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Abstract 

Glutamate spillover from the synapse is tightly regulated by astrocytes, limiting 

the activation of extrasynaptically located NMDA receptors (NMDAR). The processes of 

astrocytes are dynamic and can affect synaptic physiology. Though norepinephrine (NE) 

and β-adrenergic receptor (β-AR) activity can modify astrocyte volume, this has yet to be 

confirmed outside of sensory cortical areas, nor has the effect of noradrenergic signaling 

on glutamate spillover and neuronal NMDAR activity been explored.  

We monitored changes to astrocyte process volume in response to 

noradrenergic agonists in the medial prefrontal cortex of male and female mice. Both NE 

and the β-AR agonist isoproterenol (ISO) increased process volume by 18%, 

significantly higher than changes seen in aCSF or when astrocytes had G-protein 

signaling blocked by GDPβS. We then measured the effect of β-AR signaling on evoked 

NMDAR currents. While ISO did not affect single stimulus excitatory currents of Layer 5 

pyramidal neurons, ISO reduced NMDAR currents evoked by 10 stimuli at 50 Hz, which 

elicits glutamate spillover, by 18%.  

After isolating extrasynaptic NMDARs by blocking synaptic NMDARs with the 

activity-dependent NMDAR blocker MK-801, ISO similarly reduced extrasynaptic 

NMDAR currents in response to 10 stimuli by 16%. Finally, blocking β-AR signaling in 

the astrocyte network, by loading them with GDPβS, reversed the ISO effect on 10 

stimuli-evoked NMDAR currents. These results demonstrate that astrocyte β-AR activity 

reduces glutamate spillover and extrasynaptic NMDAR recruitment.  
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Chapter 1: Introduction 

Overview  

Astrocytes play an essential role in the proper functioning of the nervous system, 

including regulation of glutamate signaling (Walz and Mukerji, 1988; Araque et al., 

1999a; Newman, 2002; Bay and Butt, 2012; Fernandez et al., 2022). Peripheral 

astrocyte processes (PAPs) are closely associated with synapses, and act as the 

primary source of glutamate uptake and barriers to diffusion, limiting glutamate spillover 

(Rusakov, 2001; Huang and Bordey, 2004; Takayasu et al., 2006; Hires et al., 2008). 

However, glutamate spillover does occur, activating extrasynaptically located NMDA 

receptors (NMDAR) (Chen and Diamond, 2002; Nie and Weng, 2009; Chalifoux and 

Carter, 2011; Henneberger et al., 2020). Spillover can have varied physiological 

consequences, including heterosynaptic depression and excitotoxicity (Zhang and 

Sulzer, 2003; Hardingham and Bading, 2010; Henneberger et al., 2020).  

Astrocyte morphology is dynamic and changes to PAP volume and their proximity 

to synapses influence glutamate signaling (Oliet et al., 2004; Henneberger et al., 2020; 

Müller et al., 2021). Several molecules and physiological conditions have been found to 

influence astrocyte morphology, including norepinephrine (NE) (Xie et al., 2013; Vardjan 

et al., 2014; Sherpa et al., 2016). Through the activation of β adrenergic receptors (β-

AR), norepinephrine causes PAP expansion, increasing astrocyte process volume 

(Sherpa et al., 2016).  

However, these observations have only been made in sensory cortical regions or 

in culture. Other brain regions where NE signaling is of vital importance, like the emotion 

processing medial prefrontal cortex (mPFC) (Santana and Artigas, 2017), have gone 

unexplored. Similarly, the influence of NE and β-AR signaling on glutamate spillover 
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remains unanswered, especially with regards to what role astrocytes play in mediating 

those changes. This thesis tests three main hypotheses. 

1) Noradrenergic activity via NE and β-AR signaling increase astrocyte 

process volume in the mPFC.                                                                                                                            

2) β-AR signaling reduces NMDAR activity, including extrasynaptic NMDARs.                                                                                                                                        

3) Changes to NMDAR activity are due to astrocyte β-AR signaling. 

 

Astrocyte physiology and role at the synapse 

 Until recently, astrocytes and other glia were considered an afterthought in the 

brain, relegated to being the glue that held neurons in place (Somjen, 1988). However, 

the previous 40+ years of research have ushered in a new understanding of how vital 

astrocytes are to the nervous system, both as a homeostatic regulator of multiple 

pathways (Huang et al., 1993; Jung et al., 1994; Hertz and Chen, 2016) and through 

active communication with neurons (D’Ascenzo et al., 2007; Halassa et al., 2007a) and 

other glia (Kettenmann and Ransom, 1988; Schipke et al., 2002). Astrocytes are 

responsible for maintaining ion homeostasis (Newman et al., 1984; Newman, 1999; 

Hertz and Chen, 2016) and neurotransmitter uptake (Albrecht et al., 1985; Wilson and 

Walz, 1988; Amundson et al., 1992; Rose et al., 2018), providing metabolic support 

(Walz and Mukerji, 1988; Nortley and Attwell, 2017), release gliotransmitters to modulate 

neuronal circuit activity (D’Ascenzo et al., 2007; Martineau et al., 2008; Covelo and 

Araque, 2018), contribute to synaptogenesis (Kucukdereli et al., 2011; Tsai et al., 2012; 

Stogsdill et al., 2017) and synaptic plasticity (Navarrete et al., 2012; Valtcheva and 

Venance, 2016; Hösli et al., 2022), and play a role in neurovascular coupling through 

specialized processes called endfeet (Dunn et al., 2013; Biesecker et al., 2016; Mishra 
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et al., 2016). Protoplasmic astrocytes that reside in the grey matter of the brain form 

non-overlapping territories that tile the nervous system and carry out these various 

functions through their uniquely complex, bush-like morphology (Bushong et al., 2002; 

Halassa et al., 2007b; Minge et al., 2021). It has been estimated that a single mouse 

astrocyte contacts 10,000s of synapses with their fine peripheral astrocyte processes 

(PAPs), through which astrocytes monitor and respond to local activity (Bushong et al., 

2002; Oberheim et al., 2006; Halassa et al., 2007b). Astrocytes have been shown to 

respond to local glutamatergic (Cornell-Bell et al., 1990; De Pittà et al., 2009; Stobart et 

al., 2018; Arizono et al., 2020) and GABAergic signaling (MacVicar et al., 1989; Israel et 

al., 2003), volume signaling by monoaminergic neuromodulators (Duffy and Macvicar, 

1995; Bekar et al., 2008; Corkrum et al., 2020) and neuro-hormones (Theodosis and 

Poulain, 2001; Li et al., 2006), lipids (Bezzi et al., 1998; Manning et al., 1998), 

inflammatory molecules (Bezzi et al., 2001; Habbas et al., 2015) and the extracellular 

matrix (Johnson et al., 2015). Through gap junctions, astrocytes form networks that 

coordinate populations of synapse and neuronal responses (Rose and Ransom, 1997; 

Houades et al., 2008).  

 Proper synaptic communication relies on the tight regulation of glutamate 

transmission and limited glutamate spillover (Huang and Bordey, 2004; Allam et al., 

2012; Parsons et al., 2016). Glutamate is the primary excitatory signaling molecule that 

drives neuronal and network activity (Collingridge and Singer, 1990; Marvin et al., 2013). 

Glutamate receptor signaling, especially through the activation of coincident detecting 

and Ca2+ permeable NMDA receptors (NMDARs), is responsible for some models of 

glutamate-mediated synaptic plasticity (Collingridge and Singer, 1990; Bear, 1996; Wang 

et al., 2008). Proper maintenance and tuning of synaptic responses to glutamatergic 
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inputs, which coordinate neuronal excitation and behavior, rely upon the high signal 

fidelity found at glutamatergic synapses (Rusakov, 2001; Takayasu et al., 2006).  

 Astrocytes are the primary regulators of glutamate transmission (Rothstein et al., 

1996; Bergles and Jahr, 1998; Allam et al., 2012). Their fine processes closely associate 

with synapses, acting as the primary means of glutamate uptake and barriers to limit 

glutamate diffusion out of the synapse (Rusakov, 2001; Heller et al., 2019). Primary 

expression of glutamate transporters (EAAT1 and EAAT2), are expressed by astrocytes 

and enriched in PAPs associated with glutamatergic synapses (Rauen et al., 1996; 

Harada et al., 1998; Genoud et al., 2006). Astrocyte processes help isolate individual 

synapses from each other, despite their proximity, and provide a threshold for the 

recruitment of additional receptors and synapses (Huang and Bordey, 2004; Nie and 

Weng, 2009). Extrasynaptic receptor recruitment can be achieved through strong 

enough stimulation and overwhelming regulatory mechanisms, or through changes to 

astrocyte regulation of glutamate signaling (Harris and Pettit, 2008; Chalifoux and Carter, 

2011; Henneberger et al., 2020). Therefore, it is possible for glutamate to escape the 

synaptic compartment and result in glutamate spillover, activating extrasynaptically 

expressed receptors or resulting in synaptic crosstalk. 

 

Extrasynaptic NMDA receptors signaling and consequences of glutamate spillover 

Synaptic and extrasynaptic NMDA receptors 

Glutamate spillover from the synapse recruits differentially expressed receptors 

at the extrasynaptic regions of a synapse, receptors that are expressed outside of the 

postsynaptic density (Baude et al., 1993; Scimemi et al., 2004; Delgado et al., 2018). 

Multiple different metabotropic glutamate receptors are enriched in the extrasynaptic 
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region, as well as NMDARs (D’Ascenzo et al., 2007; Harris and Pettit, 2008; Anderson et 

al., 2015; Scheefhals et al., 2023). Extrasynaptic NMDARs are largely comprised of 

different subunits compared to synaptic NMDARs, each displaying different Ca2+ 

permeabilities and receptor kinetics (Zhou et al., 2013; Delgado et al., 2018). 

Furthermore, studies show synaptic and extrasynaptic NMDARs interact with different 

intracellular machinery, resulting in different downstream consequences (Hardingham et 

al., 2002; Hardingham and Bading, 2010; Li et al., 2018).  

