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Abstract 

Accumulating evidence over the past few decades has revealed that astrocytes, a type of 

glial cell in the brain, are more involved in active brain communication than previously 

thought. In addition to serving a multitude of homeostatic roles in the brain, astrocytes 

also participate in bidirectional communication with neurons, a phenomenon that has 

important consequences for brain function. One way in which astrocytes communicate 

with neurons is through calcium-induced release of their own signaling molecules, 

termed gliotransmitters. A well-studied mechanism of calcium signaling in astrocytes is 

G protein-coupled receptor (GPCR) signaling, particularly Gq GPCR signaling. A less-

studied calcium signaling pathway in astrocytes is through Gi/o GPCR activation. In 

neurons, activation of Gq GPCRs and Gi/o GPCRs leads to cellular excitation and 

inhibition, respectively. Whether the same effects occur in astrocytes, and the 

consequences of such signaling, is the focus of experiments in Chapter Two. I used both 

an endogenous and chemogenetic approach (i.e. DREADDs) to characterize the 

functional consequences of Gq and Gi/o GPCR signaling pathways in neurons and 

astrocytes. I found that activation of Gq GPCRs led to excitation in both neurons and 

astrocytes. In contrast, Gi/o GPCR activation led to cellular inhibition in neurons, but 

activation in astrocytes. Both Gq and Gi/o GPCR activation in astrocytes stimulated the 

release of glutamate that increased neuronal excitability. These results add additional 

complexity to neural communication in the brain and suggest that inhibitory signaling in 

particular may be a particular property of neurons.  
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Chapter Three delves further into the consequences of GPCR signaling in astrocytes and 

whether it is involved in mediating long-term plasticity. While Chapter Two shows the 

consequences of activating astrocyte GPCRs exogenously, Chapter Three investigates the 

consequences of activating astrocyte GPCRs synaptically. In particular, I investigate the 

role of astrocytes in mediating long-term depression (LTD) at a subset of synapses in the 

dorsolateral striatum. Despite extensive research into neuronal circuitry in the striatum, 

little work has been done in elucidating the role of astrocytes in striatal function. I show 

that astrocytes respond to high-frequency stimulation-induced LTD through mGluR5, a 

type of glutamate Gq-coupled GPCR. In return, astrocytes release the gliotransmitter 

ATP, which is necessary for inducing LTD at corticostriatal synapses. Through both a 

loss of function and gain of function approach, I demonstrate that astrocytes are an 

integral participant of striatal plasticity.  

 

Taken together, these studies add to the growing evidence that astrocytes play active roles 

in information processing in the brain, a dogmatic shift in the previously-held notion that 

astrocytes serve strictly support functions.  
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Excerpts from Chapter One have been published in Neuroscience (Durkee, C. A., & 

Araque, A. (2019). Diversity and Specificity of Astrocyte-neuron Communication. 

Neuroscience, 396, 73-78. doi:10.1016/j.neuroscience.2018.11.010). 
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Astrocytes: From passive support to active players in brain function 

It was historically thought that astrocytes, which are non-neuronal cells in the brain, 

serve strictly structural and support roles, but recent research has revealed that 

astrocytes play important functional roles by modulating neuronal activity and 

synaptic function. The involvement of astrocytes in mediating synaptic function is 

made possible by their participation in the tripartite synapse, characterized as a 

synapse between a presynaptic and postsynaptic neuron surrounded by an astrocytic 

process. According to the tripartite synapse concept, astrocytes are integral elements 

involved in synaptic function; not only do astrocytes have neurotransmitter receptors 

that can detect synaptically-released neurotransmitters, but they also can release their 

own signaling molecules termed gliotransmitters that can have a variety of effects on 

nearby synapses. Through expression of neurotransmitter receptors, astrocytes 

respond to synaptically-released neurotransmitters via elevations in intracellular 

calcium, which is considered the basis of their cellular excitability. Accumulating 

evidence is revealing that the astrocyte calcium signal and its effect on neuronal and 

synaptic activity is more complex than originally thought. This dissertation dives into 

the complexities of mechanisms controlling astrocyte calcium signaling, and the 

consequences of such signaling on neuronal function. In particular, Chapter Two 

investigates two different intracellular signaling pathways downstream of either 

endogenous receptor activation or chemogenetic activation using designer receptors 

exclusively activated by designer drugs (DREADDs), and the effects of this activation on 

hippocampal and cortical neuronal excitability. Chapter Three examines the role of 

astrocytes in mediating a form of long-term plasticity in corticostriatal synapses of the 
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dorsolateral striatum, providing evidence that astrocytes not only respond to 

corticostriatal activity but also are necessary for long-term depression of a set of 

corticostriatal synapses. Taken together, astrocyte-neuron signaling is not based on broad, 

unspecific interaction with neurons and synapses; rather, it is a synapse-, cell- and circuit-

specific phenomenon that presents a high degree of complexity. This diversity and 

complexity of astrocyte-synapse interactions greatly enhances the degrees of freedom of 

the neural circuits and the consequent computational power of the neural systems. 

 

Historical perspective of the role of astrocytes in the brain 

The term neuroglia was introduced in 1856 in a lecture given by Rudolf Virchow, in 

which he stated that there exists a “connective substance, which forms in the brain, in the 

spinal cord, and in the higher sensory nerves a sort of Nervenkitt (neuroglia), in which 

the nervous system elements are embedded.” In this view, he thought of neuroglia as 

connective tissue surrounding neurons, rather than neuroglia as individual cells. Later 

work, of course, revealed that neuroglia was actually composed of cells, and in 1893, the 

term astrocyte was coined by Michael von Lenhossek. Already by 1894, it was 

hypothesized by Carl Ludwig Schleich that brain function was dependent on proper 

neuron-glia interactions, particularly the role of astrocytes in controlling neuronal 

excitability (Hubbard, 2016). It really wasn’t until the seminal observations of Santiago 

Ramon y Cajal that astrocytes were considered to be directly involved in neuronal 

function (Navarrete & Araque, 2014). In 1913, Cajal proposed, “The gray matter 

neuroglia would constitute a vast endocrine gland intertwined with neurons and nerve 

plexus, intended perhaps to produce hormones associated with the brain activity” 
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(translated from (Cajal, 1913). Indeed, decades of research since have shown that these 

“hormones” released by astrocytes are in fact gliotransmitters, and they play pivotal roles 

in the functioning of the brain.  

 

Historically, astrocytes have been thought to play more passive support roles in the brain, 

rather than directly influencing synaptic communication. Some of the earliest 

observations of astrocytes showed that they contact blood vessels with a specialized 

endfoot to form a component of the blood brain barrier, suggesting that astrocytes may be 

involved in transport of nutrients from the vasculature system to the parenchyma. Indeed, 

astrocytes provide neurons with energy in the form of lactate through a process known as 

the lactate shuttle (Pellerin et al., 1998). Additionally, astrocytes transport glutamine to 

neurons to provide a supply of the precursor for glutamate or GABA to be subsequently 

released (Broer & Brookes, 2001). In addition to providing metabolic support to neurons, 

astrocytes also serve important roles in shaping synaptic transmission. First, during high 

periods of neuronal activity, the resulting high extracellular potassium is subsequently 

taken up by astrocytes through their high expression of potassium channels and spread to 

areas of lower concentration in a process called potassium spatial buffering (Kofuji & 

Newman, 2004). Second, astrocytes’ neurotransmitter transporters take up synaptically-

released neurotransmitters to prevent excessive signaling (Henn et al., 1974; Minelli et 

al., 1996). Third, astrocytes physically act as a barrier between synapses to create 

separation between different signaling processes (Piet et al., 2004). Together, these 

properties of astrocytes shape synaptic transmission on both a temporal and spatial scale.  
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Advent of calcium indicator dyes to monitor astrocyte excitability 

Astrocytes were ignored as being active players in cellular processes underlying brain 

function, likely because nervous system function historically was known to rely on 

electrical signals, but astrocytes, unlike neurons, are not electrically excitable cells. 

However, the advent of calcium imaging techniques in the 1990s, which allowed for 

monitoring changes in cytosolic calcium, challenged the long-held view that neurons are 

the only active players in brain communication by demonstrating that astrocytes display a 

form of excitability based on intracellular calcium variations (Charles, 1998; Charles et 

al., 1991; Cornell-Bell et al., 1990; Dani et al., 1992; Pasti et al., 1997; Porter & 

McCarthy, 1996). This cellular excitability can be manifested as intrinsic spontaneous 

events, and more importantly, as physiological responses to neurotransmitters, 

neuromodulators, and extracellular changes in environmental conditions. The seminal 

studies using cultured astrocytes have been expanded in the last two decades in more 

intact preparations and in vivo to show that calcium-based excitability of astrocytes is a 

ubiquitous phenomenon in the nervous system (Araque et al., 2014; Khakh & Sofroniew, 

2015; Rusakov et al., 2014; Volterra et al., 2014). 

 

Diversity of astrocyte calcium responses 

Astrocytes express a plethora of channels, transporters, and receptors that provide a 

variety of homeostatic and synaptic functions. Notably, astrocytes can express many of 

the same neurotransmitter receptors expressed by neurons. Consequently, it is not 

surprising that astrocytes have been shown to be able to respond to a wide variety of 

neurotransmitters. Most of the original studies using cultured cells and pharmacological 
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assays to test the astrocyte responsiveness to different neurotransmitters and 

neuromodulators found that astrocytes can respond to most, if not all, neurotransmitters. 

Because astrocytes are known to undergo strong phenotypic changes in culture, the actual 

existence and physiological relevance of the responses might be compromised. However, 

a large amount of subsequent evidence obtained in more intact preparations, like acute 

brain slices and in vivo, has shown that astrocytes in many brain areas indeed respond to 

many synaptically-released neurotransmitters. 

 

Most of these responses are via G protein-coupled receptors (GPCR) that, upon 

stimulation by synaptically-released neurotransmitters, trigger different intracellular 

signaling cascades. For example, activation of Gq-coupled GPCRs generates IP3 that 

binds IP3R2 on the endoplasmic reticulum (ER), resulting in Ca2+ flux from the ER 

lumen to the cytosol. Additional mechanisms of calcium elevations have also been 

described, such as transmembrane calcium flux through activation of TRP channels, 

ionotropic receptors, and reversal of the sodium-calcium exchanger, all of which have 

been reviewed elsewhere (Bazargani & Attwell, 2016; Rusakov et al., 2014; Shigetomi et 

al., 2013; Shigetomi et al., 2016; Shigetomi et al., 2011; Volterra et al., 2014; Zorec et al., 

2012). By measuring changes in calcium levels, astrocytes have been found to respond to 

glutamate (Di Castro et al., 2011; Panatier et al., 2011; Perea & Araque, 2005; Porter & 

McCarthy, 1996; Wang et al., 2006), acetylcholine (ACh) (Chen et al., 2012; Durkee et 

al., 2019; Perea & Araque, 2005; Takata et al., 2011), ATP (Bowser & Khakh, 2004; 

Perea & Araque, 2007), GABA (Covelo & Araque, 2018; Durkee et al., 2019; Kang et 

al., 1998; Mariotti et al., 2018; Mariotti et al., 2016; Meier et al., 2008; Perea et al., 
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2016), and endocannabinoids (Gomez-Gonzalo et al., 2015; Martin-Fernandez et al., 

2017; Martin et al., 2015; Min & Nevian, 2012; Navarrete & Araque, 2008, 2010; Robin 

et al., 2018). While these studies have shown that astrocytes can be activated by the most 

abundant neurotransmitters in the brain, it is noteworthy that evidence is still scarce 

regarding the astrocyte responsiveness to other neurotransmitter systems, like dopamine, 

histamine, serotonin, and opioids (Agulhon et al., 2013; Eriksson et al., 1993; Jennings et 

al., 2017; Nam et al., 2018; Schipke et al., 2011; Shelton & McCarthy, 2000; Stiene-

Martin et al., 1998), which have important roles in brain function. 

 

As stated above, astrocytes can respond to most neurotransmitters, which raises the 

question of whether signal integration occurs or, not a mutually exclusive possibility, if 

subsets of astrocytes respond to different neurotransmitters. For example, in the 

hippocampus, astrocyte populations have been shown to respond to a large array of 

neurotransmitters, including glutamate, GABA, ACh, ATP and endocannabinoids 

(Guthrie et al., 1999; Kang et al., 1998; Navarrete & Araque, 2008, 2010; Pasti et al., 

1997). What is less known, however, is the responsiveness of single astrocytes to 

different stimuli in the same preparation. One fundamental property of neurons is their 

ability to integrate multiple synaptic inputs from the activity of incoming synaptic inputs. 

Likewise, there is evidence that single astrocytes integrate incoming synaptic information 

as measured through calcium dynamics (Perea & Araque, 2005; Shigetomi et al., 2008). 

For example, in single hippocampal astrocytes, the simultaneous activation of 

glutamatergic and cholinergic inputs that activate mGluR and muscarinic receptors, 

respectively, evoked a relatively diminished calcium elevation response as compared to 
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the linear summation of the responses induced by the independent activation of both 

pathways. This phenomenon results in the control of the spatial propagation of the 

intracellular calcium signal within the astrocyte (Perea & Araque, 2005), which may have 

important functional consequences, as it may influence the spatial extent of the 

gliotransmitter release and the consequent synaptic regulation. Notably, the non-linear 

integration of synaptic inputs found by co-activation of glutamate and ACh receptors was 

absent when receptors for glutamate and GABA or ACh and GABA were activated, 

indicating that the phenomenon may be different depending on the neurotransmitters 

involved. Moreover, while metabotropic glutamatergic and cholinergic receptors are 

coupled to Gq GPCRs, GABAB receptors are coupled to Gi/o GPCRs, which suggests that 

the mechanisms underlying astrocyte signaling integration occurs through interaction of 

intracellular pathways. 

 

A more recent study (Mariotti et al., 2018) examining GABA signaling in astrocytes 

reported that astrocyte responsiveness to neurotransmitters is plastic and cell-type 

specific. Mariotti and colleagues stimulated either parvalbumin- or (PV) somatostatin- 

positive (SST) interneurons in the neocortex in vivo and observed differential astrocyte 

calcium responsiveness to individual stimulation. While repetitive SST stimulation 

resulted in potentiated calcium responses, repetitive PV stimulation resulted in decreased 

responses. The specificity of the calcium responsiveness was dependent upon co-

activation of both GABAB and neuropeptide SST receptors on astrocytes. These results 

indicate that astrocyte responsiveness to neurotransmitters may show plasticity. They also 

further show that astrocyte responsiveness is cell-type specific. 



9 
 

Manipulating astrocyte activity 

Methods to activate astrocyte function 

One way of better understanding the role of astrocytes in the brain is through a gain of 

function approach in which astrocytes are artificially activated by a variety of means. 

Early studies applied neurotransmitters or receptor agonists directly and observed 

calcium responses in astrocytes. An issue with that approach, however, is that it is not 

specific to astrocytes, since other cell types express receptors for those drugs. A more 

targeted approach that is less used today is mechanical stimulation of astrocytes achieved 

through direct poking of astrocytes with pipettes or dropping glass beads into a culture 

dish to create a mechanical disturbance in the astrocyte cell membrane (Charles et al., 

1991; Guthrie et al., 1999). At first glance, this may seem unphysiological, but in fact the 

brain is a highly dynamic environment, and astrocytes have evolved to be highly 

responsive to mechanical stimuli and membrane perturbations afforded by their 

expression of mechanosensitive channels (Bowman et al., 1992). Another more targeted 

approach is through strong membrane depolarization of astrocytes (Kang et al., 1998; 

Perea & Araque, 2005). This indeed increases calcium in astrocytes, but raises questions 

about its physiological relevance, as astrocytes do not readily depolarize. Alternatively, 

astrocytes can be directly activated through uncaging techniques, such as calcium or IP3 

uncaging (Fiacco & McCarthy, 2004; Parpura & Haydon, 2000). Though these 

techniques specifically target astrocytes, they are not a high throughput method of 

activating astrocytes since they rely on patching single astrocytes. 
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Thankfully, more physiologically-relevant and higher throughput methods of activating 

astrocytes have been developed. For example, astrocytes can be activated indirectly 

through neuronal stimulation, such as fiber stimulation to release neurotransmitters that 

bind astrocyte neurotransmitter receptors or neuronal depolarization to trigger the release 

of endocannabinoids that bind astrocyte cannabinoid receptor type 1 (Gomez-Gonzalo et 

al., 2015; Martin-Fernandez et al., 2017; Martin et al., 2015; Min & Nevian, 2012; 

Navarrete & Araque, 2008, 2010; Panatier et al., 2011; Robin et al., 2018). Even more 

physiological is in vivo sensory stimulation-evoked calcium responses in astrocytes, such 

as via somatosensory or visual stimulation (Bekar et al., 2008; Navarrete et al., 2012; 

Schummers et al., 2008; Stobart et al., 2018; Takata et al., 2011; Wang et al., 2006).  

 

Methods to block astrocyte function 

Another way of better understanding the role of astrocytes in the brain is through a loss of 

function approach in which astrocyte function – primarily calcium signaling – is 

suppressed. Similar to above with activating astrocytes, early studies also used a 

pharmacological approach, but instead used receptor antagonists to block 

neurotransmitter receptor-induced activation. Alternatively, astrocytes can be patch-

loaded with calcium chelators to eliminate any calcium-related activation, regardless of 

calcium signaling route (e.g. from external or internal stores). Similarly, astrocytes can be 

patch-loaded with GDPβS to prevent GPCR-mediated signaling cascades (see Chapter 

Three). A higher throughput approach to block astrocyte function is through the 

generation of transgenic mouse lines with specific receptors knocked out in astrocytes, 
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for example the IP3R2 on the endoplasmic reticulum (Li et al., 2005), or with expression 

of an IP3 “sponge” (Tanaka et al., 2013).  

