronal activity. In support of this 

interpretation were findings from studies using transgenic mouse models. In mice that 
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express MrgA1 receptors (MrgA1Rs, a type of Gq GPCR) exclusively in astrocytes, 

selectively eliciting astrocytic Ca2+ responses using the ligand for MrgA1Rs did not 

change the frequency or amplitude of miniature EPSCs (mEPSCs), suggesting unaffected 

pre-and postsynaptic neuronal activity (Fiacco et al., 2007). Similar to this finding, no 

effects on SC-CA1 synaptic transmission was observed in mice lacking IP3R2 expression, 

in which astrocytic Ca2+ activity was fully abolished (Petravicz et al., 2008).  

Given the discrepancy arising from previous reports concerning the involvement 

of astrocytic Ca2+ increases in gliotransmission, the underlying mechanisms for 

astrocytic-mediated gliotransmitter release still remain controversial. In fact, we have 

found it very difficult to believe that astrocytes behave as similar as neurons in terms of 

releasing transmitters. Given that astrocytes do not express voltage-gated Ca2+ channels 

(Carmignoto et al., 1998) see also chapter 3), the kinetics of astrocytic Ca2+ elevations in 

response to afferent stimulation are significantly slower compared to neuronal Ca2+ 

elevations. Instead of having a latency in milliseconds such as neuronal iGluR-driven 

Ca2+ elevations (Bloodgood and Sabatini, 2007), astrocyte Ca2+ elevations occur with a 

latency of seconds as shown in vivo (Wang et al., 2006; Dombeck et al., 2007; Bekar et 

al., 2008; Schummers et al., 2008). Our in situ study also revealed a significantly longer 

latency of astrocytic Ca2+ responses to SC stimulation compared to astrocytic glutamate 

transporter currents (GTC) or neuronal fEPSPs (Fig. 5A). A future experiment will be 

performed by simultaneously recording astrocytic GTCs and Ca2+ responses 

simultaneously within the same astrocyte to further define the slow response times of 

astrocytic Gq GPCR-driven Ca2+ elevations (Fig. 5B).  
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 There is no question that astrocytes release transmitters under certain conditions 

(reviewed in Agulhon et al., 2008; Hamilton and Attwell, 2010; see also Chapter 1). 

However, the correlation between activation of astrocytic Gq GPCRs and gliotransmitter 

release needs to be further elucidated. An alternative possibility would be to consider 

downstream signaling molecules other than Ca2+ to be involved in Gq GPCR-mediated 

functional regulation of astrocytes. Activation of astrocytic Gq GPCRs results in not only 

a rise of intracellular Ca2+, but also activation of a vast array of other signaling molecules. 

The role of protein kinase C (PKC) in modulating astrocyte function in response to 

neuronal activity should also be considered. It has been found in Purkinje neurons in the 

cerebellum and cultured astrocytes that PKC activation plays an essential role in 

regulating the function of glutamate transporters via phosphorylation (Casado et al., 1993; 

Aronica et al., 2003; Shen and Linden, 2005; Susarla and Robinson, 2008). Therefore, 

these findings raise the possibility that activation of astrocytic Gq GPCRs modulates 

astrocyte glutamate uptake via activation of PKC. This hypothesis has indeed been tested 

and proven in a recent study from our lab, where a marked potentiation in amplitude of 

glutamate transporter current has been detected following high frequency SC stimulation-

evoked astrocytic Gq GPCR activation. This HFS-evoked potentiation of astrocytic 

glutamate uptake was shown to be group I mGluR-dependent, and was not observed 

when PKC inhibitor was delivered into the astrocyte (Devaraju, 2011). These findings 

suggest that activation of astrocytic Gq GPCRs following elevated neuronal activity can 

modulate astrocyte glutamate uptake, thus removing excess glutamate in the extracellular 

space. As previous work suggests that neuronal activity regulates expression and activity 
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of astrocyte glutamate transporters, our findings open up numerous possibilities for how 

glutamate uptake might be modulated by neuron-to-astrocyte Gq GPCR communication. 

Miniature release of transmitter might be essential for maintenance of appropriate 

expression levels of glutamate transporters and uptake by astrocytes, while spatially- and 

temporally summated neuronal action potentials may be critical for the rapid potentiation 

of astrocyte glutamate uptake. Modulation of astrocyte glutamate uptake is also very 

important as it provides a critical role for astrocytes in the progress of certain brain 

disorders including epilepsy, in which neurons suffer from hyperactivity due to excessive 

stimulation of glutamatergic receptors.  