 While all NMDARs have two GluN1 subunits, there are various GluN2 subunits, 

with GluN2A and GluN2B being the most prevalent (Hardingham and Bading, 2010; 

Zhou et al., 2013). GluN2B-containing NMDARs are the primarily expressed NMDAR 

during adolescence, and get switched out for GluN2A-containing NMDARs during 

development (Wang et al., 2011; Dupuis et al., 2014). These GluN2A-containing 

NMDARs become enriched during adulthood, especially at the synapse, and are a 

marker for mature synapses (Flint et al., 1997). GluN2B-containing NMDARs seem to 

remain enriched extrasynaptically (Dupuis et al., 2014; Delgado et al., 2018; Veruki et 

al., 2019; Tang et al., 2020). The exclusive localized expression of GluN2B-containing 

NMDARs, however, remains debated, as some studies show GluN2A and GluN2B 

subunits are found to be expressed in extrasynaptic and synaptic regions, respectively 

(Pousinha et al., 2017; Chiu et al., 2019). Still, GluN2A-containing NMDARs are found 

primarily at the synapse and GluN2B-containing NMDARs are primarily at extrasynaptic 

sites after reaching adulthood. For example, studies recording NMDAR currents at 

synaptic vs extrasynaptic sites were able to primarily block extrasynaptic NMDAR 

currents with GluN2B-specific antagonists in rodent hippocampus and frontal cortical 

areas (Milnerwood et al., 2010; Papouin et al., 2012; Hanson et al., 2015; Yang et al., 
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2017). These studies were able to isolate extrasynaptic NMDARs by blocking synaptic 

NMDARs with an activity-dependent blocker MK-801. Delivering several single electric 

stimuli that elicit the release of glutamate restricted to the synapse eventually block 

evoked synaptic NMDAR current (Harris and Pettit, 2008; Milnerwood et al., 2010; Yang 

et al., 2017). Extrasynaptic NMDAR currents were then recruited by delivering multiple 

stimuli at a rate faster than 10Hz (Harris and Pettit, 2008).  

 Synaptic and extrasynaptic NMDARs seem to rely more heavily on different co-

agonists to bind the NMDAR in order to open. The NMDAR co-agonist site was first 

discovered to bind glycine and is aptly called the glycine binding site, but endogenous D-

serine acts as another potent co-agonist (Henneberger et al., 2010; Klatte et al., 2013). 

While extrasynaptic NMDARs rely more upon glycine binding, synaptic NMDARs rely 

more upon D-serine (Papouin et al., 2012). Prior studies suggest different enriched 

GluN2 subunits have different binding affinities for glycine or D-serine (Mori and Mishina, 

1995). Astrocyte process proximity not only influences glutamate spillover, it may also 

maintain co-agonist concentration gradients through determining the distribution of co-

agonist targeting enzymes and diffusion of co-agonists themselves (Berger et al., 1998; 

Stevens et al., 2010). Both glycine and D-serine have been shown to be released by 

astrocytes, with various stimuli leading to their release (Henneberger et al., 2010; 

Shibasaki et al., 2017).  

  

Consequences of extrasynaptic NMDA receptor activity 

Extrasynaptic and synaptic NMDAR activity recruit different signaling pathways 

that result in different functional consequences. The localization of different intracellular 

proteins to the extrasynaptic or synaptic compartment and specific protein interactions 
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with the GluN2B or GluN2A C-terminus may contribute to which downstream signaling 

pathways get recruited. Generally, while synaptic NMDAR activity is associated with long 

term potentiation (LTP) and strengthening synapses, extrasynaptic activity is associated 

with long term depression (LTD) and removal of dendritic spines (Liu et al., 2013; 

Delgado et al., 2018). While synaptic NMDAR activity is associated with activating cell-

survival molecules like ERK1/2, pCREB, and BDNF, extrasynaptic NMDAR activity is 

associated with increasing cell-death pathway activity by recruiting DAPK1, p38MAPK, 

FoxO3a, and Calpain (Hardingham et al., 2002; Ivanov et al., 2006; Kaufman et al., 

2012; Zhou et al., 2013; Parsons and Raymond, 2014; Li et al., 2018). Extrasynaptic 

enriched GluN2B-containing NMDARs also seem to interact with several molecules 

associated with GluN2A-containing NMDARs in a bidirectional way, either physiologically 

or pathologically (Ivanov et al., 2006; Hardingham and Bading, 2010; Zhou et al., 2013). 

While potentially aiding in activating CREB under certain physiological conditions, 

pathological overactivation of extrasynaptic GluN2B-containing NMDARs can result in 

ERK1/2 and CREB inhibition (Hardingham et al., 2002; Kaufman et al., 2012).  

Extrasynaptic NMDAR activity has been linked to negative health consequences 

of excitotoxicity, which is tied to GluN2B-containing NMDARs having a larger Ca2+ 

permeability and slower decay kinetics compared to other NMDARs. (Rothman and 

Olney, 1987; Zhou et al., 2013). Enhanced extrasynaptic NMDAR activity from 

extrasynaptic glutamate contributes to phenotypes found in animals models of chronic 

stress and epilepsy (Tanaka et al., 1997; Coulter and Eid, 2012; Miller et al., 2014; Li et 

al., 2018). In the case of chronic stress, elevated extracellular glutamate levels are 

observed, and uncoupling GluN2B-containing NMDAR activity’s recruitment of DAPK1 

has antidepressant effects (Li et al., 2018). Similarly, it is thought that the fast-acting 
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antidepressant effects of low dose NMDAR antagonists preferably bind to extrasynaptic 

NMDARs (Miller et al., 2014; Tang et al., 2020). Synaptic and extrasynaptic NMDAR 

activity are imbalanced in other neurological disorders. Enhanced extrasynaptic NMDAR 

currents are observed in mouse models of Huntington’s disease (Milnerwood et al., 

2010). Meanwhile, in mouse models of Alzheimer’s disease extrasynaptic NMDAR 

contributions to overall NMDAR signaling increase, producing pathological outcomes for 

cells (Hanson et al., 2015; Pallas-Bazarra et al., 2019). 

 

What factors contribute to glutamate spillover? 

Regulation of glutamate spillover and balancing NMDAR activity help shape 

synaptic physiology and behavior. Limiting extrasynaptic NMDAR activity allows for its 

modulation by certain physiological triggers or pathology (Oliet et al., 2001; Takayasu et 

al., 2006; Nie and Weng, 2009; Henneberger et al., 2020). There are several factors that 

contribute to glutamate spillover, including changes to glutamate transport and ECS 

volume fraction.  

 

Glutamate transporters 

Glutamate spillover is affected by changes to astrocyte-mediated glutamate 

transport and their expression of EAAT1 and EAAT2 (Genoud et al., 2006). The 

pharmacological blockade of astrocyte glutamate transport with TBOA results in a slower 

termination of glutamate signaling and glutamate spreading beyond the synapse (Hires 

et al., 2008; Romanos et al., 2019; Herde et al., 2020). This elicits extrasynaptic NMDAR 

activation as well as other cells through synaptic crosstalk (Piet et al., 2004; Potapenko 

et al., 2013). Studies show that impaired glutamate transport can result in seizure-like 
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activity and induce excitotoxicity (Rothstein et al., 1996; Tanaka et al., 1997; Boison, 

2012). Changes to glutamate transport expression have also been found in psychiatric 

disorders including addiction and major depression (McCullumsmith and Sanacora, 

2015; Li et al., 2018). Impaired glutamate uptake coincides with higher tonic extracellular 

glutamate, contributing to extrasynaptic NMDAR activation and depressive-like behavior 

in chronically stressed mice (Li et al., 2018). Meanwhile, in rat addiction studies, 

withdrawal coincides with the downregulation of astrocyte glutamate transporters 

(McCullumsmith and Sanacora, 2015; Kim et al., 2018). Subsequent activity elicited by a 

drug-paired cue then overwhelms transporters, resulting in transient plasticity and 

triggering drug seeking behavior.  

 

Extracellular space 

 Astrocyte processes help define the space glutamate can diffuse through 

(Rusakov, 2001; Witcher et al., 2010; Heller et al., 2019). Changes to astrocyte 

morphology not only affect the proximity of glutamate transporters to the synapse, it also 

influences ECS volume fraction (Oliet et al., 2001; Piet et al., 2004; Sherpa et al., 2016; 

Walch et al., 2020). Both ECS volume fraction and tortuosity, or how convoluted a path is 

for a molecule to diffuse through, influence how molecules move through space. 

Changes to the ECS lead to varied diffusion rates and affect glutamate spillover 

(Nicholson and Phillips, 1981; Kinney et al., 2013; Kuo et al., 2020). While smaller ECS 

volume fraction results in higher concentrations of neurotransmitter near a release site, 

the diffusion away is greatly limited, especially by the presence of nearby transporters. 

However, larger ECS volume fraction leads to a smaller concentration remaining at the 

point of release, and a greater concentration of neurotransmitter spreads to bind farther 
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away receptors (Sykova and Nicholson, 2008; Nicholson et al., 2011; Henneberger et 

al., 2020). ECS volume fraction can be measured using real time iontophoresis, by 

calculating the diffusion of tetramethylammonium (TMA+) to an ion-sensitive electrode a 

fixed distance away (Nicholson and Phillips, 1981; Xie et al., 2013; Sherpa et al., 2016). 

Another method uses optical imaging to measure the diffusion of small fluorophores 

through space (Binder et al., 2004; Zhang and Verkman, 2010). Both techniques have 

been used in brain slice and in vivo to calculate the properties of diffusion through ECS.  