 

Optogenetic and chemogenetic means to manipulate astrocyte activity 

The approaches described above have their advantages and disadvantages, depending on 

the research question at hand, though largely fall short in having spatial, temporal, and 

cellular specificity simultaneously. The invention of optogenetics and chemogenetics has 

thus been a much-welcomed breakthrough in neuroscience in general, and astrocyte 

research more specifically. Briefly, optogenetics is a method in which light-activated ion 

channels are inserted into the membrane of certain cells types, and, upon light activation, 

allow for differential effects on cellular excitability depending on the optogenetic 

receptor used (Fenno et al., 2011). For example, channelrhodopsin (ChR2) is a 

nonselective cation channel, allowing flux of Na+, H+, K+ and Ca2+ down their 

electrochemical gradients. Another channel opsin, Archaerhodopsin (ArchT), is a proton 

pump, allowing efflux of H+ upon light activation. In neurons, activation of ChR2 or 

ArchT leads to cellular excitation or cellular inhibition, respectively. Interestingly, in 

astrocytes, activation of either of these opsins results in cellular activation in the form of 

calcium increases (Perea et al., 2014b; Poskanzer & Yuste, 2016). The precise 

mechanisms of action, particularly regarding calcium entry, are not fully elucidated. 

More recently, melanopsin, which is a metabotropic light-activated protein, has been 

developed and used in astrocytes to increase calcium levels (Mederos et al., 2019). 

Melanopsin is arguably more physiologically-relevant for astrocytes, since the most-

documented calcium signaling routes in astrocytes are through GPCR-initiated release 
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from internal stores rather than transmembrane flux. A different metabotropic light-

activated protein, Optoα1AR, increased calcium levels in cultured astrocytes (Figueiredo 

et al., 2014), but has not yet been used in situ or in vivo.  

 

Similar to optogenetics, chemogenetics is another tool used in both neurons and 

astrocytes to modulate cellular activity. Briefly, chemogenetics consists of inserting into 

a particular cell type a metabotropic receptor that becomes activated by introduction of an 

exogenous ligand. The first chemogenetic approach used in astrocytes was the Mas-

related gene A1 (MrgA1) transgenic mouse line (Fiacco et al., 2007). This was seen as a 

breakthrough in the astrocyte field at the time because it was the first demonstration of 

activating GPCR signaling specifically in astrocytes. Of note, it was argued that MrgA1-

mediated calcium signaling was comparable to endogenous GPCR-mediated calcium 

signaling in astrocytes (Fiacco et al., 2007; Xie et al., 2015). However, this mouse model 

has since come under scrutiny, as some groups have contended that the calcium response 

from MrgA1 activation is not physiological (Savtchouk & Volterra, 2018).  

 

A second chemogenetic approach utilized in astrocytes is DREADDs (designer receptors 

exclusively activated by designer drugs), which were used in experiments in Chapters 

Two and Three. DREADDs are mutated muscarinic receptors that no longer have affinity 

for acetylcholine but instead to clozapine-N oxide (CNO). Similar to endogenous 

muscarinic receptors, Gq-, Gs-, and Gi/o-linked DREADDs are available (Roth, 2016). 

The most commonly used DREADD in astrocyte research has been the Gq DREADD 

(Adamsky et al., 2018; Bull et al., 2014; Durkee et al., 2019; Martin-Fernandez et al., 
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2017; Scofield et al., 2015) given that it initiates what is thought to be one of the 

predominant calcium signaling routes – the Gq-PLC-IP3 signaling cascade to release 

calcium from internal stores. Indeed, we have found that CNO application to astrocytes 

expressing the Gq DREADD evokes calcium transients dependent upon PLC and IP3R2 

activation (Durkee et al., 2019; Martin-Fernandez et al., 2017). A less commonly used 

DREADD is the Gi/o DREADD. In neurons, this DREADD causes cellular inhibition 

(Armbruster et al., 2007), but, as shown in Chapter Three, in astrocytes it is found that it 

also evokes calcium increases similar to the Gq DREADD (Durkee et al., 2019). 

Interestingly, to date, there are only a handful of studies that show an agonist-induced 

decrease in astrocyte calcium signaling akin to neuronal inhibition (Cui et al., 2016; 

Jennings et al., 2017; Xin et al., 2019).  

 

Diversity of effects of gliotransmission on neuronal excitability, synaptic 

transmission, network activity, and behavior 

First reports of astrocyte-neuron and astrocyte-vascular interactions 

After discovering that astrocytes have spontaneous and evoked calcium increases, a 

logical next step in astrocyte research was investigating the function of those calcium 

transients. Early studies found that activation of astrocytes evoked global astrocyte 

calcium waves propagated in part via the release of ATP (Guthrie et al., 1999), in 

addition to inducing calcium elevations in nearby neurons (Nedergaard, 1994; Parpura et 

al., 1994). Soon the term tripartite synapse was coined to describe bidirectional signaling 

between neurons and astrocytes (Araque et al., 1999). In addition to astrocytes’ close 

connection with synapses, astrocytes are in intimate contact with all blood vessels via 
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their endfeet structures that enwrap vessels and provide the main avenue of 

transporting nutrients and energy substrates from the vasculature to neurons (Brown 

& Ransom, 2007). There has been extensive research into how astrocytes regulate 

cerebral blood flow through the release of vasoactive molecules, demonstrating an 

integral role of astrocytes in mediating neurovascular coupling (MacVicar & Newman, 

2015). For example, synaptically-released glutamate or ATP increases astrocyte calcium 

levels, which generates arachidonic acid and its metabolites, all of which affect vessel 

diameter (Metea & Newman, 2006; Mulligan & MacVicar, 2004). Thus, while astrocytes 

have been found to release a variety of molecules that exert multitudes of effects, I will 

focus hereafter specifically on the effects of gliotransmitter release.  

 

Diversity of mechanisms underlying gliotransmitter release 

Astrocytes are known to influence synaptic transmission via a variety of mechanisms. 

Historically, astrocytes were thought to only play a passive, homeostatic role in 

influencing synaptic transmission, through, for example, potassium buffering and 

transmitter clearance (Chaudhry et al., 1995; Hertz, 1965; Higashi et al., 2001; Lehre & 

Rusakov, 2002; Witcher et al., 2007; Xin & Bonci, 2018). Within the last few decades, 

however, astrocytes have been shown to play a more active role via the release of 

gliotransmitters. Though some reports have raised doubt about the mechanisms and 

physiological role of gliotransmission (Fiacco & McCarthy, 2018), there is a wealth of 

evidence demonstrating that astrocytes release neuroactive substances that have a variety 

of effects on synaptic activity (Araque et al., 2014; De Pitta et al., 2016; Guerra-Gomes et 

al., 2017; Min et al., 2012; Savtchouk & Volterra, 2018; Zorec et al., 2012). The multiple 
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potential regulatory effects of astrocytes add to the diversity of astrocyte-neuron 

signaling. 

 

One important aspect of the consequences of astrocyte activation by different 

neurotransmitters is that not all of them might be equally efficient in stimulating the 

release of gliotransmitters. Shigetomi and colleagues showed that activation of two 

different receptors – Protease-activated receptor 1 (PAR1) and the purinergic receptor 

P2Y1– in hippocampal astrocytes similarly elevated astrocyte calcium levels, with PAR1 

receptor stimulation producing longer-lasting calcium events (Shigetomi et al., 2008). 

However, only PAR1 receptor activation resulted in gliotransmitter release, as detected 

by the enhancement in the number of slow inward currents (SICs) detected in nearby 

neurons, a well-known phenomenon that is known to be mediated by activation of 

neuronal NMDARs by glutamate released from astrocytes (Araque et al., 1998a; Fellin et 

al., 2004; Perea & Araque, 2005). 

 

The cellular and molecular mechanism responsible for gliotransmitter release is largely 

debated, and several mechanisms, probably not mutually exclusive, have been postulated 

(for detailed reviews on the topic, see (Guerra-Gomes et al., 2017; Hamilton & Attwell, 

2010; Rusakov et al., 2014; Shigetomi et al., 2016; Volterra et al., 2014). One of the 

general mechanisms used by eukaryotic cells, from yeast to mammalian neurons, to 

export cargo to the extracellular space is through regulated vesicular release dependent on 

SNARE proteins. Consequently, a large body of evidence has shown that gliotransmitter 

release from astrocytes is a calcium- and SNARE protein-dependent mechanism (Araque 



16 
 

et al., 2000; Bezzi et al., 2004; Bohmbach et al., 2018; Perea & Araque, 2005); for a 

recent review see (Savtchouk & Volterra, 2018); but see (Fiacco & McCarthy, 2018; 

Hamilton & Attwell, 2010). A recent study (Schwarz et al., 2017) has shown that, even 

with a similar SNARE protein-dependent process, there is diversity in the mechanisms of 

gliotransmitter release. Schwarz and colleagues demonstrated two separate vesicular 

SNARE-dependent release pathways in astrocytes. Astrocytes were found to express 

either synaptopbreven II (sybII) on glutamatergic- containing vesicles or cellubrevin 

(ceb) on NPY-containing vesicles. Stimulation of astrocytes with glutamate induced the 

exocytosis of NPY-containing vesicles (that also contained ATP) that was dependent on 

mGluR5 activation and ceb expression. Loss of ceb expression in autaptic hippocampal 

neuron cultures increased the amplitude of evoked EPSCs. In contrast, stimulation of 

astrocytes with the mGluR1 agonist DHPG induced the release of glutamate-containing 

vesicles that was dependent on sybII expression. Loss of sybII expression had the effect 

of decreasing the frequency of mEPSCs. When expression of both v-SNAREs was 

absent, synaptic signaling was comparable to control, suggesting that these two distinct 

forms of gliotransmission have opposing effects on glutamatergic transmission. 

 

Diversity of synaptic effects of gliotransmitters 

Numerous studies have found that astrocytes can release a variety of signaling molecules, 

such as glutamate, D-serine, ATP/adenosine, and GABA (Araque et al., 2014; De Pitta et 

al., 2016; Guerra-Gomes et al., 2017; Min et al., 2012; Savtchouk & Volterra, 2018). The 

effect of each gliotransmitter on synaptic communication depends on the specific 

neuronal environment. For instance, the release of just one gliotransmitter (e.g. 



17 
 

glutamate) can have both inhibitory (Andersson et al., 2007) or excitatory (Jourdain et al., 

2007; Martin et al., 2015; Santello et al., 2011) effects on either a short (Gomez-Gonzalo 

et al., 2015; Navarrete & Araque, 2010; Perea et al., 2016; Perea et al., 2014b) or long 

(Adamsky et al., 2018; Han et al., 2012; Min & Nevian, 2012; Navarrete et al., 2012) 

timescale. The diversity of such gliotransmitter effects is in part dependent on the 

location of gliotransmitter binding and, more specifically, the specific type of receptor it 

binds. For example, the release of astrocytic glutamate has been found to enhance 

hippocampal glutamatergic synaptic transmission via presynaptic NMDAR-independent 

mechanisms (Araque et al., 1998a; Jourdain et al., 2007). Astrocytic glutamate release, 

however, can also act at postsynaptic NMDARs in the hippocampus to enhance neuronal 

excitability (Angulo et al., 2004; Fellin et al., 2004; Perea & Araque, 2005). Lastly, 

astrocytic glutamate has also been shown to bind presynaptic Group II-III metabotropic 

glutamate receptors to mediate heterosynaptic depression (Andersson et al., 2007). Thus, 

the effect of glutamate gliotransmission is varied, as it depends on the specific receptor 

profile of the pre- and postsynaptic components of the tripartite synapse. 

 

These studies show that astrocytes are capable of releasing gliotransmitters that have a 

wide array of effects depending on the gliotransmitter and the neuronal receptors 

activated. Moreover, it was recently shown that a single gliotransmitter may 

simultaneously act at specific synaptic terminals, exerting differential control of 

excitatory and inhibitory neurotransmission in the central amygdala (CeM) (Martin-

Fernandez et al., 2017). In this study, it was found that the release of ATP (which is 

rapidly hydrolyzed to adenosine) from the same astrocyte could both excite and depress 
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synaptic transmission depending on the neuronal circuit under investigation. For 

example, astrocytic ATP/adenosine release depressed excitatory transmission via 

activation of presynaptic adenosine A1 receptors at synaptic inputs from the basolateral 

amygdala, whereas the same gliotransmitter enhanced inhibitory transmission via 

activation of presynaptic adenosine A2A receptors at synaptic inputs from the central 

lateral amygdala. The combined effect of this gliotransmission resulted in decreased 

output from the CeM, which consequently reduced fear expression, suggesting that 

astrocytes are integral components of the amygdala fear circuit. This study further 

indicates that the astrocyte-neuron communication is not broad and unspecific; rather, the 

signaling between astrocytes and neurons is a circuit- and synapse-specific phenomenon. 

The diversity and complexity of the phenomenon has important functional implications, 

given that the coordinated neuronal activity and astrocyte synaptic effects lead to 

significant behavioral consequences. 

 

The circuit- and synapse-specific astrocyte-mediated synaptic regulation adds further 

diversity to the astrocyte-neuron signaling. Similar to the amygdala results described 

above, the functional interaction between astrocytes and synapses in the dorsal striatum 

has been shown to be highly specific. In this brain area, there exists two different 

populations of astrocytes that selectively interact with medium spiny neurons (MSN) and 

synapses belonging to the two main corticostriatal circuits – the direct and indirect 

pathways (Martin et al., 2015). Subsets of astrocytes specifically respond to the activity 

of either direct or indirect pathway MSNs, and, in turn, selectively modulate 

corticostriatal synapses belonging to either direct or indirect pathways, respectively. The 
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functional consequences of this circuit- specific astrocyte-neuron signaling has not yet 

been explored, but it can be envisaged that astrocytes may play a role in the coordinated 

activity of these two circuits in basal ganglia, which is critical to the function and 

dysfunction of the striatum. 

 

As describe above, astrocytes are known to be able to release different gliotransmitters 

with different functional consequences on synaptic physiology. However, one 

outstanding question is whether a single astrocyte can release different gliotransmitters, 

and, if so, what are the circumstances that govern the phenomenon. This was recently 

addressed by studying the effects of different forms of neuronal stimulation on single 

astrocytes and the downstream effects of gliotransmission on single glutamatergic 

synapses in the hippocampus (Covelo & Araque, 2018). It was found that low levels of 

stimulation (e.g. short duration or low frequency) of GABAergic interneurons activated 

astrocytes through GABAB receptors, which resulted in a transient increase in synaptic 

efficacy mediated by glutamate release from astrocytes and activation of presynaptic type 

1 mGluRs. In contrast, higher levels of stimulation (e.g. long duration or high frequency) 

resulted in a biphasic response: an initial transient increase and a subsequent longer-

lasting decrease in synaptic efficacy, which depended on mGluR1 and A1 adenosine 

receptors activated by glutamate and ATP/adenosine, respectively, released from a single 

astrocyte. Taken together, it suggests that a single astrocyte can decode neuronal input 

and integrate this information into specific gliotransmitter release that can have either an 

excitatory or inhibitory effect on synaptic transmission. These results add to the 

complexity of neuron-astrocyte networks; not only can one gliotransmitter from one 
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astrocyte have disparate effects on synaptic communication, but a single astrocyte can 

also release two or more gliotransmitters that exert their effects with different temporal 

dynamics. Altogether, these findings further reveal the complexity of astrocyte-neuron 

signaling and its potential diverse effects. 

 

Effects of gliotransmission on network activity and behavior 

Described above are effects of gliotransmission on a local level, but astrocytes have also 

been found to exert their effects on the network and behavioral levels (Oliveira et al., 

2015). One of the first studies to show astrocytic modulation of network activity and 

behavior found that astrocytic release of ATP regulates sleep pressure and cognitive 

deficits associated with sleep deprivation (Halassa et al., 2009b). The authors used an 

astrocyte-specific dominant-negative SNARE (dnSNARE) transgenic mouse line in 

which vesicular gliotransmitter release is blocked, which was previously used in situ to 

find that astrocytic release of ATP controls the dynamic range of long-term potentiation 

and heterosynaptic depression (Pascual et al., 2005). In dnSNARE mice, slow wave 

activity during non-REM sleep was reduced and memory impairments following sleep 

deprivation were abolished. These effects were found to be mediated by adenosine A1Rs 

(Halassa et al., 2009b). Another paper from Phil Haydon’s lab at the time found that 

astrocytes modulated cortical slow oscillations at multiple synaptic sites (Fellin et al., 

2009). Again using the dnSNARE mice, they found altered cortical slow wave 

oscillations due to blocked release of astrocytic D-serine and ATP to act on postsynaptic 

NMDARs and A1Rs, respectively. 
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Manipulation of astrocytic function has also been found to regulate cortical UP states and 

gamma oscillations. Cortical UP states, which are characterized by synchronous neuronal 

depolarizations, were found to be regulated by astrocytic purinergic and glutamatergic 

signaling (Poskanzer & Yuste, 2011). Another study by the same authors showed that 

transitions to slow oscillatory states in the neocortex are regulated by astrocytic control of 

extracellular glutamate levels (Poskanzer & Yuste, 2016). Similarly, as shown in Chapter 

Two, we have found that astrocytic activation via either Gq or Gi/o DREADDs 

specifically increased delta activity in the somatosensory cortex of anesthetized mice 

(Durkee et al., 2019). In addition to modulating cortical slow oscillations, astrocytes have 

also been observed to regulate faster network activity, including gamma oscillations. 

Blockade of gliotransmission using inducible tetanus toxin transgenic mice resulted in 

reduced cortical gamma power in awake behaving mice, which was associated with 

impaired recognition memory (Lee et al., 2014).  

 

Previews of Chapters Two and Three 

As just described, astrocytes serve a plethora of important roles in regulating brain 

function, from providing vital homeostatic functions to regulating network activity and 

behavior. The following two chapters dive deeper into how astrocyte calcium signaling 

regulates neuronal excitability, long-term synaptic plasticity, and network activity. But 

first, below are previews of what is to come in Chapters Two and Three.  
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Chapter Two: Gi/o protein-coupled receptors inhibit neurons but activate astrocytes 

and stimulate gliotransmission 

The first part of my thesis research investigates two different forms of signaling 

pathways in neurons and astrocytes. One way in which cells communicate with each 

other is through the release of transmitters that activate G protein-coupled receptors 

(GPCRs). Both neurons and astrocytes express similar types of GPCRs. In neurons, 

distinct transmitters acting on different GPCRs, termed Gq and Gi/o, lead to either the 

excitation or inhibition of neuronal activity, respectively. However, whether activation 

of astrocyte GPCRs results in the same “excitatory” or “inhibitory” effects as seen in 

neurons remained largely unknown. One way I activated astrocyte GPCRs was with 

DREADDs. DREADD activation had been extensively characterized in neurons, but 

the consequences of DREADD activation in astrocytes was far less studied. In 

particular, the “inhibitory” Gi/o DREADD had not yet been characterized in astrocytes. 