5.2 Effects of miniature neurotransmitter release on spontaneous astrocytic Ca2+ 

elevations  

One of the most interesting findings from Results presented in Chapter 2 is the 

effect of miniature neurotransmitter release on astrocytic Ca2+ elevations. As we have 

discussed, this finding conflicts with previous findings which demonstrate the persistence 

of cell soma astrocyte Ca2+ oscillations after incubation in Bafilomycin A1 and TTX 

(Nett et al., 2002; Parri and Crunelli, 2003) see also Chapter 2). An additional experiment 

to corroborate our findings that Bafilomycin A1 reduces astrocytic microdomain Ca2+ 

activity is to increase vesicular fusion in TTX using high sucrose ACSF. Elevated sucrose 

is a known secretagogue for increasing fusion of readily releasable vesicles (Rosenmund 

and Stevens, 1996; Di Castro et al., 2011). This would add strength to our findings by 

demonstrating that spontaneous astrocytic Gq GPCR activity is bidirectionally regulated 

by the direction of miniature neurotransmitter release. This result would provide more 
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convincing evidence demonstrating the effects of miniature neurotransmitter release on 

spontaneous astrocytic Ca2+ elevations, and is high on our list of future experiments. 

5.3 Plasticity of astrocytic Gq GPCRs  

In Chapter 3, we have shown that astrocytes respond to single or three pulse SC 

stimulation with Ca2+ elevations. During the course of these experiments, we did notice a 

nonsignificant trend of increased frequency of spontaneous astrocytic Ca2+ elevations 

over time. Interestingly, a similar phenomenon has been reported by Pasti et al. (1997). 

They observed an increased frequency of astrocyte Ca2+ transients over time after 

repetitive episodes of neuronal stimulation as well as repetitive stimulation with a 

metabotropic glutamate receptor agonist (Pasti et al., 1997). Based on these results, it 

raises the possibility that astrocytic Gq GPCRs could potentially exhibit use-dependent 

plasticity. Plasticity of astrocytic Gq GPCR signaling might be important to ensure 

sufficient glial coverage of active synapses and uptake of synaptically released glutamate. 

This hypothesis will be tested in future studies by taking the advantage of the MrgA1R 

transgenic mice. Since MrgA1Rs are exclusively expressed in astrocytes, and the ligand 

for MrgA1Rs - FMRF - does not simulate endogenous receptors in brain, Gq GPCR 

signaling cascades can be selectively activated in astrocytes without directly affecting the 

activity of nearby neurons. The most appropriate strategy for this experiment is to uncage 

FMRF in a local area of astrocytic processes to elicit Ca2+ responses, and to assay for 

changes in the amplitude or areas of propagation after repetitive stimulation of the same 

MrgA1R microdomain. Moreover, it has been shown that each astrocyte displays a 

unique “Ca2+ signature”, where the initiation sites of Ca2+ elevations are consistent upon 
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activation of the same or different astrocytic Gq GPCRs (Yagodin et al., 1994; Fiacco et 

al., 2007); reviewed in Chapter 1). The initiation sites of the Gq GPCR signaling domains 

- the “hotspots”- are thought to be areas with a higher density of Gq GPCR expression. 

Therefore, it is very likely that the expression levels of Gq GPCRs can be potentiated or 

depressed in response to changes in local synaptic strength. One of our future plans is to 

test this hypothesis by bath-applying FMRF or DHPG to figure out the Ca2+ signature for 

a specific astrocyte. We will then uncage FMRF repetitively over a local area of the 

astrocyte which initially does not appear to be a hotspot. After this repetitive stimulation, 

FMRF or DHPG will be bath-applied again to evoke the Ca2+ signature for this particular 

astrocyte, and the pattern of the Ca2+ initiation sites will be compared before and after 

repetitive uncaging of FMRF. These data will help us to determine whether astrocytic Gq 

GPCRs exhibit plasticity in a synapse-specific manner. This hypothesis, once supported, 

will provide a better understanding of the plasticity of astrocytic receptors and enrich our 

understanding of neuron-to-astrocyte communication.  
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Figure Legend 

Figure 5    Experimental design for simultaneous recording of astrocytic glutamate 

transporter currents and Ca2+ elevations following high frequency SC stimulation.  

(A) Latency of fEPSPs (recorded in CA1 pyramidal neurons following 0.033 Hz SC 

stim.), astrocyte glutamate transporter currents (Devaraju, 2011) and Ca2+ elevations 

(both recorded in astrocytes following 100-200 Hz SC stim.) are compared (n = 5 cells 

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

(B) With the patch pipette left on an OGB-1 filled astrocyte, glutamate transporter 

currents and Ca2+ responses can be recorded simultaneously following high frequency SC 

stimulation.  
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Figure 5 

 

 

 

 

 