 Utilizing these techniques, studies have found ECS volume fraction to be 

dynamic and capable of changing under various conditions. ECS volume fraction varies 

by region, potentially contributing to signaling qualities of specific brain areas (Zhang 

and Verkman, 2010).  Age also affects ECS volume fraction and is much larger in the 

young, developing brain and retina compared to adulthood (Lehmenkuhler et al., 1993; 

Larsen et al., 2019; Kuo et al., 2020). A larger ECS volume fraction in early development 

may contribute to certain synchronized activities and coordinated waves of activity 

observed in the brain and the retina during development. Even throughout the day, ECS 

volume fraction fluctuates between wakefulness and sleep states (Xie et al., 2013; 

Cooper et al., 2018). NE signaling contributes to ECS volume fraction being around 14% 

when NE tone is at its highest, during wakefulness, and being around 24% during sleep, 

when NE tone is at its lowest (Xie et al., 2013). Other neuromodulators, neuronal activity 

fluctuations, and [K+]e levels associated with arousal may also contribute (Ding et al., 

2016). Evoked neuronal activity has also been shown to reduce local ECS volume 

fraction, both in the brain and retina (Svoboda and Sykova, 1991; Haj-Yasein et al., 

2012; Kuo et al., 2020). Some studies have also confirmed changes to ECS volume 

fraction affect glutamate spillover (Piet et al., 2004). 
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 So far, changes to astrocyte volume have been found responsible for observed 

changes in ECS volume fraction. Astrocytes possess a unique morphology that is 

comprised of thousands of fine processes that have much more surface area compared 

to volume and are structures capable of driving large changes to ECS in the syncytium 

(Sherpa et al., 2016; Larsen and MacAulay, 2017; Henneberger et al., 2020; Walch et 

al., 2020; Minge et al., 2021). Changes to ECS volume fraction coincide with changes to 

astrocyte process synaptic coverage which also influence glutamate spillover.  

 

Mechanisms for astrocyte morphological changes and consequences 

 Various mechanisms contribute to the astrocyte morphology and process volume 

changes observed in healthy, disrupted and pathological systems. The following 

examples highlight what circumstances elicit astrocyte morphological change and 

whether there were associated changes to neuronal signaling. Perturbing the brain 

through applying osmotic pressure or increasing [K+]e affect astrocyte process volume 

(Walz, 1992; Kimelberg et al., 1995; Wurm et al., 2008). Creating an osmotic challenge 

by exposing slices to either higher or lower osmolarity artificial CSF (aCSF) causes 

processes to shrink or swell, respectively (Kimelberg et al., 1995; Song et al., 2015; Kuo 

et al., 2020). These changes in cell volume seem to occur primarily in astrocytes and 

drive changes to ECS volume fraction. Enriched expression of aquaporin 4 (AQP4), a 

water channel, may contribute to astrocyte sensitivity to changes in osmolarity (Haj-

Yasein et al., 2012; Jo et al., 2015; Lisjak et al., 2017). However, various conditions that 

result in astrocyte swelling have been found to be AQP4 independent, suggesting there 

are other means for water to traverse astrocyte membranes (Larsen and MacAulay, 

2017; Walch et al., 2020; Colbourn et al., 2021).  
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Astrocytes are a primary regulator of [K+]e  levels. Through the enriched 

expression of various K+ channels or transporters like Kir4.1 and Na+K+-ATPase, 

(Neusch et al., 2006; Bay and Butt, 2012; Larsen et al., 2014; Walch et al., 2020) 

astrocytes help return high [K+]e back to resting [K+]e levels after periods of high neuronal 

activity. (Kucheryavykh et al., 2007; Chever et al., 2010; Bay and Butt, 2012). These 

periods of high neuronal activity elicit increases in astrocyte process volume (Walz, 

1987; Kimelberg et al., 1995; Walch et al., 2020; Toft-Bertelsen et al., 2021). In both the 

brain and the retina, studies found that bicarbonate ion flux contributes to the observed 

swelling of glial processes (Florence et al., 2012; Chiang et al., 2022). Meanwhile, other 

work found Na+K+-ATPase activity was responsible for process swelling caused by 

artificially increasing [K+]e  or changing osmolality (Larsen et al., 2014; Song et al., 2015; 

Walch et al., 2020). 

 Oxytocin, a hormone and neuroendocrine molecule important in reproductive 

systems and social behavior, also modifies astrocyte morphology (Theodosis and 

Poulain, 2001). In the hypothalamic supraoptic (SON) and paraventricular nucleus (PVN) 

of lactating rats, elevated oxytocin levels cause astrocyte processes to retract (Oliet et 

al., 2004; Piet et al., 2004). This results in glutamate spillover from evoked glutamatergic 

inputs, activating presynaptic mGluR3 on GABAergic inputs, and led to the 

heterosynaptic depression of GABAergic inputs and enhanced circuit excitability (Piet et 

al., 2004).  

 LTP is a critical process that strengthens synaptic units and influences astrocyte 

morphology in the hippocampus (Perez-Alvarez et al., 2014; Henneberger et al., 2020; 

Herde et al., 2020). By dye-filling astrocytes and comparing the relative fluorescence 

intensity of filled processes to the intensity of the soma (100% volume), researchers 
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measured absolute astrocyte process volume and how it changed (Henneberger et al., 

2020; Minge et al., 2021). The repeated, high-intensity stimuli needed to elicit LTP 

induction and the repeated presentation of uncaged glutamate at a synapse caused 

corresponding astrocyte processes to retract. Not only did individual processes appear 

to retract, high-frequency stimulation reduced overall astrocyte process volume 

(Henneberger et al., 2020). Reducing astrocyte process volume increased glutamate 

travel distance and widened extracellular glutamate diffusion based on recordings using 

glutamate sensors. In line with astrocyte process retraction producing glutamate 

spillover, synaptic crosstalk was also observed. High-frequency stimulation activated 

astrocytic NKCC1 and cofilin, which led to process remodeling (Henneberger et al., 

2020). However, conflicting studies reported LTP induction resulted in closer association 

of fluorescing astrocyte processes to hippocampus neuron spines (Perez-Alvarez et al., 

2014). These reports did not measure global process volume changes and used 

stimulus protocols to elicit LTP through spike-timing dependent plasticity (STDP). 

Perhaps different LTP induction methods promote different types of activity in astrocytes, 

or there is a bidirectional regulation of astrocyte process proximity to specific subclasses 

of synapses, related to spine or synapse type. 

 Caloric restriction has been shown to improve cognitive performance and 

memory (Sohal and Weindruch, 1996; Acosta-Rodríguez et al., 2022). Researchers 

found caloric restriction affects astrocyte morphology (Popov et al., 2020). Compared to 

mice on standard diets, hippocampal astrocyte process volume was larger in caloric 

restricted mice. Increased astrocyte volume coincided with more effective K+ clearance 

and glutamate uptake, and reduced extrasynaptic GluN2B NMDAR activation (Popov et 

al., 2020). However, pathways responsible for increasing astrocyte volume are unknown. 
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 Recent work has centered around the ability of RhoA signaling to affect astrocyte 

morphology through stabilizing actin (Renault-Mihara et al., 2017; Müller et al., 2021; 

Domingos et al., 2023). Astrocytes express several types of receptors that elicit RhoA 

signaling including serotonin, a monoamine critical in emotion processing, learning and 

memory (Walz, 1988; Wotton et al., 2020). Specifically, serotonin receptor 4 (5-HT4R) 

expressed by hippocampal astrocytes. 5-HT4R is a Gα13 G-protein coupled receptor 

(GPCR) that elicits increases to RhoA signaling. As such, 5-HT4R agonist BIMU8 

induced astrocyte process retractions (Müller et al., 2021). Likewise, the direct 

manipulation of RhoA activity by virally expressing a constitutively active RhoA reduced 

astrocyte process volume (Domingos et al., 2023). 

  As previously mentioned, ECS volume fraction varies between wakefulness 

(14%) and sleep (24%) (Xie et al., 2013). NE signaling is highest during wakefulness 

and reduces ECS volume fraction. Eliminating NE signaling caused wakefulness ECS 

volume fraction to become like those during sleep (Xie et al., 2013). So far, studies 

looking ECS volume fraction during wakefulness and sleep have not directly investigated 

astrocyte volume changes.  However, prior work in culture had found that β-adrenergic 

receptor (β-AR) activity resulted in morphological changes, increasing stellation and 

complexity of processes (Vardjan et al., 2014). In rat visual cortex, β-AR agonist 

incubation shrank ECS volume fraction by 30% (Sherpa et al., 2016). Coinciding with 

these measures, electron microscopy revealed that β-AR activity increased astrocyte 

process membrane and cytoplasm volume, increasing astrocyte process volume. This 

suggests that astrocyte β-ARs reduce ECS volume fraction and contribute to the smaller 

ECS volume fraction observed during wakefulness. 
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Norepinephrine and noradrenergic signaling 

 NE regulates the activity of neural circuits, coordinates state changes and 

adaptive responses to stimuli, wakefulness, vigilance, arousal, and has a role in mood 

and transient stress (Ruhé et al., 2007; Eduardo E. Benarroch, 2009; O’Donnell et al., 

2012). Neurons in the locus coeruleus (LC) produce NE and send projections throughout 

the cortex. NE is released from varicosities along efferent projections, diffusing through 

the tissue to reach multiple targets (Bekar et al., 2012; O’Donnell et al., 2012; Schwarz 

and Luo, 2015). NE binds to a variety of adrenergic receptors (ARs) expressed 

throughout the brain, with expression varying both by brain region and by cell type 

(Joseph and Miller, 1988; Lerea and McCarthy, 1989; Hertz et al., 2010). Behavioral 

state affects the levels of tonic and phasic LC firing, resulting in different receptors being 

recruited since AR affinity for NE varies (Berridge and Waterhouse, 2003; Eduardo E. 

Benarroch, 2009; O’Donnell et al., 2012). NE signaling coordinates a whole organism to 

respond effectively to stimuli while in a particular state.  

 NE-binding ARs are GPCRs that involve several types of intracellular signaling 

pathways. α1-ARs are Gq GPCRs that trigger intracellular Ca2+ release from internal 

stores (Jason J. Radley et al., 2008; O’Donnell et al., 2012; Nuriya et al., 2018). α1-ARs 

are associated with enhancing neurotransmission and plasticity and have the highest NE 

binding affinity (Santana et al., 2013). α2-ARs are Gi/o GPCRs that reduce PKA activity 

and cAMP levels. α2-ARs are associated with inhibitory effects, reducing NE release 

from LC projections and neuronal excitability (Scheinin et al., 1994; Tavares et al., 1996; 

Frances Davies et al., 2004; Hertz et al., 2010). Finally, β1,2-ARs are Gs GPCRs that 

increase PKA activity and cAMP levels, and are usually associated with enhancing 

neuronal excitability and plasticity in certain circuits (Maity et al., 2015). β1,2-ARs have 
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the lowest NE binding affinity (PA Rosenberg et al., 1994; Ji et al., 2008; Hertz et al., 

2010; Grzelka et al., 2017). While α1 and α2-ARs can normally be stimulated by tonic 

levels and some phasic NE release, β1,2-ARs are active during phasic NE release and 

higher NE concentrations (Hertz et al., 2010; O’Donnell et al., 2012).  