I found that while activation of “inhibitory” GPCRs (including the “inhibitory” Gi/o 

DREADD) was inhibitory in neurons, it was in fact excitatory in astrocytes and led to 

gliotransmitter release that enhanced nearby neuronal activity. This research has 

significant implications. First, while activation of different GPCRs in neurons leads to 

either excitation or inhibition, I found that activation in astrocytes leads only to 

excitation, indicating that inhibitory signaling is a specific property of neurons but not 

astrocytes. Second, this is the first demonstration that the “inhibitory” GPCRs is in fact 

excitatory in astrocytes. Finally, these results provide a novel view of the functional 

consequences of GPCR-mediated signaling in neurons and astrocytes, which has 

important implications for our understanding of the cellular basis of brain function. 
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Indeed, they reveal additional complexity of the signaling consequences of excitatory and 

inhibitory neurotransmitters in astroglia-neuron network operation and brain function. 

 

Chapter Three: Astrocytic signaling is necessary for long-term depression at 

corticostriatal D1 medium spiny neuron synapses 

The second part of my thesis investigates the role of astrocytes in long-term synaptic 

plasticity, the cellular mechanism thought to be responsible for learning and memory. 

Despite extensive research into understanding striatal circuitry, the functional role of 

astrocytes in the striatum was largely unknown. I aimed to elucidate the contribution 

of astrocytes to high-frequency stimulation (HFS)-induced long-term depression 

(LTD) of synaptic transmission in corticostriatal synapses, a phenomenon previously 

thought to be exclusively neuronal. I found that astrocytes respond to HFS with 

calcium elevations, and that these astrocyte calcium elevations are necessary for LTD 

induction. Moreover, the astrocyte calcium signal stimulates the release of ATP, 

which is hydrolyzed to adenosine, and which was found to be necessary for inducing 

LTD. These results are the first to demonstrate that astrocytes are a new and integral 

cellular element involved in long-term synaptic plasticity in the striatum. 

Specifically, it is the first demonstration that astrocytes not only sense corticostriatal 

HFS, but also that they respond by releasing a gliotransmitter necessary for HFS-

induced LTD. These results add to the accumulating evidence that neuron-astrocyte 

interactions at the tripartite synapse are fundamental cellular processes involved in 

brain function. 
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CHAPTER TWO 

 

Gi/o PROTEIN-COUPLED RECEPTORS 

INHIBIT NEURONS BUT ACTIVATE 

ASTROCYTES AND STIMULATE 

GLIOTRANSMISSION 
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Gi/o PROTEIN-COUPLED RECEPTORS INHIBIT NEURONS BUT ACTIVATE 

ASTROCYTES AND STIMULATE GLIOTRANSMISSION 

 

The content and figures of this chapter has been published in Glia (Durkee, C. A., 

Covelo, A., Lines, J., Kofuji, P., Aguilar, J., & Araque, A. (2019). Gi/o protein-coupled 

receptors inhibit neurons but activate astrocytes and stimulate gliotransmission. Glia. 

doi:10.1002/glia.23589). 

 

Summary 

G protein-coupled receptors (GPCRs) play key roles in intercellular signaling in the 

brain. Their effects on cellular function have been largely studied in neurons, but their 

functional consequences on astrocytes are less known. Using both endogenous and 

chemogenetic approaches with DREADDs, we have investigated the effects of Gq and 

Gi/o GPCR activation on astroglial Ca2+-based activity, gliotransmitter release, and the 

functional consequences on neuronal electrical activity. We found that while GqGPCR 

activation led to cellular activation in both neurons and astrocytes, Gi/oGPCR activation 

led to cellular inhibition in neurons and cellular activation in astrocytes. Astroglial 

activation by either Gq or Gi/o protein-mediated signaling stimulated gliotransmitter 

release, which increased neuronal excitability. Additionally, activation of Gq and Gi/o 

DREADDs in vivo increased astrocyte Ca2+ activity and modified neuronal network 

electrical activity. Present results reveal additional complexity of the signaling 

consequences of excitatory and inhibitory neurotransmitters in astroglia-neuron network 

operation and brain function. 
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Introduction 

Intercellular chemical communication in the brain is based on neurotransmitters released 

by neurons and neurotransmitter receptors in the target cells, which upon activation can 

enhance or inhibit cellular activity. Two major classes of neurotransmitter receptors are 

responsible for transducing the intercellular chemical signaling – ligand-gated channels 

with ionotropic function that directly change membrane ionic permeability, and G 

protein-coupled receptors (GPCRs) with metabotropic function that activate intracellular 

signaling pathways. G proteins can be classified into four major families (i.e. Gs, Gq, Gi/o, 

G12/13) according to the downstream signaling triggered by the activation of their α 

subunit. Briefly, some of the main signaling pathways are as follows: Gq activates 

phospholipase C (PLC), Gi/o decreases cyclic AMP levels through inhibition of adenylyl 

cyclase, Gs stimulates adenylyl cyclase, and G12/13 regulates small GTPases (Huang & 

Thathiah, 2015; Stewart & Fisher, 2015). Although there are a multitude of effects 

downstream of G protein activation, the classical view of Gq and Gi/o protein signaling in 

neurons is excitation and inhibition, respectively (Huang & Thathiah, 2015). Whether 

these functional consequences of different G protein-mediated signaling occurs in other 

brain cells, like astrocytes, remains largely unknown.  

 

A major route of inducing Ca2+ elevations in astrocytes is through activation of Gq 

GPCRs that results in the release of Ca2+ from internal stores through activation of PLC 

and IP3 receptors (IP3R) (Di Castro et al., 2011; Panatier et al., 2011; Pasti et al., 1997; 

Perea & Araque, 2005; Porter & McCarthy, 1996). The effects of Gi/o GPCR activation in 

astrocytes are less known. Reports indicate that neurotransmitter receptors typically 
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coupled to Gi/o GPCRs, such as CB1 and GABAB receptors, can increase Ca2+ levels and 

stimulate gliotransmission (Covelo & Araque, 2018; Kang et al., 1998; Mariotti et al., 

2016; Meier et al., 2008; Navarrete & Araque, 2008; Perea et al., 2016). While CB1 

receptors have been shown to promiscuously couple to Gq proteins (Lauckner et al., 

2005; Navarrete & Araque, 2008), whether Gi/o protein activation inhibits cellular activity 

in astrocytes, like in neurons, remains unclear.   

 

Here, we have investigated the functional consequences of selective activation of Gq and 

Gi/o GPCRs on astrocytic and neuronal activity using endogenous and chemogenetic (i.e. 

Designer Receptors Exclusively Activated by Designer Drugs, DREADDs) approaches. 

Combining electrophysiological and Ca2+ imaging techniques in hippocampal mouse 

brain slices, we found that Gq GPCR activation in both neurons and astrocytes led to 

cellular activation. Hereafter, cellular activation is defined as calcium increases in both 

neurons and astrocytes and depolarization in neurons. In contrast, Gi/o GPCR activation 

inhibited neurons, but led to astrocyte activation. Furthermore, Gq or Gi/o GPCR 

activation in astrocytes stimulated the release of glutamate, which enhanced neuronal 

excitability. Activation of both Gq and Gi/o DREADDs in astrocytes of the primary 

somatosensory cortex in vivo similarly led to the enhancement of both astrocyte Ca2+ 

elevations and cortical delta rhythms. These results indicate that while activation of 

different GPCR pathways in neurons led to either excitation or inhibition, in astrocytes 

they led only to activation, suggesting that inhibitory signaling is a particular property of 

neurons and not astrocytes. 

 



28 
 

Methods 

Experimental model and subject details 

Hippocampal coronal slices were obtained from both male and female 6-12 weeks old 

C57BL/6, GCaMP3 (GLAST-CreE RT2 x R26-lsl-GCaMP3; (Paukert et al., 2014)), 

GCaMP6f (Tg(Slc1a3-cre/ERT)1Nat/J (JAX:012586) x Ai95(RCL-GCaMP6f)-D 

(JAX:028865); (Agarwal et al., 2017) and IP3R2-/- (Li et al., 2005) mice. GCaMP3 mice 

received 8 daily doses (57mg/kg) of tamoxifen injections two weeks prior to 

experimentation. Mice were housed in a 14/10 light/dark cycle with ad libitum food and 

water. All experiments were in compliance with the Animal Care and Use Committee at 

the University of Minnesota.  

 

Stereotaxic surgery 

4-6-week-old mice were anesthetized with ketamine/xylazine (10 ml/kg) and underwent 

stereotaxic surgery of AAV5-CaMKIIα-hM3Dq or AAV5-CaMKIIα-hM4Di to assess Gq 

and Gi/o signaling in neurons, respectively, or AAV8-GFAP-hM3Dq or AAV8-GFAP-

hM4Di to assess Gq and Gi/o signaling in astrocytes, respectively. Stereotaxic coordinates 

used for all hippocampal injections were (relative to Bregma in mm) -2.65 A-P, ±2.25 M-

L and -1.75 D-V. Stereotaxic coordinates used for all in vivo cortical injections were 

(relative to Bregma in mm): -2.00 A-P, ±2.00 M-L and -1.00, -0.80, and -0.60 D-V. For 

in vivo control experiments, mice underwent stereotaxic surgery of AAV8-GFAP-

mCherry. Experiments were performed 2-6 weeks after surgery. All DREADDs viruses 

were purchased from the UNC Vector Core, while the plasmid to generate the AAV8-
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GFAP-mCherry was purchased from Addgene (Plasmid #58909) and was generated by 

the University of Minnesota Viral Vector and Cloning Core.  

 

Hippocampal slice preparation 

The brain was removed quickly after decapitation and placed in ice-cold artificial 

cerebrospinal fluid (ACSF). Coronal hippocampal slices (350um thick) were made with a 

vibratome and incubated (>1 h) in a holding chamber at room temperature (21-24 degrees 

C) in ACSF containing (in mM): NaCl 124, KCl 2.69, KH2PO4 1.25, MgSO4 2, NaHCO3 

26, CaCl2 2, ascorbic acid 0.4, and glucose 10, and continuously bubbled with carbogen 

(95% O2 and 5% CO2) (pH 7.3). Slices were transferred to an immersion recording 

chamber and superfused at 2mL/min with gassed magnesium-free ACSF containing (in 

mM): NaCl 124, KCl 2.69, KH2PO4 1.25, NaHCO3 26, CaCl2 4, glucose 10, and glycine 

4. Tetrodotoxin (TTX, 1μM) was included in the perfusion system for all slice 

experiments to block action potential-mediated neurotransmission, except for 

experiments in Figure 7. To isolate GABAB receptor-mediated events in the GABA 

application experiments, picrotoxin (GABAA receptor antagonist, 50 μM) was added to 

the perfusion system. In experiments to block Gq-PLC signaling, the PLC inhibitor 

U73122 (4 μM) was included in the perfusion system. In experiments to block Gi/o 

signaling, slices were incubated in ACSF containing the Gi/o inhibitor pertussis toxin 

(PTX; 7.5 μg/ml) for 3-4 hours prior to experiments. In experiments to block muscarinic 

ACh receptors, atropine (50 μM) was included in the perfusion system. In experiments to 

block GABAB receptors, CGP54626 (1 mM) was included in the perfusion system. Cells 
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were visualized under 40x water immersion objective using differential interface contrast 

(DIC) in an Olympus microscope.  

 

Slice electrophysiology 

Whole-cell electrophysiological recordings were performed in pyramidal neurons of the 

CA1 region of the hippocampus. Patch pipettes were pulled from thick-walled 

borosilicate glass (1.5 mm outer diameter) on a Sutter Instruments P-1000 puller. Pipettes 

(3-8 MΩ) were filled with the internal solution that contained (in mM): K-Gluconate 135, 

KCl 10, HEPES 10, MgCl2 1, ATP-Na2 2 (pH = 7.3 adjusted with KOH; osmolality 280-

290 mOsm/L). Recordings were obtained and filtered (1KHz) by PC-ONE amplifiers 

(Dagan Instruments, Minneapolis, MN). Signals were fed to a Pentium-based PC through 

a DigiData 1440A interface board. The pCLAMP 10.2 (Axon Instruments) software was 

used for stimulus generation, data display, acquisition and storage. For neuronal 

DREADDs experiments, only mCherry-positive CA1 neurons were patched, and 

mCherry-negative neurons were recorded for sham conditions. For neuronal slow inward 

current (SIC) and action potential firing responses after astrocytic DREADDs activation, 

only mCherry-positive slices were used, and mCherry-negative slices were used for sham 

conditions. ACh- and CNO-evoked neuronal currents and SICs were recorded in voltage-

clamp at a holding potential of -70mV and GABA-mediated currents were recorded at a 

holding potential of -40mV. To mimic excitatory inputs and observe changes in action 

potential firing over time (Figure 7), a continuous train of depolarizing current pulses 

(20ms, ~200 pA, delivered every 50ms) was applied. SICs were defined as currents with 



31 
 

a τon > 5 and lasting > 40ms. Experiments were performed at room temperature (21-24 

°C). 

 

Agonist application 

For all slice agonist application experiments, pipettes (3-8 MΩ) were filled with ACSF 

plus 1 mM ACh or 1 mM GABA or 1 mM CNO, or 2mM (S)-3,5-

Dihydroxyphenylglycine (DHPG). Pipettes were positioned over the pyramidal layer to 

assess neuronal responses to the agonist (Figures 1, 3), or over the stratum radiatum to 

assess astrocytic Ca2+ response to agonist application, SICs, and firing modulation 

(Figures 2, 4-7). To illustrate the time course of the agonist effects on SIC frequency in 

Figure 6, the number of SICs were grouped in 10s bins. To compare the agonist effects, 

the mean SIC frequency recorded 1 minute before and after agonist application was 

calculated. Agonists were delivered using a Dagan PMI-100 Pressure Micro-injector (15 

PSI, 2-5s for all experiments except for the following: 30s for chemogenetic SIC 

experiments and firing modulation experiments).  

 

Ca2+ imaging 

Ca2+ levels in astrocytes were monitored by two-photon microscopy (Leica DM6000 CFS 

upright multiphoton microscope with TCS SP5 MP laser) using the genetically encoded 

Ca2+ indicator mice GCaMP3 and GCaMP6 expressed in GLAST-positive cells. Some 

(n=199/512) soma Ca2+ responses were monitored by an Olympus BX51W1 

epifluorescent microscope using Fluo-4-AM (5 μM in 0.01% of pluronic, 45min 
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incubation at room temperature). Astrocytic Ca2+ levels were recorded from the astrocyte 

cell body and processes, and Ca2+ variations were estimated as changes in the 

fluorescence signal over the baseline (∆F/F0). A Ca2+ signal was considered a Ca2+ event 

when F/F0 >3 standard deviations greater than baseline fluorescence. Our measurement of 

Ca2+ event probability was calculated as the number of Ca2+ elevations grouped in 5s bins 

recorded from the astrocytes in the field of view (3-6 astrocytes per analyzed region), and 

mean values were obtained by averaging each different experiment. References to “n” in 

the text correspond to the number of experiments performed for each condition. Ca2+ 

analysis was performed only on astrocyte soma and processes within the field of view 

that showed fluctuations in Ca2+ levels throughout the recording. A domain was only 

selected along an active process length if its activity pattern differed from neighboring 

regions, so as to avoid oversampling of an active process. The number of process 

domains per experiment was 16.6 ± 0.48. Ca2+ levels in neurons were monitored using 

bulk loading of Oregon Green BAPTA-1 (5 μM in 0.01% of pluronic, 1hr incubation at 

room temperature) or adding Fluo4 (50 μM) to the recording pipette. A change in 

fluorescence (∆F/F0 > 3 standard deviations from baseline fluorescence) occurring within 

5s of agonist application was defined as a neuronal Ca2+ response. 

 

In vivo experiments and analysis 

Two- to six-month-old mice were anesthetized using 1.8 mg/kg urethane injected 

intraperitoneally, faux tears were applied, and body temperature was maintained at 37°C. 

Once anesthetized, animals were placed in a stereotaxic frame and a midline incision was 

made along the scalp. A 3mm diameter craniotomy was performed centered over the 
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primary somatosensory cortex (relative to Bregma in mm: -2.00 A-P, -2.00 M-L). A 

0.25mm tungsten wire was placed over the exposed cortex to measure 

electrocorticography (ECoG), and agar was applied before a glass coverslip was 

cemented atop the craniotomy. A screw soldered to wire was inserted over the cerebellum 

to act as the reference and another screw was placed over the ipsilateral frontal plate. A 

3D printed frame was mounted to the exposed skull with dental acrylic and fastened to a 

holder. The holder and animal were then placed underneath a Leica SP5 two-photon 

microscope for imaging. ECoG was recorded by connecting the lead to the exposed wire 

over the cortical surface, and reference and ground were attached to the wire soldered to 

the screw placed over the cerebellum. Prior to data acquisition, a needle was fed into the 

intraperitoneal cavity connected to a syringe with CNO. ECoG was sent to an AM 

Systems 3000 AC/DC differential amplifier sampled at 10kHz, filtered at 1Hz-3kHz and 

digitized using an Axon Digidata 1550 Acquisition System connected to a Dell Optiplex 

7010 PC. In this arrangement, ECoG was recorded simultaneously with astrocyte Ca2+ 

monitored in cortical layers 2/3 (i.e. 100-300 µm below the cortical surface). Ca2+ 

imaging was obtained at 1 frame per second through a 25X objective with an additional 

1.7X digital zoom. Following 20 minutes of baseline, 2-3 mg/kg CNO was injected 

intraperitoneally. Following CNO injections, measurements were obtained for 90 

minutes. In a subset of mice, ECoG was measured in the absence of Ca2+ imaging. Raw 

ECoG data was lowpass filtered at 300 Hz and analyzed using a custom MATLAB 

program where a short-time Fourier transform was done using a hamming window to 

measure spectral content every minute. Normalized ECoG power spectra were created by 

using min-max normalization with respect to the baseline. In vivo Ca2+ data was analyzed 
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using a custom MATLAB program to detect Ca2+ events via change in fluorescence, or 

the derivative of the fluorescence, when the derivative of fluorescence was > 2 standard 

deviations of the baseline speed over the average baseline speed. After an event was 

detected, the program detected the end of the event when the trace decayed back to the 

onset amplitude; from this the duration of the event was quantified, and the amplitude 

was calculated by taking the maximum value between onset and decay and subtracting it 

from the amplitude of the onset. 