 NE is vital for the proper functioning of the nervous system, and aberrant NE 

signaling is associated with psychiatric disorders, neurodegenerative disorders and can 

impair learning and memory (Breier, 1990; Eduardo E. Benarroch, 2009; Moret and 

Briley, 2011; Gao et al., 2016).  In both Alzheimer's and Parkinson’s disease, loss of 

noradrenergic cells in the locus coeruleus, through an accumulation of tau or synuclein 

respectively, result in lower NE levels (Berridge and Waterhouse, 2003; Kalinin et al., 

2007; Chalermpalanupap et al., 2018). It is thought NE hypofunction contributes to 

impaired cognition, memory and emotion processing (Ruhé et al., 2007; Moret and 

Briley, 2011; Durán et al., 2023). Depression has also been associated with impaired NE 

signaling. Ablating the locus coeruleus in rodent models results in depressive-like 

behavior, and NE levels are greatly reduced in some human patients with major 

depression (Ruhé et al., 2007; Moret and Briley, 2011; Chandley et al., 2013; Szot et al., 

2016). One of the most effective antidepressants, serotonin norepinephrine reuptake 

inhibitors (SNRI), partly relies on increasing NE tone in the brain (Inazu et al., 2003; 

Kitayama et al., 2008; Moret and Briley, 2011). In the case of schizophrenia, NE 

hyperactivation may contribute to the positive symptoms suffered. In schizophrenic 

patients, NE levels are often elevated, and patients express more noradrenergic markers 

(Gottesman and Shields, 1967; Breier, 1990; Nagamine, 2020). Beyond that, 

medications meant to reduce NE activity help alleviate positive symptoms while 

noradrenergic agonists worsen those symptoms (Nagamine, 2020).  



17 
 

 

Norepinephrine signaling in astrocytes 

 For a long time, studies in NE signaling focused on neurons to understand how 

NE modulates circuit activity and behavior. However, astrocytes express multiple NE 

receptor subtypes on their fine processes, some of which are positioned near NE 

projections and a majority of which associate with synapses (Aoki et al., 1987; Salm and 

McCarthy, 1989; Duffy and Macvicar, 1995; Bekar et al., 2008; Hertz et al., 2010). 

Beyond just NE, astrocytes play an active role in mediating the effects of longer range 

diffusing, volume transmitted molecules, including monoamines (Hirase et al., 2014). 

Today, it’s even proposed that astrocyte associations with neurons and responsiveness 

to monoamines make them the perfect effectors for monoaminergic activity, and to tune 

circuit activity (Paukert et al., 2014; Ma et al., 2016; Bazargani and Attwell, 2017). NE 

signaling has the potential to elicit astrocyte release of gliotransmitters such as D-serine, 

ATP and adenosine, which can drive excitability or inhibit activity (Gordon et al., 2005; 

Pankratov and Lalo, 2015; Ma et al., 2016). Ion homeostasis and [K+]e can be altered by 

monoamines like NE, changing astrocyte K+ clearance through affecting K+ channels, 

Na+K+-ATPase and gap junction function (Song et al., 2015; Wotton et al., 2020). 

Modulating K+ clearance aids in removing elevated [K+]e that coincides with NE signaling 

and a state of wakefulness. This can have a broad effect on the excitability or inhibition 

of a circuit, and recovery from stimulation. 

 

α1 adrenergic receptors and astrocyte Ca2+ signaling 

 NE has been canonically linked to astrocyte Ca2+ signaling via α1-AR activity 

(Salm and McCarthy, 1990; Duffy and Macvicar, 1995; Kirischuk et al., 1996; Bekar et 
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al., 2008; Paukert et al., 2014; Pankratov and Lalo, 2015). Astrocytes are electrically 

passive and do not conduct currents like neurons (Henneberger and Rusakov, 2012). 

Instead, the primary means of studying astrocyte physiology and activity is by observing 

Ca2+ events (Aguado et al., 2002; Hirase et al., 2004; Bernardinelli et al., 2011; Di Castro 

et al., 2011; Bindocci et al., 2017). NE and α1-AR agonists stimulate the Gq GPCR 

signaling pathway, activating PLC to increase production of IP3, which binds to 

endoplasmic reticulum IP3R2 (specific to astrocyte IP3 receptor subtype) and triggers the 

release of stored Ca2+ (Bekar et al., 2008; Hertz et al., 2010; Srinivasan et al., 2015; 

Wahis and Holt, 2021).  The number of Ca2+ events, along with duration and intensity, 

across an astrocyte’s processes play a critical role in many astrocyte functions (Woo et 

al., 2012; Khakh and McCarthy, 2015; Bazargani and Attwell, 2016; Ye et al., 2017). 

Studies eliminating Gq GPCR signaling with IP3R2 knock out animals and removing Ca2+ 

signaling show the importance Gq GPCR Ca2+ signaling plays in gliotransmission, and 

astrocyte responses to local neuronal activity and volume transmitted monoamines 

(Takata et al., 2011; Srinivasan et al., 2015; Biesecker et al., 2016; Sherwood et al., 

2017; Yu et al., 2018).  

NE signaling tunes astrocytes to be more responsive to local glutamate activity in 

the somatosensory cortex, visual cortex and cerebellum (Paukert et al., 2014; Del 

Franco et al., 2022). For example, in awake behaving mice, local neuronal activity from 

visual stimulus does very little to elicit astrocyte Ca2+ signaling. However, when mice are 

aroused and running, increasing NE signaling, astrocyte Ca2+ events now reliably occur 

in response to a visual stimulus (Paukert et al., 2014; Gray et al., 2021). NE-increased 

astrocyte Ca2+ signaling is also associated with gliotransmission modulating neuronal 

activity (Gordon et al., 2005; Pankratov and Lalo, 2015; Ma et al., 2016). In zebrafish, 
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the sensation of moving but not going anywhere creates futility, causing a fish to 

eventually give up and stop swimming. The cognitive dissonance of swimming but not 

moving causes NE release to increase. Motor activity and swimming continues until high 

enough NE levels trigger astrocyte Ca2+ increases, resulting in ATP release (Mu et al., 

2019). Astrocyte ATP then activates inhibitory neurons that then turn off motor circuits, 

and the fish stops swimming (Mu et al., 2019). As previously mentioned, astrocyte α1-AR 

activity in the rodent hippocampus is associated with D-serine release, modulating the 

NMDAR activity during learning tasks and electric stimulation (Pankratov and Lalo, 

2015).  

  

β adrenergic receptors and astrocyte cAMP signaling 

β-ARs are highly expressed by astrocytes as well (Salm and McCarthy, 1989; 

Hertz et al., 2010). The role of β-AR activity and increasing cAMP levels in astrocytes 

remains less understood compared to its α1-AR counterpart. β-AR activity coincides with 

high NE levels from phasic LC firing, which happens in response to higher arousal and 

salient stimuli (O’Donnell et al., 2012). cAMP signaling through β-AR activity has been 

found to affect multiple astrocyte functions and neuronal signaling (PA Rosenberg et al., 

1994; Laureys et al., 2010; Grzelka et al., 2017; Zhou et al., 2019).  

While other ARs influence metabolism by stimulating glycogenesis to build 

energy stores, β-AR activity results in glycogenolysis and production of glucose 

(Subbarao and Hertz, 1990; Hertz et al., 2010; Zhou et al., 2019). This release of energy 

stores aptly occurs in response to the energy demands necessary for sustaining 

heightened states of activity and arousal. β-AR stimulation of astrocyte metabolic 
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processes and providing energy metabolites to neurons is critical for learning and 

memory in the hippocampus (Song et al., 2015; Gao et al., 2016).  

ARs also modulate glutamate uptake. While NE enhances glutamate uptake 

through α1-AR activity, activation of astrocyte β-ARs results in slightly reduced uptake 

(Hansson and Rönnbäck, 1991, 1992). Opposing effects from AR activity are also found 

with gap junction permeability. While α1 and α2-AR signaling reduces gap junction 

permeability, β-AR activity increases gap junction permeability (Giaume et al., 1991; 

Nuriya et al., 2018). Furthermore, K+ clearance is enhanced through astrocyte β-ARs 

increasing Na+K+-ATPase activity, aiding in ion homeostasis and K+ regulation (Song et 

al., 2015; Wotton et al., 2020). 

β-AR activity mediates changes to astrocyte morphology, increasing process 

stellation in culture and process expansion in tissue. As previously mentioned, 

researchers observed β-AR agonist isoproterenol (ISO) increases astrocyte volume in 

rat visual cortex and proposed that these changes likely explain the ISO-mediated 

reduction of ECS volume fraction (Sherpa et al., 2016). Given that β-AR activity 

increases astrocyte process volume, glutamate spillover should be reduced alongside 

recruitment of extrasynaptic glutamate NMDAR activity.  

 

Medial prefrontal cortex 

 Besides sensory cortical areas, the effect of β-AR activity on astrocyte process 

volume in other brain regions has gone unexplored. Astrocytes populations can be 

heterogenous in expression and function between different brain regions (Cavalcante et 

al., 1996; Poopalasundaram et al., 2000; Boulay et al., 2017; Lydie Morel et al., 2017; 

Minge et al., 2021). Some subtypes even appear within the same region. A region where 
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glutamate spillover and astrocyte β-AR activity could be particularly relevant to certain 

brain disorders is the mPFC. To illustrate how astrocyte function can vary between 

regions, glutamate transport differs between the somatosensory cortex and the anterior 

cingulate cortex (ACC), an area of emotion processing like the mPFC (Romanos et al., 

2019). Extracellular glutamate is cleared at a much faster rate in the ACC compared to 

the somatosensory cortex, especially with increasing amounts of glutamate present from 

high-frequency stimulation. Limiting glutamate spillover is a critical function of astrocytes, 

especially in the frontal cortices (Romanos et al., 2019). Exploring the role of β-AR 

activity on astrocyte process volume and its ability to influence glutamate spillover in the 

mPFC could further our understanding of astrocyte contributions to neuronal activity.  