 

Immunohistochemistry 

Anesthetized mice were perfused through the left cardiac ventricle with 4% 

paraformaldehyde in 0.1M PBS. The brains were removed, postfixed with 

paraformaldehyde and cut into 50 µm slices using a Leica VT 1000S vibratome. Brain 

sections were blocked with phosphate-buffered saline (PBS) containing 10% normal goat 

serum (NGS) or normal donkey serum (NDS) and 0.2% Triton X-100 and incubated 

overnight with the primary antibody diluted in blocking solution. Appropriate 

fluorochrome-labeled secondary antibodies (Life Technologies, Waltham, MA) were 

used for detection. An antibody against glial fibrillary acidic protein (GFAP, 1:1000; 

Sigma-Aldrich) was used as a marker for astrocytes. An antibody against neuron-specific 

nuclear protein (NeuN, 1:500; Millipore) was used as a marker for neurons. Fluorescent 

stained sections were mounted with Vectashield mounting medium (Vector 

Laboratories). The stained sections were visualized with a Nikon NiE C2 or an Olympus 

FluoView FV1000 upright confocal microscope and analyzed for colocalization of 
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DREADDs with either neurons or astrocytes using ImageJ software (NIH, Bethesda, 

MD).  

 

Quantification and statistical analyses 

Data are expressed as mean ± standard error of the mean (SEM). Data normal distribution 

was assessed using a Shapiro-Wilk Normality test. Ca2+ event probability, Ca2+ 

fluorescence, SIC frequency, and in vivo Ca2+ events were analyzed using a two-tailed 

paired Student’s t-test (α = 0.05) comparing baseline to post-stimulus. In vivo delta power 

was analyzed using a Wilcoxon signed-rank test (α = 0.05) comparing baseline to post-

stimulus. A one-way ANOVA was used with Holm-Sidak posthoc test to compare 

treatment groups against the control group for neuronal electrophysiology response data. 

When the Shapiro-Wilk Normality test failed, a Kruskal-Wallis ANOVA with a Dunn’s 

posthoc was used. Statistical differences were established with P < 0.05 (*), P < 0.01 

(**), and P < 0.001 (***). 

 

Results 

Gq GPCR activation in neurons 

We first investigated the effects on neurons of endogenous Gq GPCR activation by 

acetylcholine (ACh), which activates muscarinic ACh receptors (mAChRs). Type 1, 3 

and 5 mAChRs, known to be coupled to Gq proteins, are highly expressed in hippocampal 

neurons (Berkeley et al., 2001; Park & Spruston, 2012; Scheiderer et al., 2008). We 

performed whole-cell electrophysiological recordings from hippocampal CA1 pyramidal 
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Figure 1. Gq signaling induces neuronal activation. (A) Scheme of neuronal Gq GPCR 

activation by ACh, and TexasRed and Fluo4-filled CA1 neuron (scale bar, 20µm). (B) 

Representative traces showing effects of local ACh application in current clamp (CC) 
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and voltage clamp (VC). (C) ACh-induced current amplitude in different conditions 

(Kruskal-Wallis One-way ANOVA, p < 0.001). (D) Pseudocolor Fluo4 fluorescence 

images before and after ACh application in the neuron depicted in (A) (scale bar, 20µm), 

and corresponding fluorescent Ca2+ trace. (E) Percentage of neurons that responded 

with a Ca2+ increase to ACh in different conditions. (F) Immunohistochemical images of 

hippocampus injected with AAV5-CaMKIIα-hM3Dq-mCherry. From left to right: 

mCherry, NeuN, GFAP and merge (scale bar, 25 μm; s.o., stratum oriens; s.p., stratum 

pyramidale; s.r., stratum radiatum). (G) Scheme of neuronal chemogenetic GqDREADD 

activation and image showing mCherry-expressing CA1 neurons (scale bar, 15 µm). (H) 

Representative traces showing effects of local CNO application in CC and VC. (I) CNO-

induced current amplitude in different conditions (Kruskal-Wallis One-way ANOVA, p < 

0.001). (J) Pseudocolor Fluo4 fluorescence image before and after CNO application 

(scale bar, 10µm), and corresponding fluorescent Ca2+ trace. (K) Percentage of neurons 

that responded with a Ca2+ increase to CNO in different conditions. Data are 

represented as mean ± SEM. P < 0.01 (**), and P < 0.001 (***). 

 

neurons, monitored neuronal Ca2+ levels, and locally applied ACh (Figure 1A). CA1 

neurons responded to ACh with an inward current in voltage clamp conditions, a transient 

depolarization in current clamp, and Ca2+ elevations (n = 9; 7 mice, Figures 1B-1E). 

These responses were abolished by the mAChR antagonist atropine (50 μM; n = 5; 2 

mice, Figures 1C and 1E). Furthermore, ACh-evoked responses were prevented by the 

PLC inhibitor U73122 (4 μM; n = 7, 3 mice), but present after incubation with the Gi/o 

inhibitor pertussis toxin (7.5 μg/ml; PTX; n = 6; 4 mice, Figures 1C and 1E), which is 
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consistent with the canonical Gq signaling pathway (Huang & Thathiah, 2015; Stewart & 

Fisher, 2015). These results indicate that ACh- induced activation of Gq GPCR signaling 

evokes neuronal responses (i.e. inward currents and Ca2+ increases) associated with 

neuronal excitation. 

 

To confirm the effects of Gq signaling in neurons, we selectively expressed GqDREADDs 

in hippocampal CA1 pyramidal neurons using the viral vector AAV5-CaMKIIα-hM3Dq-

mCherry, which contains the GqDREADD and the fluorescent reporter mCherry under 

the CaMKIIα promoter, which is highly expressed in CA1 pyramidal neurons (Erondu & 

Kennedy, 1985; Schulman & Lou, 1989). The selective expression of mCherry in CA1 

pyramidal neurons was confirmed by immunohistochemistry (Figure 1F) and the 

electrophysiological properties of the recorded neurons expressing mCherry (Gasparini & 

Magee, 2006; Magee & Carruth, 1999). Local application of the DREADD agonist 

Clozapine-N-oxide (CNO) evoked transient depolarizations, inward currents, and Ca2+ 

increases in GqDREADD-expressing neurons (n = 8; 5 mice, Figures 1G-1K), but not in 

neurons lacking GqDREADDs (n = 6; 3 mice, Figures 1I and 1K). CNO-evoked 

responses were diminished by U73122 (n = 5, 3 mice), but not by PTX (n = 6; 3 mice, 

Figures 1I and 1K). These results indicate that Gq activation by endogenous or 

chemogenetic means induces neuronal responses associated with cellular excitation. 
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Gq GPCR activation in astrocytes 

Hippocampal astrocytes respond with Ca2+ elevations to ACh through activation of 

mAChRs (Araque et al., 2002; Shelton & McCarthy, 2000), but the signaling pathway 

activated remains undefined. Thus, we locally applied ACh and monitored Ca2+ levels in 

the soma and processes of astrocytes located in the CA1 stratum radiatum using 

transgenic mice that expressed the genetically-encoded Ca2+ indicators GCaMP3 or 

GCaMP6 under the astroglial GLAST promoter (Figure 2A). ACh transiently elevated 

Ca2+ in both astrocyte somas and processes (Figures 2B-E) (Araque et al., 2002; 

Navarrete et al., 2012; Perea & Araque, 2005; Shelton & McCarthy, 2000; Takata et al., 

2011), as quantitatively shown by the increase of the Ca2+ event probability (36 astrocyte 

somas, n = 6, 3 mice; 122 process domains, n = 5, 2 mice; Figures 2D-2E). ACh-induced 

Ca2+ increases were blocked by the mAChR antagonist atropine (18 astrocyte somas, n = 

6, 2 mice; 78 process domains, n = 6, 2 mice; Figures 2D and 2E) and by the PLC 

inhibitor U73122 (27 astrocyte somas, n = 7, 4 mice; 106 process domains, n = 7, 4 mice; 

Figures 2D and 2E), but were present in slices incubated with the Gi/o inhibitor PTX (54 

astrocyte somas, n = 9, 5 mice; 83 process domains, n = 7, 3 mice; Figures 2D and 2E). 

These results indicate that mAChRs in astrocytes activate Gq proteins that increase 

intracellular Ca2+ levels through stimulation of PLC. 

 

To selectively stimulate Gq-linked GPCRs in astrocytes, we targeted stratum radiatum 

hippocampal astrocytes with the viral vector AAV8-GFAP-hM3Dq-mCherry, which 

contains the GqDREADD and the fluorescent reporter mCherry under the control of the 

astroglial GFAP promoter (Figure 2F). CNO application mimicked the ACh effects, 
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Figure 2. Gq activation in astrocytes elevates their Ca2+ levels. (A) Scheme of Gq GPCR 

activation in astrocytes by ACh locally applied over stratum radiatum astrocytes. (B) 
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Fluorescence images of an astrocyte showing selected domains in soma and processes 

(top), pseudocolor Ca2+ images before (basal) and after local application of ACh 

(bottom) (scale bar, 5 μm), and Ca2+ traces from domains shown in top right panel. (C) 

Left: Raster plot showing Ca2+ events for each ROI (somas (s) below reference line, 

processes (p) above reference line). Right: Average Ca2+ traces from responding somas 

(top) and processes (bottom). T-test compares 10s before and 10s after agonist. (D and 

E) Ca2+ event probability in somas (D) and processes (E) vs. time, and maximum values 

in different conditions. (F) Immunohistochemical images of AAV8-GFAP-hM3Dq-

mCherry expression in the hippocampus. From left to right: Expression of mCherry, 

GFAP, NeuN, a merge of all three, and a higher magnification merge image showing 

colocalization of GFAP and mCherry (25x; scale bar, 20 μm; s.o., stratum oriens; s.p., 

stratum pyramidale; s.r., stratum radiatum). (G-K) as (A-E) but with local application of 

CNO to GqDREADD expressing astrocytes instead of ACh. Data are represented as 

mean ± SEM. P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***). 

 

elevating Ca2+ in both somas and processes of GqDREADD-expressing astrocytes (35 

astrocyte somas, n = 6, 3 mice; 153 process domains, n = 6, 2 mice; Figures 2G-2K), but 

not in astrocytes lacking GqDREADD expression (18 astrocyte somas, n = 6, 2 mice; 100 

process domains, n = 6, 2 mice; Figures 2J and 2K). CNO-evoked responses in both 

somas and processes were blocked by U73122 (20 astrocyte somas, n = 5, 2 mice; 83 

process domains, n = 6, 2 mice), but were still present in slices incubated with PTX (18 

astrocyte somas, n = 5, 2 mice; 53 process domains, n = 5, 2 mice; Figures 2J and 2K), 

indicating that Gq GPCR signaling pathways increase Ca2+ in astrocytes by activation of 
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PLC. To further test this idea and to determine the source of the Ca2+ elevation and the 

intracellular signaling downstream of GqDREADD activation, we performed the 

experiment in IP3R2-/- mice (Li et al., 2005), which lack type 2 IP3 receptors, the main 

receptor subtype responsible for astrocytic Ca2+ mobilization from internal stores (Di 

Castro et al., 2011; Gomez-Gonzalo et al., 2015; Martin-Fernandez et al., 2017; Martin et 

al., 2015; Navarrete et al., 2012; Petravicz et al., 2008). CNO application in 

GqDREADD-expressing slices from IP3R2-/- mice showed no significant increase in Ca2+ 

event probability (14 astrocyte somas, n = 5, 2 mice; 46 process domains, n = 5, 2 mice; 

Figures 2J and 2K), indicating that Gq-GPCR activation induces astrocyte Ca2+ 

mobilization from internal stores. Taken together, these results indicate that stimulating 

Gq GPCR signaling evokes astrocyte responses (i.e. Ca2+ increases) associated with 

astrocyte activation. 

 

Gi/o GPCR activation in neurons 

To investigate Gi/o signaling cascade effects on neurons, we used GABA to activate 

endogenous GABAB receptors, which are known to be coupled to Gi/o proteins 

(Logothetis et al., 1987; North, 1989; Wickman et al., 1994). GABAB-mediated 

responses were isolated by blocking GABAA receptors with picrotoxin (50 μM). In CA1 

pyramidal neurons, GABA application evoked a hyperpolarization in current-clamp 

conditions, and an outward current in voltage-clamp conditions (n = 8; Figures 3A and 

3B), with no changes in Ca2+ levels (n = 6; 4 mice, see Figure 3C). The outward currents 

were blocked by the GABAB receptor antagonist CGP54626 (1 mM; n = 5, 3 mice), as 

well as by the Gi/o inhibitor PTX (n = 5), but were unchanged by the PLC inhibitor 
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U73122 (n = 5; 2 mice, Figure 3B). These data indicate that Gi/o intracellular signaling 

cascades evoke effects (i.e. outward currents and absence of Ca2+ increases) consistent 

with neuronal inhibition. 

 

Figure 3. Gi/o activation in neurons is inhibitory. (A) Scheme of neuronal Gi/o activation 

by GABA, and TexasRed and Fluo4-filled CA1 neuron (scale bar, 20μm). (B) 

Representative traces showing GABA-induced responses in current clamp (CC) and 

voltage clamp (VC), and GABA-induced current amplitude in different conditions 

(Kruskal-Wallis One-way ANOVA, p < 0.01, p < 0.05). (C) Pseudocolor Fluo4 images 

before and after GABA application from the neuron depicted in (A) (scale bar, 20µm), 

and the corresponding fluorescent Ca2+ trace. (D) Immunohistochemical images of 
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AAV5-CaMKIIα-hM4Di-mCherry expression in hippocampus. From left to right: 

mCherry, NeuN, GFAP and merge (scale bar, 50 μm; s.o., stratum oriens; s.p., stratum 

pyramidale; s.r., stratum radiatum). (E) Scheme of neuronal chemogenetic Gi/oDREADD 

activation and fluorescent image showing mCherry-expressing neurons (scale bar, 

50µm). (F) Representative traces showing CNO-evoked responses in CC and VC, and 

CNO-induced current amplitude in different conditions (Kruskal-Wallis One-way 

ANOVA, p < 0.05). (G) Pseudocolor Fluo4 images before and after CNO application 

(scale bar, 20µm), and corresponding fluorescent Ca2+ trace. Data are represented as 

mean ± SEM. P < 0.05 (*) and P < 0.01 (**). 

 

We further investigated the effects of neuronal Gi/o-linked GPCRs using the 

Gi/oDREADD (Armbruster et al., 2007), which was specifically expressed in CA1 

pyramidal neurons with the viral vector AAV5-CaMKIIα-hM4Di-mCherry (Figure 3D 

and 3E). CNO application hyperpolarized and evoked outward currents in Gi/oDREADD-

expressing neurons (n = 7, 2 mice), but not in neurons lacking Gi/oDREADD expression 

(n = 5; 2 mice, Figure 3F). These effects were absent in PTX-incubated slices (n = 5, 2 

mice), but were similar to control in the presence of U73122 (n = 5, 3 mice; Figure 3F). 

Like GABA, CNO did not modify Ca2+ levels (n = 6, 2 mice; see Figure 3G). These data 

indicate that Gi/o signaling evoked by GABA or DREADDs has inhibitory actions on 

neurons.  
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Gi/o GPCR activation in astrocytes 

We then tested the effects of Gi/oGPCR stimulation on astrocyte Ca2+ activity. Local 

application of GABA increased the Ca2+ event probability in both somas and processes 

(49 astrocyte somas, n = 10, 6 mice; 147 process domains, n = 7, 3 mice; Figures 4A-4E). 

These effects were not observed in PTX-treated slices (57 astrocyte somas, n = 9, 4 mice; 

69 processes domains, n = 5, 2 mice; Figures 4D and 4E) or in the presence of the 

GABAB receptor antagonist CGP54626 (26 astrocyte somas, n = 5, 2 mice; 61 process 

domains, n = 6, 2 mice; Figures 4D and 4E), but were still present in U73122 conditions 

(38 astrocyte somas, n = 8, 5 mice; 161 process domains, n = 5, 2 mice; Figures 4D and 

4E), indicating that, unlike in neurons, stimulation of Gi/oGPCR signaling in astrocytes 

leads to cellular activation. 

 

To further test this hypothesis, Gi/oDREADDs were specifically expressed in astrocytes 

using the viral vector AAV8-GFAP-hM4Di-mCherry (Figure 4F). CNO application 

transiently increased the Ca2+ event probability in somas and processes of Gi/oDREADD-

expressing astrocytes (21 astrocyte somas, n = 5, 4 mice; 163 process domains, n = 8, 3 

mice), but not in non-expressing astrocytes (19 astrocyte somas, n = 5, 2 mice; 71 process 

domains, n = 5, 2 mice; Figures 4G-4K). These Ca2+ responses were present in U73122 

(20 astrocyte somas, n = 5, 2 mice; 160 process domains, n = 6, 2 mice), but were absent 

in PTX-treated slices (20 astrocyte somas, n = 6, 3 mice; 144 process domains, n = 6, 3 

mice), and in slices from IP3R2-/- mice (22 astrocyte somas, n = 5, 2 mice; 48 process 

domains, n = 5, 2 mice; Figures 4J and 4K). Taken together, these results indicate that 
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Figure 4. Gi/o activation in astrocytes elevates their Ca2+ levels. (A) Scheme of 

endogenous astrocyte Gi/o GPCR activation by GABA. (B) Fluorescence images of an 

astrocyte showing selected domains in soma and processes (top row), pseudocolor Ca2+ 
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images before and after local application of GABA (bottom row; scale bar, 5 μm), and 

Ca2+ traces from domains shown in top left panel (right). (C) Left: Raster plot showing 

Ca2+ events for each ROI (somas (s) below reference line, processes (p) above reference 

line). Right: Average Ca2+ trace from responding somas (top) and processes (bottom). T-

test compares 10s before and 10s after agonist. (D and E) Ca2+ event probability in 

somas (D) and processes (E) vs. time, and maximum values in different conditions. (F) 

Immunohistochemical images of AAV8-GFAP-hM4Di-mCherry expression in the 

hippocampus. From left to right: mCherry, GFAP, NeuN, a merge of all three, and a 

higher magnification merge image showing colocalization of GFAP and mCherry (25x; 

scale bar, 40 μm; s.o., stratum oriens; s.p., stratum pyramidale; s.r., stratum radiatum). 

(G-K) as (A-E) but with local application of CNO to Gi/oDREADD-expressing astrocytes 

instead of GABA. Data are represented as mean ± SEM. P < 0.05 (*), P < 0.01 (**), and 

P < 0.001 (***). 

 

Gi/o signaling evoked by endogenous and chemogenetic approaches resulted in astrocyte 

activation manifested as Ca2+ increases.  

 

Simultaneous activation of Gq and Gi/o GPCR signaling in astrocytes 

We further tested the hypothesis that Gq and Gi/o GPCR signaling in astrocytes operates 

through distinct intracellular pathways. We hypothesized that two agonists acting on 

similar GPCR signaling pathways would interact producing a non-linear response, 

whereas two agonists activating different GPCR signaling would evoke a linear response. 

We first tested two agonists that are known to activate Gq GPCR signaling, ACh and 
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Figure 5. Gi/o and Gq GPCRs stimulate different signaling pathways that do not 

occlude. (A and B) Scheme of experimental set-up, and astrocyte Ca2+ responses to ACh 

(left), DHPG (middle), and both simultaneously (right), showing the observed (black 

trace) and expected (green trace) responses. Expected response corresponds to the linear 

summation of the responses evoked by independent application of ACh and DHPG. (C 

and D) as in (A and B), but with GABA instead of DHPG. (E) Histogram of the ratio of 

the observed and expected Ca2+ responses evoked by simultaneous application of GPCR 

agonists in the different pharmacological conditions. Expected responses were 

considered the linear summation of the responses elicited by independent stimulation of 

the agonists. Data are represented as mean ± SEM. P < 0.001 (***). 

 

group I mGluR agonist (S)-3,5-Dihydroxyphenylglycine (DHPG). We either applied 

them separately or both simultaneously and monitored the Ca2+ responses. We found that 

the observed Ca2+ response elicited by the simultaneous ACh and DHPG application was 

lower than the response expected if there was no interaction; i.e., the linear summation of 

the peak Ca2+ elevation evoked by each agonist applied separately (n = 26, 2 mice; 
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Figures 5A, 5B, and 5E) (Perea & Araque, 2005). This relative reduction of the response 

evoked by these agonists indicates an interaction of the signaling pathways activated and 

suggests that they operated through the same intracellular pathways. Next, we applied 

separately ACh, GABA, or both simultaneously to measure the relative contribution of 

Gq and Gi/o GPCR signaling, respectively, to the astrocyte Ca2+ response. We found that 

the observed amplitude of the Ca2+ response to simultaneous ACh and GABA application 

was similar to that of the expected response; i.e., the linear summation of the responses 

evoked independently (n = 29, 2 mice; Figures 5C, 5D, and 5E). Moreover, the peak 

amplitude of the Ca2+ response could be further increased by increasing the concentration 

of ACh (peak fluorescence evoked by 1 mM ACh: 39.4 ± 4.8%, peak fluorescence 

evoked by 10 mM ACh: 64.6 ± 8.3%, p = 0.040, n = 4 videos, 13 astrocytes, 2 mice), 

indicating that the receptors and signaling pathways were not saturated. The fact that the 

Ca2+ response linearly summated with simultaneous Gq and Gi/o GPCR agonist 

application suggests that distinct intracellular pathways were activated, indicating that the 

actions of Gi/o and Gq GPCRs do not occlude and that the detected Ca2+ signal is not 

saturated. Furthermore, these results indicate that two distinct intracellular signaling 

mechanisms are activated downstream of Gq and Gi/o GPCR signaling in astrocytes.  

 

Downstream effects of astrocytic Gq and Gi/o GPCR activation on neurons 

Next, we investigated whether activation of Gq and Gi/o protein signaling in astrocytes 

can lead to gliotransmitter release and regulation of neuronal excitability. Astrocyte Ca2+ 

elevations have been shown to stimulate the release of glutamate, which evokes slow 

inward currents (SICs) mediated by activation of neuronal NMDA receptors (Araque et 



50 
 

al., 1998a, 1999; Araque et al., 1998b; Fellin et al., 2004; Mariotti et al., 2016; Martin et 

al., 2015; Navarrete & Araque, 2008; Perea & Araque, 2005; Perea et al., 2014a). SICs 

can be distinguished from synaptic currents by their different time courses and their 

sensitivity to the NMDA receptor antagonist D-AP5 (50 µM; average SIC amplitude = 

19.7 pA ± 1.6 pA; n = 182; Figures 6A-6C). We used SICs as a biological assay to detect 

astrocytic glutamate release. ACh application, which increased astrocyte Ca2+ via Gq 

protein activation (see Figure 2), transiently increased the frequency of SICs in CA1 

pyramidal neurons (n = 11, 7 mice; Figures 6D and 6E). In correspondence with the 

ACh-evoked effects on Ca2+, this effect was blocked by atropine (n = 5, 2 mice) and 

U73122 (n = 7, 3 mice), but was present in PTX-treated slices (n = 5, 4 mice; Figure 6E). 

Similarly, CNO application in slices with GqDREADD-expressing astrocytes transiently 

increased SIC frequency (n = 5, 3 mice), an effect that remained in PTX-treated slices (n 

= 4, 2 mice; Figures 6F-6G). This effect was absent in the presence of U73122 (n = 5, 4 

mice), in sham conditions with no expression of DREADDs (n = 4, 2 mice), and in slices 

from IP3R2-/- mice (n = 8, 3 mice; Figures 6G). These data indicate that Gq-linked GPCR 

activation in astrocytes stimulates the release of glutamate that activates neuronal NMDA 

receptors. 
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Figure 6. Astrocyte activation via Gq and Gi/o DREADDs induces slow inward currents 

in neurons. (A) Representative excitatory postsynaptic current (EPSC) and slow inward 

current (SIC) recorded from a CA1 pyramidal neuron. (B) Representative traces showing 

SICs (asterisks) in control and in D-AP5. (C) Scheme of neuronal-astroglial synaptic 
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elements and gliotransmission. (D) Scheme and representative traces showing SICs 

(asterisks) before and after ACh application. (E) Left: Mean number of SICs vs. time, 

binned at 10s (ACh was applied at t=0). T-test compares one minute before and one 

minute after agonist. Right: SIC frequency (per min) one minute before and one minute 

after ACh in different conditions. Statistical significance was determined by the Student’s 

t-test comparing mean values one minute before and after agonist application. (F-G) as 

in (D-E) but with CNO application to GqDREADD-expressing astrocytes. (H-I) as in (D-

E) but with GABA application instead of ACh. (J-K) as in (D-E) but with CNO 

application to Gi/oDREADD-expressing astrocytes. Data are represented as mean ± 

SEM. P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***). 

 

We then quantified the effects of Gi/o GPCR activation on SIC frequency. GABA 

transiently increased the frequency of SICs (n = 9, 6 mice; Figures 6H and 5I). As in the 

case of GABA-evoked Ca2+ responses, SIC frequency increases were abolished by 

CGP54626 (n = 5, 3 mice) and PTX (n = 6, 3 mice), but were detected in slices treated 

with U73122 (n = 9, 6 mice; Figure 6I). Likewise, CNO application in slices with 

Gi/oDREADD-expressing astrocytes increased SIC frequency in control conditions (n = 7, 

4 mice) and in the presence of U73122 (n = 4, 2 mice), but this effect was absent in PTX-

incubated slices (n = 5, 2 mice), in sham conditions (n = 5, 2 mice), and in slices from 

IP3R2-/- mice (n = 8, 2 mice; Figures 6J and 6K). Taken together, Gq and Gi/o GPCR 

activation in astrocytes led to increases in Ca2+, which were associated with an increase 

in the number of SICs in nearby neurons. 
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SICs are proposed to enhance neuronal excitability and regulate neuronal synchronization 

(Angulo et al., 2004; Fellin et al., 2004). We directly tested this idea by investigating the 

effects of Gq and Gi/o GPCR stimulation in astrocytes on action potential firing in nearby 

neurons (Figure 7). We activated Gq- and Gi/oDREADD-expressing astrocytes while 

recording hippocampal CA1 pyramidal neurons in current-clamp conditions. In a first 

approach, the neuronal membrane potential was slightly depolarized from resting 

membrane potential by injecting a continuous current to facilitate firing of spontaneous 

action potentials (Figures 7A and 7B). In a second approach, a continuous train of 

depolarizing current pulses (20ms, ~200 pA, delivered every 50ms) was applied to 

observe any potential changes in action potential firing (Figures 7C and 7D). In both 

conditions, CNO application to astrocytes expressing either GqDREADDs (n =8, 4 mice) 

or Gi/oDREADDs (n = 7, 3 mice) enhanced the frequency of action potential firing 

enhancement of neuronal excitability (see Figure 6). Indeed, the astrocyte Gq- and 

Gi/oDREADD effects on action potential firing were accompanied by small, but 

conspicuous, transient depolarizations (insets in Figures 7C and 7D), which appear 

consistent with the SICs recorded in voltage-clamp (see Figures 6F and 6J), although 

experimental limitations cannot provide direct evidence that SICs (recorded in voltage- 

clamp) are responsible for these depolarizations (recorded in current-clamp). 

Nevertheless, activation of both Gq- and Gi/oDREADDs in the presence of the NMDA 

receptor antagonist D-AP5 failed to evoke the previously observed transient 

depolarizations and increase in action potential firing (GqDREADDs: n = 6, 2 mice; 

Gi/oDREADDs: n = 5, 2 mice; Figures 7E-7H), supporting the idea that these phenomena 

were due to neuronal NMDAR activation by astrocytic glutamate. Taken  
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Figure 7. Astrocytic Gq and Gi/o DREADD activation increases neuronal action 

potential firing. (A and B) Representative trace of spontaneous action potential firing of 

CA1 pyramidal neuron before and after CNO application to GqDREADD-expressing 

astrocytes (A) and Gi/oDREADD-expressing astrocytes (B), and the normalized (from 

basal) firing frequency vs. time. CNO application was at t=0 (as in the other panels). (C 

-20 
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and D) Representative trace (top) of action potential firing induced by short depolarizing 

pulses before and after CNO application to GqDREADD-expressing astrocytes (C) and 

Gi/oDREADD-expressing astrocytes (D), expanded traces (bottom left panels), and 

normalized firing frequency vs. time (bottom right panels). (E and F) Response to CNO in 

the presence of D-AP5. (G and H) Normalized firing frequency before and after CNO 

application to GqDREADD-expressing astrocytes (G) and GqDREADD-expressing 

astrocytes (H) in control and D-AP5. Data are represented as mean ± SEM. P < 0.05 (*).  

 

together, these results indicate that activation of both Gq and Gi/o proteins activated 

astrocytes in the form of a Ca2+ elevation. This cellular activation in astrocytes 

subsequently stimulated gliotransmitter release that led to the enhancement of neuronal 

excitability. 

 

Effects of astrocytic Gq and Gi/o GPCR signaling in vivo 

Finally, we investigated whether similar phenomena occurred in vivo. We injected the 

viral vectors AAV8-GFAP-hM3Dq-mCherry or AAV8-GFAP-hM4Di-mCherry into the 

primary somatosensory cortex to selectively express in cortical astrocytes Gq or Gi/o 

DREADDs, respectively (Figure 8A). Two weeks after injection, we monitored astrocyte 

Ca2+ activity and cortical local field potentials in anesthetized mice, in basal conditions 

and 1 hour after intraperitoneal injection of CNO (2-3 mg/kg). In mice (n = 6) with 

GqDREADD-expressing astrocytes, CNO increased the frequency (from 1.30 ± 0.06 to 

2.70 ± 0.28 events/min; n = 21 astrocytes), amplitude (to 218.9 ± 31.2 % from basal 

values between each astrocyte), and duration of the Ca2+ events (from 2.84 ± 0.17 to 6.00 
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± 0.69 s) (Figures 8B-8G). Similarly, CNO injection to mice (n = 6) with Gi/oDREADD-

expressing astrocytes also increased the frequency (from 1.21 ± 0.08 to 2.00 ± 0.23 

events/min; n = 24 astrocytes), amplitude (to 229.5 ± 32.724 % from basal values of each 

astrocyte), and duration of Ca2+ events (from 4.20 ± 0.79 to 6.62 ±  0.80 s) (Figures 8B-

8G). Introducing saline into mice (n = 3) with GqDREADD-expressing astrocytes did not 

increase the frequency (from 1.35 ± 0.05 to 1.30 ± 0.05 events/min in 37 astrocytes), 

amplitude (to 98.1 ± 6.0 % from basal values between astrocytes), or duration of the Ca2+ 

events (from 2.81 ± 0.11 to 2.80 ± 0.12 s). Similarly, introducing saline in mice (n = 3) 

with Gi/o-DREADD-expressing astrocytes did not increase frequency (from 1.30 ± 0.04 to 

1.34 ± 0.06 events/min; n = 53), amplitude (to 114.8 ± 10.3 % from basal values between 

astrocytes), or duration (from 2.80 ± 0.10 to 2.83 ± 0.13 s) of the Ca2+ events. 

Additionally, introducing CNO in mice (n = 3) expressing mCherry in astrocytes did not 

increase the frequency (from 1.32 ± 0.04 to 1.44 ± 0.06 events/min; n = 77), amplitude 

(to 118.7 ± 9.3 % from baseline between astrocytes), or duration of the Ca2+ events (from 

2.78 ± 0.09 to 3.10 ± 0.16 s).  

 

Associated with the CNO-evoked astrocyte activation, CNO altered the electrical 

network activity manifested as an enhancement of the slow-wave delta activity (0-4 Hz) 

in mice with astrocytes expressing either Gq or Gi/oDREADDs (n = 6 mice for each case; 

Figures 8H-8K). These effects were not observed when mice with either Gq or 

Gi/oDREADDs-expressing astrocytes were injected with saline (n = 3 mice for each case; 

Figures 8F, 8G, 8J, and 8K), or when CNO was delivered to mice infected with the 

control virus GFAP-mCherry that lacks DREADDs (n=3 mice; Figures 8F, 8G, 8J, and 
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Figure 8. In vivo activation of both Gq and Gi/o DREADDs in astrocytes elevates their 

Ca2+ levels and regulates neuronal electrical activity. (A) Immunohistochemical 
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representative image of GqDREADDs virus injected into the primary somatosensory 

cortex staining for neurons (NeuN; blue), astroglia (GFAP; green), the reporter mCherry 

(red), and colocalization of mCherry with GFAP (top) and NeuN (bottom; scale bar, 20 

μm). (B and C) Left: Representative images of mCherry in astrocytes reporting 

expression of GqDREADDs and Gi/oDREADDs (scale bar, 50 μm). Pseudocolor 

Ca2+images before (middle) and after (right) intraperitoneal injection (i.p.) of CNO. (D 

and E) Raster plots of Ca2+ events before and after i.p. injection of CNO in mice with 

astrocytes expressing Gq and Gi/oDREADDs, respectively. (F and G) Representative Ca2+ 

traces during basal (left) and after i.p. CNO injection (right) in GqDREADD- (F) and 

Gi/oDREADD-injected (G) mice. Ca2+ oscillation frequency normalized to baseline for 

DREADDs-infected cortex with i.p. CNO injections (solid bars), for DREADDs-infected 

cortex with i.p. saline injections (hashed bars), and for mCherry control-infected cortex 

with i.p. CNO injections (unfilled bars) for GqDREADDs- (F) and Gi/oDREADDs-injected 

(G) mice. (H and I) Representative cortical local field potential recordings prior to CNO 

(left) and after (right) in GqDREADDs- (H) and Gi/oDREADDs-injected (I) mice. 

Lowpass filtered at 40Hz. (J and K) Normalized power spectrum of cortical local field 

potentials before (black) and after CNO in GqDREADDs- (J: blue) and Gi/oDREADDs-

injected (K: red) mice. Normalized power spectrum of slow-wave delta (0-4 Hz) activity 

for DREADDs-infected cortex with i.p. CNO injections (solid bars), DREADDs-infected 

cortex with i.p. saline injections (hashed bars), and mCherry control-infected cortex with 

i.p. CNO injections for GqDREADDs- (J) and Gi/oDREADDs-injected (K) mice. Error 

bars are SEM. P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***). Data collected and 

analyzed by Justin Lines. 
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8K). These results indicate that in vivo activation of either Gq or Gi/o GPCR signaling in 

astrocytes similarly led to the activation of astrocytes, and that these effects were 

associated with alterations of the neural delta network activity. 

 

Discussion 

The present results show that Gq GPCR activation in neurons and astrocytes activated 

both cell types. In contrast, while neuronal Gi/o GPCR activation inhibited cellular 

activity, Gi/o GPCR stimulation in astrocytes enhanced their Ca2+-based cellular activity. 

We found that activation of endogenous Gq or Gi/o GPCRs or DREADDs in astrocytes 

induced Ca2+ increases in astrocyte somas and processes and stimulated the release of the 

gliotransmitter glutamate, which led to an increase in SIC frequency and action potential 

firing in hippocampal neurons, and impacted neuronal network activity in vivo. Hence, 

astrocyte G protein-mediated signaling, whether Gq or Gi/o, activated astrocytes by way of 

an evoked Ca2+ response. Therefore, neurotransmitters acting on Gi/o GPCRs proteins 

directly inhibit neurons but activate astrocytes, which then can feed-forward excite 

neurons. Consistent with this idea, we have found that astrocyte specific Gq or Gi/o GPCR 

activation enhanced astrocyte Ca2+ events and delta activity in vivo. These results add 

further complexity to the signaling mechanisms and effects of GPCR-mediated signaling 

in the brain, revealing important and unexpected functional consequences on the actions 

of inhibitory neurotransmitters in astroglial-neuronal networks. 