 The rodent mPFC is with associated executive function, playing a role in 

processing emotion, response to appetitive and aversive stimuli, learning and memory, 

social experience and behavior, by integrating cortical and subcortical inputs (Hoover 

and Vertes, 2007; Jason J. Radley et al., 2008; van Aerde and Feldmeyer, 2015). The 

mPFC can be separated into the prelimbic and infralimbic prefrontal cortex (Heidbreder 

and Groenewegen, 2003; Van De Werd et al., 2010). Both areas of the mPFC 

differentially affect elements of emotion processing. For example, while prelimbic activity 

promotes responsiveness to fear, infralimbic activity facilitates fear extinction 

(Heidbreder and Groenewegen, 2003; Jason J. Radley et al., 2008). The mPFC is 

densely innervated by monoaminergic projections, including dopamine (DA), serotonin 

(5-HT) and NE, all of which are crucial for mPFC function (Hoover and Vertes, 2007; 

Santana and Artigas, 2017).  

Unlike somatosensory regions, the mPFC does not have a defined Layer 4 for 

receiving afferent information (van Aerde and Feldmeyer, 2015; Santana and Artigas, 
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2017). Instead, the mPFC has an expanded Layer 5 consisting of two major pyramidal 

neuron subtypes, depending on their efferent projections (Dembrow and Johnston, 2014; 

Moberg and Takahashi, 2022). There are intratelencephalic (IT) neurons that project to 

cortical and striatal targets, and extratelencephalic (ET) neurons that project to 

subcortical regions like monoaminergic nuclei, in addition to cortical targets (Dembrow 

and Johnston, 2014; van Aerde and Feldmeyer, 2015). Thalamic and long-range 

feedback connections are extensively made to L1 dendrites, while cortical, thalamic and 

subcortical regions project throughout L1 – L5 (Kuroda et al., 1998; Hoover and Vertes, 

2007). Similarly, monoaminergic projections and receptors are found in all the layers of 

the mPFC (Santana and Artigas, 2017). This includes NE, where most studies have 

focused on neuronal activity. NE has been shown to influence neuronal excitability 

through binding to pre- and postsynaptic receptors (Jason J. Radley et al., 2008; Ji et al., 

2008; Grzelka et al., 2017). While astrocytes have been shown to express β-ARs in 

other emotion processing regions of the brain like the ACC, expression in the mPFC has 

not been explored (Gao et al., 2016). 

mPFC dysfunction is found in several psychiatric disorders. More specifically, 

some behavioral deficits have been linked to aberrant NE activity and excessive 

extrasynaptic NMDAR activity in the mPFC. NE dysfunction and disturbed signaling in 

the mPFC affects multiple psychiatric disorders, ranging from neurodegenerative 

diseases to major depression and schizophrenia (Breier, 1990; Kitayama et al., 2008; 

Eduardo E. Benarroch, 2009; Szot et al., 2016; Nagamine, 2020). In most cases, 

disruption occurs from reduced NE levels (Moret and Briley, 2011; Chandley et al., 2013; 

Szot et al., 2016; Chalermpalanupap et al., 2018; Durán et al., 2023). Meanwhile, 

glutamate spillover in the mPFC has also been associated with a range of similar 
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disorders (Zhao et al., 2016; Li et al., 2018). In rodents exposed to chronic unpredictable 

stress that developed depressive-like behavior, higher levels of extracellular glutamate 

were detected in the mPFC, along with enhanced extrasynaptic GluN2B NMDAR activity 

(Li et al., 2018). Another study that blocked glutamate transport in the awake rat 

prefrontal cortex, probably inducing glutamate spillover in the process, resulted in the 

development of anhedonia towards sucrose water (John et al., 2012). Anhedonia is a 

state of disinterest towards things that used to bring pleasure and is commonly found in 

major depression and other disorders affecting mPFC activity. GluN2B NMDAR activity 

has been linked to depressive-like behavior and that blocking these extrasynaptic 

enriched receptors results in anti-depressant effects (Miller et al., 2014, 2017; Tang et 

al., 2020; Shi et al., 2021). Reduced glutamate transporter expression and astrocyte 

volume in individuals with major depression and rodent models of depression coincide 

with the detrimental effects of glutamate spillover and extrasynaptic NMDAR activity in 

the mPFC (John et al., 2012; Kiss et al., 2012; Rajkowska and Stockmeier, 2013; Zhao 

et al., 2016; Li et al., 2018; Codeluppi et al., 2021).  

 

Summary 

 Astrocytes play a vital role at the synapse, regulating glutamate activity and 

limiting spillover (Rusakov, 2001; Huang and Bordey, 2004; Hires et al., 2008). Through 

the dynamic morphology of their fine processes, astrocyte volume can change under 

several conditions, many of which have been shown to influence glutamate spillover 

(Piet et al., 2004; Henneberger et al., 2020; Popov et al., 2020). Glutamate can reach 

extrasynaptic NMDARs, whose excessive activation elicits negative consequences 

(Hardingham et al., 2002; McCullumsmith and Sanacora, 2015). NE may be able to 
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impact glutamate spillover through its ability to remodel astrocyte processes and reduce 

ECS volume fraction (Xie et al., 2013; Sherpa et al., 2016), which have been shown to 

affect glutamate spillover in other systems (Piet et al., 2004; Sykova, 2004; Kinney et al., 

2013). NE acts on several receptors, affecting astrocyte and neuronal physiology, and 

whose disruption can lead to several disorders (Eduardo E. Benarroch, 2009; Hertz et 

al., 2010; O’Donnell et al., 2012; Wahis and Holt, 2021). NE-mediated β-AR activity 

impacts astrocyte morphology, increasing process volume in sensory cortical areas 

(Sherpa et al., 2016).  

However, β-AR activity changing astrocyte volume in the mPFC has not been 

investigated. The mPFC is a region of the brain densely innervated by NE inputs and is 

responsible for emotion processing and execution function (Jason J. Radley et al., 2008; 

Santana and Artigas, 2017). Dysregulation of NE signaling and extrasynaptic NMDAR 

activity in the mPFC have been associated with mood and psychiatric disorders (Breier, 

1990; Ruhé et al., 2007; Szot et al., 2016; Li et al., 2018; Tang et al., 2020). The impact 

β-AR-mediated changes to astrocyte volume can have on glutamate spillover and 

NMDAR activity are also unexplored. Both questions are extremely relevant to the 

mPFC and may provide insight into other mechanisms at play in certain brain disorders.  

Therefore, we investigated the role astrocyte β-AR activity played in the mPFC, 

looking at its effects on astrocyte volume and on pyramidal neuron NMDAR signaling.  

To expand our knowledge of noradrenergic effects on astrocyte volume, we tested the 

hypothesis that NE and β-AR signaling increase astrocyte process volume in the 

previously unexplored mPFC. Prior studies found that changes to astrocyte volume 

affect glutamate spillover, where increasing astrocyte volume reduces glutamate 

spillover and extrasynaptic NMDAR recruitment. Therefore, we tested the hypothesis 
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that β-AR signaling reduces pyramidal neuron NMDAR activity, including extrasynaptic 

NMDARs, in an astrocyte-dependent manner. By testing how NE activity influences 

extrasynaptic NMDAR signaling in the mPFC, these hypotheses aim to further our 

understanding of potential mechanisms involved in a multitude of psychiatric disorders.  
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Chapter 2: Astrocyte β-adrenergic receptor activity regulates NMDA receptor 

signaling of medial prefrontal cortex pyramidal neurons 

Introduction 

Proper functioning of the nervous system relies on tight regulation of glutamate 

neurotransmission. Astrocytes serve a critical role in this process and carry out various 

functions vital to synaptic physiology through their complex interactions with 

glutamatergic synapses (Araque et al., 1999b; Oliet et al., 2001; Rusakov, 2001; 

Halassa et al., 2007b; Theodosis et al., 2008). Peripheral astrocyte processes (PAPs) 

closely associate with synapses, acting as the primary means of glutamate uptake and 

as barriers to diffusion from the synaptic cleft (Rusakov, 2001; Huang and Bordey, 2004; 

Takayasu et al., 2006; Nie and Weng, 2009). As such, astrocytes play a critical role in 

regulating the extent to which non-synaptic receptors are activated following glutamate 

release. In addition to being expressed in the postsynaptic density, NMDA receptors 

(NMDARs) are often found in extrasynaptic sites (Harris and Pettit, 2008; Papouin et al., 

2012). Glutamate spillover and recruitment of these extrasynaptically located NMDARs 

is important under various physiological and pathological conditions (Hardingham et al., 

2002; Zhang and Sulzer, 2003; Oliet et al., 2004; Delgado et al., 2018).  

 Astrocyte morphology is dynamic and can drive changes in the extracellular 

space (ECS), affecting neurotransmitter diffusion from the synapse. PAP morphology is 

modulated by norepinephrine (NE) (Xie et al., 2013; Sherpa et al., 2016), serotonin 

(Müller et al., 2021), oxytocin (Theodosis and Poulain, 2001), long term plasticity (LTP) 

induction (Perez-Alvarez et al., 2014; Henneberger et al., 2020), fear memory induction 

(Badia-Soteras et al., 2022), caloric restriction (Popov et al., 2020), and sleep-wake 

cycles (Xie et al., 2013). Studies that observed PAP retraction and reduced astrocyte 
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process volume noted enhanced glutamate spillover and NMDAR activation. Conversely, 

astrocyte process volume increases led to decreased extrasynaptic NMDAR recruitment 

(Popov et al., 2020). NE was found to expand PAPs and increase process volume 

(Vardjan et al., 2014; Sherpa et al., 2016), though its effects on glutamate spillover 

remain unexplored. 