  

Our results show that neuronal Gq GPCR activation either with ACh or GqDREADDs 

increase neuronal excitability, both inducing inward currents, membrane depolarizations, 
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and Ca2+ elevations through PLC-mediated intracellular signaling. These results are in 

agreement with previous studies that reported that electrophysiological and Ca2+ signal 

effects of ACh on neurons are mediated by PLC activation (Aiken et al., 1995; Brown & 

Yu, 2000; Dasari & Gulledge, 2011; Suh & Hille, 2002; H. Zhang et al., 2003). 

GqDREADD activation has also been shown to induce neuronal Ca2+ increases 

(Alexander et al., 2009; Armbruster et al., 2007). Present data further show that 

GqDREADD activation also evokes similar electrophysiological responses as ACh, and 

that the Ca2+ elevations are mediated by the PLC signaling pathway. In contrast, we 

found that endogenous or chemogenetic Gi/o GPCR activation elicited neuronal outward 

currents and hyperpolarizations (Armbruster et al., 2007; Logothetis et al., 1987; North, 

1989; Wickman et al., 1994; Zhu et al., 2014), and no Ca2+ changes. Regarding Ca2+ 

signaling, the βγ subunit dissociation after Gi/o activation can activate either PLC (Singer 

et al., 1997) or the IP3R directly (Zeng et al., 2003), leading to Ca2+mobilization from 

internal stores. It was interesting that we did not see this increase in neuronal Ca2+, 

suggesting either that this signaling pathway was not activated, or that we were not able 

to detect it. This finding contrasts with results from Gi/oDREADD signaling in astrocytes 

(see below), where Gi/oDREADD activation led to Ca2+ increases. Taken together, these 

data are in agreement with and expand upon previous literature showing that Gi/o 

activation is inhibitory in neurons. 

 

In contrast to the differential effects of Gq and Gi/o GPCR signaling in neurons, both types 

of G proteins led to cellular activation in astrocytes in the form of Ca2+ increases. Our 

results show that ACh and GqDREADD activation similarly increases Ca2+ in astrocyte 
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somas and processes through PLC- and IP3R2-mediated signaling pathways. Our data 

expand upon existing literature regarding astrocyte responsiveness to ACh (Araque et al., 

2002; Chen et al., 2012; Navarrete et al., 2012; Perea & Araque, 2005; Shelton & 

McCarthy, 2000; Takata et al., 2011). Since previous studies used either a nonselective 

mAChR antagonist or techniques to manipulate Ca2+ release from internal stores, the 

specific GPCR pathway mediating the Ca2+ responses was not known. Here we used PLC 

and Gi/o inhibitors to block Gq- and Gi/o-mediated effects, respectively. Since Gi/o GPCR 

signaling has also been reported to activate PLC through the βγ subunit (Singer et al., 

1997), U73122 treatment could also block any potential Gi/o-induced activation of PLC. 

Additionally, the βγ subunits that dissociate from Gi/o GPCR activation could directly 

activate the IP3R (Zeng et al., 2003). Accordingly, there could be residual Ca2+ elevation 

with U73122 treatment alone, due to βγ activation of the IP3R, as well as with PTX 

treatment alone, due to PLC-activated production of IP3. However, we observed that the 

ACh-induced Ca2+ responses were largely mediated through Gq-PLC-IP3 than through 

Gi/o-βγ-IP3R2 signaling. 

 

GqDREADDs have been previously used to specifically activate astrocytes (Adamsky et 

al., 2018; Agulhon et al., 2013; Bonder & McCarthy, 2014; Bull et al., 2014; Chai et al., 

2017; Martin-Fernandez et al., 2017; Scofield et al., 2015), but the Ca2+ dynamics and 

intracellular signaling pathways involved were not fully characterized. We found that 

GqDREADD activation stimulated Ca2+ increases in a manner akin to endogenous Ca2+ 

dynamics evoked by an endogenous stimulus (i.e., ACh; see Figure 2), and through the 
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canonical signaling of Gq GPCRs, i.e., PLC activation and IP3-mediated Ca2+ 

mobilization. These results indicate that astrocyte activation via GqDREADDs closely 

mimics physiological stimuli. 

 

Unlike in neurons, endogenous and chemogenetic Gi/o GPCR signaling led to astrocyte 

activation in the form of Ca2+ increases in a PTX-sensitive manner, demonstrating that 

the responses were indeed mediated by the Gi/o type of G protein. This is in line with 

other studies showing Ca2+ elevations in astrocyte somas upon Gi/o-coupled GABAB 

receptor activation (Covelo & Araque, 2018; Kang et al., 1998; Meier et al., 2008; 

Navarrete & Araque, 2008; Perea et al., 2016; Serrano et al., 2006). Here, we found 

GABAB activation also induces Ca2+ increases in astrocytic processes. It seems highly 

likely that other endogenous neurotransmitters coupled to Gi/o GPCRs may also activate 

astrocytes, but further studies are required to test this hypothesis. 

 

Boddum et al. (2016) have recently reported that activation of astrocyte GABA 

transporters lead to astrocytic Na+ concentration elevations and consequent astrocytic 

Ca2+ increases through Na+/Ca2+ exchange (Boddum et al., 2016). Present results indicate 

that the GABA effects on astrocyte Ca2+ are mediated by GABAB receptor activation 

because they are blocked by the receptor antagonist CGP. These results are consistent 

with two different and complementary mechanisms mediated by GABA transporters and 

receptors that are revealed by different experimental conditions. Indeed, Boddum et al. 

used long (≥ 5min) bath applications of GABA, which led to astrocytic Na+ concentration 
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raise, consequent increase in astrocytic Ca2+ through Na+/Ca2+ exchange and downstream 

effects with slow time course (on a temporal scale of minutes). In our study, we used 

local puff application of GABA (2s) and monitored the short-term effects on astrocyte 

Ca2+ (on a temporal scale of seconds). Therefore, GABA signaling in astrocytes may 

occur through two complementary mechanisms with different time courses mediated by 

GABA transporters and receptors. 

 

It has been reported that GABAB receptor-induced Ca2+ elevations can be attributed to 

PLC signaling (Hirono et al., 2001; New et al., 2006) and PTX-sensitive Ca2+ 

mobilization through the IP3R2 (Mariotti et al., 2016). Gi/o GPCR activation can result in 

PLC-induced Ca2+ mobilization through Gi/o-βγ-PLC signaling (Singer et al., 1997), 

however, we found no effect of U73122 in GABA- and CNO-induced Ca2+ signaling in 

astrocytes, and instead found that PTX treatment alone abolished the Ca2+ increase. 

Moreover, the lack of CNO-evoked Ca2+ increases in IP3R2-/- mice suggests that both the 

Gq and Gi/o protein-induced Ca2+ increases require IP3R2 activation. These data suggest 

that Gi/oGPCR-induced Ca2+ elevations in astrocytes may have been mediated via βγ 

subunits directly binding the IP3R2 (Zeng et al., 2003) and not through PLC activation. 

Future experiments, for example using βγ inhibitors, will be necessary to determine the 

specific signaling cascade leading to Ca2+ elevations. Taken together, both GPCR 

pathways appear to converge on the IP3R2, but differ in the exact signaling mechanisms 

leading to IP3R2 activation. Lastly, we found in vivo that activation of either Gq or Gi/o 

DREADDs targeted to cortical astrocytes induced an increase in Ca2+ events following 
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CNO injection. These data provide evidence that this chemogenetic approach to 

selectively activate astrocytes remains feasible in a more intact preparation. 

 

Both Gq- and Gi/o-induced astrocyte Ca2+ elevations, whether elicited by endogenous 

receptors or DREADDs, stimulated glutamate release from astrocytes, which was 

detected as an increase in the frequency of SICs. SICs, which are known to be mediated 

by activation of neuronal NMDA receptors, have been found to enhance neuronal 

excitability and increase neuronal synchrony (Angulo et al., 2004; Araque et al., 1998b; 

Fellin et al., 2004; Perea & Araque, 2005; Shigetomi et al., 2008). While a recent study 

using GqDREADDs in astrocytes failed to detect significant changes in SIC frequency 

upon CNO stimulation (Chai et al., 2017), we observed robust effects. Although the 

origin of these discrepant results is unclear, it may be due to different sensitivity in 

detecting SICs, as indicated by our relatively lower mean SIC amplitude.  

 

In addition to an increase in SIC frequency in nearby neurons, selective astrocyte 

activation via either GqDREADD or Gi/oDREADD signaling led to an increase in action 

potential firing of hippocampal neurons. While most reports of neuronal-glial interactions 

have shown synaptic transmission regulation by astrocytes (Araque et al., 2014), present 

results add to recent studies showing that astrocytes can also regulate neuronal firing and 

network activity (Lee et al., 2014; Poskanzer & Yuste, 2011, 2016; Shen et al., 2017; Tan 

et al., 2017). Indeed, the observed increase in astrocyte Ca2+ activity upon CNO injection 

in vivo co-occurred with an upregulated delta range of the slow-wave activity. This is 

consistent with previous studies showing the contribution of gliotransmission to in vivo 
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network function (Fellin et al., 2009; Poskanzer & Yuste, 2011). Interestingly, we found 

that stimulating either the Gq or Gi/o protein pathways in astrocytes led to increases in 

astrocyte Ca2+ and slow-wave activity in the delta range in vivo, suggesting both 

pathways play similar regulatory roles in the living brain. The absence of effects of CNO 

administration in slice and in vivo in mice injected with the control virus AAV8-GFAP-

mCherry indicates that the observed effects of CNO are not due to off-target effects but 

rather direct activation of astrocytes. It is important to note that mechanistic correlations 

should not be made between the results obtained in slice with those obtained in vivo, as 

these two regions have distinct neuronal-glial network interactions. Rather, we aimed to 

expand our results in vivo to test the hypothesis that activating astrocytes either via Gq or 

Gi/o protein signaling pathways influenced neuronal network activity. Taken together, 

astrocytes have multiple modulatory roles, controlling neuronal information processing 

via synaptic transmission as well as directly regulating neuronal output and network 

activity. 

 

The excitation/inhibition balance is important for proper brain function, and its 

dysfunction may lead to brain disorders, such as epilepsy and autism. In addition to the 

importance of excitatory transmission in brain communication, inhibitory transmission 

controls synaptic transmission and neuronal firing frequency (Buzsaki & Chrobak, 1995; 

Engel et al., 2001; Salinas & Sejnowski, 2001). Beyond the direct effects on cell 

signaling reduction, inhibition is essential in the operation of neural networks, 

contributing to the generation of rhythmic activity by synchronizing the discharge of 
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principal cell populations (Bartos et al., 2007; Kullmann, 2011; Pouille & Scanziani, 

2001). Present findings indicate that inhibition is a specific property of neurons and may 

be fundamentally different between neurons and astrocytes. While inhibitory 

neurotransmitters have direct inhibitory effects on neuronal activity through direct 

activation of neuronal receptors, present data indicate that they may also have an indirect 

excitatory effect on neurons through activation of astrocytes. Hence, the same 

neurotransmitters that directly inhibit neurons may also activate astrocytes, which then 

feed-forward excite neurons (Perea et al., 2016). Therefore, the present results reveal 

additional complexity of the signaling consequences of excitatory and inhibitory 

neurotransmitters in network operation and brain function. 
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CHAPTER THREE: ASTROCYTE SIGNALING IS NECESSARY FOR LONG-

TERM DEPRESSION IN CORTICO-D1 MEDIUM SPINY NEURON SYNAPSES 

 

The previous chapter characterized different G protein-coupled receptor (GPCR) 

signaling pathways in astrocytes and the downstream consequences on hippocampal and 

cortical neuronal activity. The following chapter further delves into GPCR signaling in 

astrocytes, but rather than characterizing the consequences of directly activating astrocyte 

GPCRs pharmacologically, it investigates the response of astrocytes to synaptic 

stimulation and the consequences of that response. In particular, we studied the 

involvement of astrocyte GPCR signaling in the dorsolateral striatum upon high-

frequency stimulation (HFS) of glutamatergic corticostriatal afferents, which results in 

long-term depression (LTD) of synaptic transmission mediated by presynaptic adenosine 

A1R. First, we asked first if astrocytes respond to this stimulation through metabotropic 

glutamate receptors. Second, we asked if astrocytes subsequently release ATP to mediate 

the observed LTD. Our data suggest that the response of astrocytes to HFS is integral for 

inducing LTD at a subset of corticostriatal synapses.  
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ASTROCYTE SIGNALING IS NECESSARY FOR LONG-TERM DEPRESSION 

AT CORTICO-D1 MEDIUM SPINY NEURON SYNAPSES  

 

Summary 

Despite extensive research into understanding striatal plasticity, the functional role of 

astrocytes in the striatum is largely unknown. It was recently demonstrated that high-

frequency stimulation (HFS)-induced long-term depression (LTD) at cortico-D1 

medium spiny neuron (MSN) synapses is mediated by the adenosine A1 receptor 

(A1R). It has been shown in other brain regions that astrocyte-derived adenosine 

influences various forms of synaptic transmission, however, this has not yet been 

demonstrated in the dorsolateral striatum. Thus, this study investigated whether 

astrocytes respond to corticostriatal HFS and in turn release a gliotransmitter 

necessary for LTD induction. We found that HFS increases calcium levels in 

astrocytes through mGluR5 signaling, and that this response of astrocytes was 

necessary for eliciting A1R-mediated LTD. Furthermore, activating astrocytes with 

Gq DREADDs induced A1R-mediated synaptic depression. These results are the first 

to demonstrate that astrocytes are a new and integral cellular element involved in 

long-term synaptic plasticity in the striatum. Specifically, it is the first demonstration 

that astrocytes not only sense corticostriatal HFS, but also that they respond by 

releasing a gliotransmitter necessary for HFS-induced LTD. These results add to the 

accumulating evidence that neuron-astrocyte interactions at the tripartite synapse are 

fundamental cellular processes involved in brain function. 
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Introduction 

Since the concept of the tripartite synapse was established in the late 1990s, there 

was a fundamental shift in our understanding of how neurons communicate with one 

another. Rather than exclusive neurotransmitter signaling between presynaptic and 

postsynaptic neurons, astrocytes can also respond to synaptically-released 

neurotransmitters by releasing gliotransmitters that can influence synaptic 

transmission in a variety of ways (Araque et al., 2014). Such bidirectional signaling 

between neurons and astrocytes has been established in the hippocampus, cortex, and 

several other regions, but relatively little is known about gliotransmission in the 

striatum, an area with well-characterized neuronal circuitry. The striatum is the main 

input nuclei of the basal ganglia system and primarily receives input from excitatory 

glutamatergic cortical and thalamic projection neurons. These projection neurons 

synapse on inhibitory GABAergic medium spiny neurons (MSNs), the most 

abundant neuron population in the striatum. MSNs are typically classified into two 

different groups: striatonigral MSNs that express dopamine receptor type 1 (D1 

MSNs) and striatopallidal MSNs that express dopamine receptor type 2 (D2 MSNs) 

(Kreitzer & Malenka, 2008). Despite extensive research into understanding striatal 

circuitry and behavioral output, the functional role of astrocytes in the striatum is 

largely unknown (Martin et al., 2015). In particular, there are no studies to our 

knowledge that investigate the role of astrocytes in long-term plasticity of the 

striatum. 
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In the present study, we aimed to elucidate the role of astrocytes in mediating a form 

of long-term depression (LTD) between cortical synapses onto D1 MSNs of the 

dorsolateral striatum. A prevailing hypothesis for the underlying mechanism of 

striatal LTD is the production and release of endocannabinoids from MSNs that bind 

presynaptic cannabinoid receptor type 1 to suppress subsequent glutamate release 

from glutamatergic corticostriatal terminals (Gerdeman et al., 2002). However, there 

are reports that other mechanisms of plasticity also are present at corticostriatal 

synapses (Trusel et al., 2015). Trusel and colleagues found that high-frequency 

stimulation (HFS)-induced LTD at corticostriatal D2 MSN synapses was indeed 

mediated by endocannabinoid signaling, but LTD at cortico-D1 MSN synapses was 

mediated by presynaptic adenosine A1 receptors (A1Rs). The source of this 

adenosine availability was unknown but was hypothesized to be from nonneuronal 

origin. It is known that astrocytes release ATP that, after hydrolyzing to adenosine, 

can influence synaptic transmission and plasticity at nearby synapses (Chen et al., 

2013; Covelo & Araque, 2018; Pascual et al., 2005; Serrano et al., 2006; J. M. Zhang 

et al., 2003). Therefore, we hypothesized that astrocytes respond to corticostriatal 

HFS by releasing ATP, and that this astrocyte-derived adenosine mediates the 

observed LTD.  

 

Indeed, we found that astrocytes respond with calcium increases to corticostriatal 

HFS in an mGluR5- and IP3R2-dependent manner. Blocking astrocyte activation 

prevented the HFS-induced LTD. Alternatively, activating astrocytes with Gq 

DREADDs resulted in a depression of corticostriatal synapses in an A1R-dependent 
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manner. Taken together, these results are the first to our knowledge to demonstrate 

that astrocytes are an integral component of a form of long-term plasticity in the 

striatum. These results add to the accumulating evidence that neuron-astrocyte 

interactions at the tripartite synapse are necessary for proper brain function. 

 

Methods 

Experimental model and subject details 

Experiments were performed from both male and female 4-12 weeks old mice of the 

following strains: C57BL/6, Drd2-EGFP bacterial artificial chromosome transgenic mice, 

and IP3R2-/- (Li et al., 2005). All experiments were in compliance with the Animal Care 

and Use Committee at the University of Minnesota and the Instituto Italiano di 

Tecnologia.  

 

Stereotaxic surgery 

Four-six-week-old mice were anesthetized with ketamine/xylazine (10 ml/kg) and 

underwent stereotaxic surgery of different viruses. To measure calcium signaling in 

astrocytes, mice were injected with an adeno-associated virus containing cytosolic 

GCaMP6f expression (AAV5 pZac2.1 gfaABC1D-cyto-GCaMP6f from Baljit Khakh, 

Addgene plasmid # 52925; http://n2t.net/addgene:52925; RRID:Addgene 52925 

(Haustein et al., 2014)). For chemogentic activation of Gq signaling in astrocytes, mice 

were injected with AAV8-GFAP-hM3Dq-mCherry. For control DREADDs experiments, 

mice received injections of AAV8-GFAP-mCherry. Stereotaxic coordinates used for all 

dorsolateral striatum injections were (relative to Bregma in mm) +1.0 A-P, ±2.00 M-L 
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and -3.15 D-V. Experiments were performed 2-6 weeks after surgery. All DREADDs 

viruses were purchased from the UPenn Vector Core, while the plasmid to generate the 

AAV8-GFAP-mCherry was purchased from Addgene (Plasmid #58909) and was 

generated by the University of Minnesota Viral Vector and Cloning Core.  

 

Dorsolateral striatum slice preparation 

The brain was removed quickly after decapitation and placed in ice-cold artificial 

cerebrospinal fluid (ACSF). Horizontal slices (270um thick) were made with a vibratome 

and incubated (>1 h) in a holding chamber at room temperature (21-24 degrees C) in 

ACSF containing (in mM): NaCl 124, KCl 2.69, KH2PO4 1.25, MgSO4 2, NaHCO3 26, 

CaCl2 2, ascorbic acid 0.4, and glucose 10, and continuously bubbled with carbogen 

(95% O2 and 5% CO2) (pH 7.3). Slices were transferred to an immersion recording 

chamber and superfused at 2mL/min with gassed ACSF containing (in mM): NaCl 124, 

KCl 2.69, KH2PO4 1.25, NaHCO3 26, CaCl2 4, glucose 10, and glycine 4.  

 

Slice electrophysiology 

Whole-cell electrophysiological recordings were performed in D1 medium spiny neurons 

(MSN) of the dorsolateral striatum (DLS). Patch pipettes were pulled from thick-walled 

borosilicate glass (1.5 mm outer diameter) on a Sutter Instruments P-1000 puller. For 

neuronal recordings, pipettes (3-8 MΩ) were filled with the internal solution that 

contained (in mM): K-Gluconate 135, KCl 10, HEPES 10, MgCl2 1, ATP-Na2 2 (pH = 

7.3 adjusted with KOH; osmolality 280-290 mOsm/L). For astrocyte recordings, pipettes 

(3-8 MΩ) were filled with the internal solution that contained (in mM): methylsulfonic 
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acid potassium salt 100, KCl 50, HEPES-K 10, ATP-Na2 2 (pH = 7.3 adjusted with 

KOH; osmolality 280-290 mOsm/L). In experiments to block GPCR signaling, GDPβS 

(10µM) was added to the neuronal or astrocyte internal solution. For astrocyte GDPβS 

experiments, before neuronal recordings began, the astrocyte remained in whole-cell 

voltage-clamp configuration for 20 minutes before pipette removal to allow the GDPβS 

to load into the astrocyte and its syncytium. Excitatory postsynaptic currents (EPSCs) 

were evoked by stimulation of the deep cortical layer 5 of the somatosensory cortex in 

the presence of the GABAA receptor antagonist gabazine (10 μM) or picrotoxin (50 μM). 

During high-frequency stimulation induction (4 x 1 s long 100-Hz trains, repeated every 

10 s), the postsynaptic cell was depolarized from -80 to -50 mV. Paired-pulse facilitation 

(PPF) was elicited by paired cortical stimuli (50-100-ms interval). Only GFP-negative 

cells in slices from Drd2-EGFP mice were used for electrophysiology experiments as 

putative D1 MSNs. Experiments were performed at 30 degrees C. MPEP (50µM), 

LY367385 (100µM mM), or CGP54626 (1 mM) was added to the perfusion system to 

block mGluR5, mGluR1, or GABABR, respectively. DPCPX (500nM) or CPT (2µM 

mM) was used to block A1R. CNO (10µM final bath concentration) was added to the 

perfusion system in slices from mice injected with AAV8-GFAP-hM3Dq-mCherry or 

AAV8-GFAP-mCherry. Cells were visualized under 40x water immersion objective 

using differential interface contrast (DIC) in an Olympus microscope. Recordings were 

obtained and filtered (1KHz) by PC-ONE amplifiers (Dagan Instruments, Minneapolis, 

MN). Signals were fed to a Pentium-based PC through a DigiData 1440A interface board. 

The pCLAMP 10.2 (Axon Instruments) software was used for stimulus generation, data 

display, acquisition and storage. 
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Ca2+ imaging 

Ca2+ levels in astrocytes were monitored by two-photon microscopy (Leica DM6000 CFS 

upright multiphoton microscope with TCS SP5 MP laser). Astrocyte regions of interest 

(ROIs) were selected by a custom MATLAB program, which detected ROIs whose Ca2+ 

signal changed >2 standard deviations from baseline. The ROI Ca2+ values were then fed 

into a second custom MATLAB program that identified a Ca2+ event when the Ca2+ trace 

surpassed a threshold that was based on the first and second percentiles of the entire Ca2+ 

trace. Our measurement of Ca2+ event probability was calculated as the number of Ca2+ 

elevations grouped in 10s bins recorded from the astrocytes in the field of view, and 

mean values were obtained by averaging each different experiment. References to “n” in 

the text correspond to the number of experiments performed for each condition. 

 

Immunohistochemistry 

Anesthetized mice were perfused through the left cardiac ventricle with 4% 

paraformaldehyde in 0.1M PBS. The brains were removed, postfixed overnight with 

paraformaldehyde and cut into 100 µm slices using a Leica VT 1000S vibratome. Brain 

sections were then blocked with phosphate-buffered saline (PBS) containing 10% normal 

goat serum (NGS) or normal donkey serum (NDS) and 0.5% Triton X-100 and incubated 

for 48 hours with the primary antibody diluted in blocking solution. Appropriate 

fluorochrome-labeled secondary antibodies (Jackson ImmunoResearch, West Grove, PA) 

were then incubated overnight and used for detection. Antibodies against glial fibrillary 

acidic protein (GFAP, Cat # G9269, 1:500, Sigma-Aldrich or Cat# MAB360, 1:500, 

Chemicon) were used as a marker for astrocytes. Antibodies against neuron-specific 



76 
 

nuclear protein (NeuN, Cat # MABN140, 1:500, Millipore or Cat# MAB377, 1:200, 

Chemicon) were used as a marker for neurons. An antibody against mCherry was used as 

a marker for DREADDs (Cat # ab205402, 1:500, Abcam).  Fluorescent stained sections 

were mounted with Vectashield mounting medium (Vector Laboratories). The stained 

sections were visualized with an Olympus FluoView FV1000 upright confocal 

microscope and analyzed for colocalization of DREADDs and other cell markers using 

ImageJ software (NIH, Bethesda, MD). 

 

Quantification and statistical analyses 

Data are expressed as mean ± standard error of the mean (SEM). Data normal distribution 

was assessed using a Shapiro-Wilk Normality test. Statistical comparisons were made 

using a one-way repeated measures ANOVA with Holm-Sidak posthoc test, or a paired t-

test. When the Shapiro-Wilk Normality test failed, a Kruskal-Wallis ANOVA with a 

Dunn’s posthoc was used. Statistical differences were established with P < 0.05 (*), P < 

0.01 (**), and P < 0.001 (***). 

 

Results 

LTD at cortico-D1 MSNs synapses is mediated by A1R and mGluR5 

To study the mechanisms underlying LTD in the dorsolateral striatum, corticostriatal 

afferents were stimulated in deep layer V of the somatosensory cortex and the resulting 

excitatory postsynaptic currents (EPSCs) were recorded from D1 MSNs. D1 MSNs were 

identified by patching non-EGFP-expressing neurons in Drd2-EGFP BAC-transgenic 

mice and their characteristic electrophysiological properties (Kreitzer & Malenka, 2007). 
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Figure 9. HFS-LTD at cortico-D1 MSN synapses is A1R- and mGluR5-dependent. A) 

Scheme of HFS protocol. B) Effect of HFS on EPSC amplitude (top) and input resistance 

(Rinp, bottom). Gray vertical bar indicates HFS, as in other panels. C-E) Same as A but 
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for DPCPX (C), MPEP (D), and GDPβS-filled D1 MSNs (E). F) Summary histogram of 

effect of HFS on EPSC amplitude in the different pharmacological conditions. All data 

represented as mean ± SEM. Statistical test: Paired t-test, *p<0.05, **p<0.01. Data 

collected by Anna Cavaccini. 

 

In control conditions, high-frequency stimulation (HFS) paired with neuronal 

depolarization (Figure 9 A) resulted in long-term depression (LTD) of EPSCs (Post: 67 ± 

3.33%, n = 8, 7 mice, paired t-test: p = 0.0023, Figure 9 B). LTD was blocked by the 

A1R antagonist DPCPX (Post: 90 ± 11.128%, n = 8, 7 mice, paired t-test: p > 0.05, 

Figure 9 C), consistent with what was found by Trusel and colleagues (Trusel et al., 

2015). Of note, A1R antagonism alone increased basal synaptic transmission (Post: 131.9 

± 4.9%, n = 5, mice = 4, paired t-test: p = 0.0029, data not shown). Similar to DPCPX, 

blocking mGluR5 with MPEP also prevented HFS-LTD (Post: 106 ± 11.851%, n =5, 3 

mice, paired t-test: p > 0.05, Figure 9 D). Additionally, blocking postsynaptic GPCR 

signaling by patch-loading D1 MSNs with GDPβS also had no effect on HFS-LTD (Post: 

62.708 ± 10.458%, n =6, 4 mice, paired t-test: p = 0.0162, Figure 9E). Taken together, 

HFS-LTD at corticostriatal D1 MSNs synapses is mediated by A1R and mGluR5 (Figure 

9 F).  

 

Dorsolateral striatal astrocytes respond with calcium increases to corticostriatal 

HFS in a mGluR5-dependent manner 

To investigate potential astrocyte involvement in mediating HFS-LTD at corticostriatal 

synapses, astrocyte calcium activity was monitored using a viral injection of the 
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genetically-encoded cytosolic calcium indicator GCaMP6f under the astrocyte  

GfaABC1D promoter (AAV5.GfaABC1D.cytoGCaMP6f.SV40). In control conditions, 

HFS increased astrocyte calcium event probability during and immediately following the 

stimulation period (n = 11, 5 mice, One way RM ANOVA with Holm-Sidak posthoc test 

(OW-RM-ANOVA-HS):  p < 0.001, Pre vs Stim: p = 0.003, Pre vs Post: p < 0.001, 

Figures 10 A-F) but returned to baseline 12 minutes later (n = 6, 2 mice, Pre vs Post2: p > 

0.05, Figure 10 G). This increase in calcium event probability was blocked with MPEP (n 

= 9, 2 mice, One way RM ANOVA:  p > 0.05, Figures 10 E-F). Antagonists of mGluR1 

(LY367385, n = 14, 3 mice), GABABR (CGP54626, n =12, 2 mice), and A1R (CPT, n = 

7, 2 mice) had no effect on the astrocytes’ responsiveness to HFS (OW-RM-ANOVA-HS 

for LY367385 and CGP54626: p < 0.001, OW-RM-ANOVA-HS for CPT: p = 0.003, 

Figure 10 F). Importantly, in control experiments in which no HFS was delivered, we did 

not observe an increase in calcium event probability over time (n = 5, One way RM 

ANOVA, p > 0.05, data not shown). Similarly, calcium event probability did not change 

in response to HFS in conditions of tetrodotoxin (1μM) to block voltage-gated sodium 

channels and thus action potential-mediated neurotransmission (n = 4, One way RM 

ANOVA, p > 0.05, data not shown). Taken together, astrocytes respond to corticostriatal 

HFS via mGluR5.  
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Figure 10. Striatal astrocyte response to corticostriatal high-frequency stimulation. A) 

Representative image of region of interests (ROIs) automatically generated by CALSEE. 

B) Dashed box in A showing calcium changes (arrowheads) before and after HFS in 

control conditions. Below: individual traces from ROIs 20 and 23 from A. Scale bars, 

10%, 10s. Black arrowhead indicates 1s of 100Hz stimulation, as in other panels. C) 

Calcium traces from the ROIs in A. Gray box indicates “stim” period of HFS, as in other 

panels. D) Calcium event probability averaged in 10s bins in control conditions. E) 

Calcium traces in the presence of MPEP (50µM, not the same ROIs as in C. F) Calcium 
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event probability before (“Pre”), during (“Stim”), and after (“Post”) HFS in different 

pharmacological conditions. G) Calcium event probability before, during, after, and 

10min after (“Post2”) HFS in a separate experiment in control conditions. All data 

represented as mean ± SEM. Statistical tests: one-way RM ANOVA, *p<0.05, 

***p<0.001. 

 

Blocking astrocyte calcium activity prevents HFS-LTD 

Given that astrocytes responded to HFS in a mGluR5-dependent manner, and blocking 

mGluR5 prevented HFS-LTD, perhaps astrocytes may be an integral component 

mediating HFS-LTD in the dorsolateral striatum. Thus, we next asked if blocking 

astrocyte activity directly would influence HFS-LTD. To this end, we used IP3R2 knock-

out mice, in which IP3R2-mediated calcium signaling in astrocytes is absent (Li et al., 

2005), and in separate experiments we patch-loaded astrocytes with GDPβS. First, we 

observed that HFS-evoked calcium signaling was attenuated in both IP3R2 knock-out 

mice (n = 11, 2 mice) and in conditions of GDPβS-loaded astrocytes (n = 6, 2 mice; One 

way RM ANOVA, p > 0.05, Figures 11 A-D). Second, in both conditions, we observed 

that HFS-LTD was prevented (IP3R2-/-: Post: 111 ± 29.492%, n = 8, 7 mice, paired t-test: 

p > 0.05; GDPβS: Post: 90.160 ± 12.320%, n = 5, 4 mice, paired t-test: p > 0.05; Figures 

11 E-G). These data suggest that HFS evokes the release of glutamate from corticostriatal 

terminals that binds astrocytic mGluR5, resulting in a GPCR-IP3R2-mediated calcium 

increase that appears to be necessary for mediating HFS-LTD.  
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Figure 11. Effects of blocking astrocyte response to corticostriatal high-frequency 

stimulation on synaptic transmission. A) Representative image of ROIs automatically 

generated by CALSEE in IP3R2-/- mice (left) and the corresponding calcium traces from 
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the 53 ROIs (left). Black arrowhead indicates 1s of 100Hz stimulation and gray box 

indicates “stim” period of HFS, as in other panels. B) Same as A but for GDPβS-filled 

astrocytes. C) Calcium event probability averaged in 10s bins for IP3R2-/- mice (filled) 

and GDPβS-filled astrocytes (open). D) Calcium event probability before (“Pre”), 

during (“Stim”), and after (“Post”) HFS for IP3R2-/- mice and GDPβS-filled astrocytes. 

E) Effect of HFS on EPSC amplitude (top) and input resistance (Rinp, bottom) in IP3R2-/- 

mice. Gray vertical bar indicates HFS, as in F. Right: Representative traces before and 

after HFS. F) Same as E but for GDPβS-filled astrocytes. G) Summary histogram of 

effect of HFS on EPSC amplitude in IP3R2-/- mice and GDPβS-filled astrocytes. All data 

represented as mean ± SEM. Statistical tests: RM one-way ANOVA and Paired t-test. 

 

Astrocyte Gq DREADD activation induces a long-lasting depression of EPSCs in a 

A1R-dependent manner 

To investigate if directly activating astrocytes is sufficient for inducing suppression of 

EPSC amplitude in a manner similar to HFS-evoked LTD, we activated astrocytes with 

the chemogenetic approach using Gq DREADDs. This approach has previously been used 

to elevate astrocyte calcium in a PLC- and IP3R2-dependent manner upon application of 

the DREADD ligand CNO (Chai et al., 2017; Martin-Fernandez et al., 2017), which is 

demonstrated in Chapter Two. We first confirmed that expression of the Gq DREADD 

virus (AAV8-GFAP-hM3Dq-mCherry) was specific to astrocytes (Penetrance in GFAP+ 

(astrocyte marker), NeuN+ (neuronal marker), Iba+ (microglia marker), NG2+ (NG2 glia 

marker), and Oligo 2 (oligodendrocyte marker) cells: 99.6%, 3.3%, 1.2%, 0%, 1.8%, 

respectively (data not shown), Figure 12 A). In a region of DREADD-expressing  
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Figure 12. Effects of activating hM3Dq DREADD-expressing astrocytes on synaptic 

transmission. A) Immunohistochemistry showing colocalization of hM3Dq-mCherry with 

the astrocytic marker GFAP and not the neuronal marker NeuN. B) Representative 
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calcium traces upon CNO (10µM) perfusion (indicated in blue, as in other panels) in 

GFAP-hM3Dq-mCherry mice. C) Calcium event probability averaged in 10s bins before 

and after CNO perfusion. D) Calcium event probability before and after CNO perfusion 

in GFAP-hM3Dq-mCherry and GFAP-mCherry mice. E) Representative image showing 

GFAP-hM3Dq-mCherry localization and patched D1 MSN. F) Effect of CNO perfusion 

on EPSC amplitude and input resistance (Rinp, bottom) in GFAP-hM3Dq-mCherry mice 

(left) and representative traces before and after CNO perfusion (right). G) Same as F, but 

for CNO perfusion in the presence of CPT (2µM). H) Summary histogram of effect of 

CNO perfusion on EPSC amplitude in the different conditions. 

 

astrocytes, we observed that CNO application increased astrocyte calcium event 

probability (n = 9, Paired t-test: p = 0.0217, Figure 12 B-D). This effect was not seen in 

control GFAP-mCherry mice (n = 8, 2 mice, paired t-test: p > 0.05, Figure 12D). Next, 

we asked if this CNO-induced increase in astrocyte calcium would lead to release of 

ATP/adenosine to suppress EPSCs similar to that observed for HFS-evoked LTD. Indeed, 

we found that CNO perfusion decreased EPSC amplitude relative to baseline measures 

(Post: 88 ± 1.8%, n = 7, 6 mice, paired t-test: p = 0.00172, Figure 12E-F, H), which was 

not found in control GFAP-mCherry slices (n = 4, 3 mice, paired t-test: p > 0.05). We 

repeated the experiment in the presence of the A1R antagonist CPT and found that the 

previously observed CNO-induced EPSC suppression was prevented and instead revealed 

a potentiation (Post: 136.19 ± 8.89%, n = 5, 4 mice, paired t-test: p = 0.0153, Figure 12G-

H). Taken together, these data suggest that evoking calcium elevations in a manner 

similar to mGluR5-GPCR signaling results in A1R-dependent depression of EPSCs.  
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Discussion 

The present results propose that astrocytes are integral to HFS-induced LTD at cortico-

D1 MSN synapses (Figure 13). We found that striatal astrocytes respond to HFS with 

calcium elevations dependent upon mGluR5, G protein signaling, and IP3R2 activation. 