 NE modulates the activity of neural circuits, coordinating state changes and 

adaptive responses to stimuli, wakefulness, arousal, mood, and stress (Eduardo E. 

Benarroch, 2009; Schwarz and Luo, 2015). Various adrenergic receptor (AR) subtypes 

are expressed on astrocytes, though most prior work has focused on Ca2+ signaling 

elicited by Gq G-protein coupled receptor (GPCR) α1-AR activity (Bekar et al., 2008; 

Paukert et al., 2014; Tran et al., 2018). Astrocytes also express Gs-GPCR β-ARs (Hertz 

et al., 2010). β-AR activity enhances metabolic support, K+ uptake, gap junction 

connectivity, as well as changes in morphology (Giaume et al., 1991; PA Rosenberg et 

al., 1994; Laureys et al., 2010; Sherpa et al., 2016; Wotton et al., 2020). Despite 

evidence that NE and β-AR activity affect astrocyte volume in sensory cortices, the effect 

of NE has not been tested in emotion processing brain regions where noradrenergic and 

NMDAR signaling dysfunction result in multiple psychiatric disorders (Breier, 1990; Ruhé 

et al., 2007; Li et al., 2018; Uno and Coyle, 2019; Tang et al., 2020). Nor has the link 

between noradrenergic signaling and glutamate spillover been explored. 

 We have now investigated the role of β-AR activity on astrocyte volume in an 

emotion processing region of the brain with a high degree of noradrenergic innervation, 

the medial prefrontal cortex (mPFC) (Santana and Artigas, 2017), characterizing its 

effects on pyramidal neuron NMDAR signaling. We show that NE and the β-AR agonist 

isoproterenol (ISO) increase astrocyte volume in the mPFC and demonstrate that these 
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changes can be blocked by eliminating astrocyte GPCR signaling. We also find that ISO 

reduces NMDAR post-synaptic currents (EPSCs) associated with glutamate spillover. 

Blocking astrocyte responsiveness to ISO reversed this reduction of NMDAR EPSCs. 

Finally, by pharmacologically blocking synaptic NMDARs, we confirmed that ISO 

reduced extrasynaptic NMDAR EPSCs. 

 

Methods 

Ethics Statement 

All experimental procedures were approved by and adhered to the guidelines of 

the Institutional Animal Care and Use Committee of the University of Minnesota. 

 

Brain Slice Preparation 

All experiments used tissue harvested from 5 to 12 weeks old male and female 

C57BL/6 mice. Mice were anaesthetized with isoflurane and decapitated for rapid 

removal of the brain. 350 µm coronal brain slices of the mPFC were taken in oxygenated 

(95% O2, 5% CO2) and chilled sucrose artificial CSF (aCSF). Brain slices were initially 

incubated in 32°C aCSF with 0.5 µM sulforhodamine 101 (SR 101; S7635, Sigma-

Aldrich) for 10 min to label astrocytes. Slices then recovered in 32°C aCSF for another 

20 min and another 30 min in room temperature aCSF until experiments were 

conducted. During experiments, a single brain slice was transferred to an immersion 

recording chamber and held stationary by a harp. Slices were perfused with oxygenated, 

room temperature aCSF solutions at 2.5 ml/min. 

 

Measurement of changes in astrocyte volume 
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Astrocytes were whole-cell patch-clamped and filled with a fluorescent dye to 

measure changes in process volume. Layer 2/3 astrocytes were identified based on their 

labeling by SR 101, small soma size (5 – 10 µm), hyperpolarized Vrest (-80 mV), and 

distinct morphology (Bushong et al., 2002; Henneberger and Rusakov, 2012; Minge et 

al., 2021). Astrocytes were filled for 25 min with the gap junction-impermeant dye Alexa 

Fluor 488 (3,000 MW) dextran (40 µM; D34682, Invitrogen) prior to the start of 

recordings. The dye equilibrated through the finer astrocyte processes during this time 

(Fig. 1A, B). Using a gap junction-impermeant dye eliminated the possibility that 

observed fluorescent intensity changes were due to diffusion of dye into other astrocytes 

through gap junctions (Giaume et al., 1991). The fine processes of astrocytes fall below 

the imaging resolution of confocal microscopy and dye-filling provides a method of 

measuring process volume, where fluorescence is proportional to the space occupied by 

the processes (Henneberger et al., 2020). By comparing the relative brightness of dye-

filled processes to baseline fluorescence established prior to an experimental 

manipulation, observed changes in fluorescence will be proportional to changes to 

astrocyte process volume. 

 We captured single focal plane images of a dye-filled astrocyte at four-minute 

intervals. The z-axis was manually adjusted to adjust for drift over the recording period. 

Dye-filled astrocytes were imaged using confocal microscopy (Olympus, FV1000) 

through a 40x, 1.00 numerical aperture (NA) water objective to acquire, 512 x 512 pixel 

images (0.155 x 0.155 µm pixels). Three images were acquired and averaged together 

every four minutes for 20 min in control aCSF to establish a baseline and then for an 

additional 40 min with either NE (20 µM; A0937, Sigma-Aldrich), ISO (5 µM; I5627, 

Sigma-Aldrich), or control aCSF. In some experiments, astrocytes were patched with an 
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internal solution containing GDPβS (100 µM; ALX-480-056, Enzo Life Sciences) to block 

noradrenergic receptor G-protein activity (Navarrete et al., 2012; Anna Cavaccini et al., 

2020). 

 Sequences of images were registered using a custom MATLAB (2016b) program, 

then analyzed with Fiji ImageJ. A manual ROI was drawn to encompass filled astrocyte 

processes (Fig. 1C – F) and the averaged ROI fluorescence was calculated for each 

time point (Fig 1G, H). Fluorescence values are reported relative to the baseline 

fluorescence, 

Change in Fluorescence from Baseline (%) = 100 * (Ft – FBaseline) / FBaseline 

 

Measurement of neuronal NMDA and AMPA receptor currents  

Layer 5 mPFC pyramidal neurons were patched to record evoked EPSCs. Large-

soma cells, 300 – 500 µm from the midline, were whole-cell patch-clamped and filled 

with Alexa Fluor 594 Hydrazide dye (40 µM; A10438, Invitrogen). Neurons were imaged 

with confocal microscopy to confirm the identity of the patched cell, based on a 

prominent apical dendrite (Fig. 2A). Cells with series resistance (Rs) > 20 MΩ were 

excluded from analysis. To evoke EPSCs, a theta-glass pipette (BT-150-10, Sutter 

Instrument) delivered electric stimuli to Layer 2/3, ~150 µm from the patched neuron’s 

apical dendrite (Fig. 2A). Single 100 μs current pulses were delivered through a 

stimulator (A-M Systems Isolated Pulse Stimulator 2100) and the current amplitude 

adjusted to elicit 40 – 260 pA EPSCs. Ten stimuli bursts were delivered at 50 Hz to elicit 

glutamate spillover and recruit extrasynaptic NMDARs (Harris and Pettit, 2008). EPSC 

traces were zeroed to baseline current and for illustration were smoothed by a 3 ms 

moving average filter using MATLAB. Patch clamp experiments and stimuli were 
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recorded and controlled using a MultiClamp 700b amplifier (Molecular Devices) and 

LabChart (ADInstruments). Currents were sampled at 10 kHz and filtered at 3 kHz and 

Rs compensated to ~70%. EPSCs were analyzed using custom MATLAB programs. 

Measurement of NMDAR EPSCs. NMDAR currents were isolated by blocking 

AMPARs and GABAARs with CNQX (10 μM; Cat. No. 1045, Tocris) and gabazine (5 μM; 

5059860001, Sigma-Aldrich), respectively. Patched neurons were voltage-clamped and 

held at +40 mV to free NMDAR Mg2+ block. Five – 10 single EPSCs were averaged 

together and 2 – 4 trials of 10 stimuli EPSCs were averaged together. EPSC peak 

amplitude from 10 stimuli bursts was measured after the 10th stimulus. EPSC charge 

transfer was calculated as the area under the trace beginning from the current peak to 

the end of single EPSC recordings, and for 1.6 s after the evoked current peak of the 

10th stimulus for 10 stimuli EPSCs.  At the end of an experiment, currents were blocked 

with D-AP5 (50 μM; Cat. No. 0106, Tocris) to verify that they were NMDAR EPSCs.  

Measurement of 10 stimuli NMDAR EPSC decay constant. The decay constant 

of NMDAR EPSCs evoked by 10 stimuli bursts were calculated by fitting the EPSC 

decay after the 10th evoked EPSC with a double exponential using the MATLAB curve 

fitting tool. The fast decay constant component (τf) was compared between control aCSF 

and ISO recordings.  

Measurement of AMPAR EPSCs. We assessed whether ISO affected glutamate 

release and synaptic activity by measuring AMPAR EPSCs (Ji et al., 2008; Grzelka et 

al., 2017). AMPAR currents were isolated by blocking NMDARs with D-AP5 (50 μM). 

Neurons were voltage-clamped and held at the Cl- reversal potential, ~-52 mV (after 

correcting for the liquid junction potential), to eliminate the GABAAR contribution to the 

evoked currents. AMPAR current isolation was confirmed by using CNQX (10 μM) to 



32 
 

eliminate AMPAR EPSCs. For AMPAR EPSCs evoked by 10 stimuli, the peak EPSCs 

evoked by each stimulus were summed together to reflect the overall synaptic 

glutamatergic activity, Σ AMPAR EPSCs. 

Evaluation of the role of astrocyte β-adrenergic receptor activity on EPSCs. We 

eliminated astrocyte β-AR-mediated changes to EPSCs by loading the astrocyte network 

near the recorded neuron with the gap junction-permeable, G-protein blocker GDPβS 

(Navarrete et al., 2012; Anna Cavaccini et al., 2020). An astrocyte in Layer 2/3, ~50 µm 

from the stimulus electrode was patched and loaded with an internal solution containing 

100 µM GDPβS and the gap junction-permeable dye Alexa Fluor 488 Hydrazide (40 µM; 

A10436, Invitrogen) to verify spread of GDPβS. Astrocytes were filled for 30 minutes 

before removing the patch pipette. Immediately afterwards, a Layer 5 pyramidal neuron 

was patched and imaged to confirm that its dendrites fell within the region of the 

GDPβS-filled astrocytes (Fig. 2A). 