Blocking signaling from any of those sources prevented HFS-LTD, suggesting that 

mGluR5-mediated GPCR signaling and internal release of calcium via the IP3R2 are 

required for the induction of LTD. Furthermore, activating astrocytes with Gq DREADDs 

in the absence of HFS induced a suppression of EPSC amplitude that was A1R-

dependent. Taken together, these results suggest that Gq GPCR-mediated astrocyte 

activation results in the downstream release of ATP/adenosine that binds A1R to suppress 

synaptic transmission. 

Figure 13. Proposed mechanism of A1R-dependent LTD at cortico-D1 MSN synapses. 

Glutamate released from corticostriatal terminals activates not only postsynaptic 

receptors on D1 MSNs, but also mGluR5 on astrocytes. This results in an IP3R2-

mediated calcium elevation that stimulates the release of ATP/adenosine, which binds 

presynaptic A1R to suppress subsequent glutamate release.  
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Cortico-D1 MSN HFS-LTD is dependent on A1R and mGluR5 activation 

We report here that HFS-induced LTD at cortico-D1 MSN synapses is mediated by A1R, 

which is consistent with a recent study (Trusel et al., 2015). A1R is expressed in many 

brain regions at glutamatergic terminals, and, given that it is Gi/o-coupled, its activation 

results in a decrease in glutamate release (Fredholm et al., 2005). Interestingly, there are 

only a few early studies that have implicated adenosine/A1R signaling in striatal 

plasticity (Borycz et al., 2007; Ciruela et al., 2006; Lovinger & Choi, 1995). However, in 

the hippocampus it has been observed that adenosine signaling mediates heterosynaptic 

depression via presynaptic A1R-mediated suppression of glutamate release (Manzoni et 

al 1994), but the mechanisms upstream of A1R activation were unknown at the time. 

Later, however, it was discovered that hippocampal heterosynaptic depression is 

mediated by astrocytic-derived adenosine (Pascual et al., 2005; Serrano et al., 2006; J. M. 

Zhang et al., 2003).  

 

In addition to requiring A1R, HFS-LTD was also dependent on mGluR5 activation. This 

finding is consistent with previous reports showing that activation of group I mGluRs can 

mediate both LTD and LTP in the striatum (Gubellini et al., 2003; Luscher & Huber, 

2010; Sung et al., 2001). The mechanisms underlying striatal LTD are largely disputed, 

particularly regarding LTD at cortico-D1 versus cortico-D2 MSN synapses, but in 

general it is thought that postsynaptic group I mGluR and L-type Ca2+ channel activation 

results in the mobilization of endocannabinoids that bind presynaptic CB1Rs to suppress 

glutamate release (Atwood & Lovinger, 2017; Gerdeman et al., 2002; Kreitzer & 

Malenka, 2007). Studies have shown that pharmacological activation of group I mGluRs 
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is sufficient to induce endocannabinoid-mediated LTD, and that blocking group I 

mGluRs prevents LTD induction (Calabresi et al., 1999; Chepkova et al., 2009; Fino & 

Venance, 2010; Kreitzer & Malenka, 2007; Shen et al., 2008; Sung et al., 2001; Yin et 

al., 2008). In the present study, HFS-LTD was blocked with the mGluR5 antagonist 

MPEP. Given that the response of astrocytes to HFS was also blocked with MPEP, it 

suggests that activation of astrocytic mGluR5 is necessary for HFS-LTD. Interestingly, 

Trusel and colleagues found that LTD at cortico-D1 MSN synapses was not dependent on 

postsynaptic calcium or endocannabinoid signaling (Trusel et al., 2015). Additionally, in 

the present study we found that blocking D1 MSN GPCR signaling also did not affect 

HFS-LTD. Together, these data argue against the requirement for postsynaptic neuronal 

group I mGluR-mediated calcium and endocannabinoid signaling to induce LTD. 

 

Corticostriatal HFS activates astrocytes via mGluR5 

Perhaps some of the inconsistent results regarding mGluR5 activation in striatal LTD 

may be because astrocyte mGluR5 involvement has never been explicitly studied until 

now. In addition to being expressed neuronally, mGluR5 is also expressed on striatal 

astrocytes and results in gliotransmitter release (Biber et al., 1999; Bradley & Challiss, 

2012; D'Ascenzo et al., 2007; Tamura et al., 2014). Indeed, we found that blocking 

mGluR5 prevented the astrocyte response to HFS, suggesting that astrocytic mGluR5 

participate in HFS-LTD. Antagonizing mGluR1 did not influence the astrocytic response, 

but has previously been found to prevent HFS-LTD (Gubellini et al., 2003), suggesting 

that perhaps neuronal mGluR1 and astrocytic mGluR5 work in concert to induce HFS-

LTD. Of note, GABAB receptors, which have been found to mediate hippocampal 
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heterosynaptic depression (Covelo & Araque, 2018; Pascual et al., 2005; Serrano et al., 

2006; J. M. Zhang et al., 2003), did not appear to be involved in the astrocyte response to 

HFS. Importantly, while A1R antagonism blocked HFS-LTD, we found that it did not 

block the astrocytic calcium response, indicating that A1R activation is downstream of 

astrocyte activation. Taken together, these data suggest that A1R-mediated HFS-LTD 

occurs following mGluR5-mediated astrocyte activation.  

 

Blocking astrocyte GPCR and IP3R2 signaling prevents HFS-LTD 

To more directly investigate astrocyte involvement in HFS-LTD, we prevented IP3R2-

mediated calcium signaling with IP3R2 KO mice or blocked all forms of GPCR signaling 

via patch-loading GDPβS into astrocytes. In these conditions, HFS did not increase 

astrocyte calcium signaling nor did it produce LTD. These data suggest that blocking the 

astrocyte calcium response to HFS prevents the release of ATP that hydrolyzes to 

adenosine, thereby disinhibiting the A1R-mediated suppression of glutamate release. As 

mentioned above, astrocyte-derived adenosine in the hippocampus was found to mediate 

heterosynaptic depression (Pascual et al., 2005; Serrano et al., 2006; J. M. Zhang et al., 

2003). Pascual and colleagues found that blocking gliotransmission using dominant-

negative SNARE transgenic mice reduced the extent of LTP in a A1R-dependent manner. 

This suggested that tonic astrocytic release of ATP increases the dynamic range of 

synaptic plasticity via tonic A1R-mediated presynaptic inhibition. Other groups have also 

demonstrated in regions outside the hippocampus that astrocyte-derived ATP and 

adenosine exerts various synaptic effects in both a tonic and phasic manner (Covelo & 

Araque, 2018; Gourine et al., 2010; Halassa et al., 2009a; Halassa & Haydon, 2010; Lalo 
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et al., 2014; Martin-Fernandez et al., 2017; Newman, 2003; Panatier et al., 2011; 

Poskanzer & Yuste, 2011, 2016). Of note, mGluR5-mediated astrocytic release of ATP 

has been reported previously. Panatier and colleagues observed in the hippocampus that 

astrocytes regulate basal synaptic transmission via presynaptic A2A receptor activation 

following mGluR5-mediated astrocyte calcium elevations (Panatier et al., 2011). 

Interestingly, in line with previous reports (Panatier et al., 2011; Pascual et al., 2005), we 

found that A1R antagonism alone increased basal synaptic transmission, suggesting that 

ATP is tonically released. Thus, are results suggest that in addition to ATP being released 

acutely in response to HFS, there is also tonic release. Taken together, these data show 

that disrupting calcium signaling in astrocytes prevents cortico-D1 MSN HFS-LTD, 

suggesting that LTD is mediated in part by presynaptic A1R and that the source of 

adenosine appears to be astrocytic. 

 

Activating astrocytes with Gq DREADDs suppresses cortico-D1 MSN synaptic 

strength 

In contrast to blocking astrocyte activity, we found that Gq DREADD activation in 

astrocytes suppressed EPSC amplitude. Of note, suppression of EPSC amplitude was not 

as great as it was with HFS-induced LTD. Interestingly, it has been reported in the 

dorsolateral striatum that CB1R-mediated astrocyte activation and calcium uncaging 

stimulate glutamate release that binds presynaptic mGluR5 at distance synapses to 

increase synaptic transmission (Martin et al., 2015). Thus, astrocytes may potentially 

release both adenosine and glutamate with Gq DREADD activation, each of which would 

oppose the effect of the other on glutamate release. Indeed, it was recently demonstrated 
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in the hippocampus that low levels of stimulation activated single astrocytes to release 

glutamate and that higher levels of stimulation resulted in corelease of both glutamate 

and ATP, resulting in a biphasic effect on synaptic transmission: an initial group I 

mGluR-mediated potentiation and a secondary A1R-mediated depression (Covelo & 

Araque, 2018). Accordingly, Gq DREADD activation in the present study may have led 

to corelease of both glutamate and ATP, whereby the adenosine-mediated depression was 

attenuated by glutamate-mediated potentiation. In line with this, the A1R antagonist CPT 

blocked the CNO-induced depression and instead revealed an enhancement of synaptic 

transmission. It is interesting that HFS-evoked astrocyte activation did not appear to 

induce an initial glutamate-mediated potentiation followed by adenosine-mediated 

depression. Nor did HFS in the presence of the A1R antagonist result in LTP. It is likely 

that different methods of astrocyte activation have differential effects on gliotransmission 

(Covelo & Araque, 2018; Durkee & Araque, 2019; Savtchouk & Volterra, 2018). Taken 

together, these data suggest that dorsolateral striatal astrocytes have the potential to 

release both glutamate and ATP upon chemogenetic activation, with sustained 

chemogenetic activation resulting in the predominance of adenosine-mediated inhibition 

over glutamate-mediated potentiation. HFS-induced astrocyte activation, however, 

appears to lead only to the release of ATP. Any potential glutamate release may be 

occurring at distant heterosynaptic sites (Martin et al., 2015).  

 

Conclusion 

These data demonstrate that astrocyte calcium signaling is necessary for A1R-mediated 

LTD at cortico-D1 MSN synapses. First, astrocytes respond to corticostriatal HFS with 
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calcium increases mediated by mGluR5-IP3R2 signaling. Second, blocking astrocyte 

signaling prevented LTD induction. Lastly, activating astrocytes is sufficient to suppress 

cortico-D1 MSN synaptic strength in a A1R-dependent manner. Thus, we propose that 

astrocyte mGluR5-mediated calcium signaling and downstream release of ATP are 

integral to LTD at cortico-D1MSN synapses.  
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Excerpts from Chapter Four have been published in Neuroscience (Durkee, C. A., & 

Araque, A. (2019). Diversity and Specificity of Astrocyte-neuron Communication. 

Neuroscience, 396, 73-78. doi:10.1016/j.neuroscience.2018.11.010). 
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CHAPTER FOUR: CONCLUSION 

As discussed in the previous chapters, astrocytes are emerging as important and active 

players in brain communication. No longer seen as simply passive support cells in the 

central nervous system, astrocytes are capable of listening to and talking back to neuronal 

synapses through transmitter-mediated signaling. Astrocytes have been shown to 

modulate basal synaptic transmission, neuronal excitability, synaptic plasticity, network 

function, and behavior (Araque et al., 2014; Oliveira et al., 2015). Here, I have described 

the consequences of astrocyte GPCR signaling on neuronal excitability and long-term 

depression in three different brain regions – the hippocampus, cortex, and striatum. I have 

discovered that GPCR signaling in neurons and astrocytes exerts differential effects on 

cellular excitability (Chapter Two), and that astrocytes are integral to long-term 

depression at specific corticostriatal synapses (Chapter Three).  

 

Recap of Chapter Two: Consequences of GPCR signaling in neurons and astrocytes 

This work was a comprehensive study comparing GPCR signaling in neurons and 

astrocytes. I used both an endogenous and chemogenetic approach to activate neuronal 

and astrocytic GPCRs to investigate the effects of Gq versus Gi/o GPCR signaling on 

cellular excitability. Briefly, I found that both Gq and Gi/o GPCR signaling in astrocytes 

are excitatory and stimulate gliotransmission. It is well-established that Gi/o GPCR 

signaling in neurons in inhibitory. However, this study demonstrated that astrocytic Gi/o 

GPCR signaling in fact activates astrocytes in the form of enhanced calcium signaling. 

Similar to the notion that a transmitter’s effect is receptor-specific, it is important to 

appreciate that a receptor’s effect on cellular excitability is cell-type specific. Though the 
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exact mechanism underlying the differences in calcium mobilization between neurons 

and astrocytes upon Gi/o GPCR signaling is unknown, it is proposed that both Gi/o and Gq 

GPCR activation converge on the IP3R2 in astrocytes, while these signaling pathways 

diverge in neurons. Downstream of astrocyte Gq or Gi/o GPCR-mediated calcium 

elevations, there was an increase in slow inward currents and action potential firing of 

CA1 pyramidal cells in the hippocampus and enhanced slow-wave delta activity in the 

cortex in vivo. The effects in the hippocampus were found to be mediated by astrocytic 

release of glutamate, as they were absent in the presence of an NMDAR antagonist. 

Though not directly tested, the enhancement of slow wave activity observed in the cortex 

may have been due to an increase in astrocytic-derived adenosine, which has been 

observed previously to modulate cortical UP states and slow oscillations (Fellin et al 

2009, Poskanzer and Yuste 2011). Taken together, these experiments provide evidence 

that astrocytes are positioned to influence neuronal activity in a variety of ways and thus 

add complexity to information processing in the brain. 

 

Recap of Chapter Three: Astrocytes are necessary for corticostriatal long-term 

plasticity 

There has been extensive research into understanding the underlying mechanisms of 

striatal long-term plasticity. Given the observation that astrocytes are an integral 

component of striatal plasticity, it appears that proper network function of the striatum is 

a consequence of collective neuron-glia interactions. Experiments from Chapter Three 

suggest that corticostriatal high-frequency stimulation (HFS) not only activates medium 

spiny neurons (MSNs), but also astrocytes, afforded to them via mGluR5-mediated 
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calcium signaling. This calcium elevation was found to be necessary for inducing A1R-

mediated long-term depression (LTD) at cortico-D1 MSN synapses, suggesting that one 

downstream consequence of the astrocytes’ response to HFS is the release of ATP. These 

results are in line with numerous reports showing the role of astrocytic-derived ATP and 

its breakdown product adenosine in neuron-glia communication (Butt 2010).  

 

Taking together the findings from both Chapters Two and Three, it is evident that the 

effects of astrocyte GPCR signaling are multifaceted. Gq GPCR activation in 

hippocampal astrocytes stimulated the release of glutamate to exert excitatory effects on 

nearby CA1 neurons. However, we did not directly test if the same stimulation similarly 

influenced hippocampal interneurons nor did we assay for potential purinergic-mediated 

effects. In the striatum, astrocyte Gq GPCR activation stimulated the release of ATP, 

which after hydrolyzing to adenosine, exerted inhibitory effects on nearby corticostriatal 

synapses. Though our data additionally suggest that activation of striatal astrocytes may 

also stimulate the release of glutamate, the inhibitory adenosine effect appears to 

outweigh any effect of astrocyte-derived glutamate. Additional experiments, particularly 

at cortico-D2 MSN synapses, are needed to elucidate the many potential ways in which 

astrocytes influence striatal circuit function.  

 

Concluding remarks 

Astrocyte-neuron signaling is a complex phenomenon that encompasses great 

diversity in the mechanisms and functional consequences on network function 

(Figure 14). There is diversity in the types of input astrocytes receive, such as the  
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Figure 14. Sources of diversity in astrocyte-neuron signaling. Scheme of the key steps in 

bidirectional astrocyte-neuron signaling. Sources of diversity are marked by numbers, as 

follows: (1) Astrocytes sense synaptic activity by responding with calcium elevations to 

many different neurotransmitters and secretory molecules, such as glutamate or GABA. 

(2) The neurotransmitter-evoked downstream calcium signal is a result of specific 

integration of the input via intracellular signaling cascades that may or may not interact 

depending of the neurotransmitter receptors activated. The synaptic integration controls 

the spatial extent of the calcium signal, and can produce a non-linear input-output 

relationship, which is indicative of synaptic information processing by astrocytes. (3) 

Diverse, not mutually exclusive, mechanisms for gliotransmitter release downstream of 

astrocyte activation may exist. Thus, different gliotransmitters may be released by 

different mechanisms. For example, two different SNARE proteins are responsible for the 

release of vesicles containing two different gliotransmitters. (4) Astrocytes can release 

different types of gliotransmitters. The type of gliotransmitter released may depend on the 

synaptic activity pattern that stimulates astrocytes. (5) There is large diversity in the 

Ca
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effects of gliotransmitters. It depends on the pre- or postsynaptic location of binding and 

type of neuronal receptors activated, as well as the neuronal cell type, which results in 

the synapse-, cell-, and pathway-specificity of astrocyte neuron-signaling. Figure and 

legend from (Durkee & Araque, 2019). 

 

pattern of neuronal input and the type of neurotransmitter. The resultant change in 

cytosolic calcium after transmitter binding is also diverse, as it depends on the 

various forms of intracellular signaling cascades and integration of signals. 

Astrocytes do not simply follow synaptic activity; they process and integrate 

synaptic information into diverse and plastic responses. Downstream of this 

integration, astrocytes can release different gliotransmitters through diverse 

mechanisms. The effect of these gliotransmitters on neuronal activity and 

communication is synapse-, cell-, and circuit- specific. Thus, different forms of 

gliotransmission are appropriately coordinated with the surrounding neuronal 

environment. Though there is much work to be done, we are beginning to shed 

more light on the seemingly complex input-output relationship of bidirectional 

communication between neurons and astrocytes. This diversity and complexity of 

astrocyte-neuron signaling provide a high degree of freedom to the networks 

underlying brain function. 
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