 

Measurement of extrasynaptic NMDA receptor currents  

We investigated the extent to which ISO reduces extrasynaptic NMDAR currents. 

Single and 10 stimuli NMDAR EPSCs were initially recorded in aCSF at +40 mV. The 

preparation was then perfused with the activity-dependent NMDAR blocker MK-801 (25 

µM; M107, Sigma-Aldrich) (Huettner and Bean, 1988; Harris and Pettit, 2008; Papouin et 

al., 2012; Yang et al., 2017). Single stimuli were delivered at 1 Hz for 10 min, resulting in 

the block of synaptic NMDARs (Harris and Pettit, 2008; Papouin et al., 2012). MK-801 

was then washed out for 15 min while the neuron was held at -60 mV to prevent further 

NMDAR activation. Recordings were not included if the post MK-801 single stimulus 
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EPSCs were greater than 15% of the pre MK-801 EPSCs or if the post MK-801 EPSCs 

in ISO increased by more than 50% after switching from the post MK-801 aCSF.  

 

Solutions and drugs 

Brains were sliced in a sucrose solution that contained (in mM): 228 Sucrose, 1 

NaH2PO4, 2.5 KCl, 7 MgCl2, 11 glucose, 0.5 CaCl2, 0.4 sodium ascorbate, 26 NaHCO3, 

bubbled with 95% O2/5% CO2, (pH 7.35; 300–310 mOsm). aCSF used for recovery and 

recordings contained (in mM): 125 NaCl, 1.25 NaH2PO4, 2.5 KCl, 1.5 MgCl2, 20 glucose, 

1.2 CaCl2, 0.5 L-glutamine, 0.4 sodium ascorbate, 26 NaHCO3, bubbled with 95% O2/5% 

CO2, (pH 7.35; 300–310 mOsm). The patch pipette solution for patching astrocytes 

contained (in mM): 120 K-gluconate, 4.5 MgCl2, 9 HEPES, 0.1 EGTA, 14 tris2-

phosphocreatine, 4 Na2-ATP, 0.3 tris-GTP, sucrose to bring the solution to 280 – 290 

mOsm, pH 7.25. Astrocyte internal included either 40 μM Alexa Fluor 488 Dextran (3,000 

MW) for astrocyte volume recordings or 40 μM Alexa Fluor 488 Hydrazide to track 

GDPβS diffusion for neuronal recordings. For experiments blocking astrocyte GPCR 

activity, tris-GTP was replaced with 100 µM GDPβS. The patch pipette solution for 

patching pyramidal neurons contained (in mM): 105 Cs-methanesulfonate, 10 TEA-Cl, 

20 HEPES, 10 EGTA, 2 QX-314 Cl-, 5 Mg-ATP, 0.5 tris-GTP, sucrose to bring the 

solution to 280 – 290 mOsm, pH 7.25. Neuronal internal solution included 40 μM Alexa 

Fluor 594 Hydrazide.  

 

Statistics and Analysis 

Two sample t-tests, paired and unpaired, and two-way ANOVAs were used, as 

appropriate. Data are expressed as mean ± SEM in the text and figures. The sample 
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size (n) of cells and animals for each group are reported throughout the text. The sample 

size for each group was sufficiently powered (0.8) when estimating a moderate effect 

size of 0.15 and the null-hypothesis rejection was α = 0.05. Effect size was based on 

estimates from comparable studies investigating astrocyte volume, changes to 

glutamate spillover, and extrasynaptic NMDAR activity (Henneberger et al., 2020; Popov 

et al., 2020). A two-way ANOVA with Tukey-Kramer multiple comparisons post hoc test 

was conducted on astrocyte volume changes measured after 40 min perfusion with 

experimental or control solutions, and intracellular GDPβS. Student’s Paired t-tests were 

run between normalized control and ISO EPSC recordings. Unpaired t-tests were used 

to compare the effects of normalized ISO responses between neuron EPSCs with or 

without GDPβS-loaded astrocytes. Two-way ANOVA with Tukey-Kramer post hoc was 

used to compare fast decay time constants between NMDAR currents in control and 

ISO, and the presence of GDPβS-loaded astrocytes. Data analysis and statistics were 

carried out using custom MATLAB scripts. The data, images and MATLAB scripts for 

analysis and statistics will be made available upon request.  

Results 

Norepinephrine and β-adrenergic agonists increase astrocyte volume in the 

medial prefrontal cortex  

Noradrenergic activity alters astrocyte morphology and process volume in certain 

brain regions (Xie et al., 2013; Vardjan et al., 2014; Sherpa et al., 2016). We wanted to 

determine whether similar morphological changes occur in the mPFC, which receives a 

large amount of noradrenergic input. We used a previously-established technique to 

measure process volume, filling astrocytes with a gap junction-impermeant fluorescent 

dye and imaging dye-filled cells using confocal microscopy (Henneberger et al., 2020; 
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Minge et al., 2021). Fine astrocyte processes can be loaded with dye (Fig. 1A) while 

being restricted to the patched astrocyte (Fig. 1B). Compared to a stable baseline 

fluorescence, any change in process fluorescence represents a change in volume. 

Single images of process fluorescence prior to β-AR agonist ISO exposure (Fig. 1C) and 

after 40 min in ISO (Fig. 1D) highlight how astrocyte process fluorescence increases 

following ISO incubation (Fig. 1C – D, G). ISO increased process fluorescence by ~18% 

after 40 min exposure (18.41 ± 3.60% increase; n = 7 cells from 5 mice) (Fig. 1J). 

Incubating brain slices with NE for 40 min also increased the fluorescence in processes 

by ~18% (17.7 ± 2.4% increase; n = 7 cells from 7 mice) (Fig. 1J). Process volume 

increased significantly with both NE and ISO compared to control recordings measured 

after 40 min in aCSF (2.21 ± 1.86% increase; n = 8 cells from 8 mice) (ISO vs aCSF; 

***p = 2.43 x 10-5; Tukey-Kramer post hoc, 2-way ANOVA) (NE vs aCSF; *** p = 4.94 x 

10-5; Tukey-Kramer post hoc, 2-way ANOVA) (Fig. 1J).  

We sought to determine whether the noradrenergic agonist effect on astrocyte 

process volume could be attributed to the agonists acting directly on astrocytes. To 

selectively eliminate noradrenergic signaling in astrocytes, we blocked GPCR signaling 

by loading dye-filled astrocytes with GDPβS, a G-protein inhibitor (Navarrete et al., 2012; 

Anna Cavaccini et al., 2020). Single images of process fluorescence from an astrocyte 

loaded with GDPβS prior to ISO exposure (Fig. 1E) and after 40 min in ISO (Fig. 1F) 

demonstrate that ISO exposure does not increase process fluorescence of GDPβS-filled 

astrocytes (Fig. 1E – F, H). Instead, while process fluorescence increases with ISO over 

time, the fluorescence increase is severely blunted by GDPβS, becoming no different 

from astrocyte fluorescence changes recorded in aCSF (Fig. 1I).  
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Relative changes in astrocyte process fluorescence are summarized in Figure 

1J. Process fluorescence changes were significantly smaller after 40 min in NE for 

GDPβS-loaded astrocytes (4.97 ± 0.99% increase, n = 7 cells from 6 mice) or 40 min in 

ISO (0.47 ± 1.49% increase, n = 7 cells from 6 mice) compared to astrocytes lacking 

GDPβS loading (NE vs NE GDPβS; **p = 1.39 x 10-3; Tukey-Kramer post hoc, 2-way 

ANOVA) (ISO vs ISO GDPβS; ***p = 6.96 x 10-6; Tukey-Kramer post hoc, 2-way ANOVA) 

(Fig. 1J). Indeed, GDPβS loaded astrocyte process fluorescence in either noradrenergic 

agonist was similar to the fluorescence changes recorded in control aCSF (aCSF vs NE 

GDPβS; n.s., p = 0.926; Tukey-Kramer post hoc, 2-way ANOVA) (aCSF vs ISO GDPβS; 

n.s., p = 0.990; Tukey-Kramer post hoc, 2-way ANOVA) (Fig. 1J).  We also verified that 

GDPβS by itself does not alter astrocyte process volume (aCSF GDPβS, 3.84 ± 0.65% 

increase, n = 7 cells from 6 mice) (aCSF vs aCSF GDPβS; n.s., p = 0.992; Tukey-

Kramer post hoc, 2-way ANOVA) (Fig 1J). These results indicate that activation of β-ARs 

expressed on mPFC astrocytes elicit increases in process volume. 
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Figure 1. Noradrenergic agonists increase astrocyte process volume in the mPFC. A, 

Confocal image of an astrocyte filled with Alexa Fluor 488 dextran (3,000 MW). B, 

Confocal image of multiple astrocytes labeled with SR 101 (magenta) and a single 

astrocyte filled with Alexa Fluor 488 dextran (cyan). The Alexa Fluor dye does not spread 
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beyond the patched cell. C – F, Example fluorescence images of two dye-filled 

astrocytes. C and D, β-AR agonist ISO increases fluorescence intensity in the processes 

of an astrocyte. C, Last time point in aCSF. D, 40 min in ISO. E and F, Fluorescence 

intensity remains unchanged in an astrocyte loaded with GDPβS. E, Last time point in 

aCSF. F, 40 min in ISO. Pseudocolor scale indicates fluorescence intensity in arbitrary 

units. G, Astrocyte process brightness vs time from the experiment illustrated in C and D. 

H, Process brightness vs time for an astrocyte loaded with GDPβS, illustrated in E and F. 

In G and H, process brightness is measured in the ROIs indicated in C – F; the black 

bars indicate the time course of ISO incubation. I, Mean ± SEM astrocyte process 

fluorescence vs time for astrocytes initially in aCSF and exposed to experimental 

solutions for 40 min (black bar). Experimental solutions include ISO (purple), ISO with 

GDPβS-filled astrocyte (orange), aCSF control (blue), and aCSF control with GDPβS 

(green). J, Summary of astrocyte process fluorescence changes measured after 40 min 

incubation in noradrenergic agonists or control solution, with or without GDPβS loading 

of astrocytes. Mean ± SEM and data from individual cells are shown. NE (17.7 ± 2.4% 

increase; n = 7 cells from 7 mice), ISO (18.41 ± 3.60% increase; n = 7 cells from 5 

mice), control aCSF (2.21 ± 1.86% increase; n = 8 cells from 8 mice), ISO-GDPβS (0.47 

± 1.49% increase, n = 7 cells from 6 mice), NE-GDPβS (4.97 ± 0.99% increase, n = 7 

cells from 6 mice), aCSF-GDPβS (3.84 ± 0.65% increase, n = 7 cells from 6 mice). 2-

way ANOVA with Tukey-Kramer post hoc multiple comparisons, *p < 0.05, **p < 0.01, 

***p < 0.001. Exact p values contained within the text.  
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Astrocyte β-adrenergic receptor signaling reduces NMDA receptor activation  

Since astrocyte volume changes influence glutamate signaling and NMDAR 

activity, we next sought to understand how β-AR signaling affected NMDAR activity 

(Oliet et al., 2004; Müller et al., 2021; Badia-Soteras et al., 2022). We used electrical 

stimulation of afferents in Layer 2/3 to evoke Layer 5 pyramidal neuron NMDAR currents 

(Fig. 2A). Single stimulus-evoked NMDAR EPSCs remain unchanged by ISO (Fig. 2B, F 

– G). Single stimulus-evoked NMDAR EPSC peak amplitude in ISO was unchanged in 

aCSF (0.88 ± 0.06; n = 7 cells from 6 mice, paired t-test, n.s., p = 0.10) as was NMDAR 

EPSC charge transfer in ISO (0.91 ± 0.12; n = 7 cells from 6 mice, paired t-test, n.s., p = 

0.50) (Fig. 2F, G). 

We then elicited NMDAR EPSCs using a 10 stimulus, 50 Hz burst, a stimulus 

paradigm associated with glutamate spillover and extrasynaptic receptor recruitment 

(Harris and Pettit, 2008) (Fig. 2C). Although there was no difference observed with single 

stimulus EPSCs in ISO, ISO significantly reduced high-frequency, repetitive stimulus-

evoked NMDAR currents (Fig. 2C). ISO reduced the peak amplitude of these EPSCs by 

18% (0.82 ± 0.03; n = 7 cells from 6 mice, paired t-test, ***p = 5.04 x 10-4) and reduced 

the NMDAR EPSC tail charge transfer by 22% (0.78 ± 0.04; n = 7 cells from 6 mice, 

paired t-test, **p = 2.39 x 10-3). For both single- and repetitive-stimuli, the NMDAR 

blocker D-AP5 reduced evoked currents by over 90% compared to control, confirming 

that we were measuring NMDAR currents in these recordings (Fig. 2B – C, F – G; 1 

stimulus, 0.08 ± 0.01; n = 7 cells from 5 mice, paired t-test, ***p = 7.30 x 10-11); (10 

stimuli, 0.06 ± 0.01; paired t-test, ***p = 1.69 x 10-11). 

While ISO-induced astrocyte volume increases (Fig. 1J) may influence neuronal 

signaling, changes to neuronal NMDAR currents may also be due to direct action of ISO 
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on neurons, which also express β-ARs (Ji et al., 2008; Grzelka et al., 2017). We 

evaluated the role of astrocytes in the ISO effect on NMDAR EPSCs by blocking 

astrocytic β-AR signaling. Prior to recording neuronal NMDAR currents, we patched and 

loaded the astrocyte network with GDPβS (Fig. 2A) to selectively block astrocyte β-AR 

signaling and eliminate process volume increases (Fig. 1J). The spread of GDPβS from 

the patched astrocyte (Fig. 2A, asterisk) was tracked with a gap junction-permeable 

Alexa Fluor 488 to ensure astrocyte loading (Fig. 2A, arrowheads) near the recorded 

neuron.  

The effect of ISO in reducing NMDAR currents was blocked when astrocytes 

were loaded with GDPβS, demonstrating that ISO modulation of NMDAR synaptic 

transmission is mediated, at least in part, by astrocytes. Consistent with the lack of effect 

of ISO on single-stimulus-evoked NMDAR currents, single stimulus-evoked NMDAR 

EPSCs were unchanged between control aCSF and ISO recordings with astrocyte 

GDPβS loading, both when measuring peak EPSC amplitude (1.07 ± 0.06; n = 7 cells 

from 7 mice, paired t-test, n.s., p = 0.265), and for charge transfer (1.17 ± 0.13; n = 7 

cells from 7 mice, paired t-test, n.s., p = 0.255) (Fig. 2D, F – G). However, the impact of 

ISO on NMDAR EPSC peak amplitude varied when comparing the absence to the 

presence of GDPβS-loaded astrocytes in ISO; ISO elicited larger normalized peak 

amplitudes with GDPβS-loaded astrocytes (no GDPβS ISO vs GDPβS ISO; unpaired t-

test, *p = 0.044) (Fig. 2E, F). GDPβS had no impact on the effect of ISO on NMDAR 

EPSC charge transfer (no GDPβS ISO vs GDPβS ISO; unpaired t-test, p = 0.18), 

however (Fig. 2G).  

Loading astrocytes with GDPβS significantly enhanced repetitive stimulus-

evoked NMDAR EPSCs when ISO was applied. When astrocytes were loaded with 
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GDPβS, ISO increased the peak NMDAR EPSC evoked by 10 stimuli by 30% compared 

to responses in control aCSF (1.30 ± 0.10; n = 7 cells from 7 mice, paired t-test, *p = 

0.025) (Fig. 2F), though charge transfer remained unchanged (1.16 ± 0.10; n = 7 cells 

from 7 mice, paired t-test, n.s., p = 0.16) (Fig. 2G). Compared to ISO recordings done 

without GDPβS loading of astrocytes, where ISO reduced repetitive stimulus-evoked 

NMDAR EPSCs, when loaded with GDPβS ISO significantly enhanced repetitive 

stimulus-evoked NMDAR EPSC peak amplitude (no GDPβS ISO vs GDPβS ISO; 

unpaired t-test, ** p = 2.64 x 10-3) (Fig. 2F) and charge transfer (no GDPβS ISO vs 

GDPβS ISO; unpaired t-test, **p = 8.34 x 10-3) (Fig. 2G). Blocking astrocyte β-AR activity 

with GDPβS reversed the effect of ISO on repetitive stimulus-evoked NMDAR EPSCs. 

Results for all normalized NMDAR responses are summarized in Figures 2F and 2G. 

While ISO previously reduced 10 stimuli-evoked peak EPSC and charge transfer, the 

addition of GDPβS to astrocytes led to ISO greatly enhancing peak EPSC and charge 

transfer. Meanwhile, single stimulus EPSC measures remained largely unchanged.  

As a control for loading of the astrocyte network, three of the seven cells from the 

no GDPβS recordings were conducted with astrocytes loaded with a standard astrocyte 

internal solution. There were no differences between ISO responses of single or 10 

stimuli-evoked NMDAR EPSCs compared to control, whether astrocytes were patched 

with a control internal or not patched at all (unpaired t-test, n.s., p > 0.38 for all 

measures). 

The decay time constant (τ) of repetitive stimulus-evoked NMDAR EPSCs has 

been shown to change with altered glutamate uptake and other properties affecting dwell 

time of glutamate near receptors (Diamond, 2005; Nie and Weng, 2009; Anderson et al., 

2015). Since ARs can alter glutamate transport in astrocytes (Hansson and Rönnbäck, 
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1991, 1992), we compared ISO and control aCSF decay time constants for 10 stimulus-

evoked NMDAR EPSCs. Traces were well fit with two exponentials, comprising fast and 

slow phases of decay and achieving an average R2 fit of 0.9965 ± 0.0005 (n = 28 traces 

from 14 cells and 13 mice). We found no difference between the fast time constant (τf) of 

decay of control aCSF and ISO recordings, whether astrocytes were loaded with GDPβS 

or not (no GDPβS control aCSF 0.308 ± 0.031 s vs no GDPβS ISO 0.325 ± 0.028 s vs 

with GDPβS control aCSF 0.314 ± 0.043 s vs with GDPβS ISO 0.292 ± 0.017 s, Tukey-

Kramer Post hoc, 2-Way ANOVA, n.s. between all groups p > 0.88) (Fig. 2H). 
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Figure 2. Ten stimuli-evoked NMDAR EPSCs are modulated by astrocyte β-AR activity. 

A, Confocal image of experimental arrangement for EPSC recording. A patched Layer 5 

pyramidal neuron is filled with Alexa Fluor 594 (red) while astrocytes are initially labeled 

with SR 101 (also red). In some experiments, an astrocyte was patched (asterisk) and 

filled with GDPβS and Alexa Fluor 488 hydrazide (green), which diffused widely through 

the astrocyte network. SR 101-labeled astrocytes that are filled with GDPβS and Alexa 

Fluor 488 are orange (arrowheads) and surround the neuron. A theta tube pipette in 

Layer 2/3 (white lines, labeled Stim) evokes EPSCs in the labeled neuron. B – E, 

NMDAR EPSCs recorded from neurons in control aCSF (blue), after 40 min in ISO (red), 

and after an additional 5 min in D-AP5 (green). B, EPSCs evoked by single stimuli. C, 

EPSCs evoked by 10 stimuli bursts. D, EPSCs evoked by single stimuli with the 

astrocyte network loaded with GDPβS. E, EPSCs evoked by 10 stimuli bursts with the 

astrocyte network loaded with GDPβS.  F, Summary of NMDAR EPSC amplitudes 
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(normalized to paired control aCSF EPSCs) elicited by single and 10 stimuli. Single 

stimulus groups include: control, all conditions, ISO (0.88 ± 0.06; n = 7 cells from 6 

mice), ISO with GDPβS (1.07 ± 0.06; n = 7 cells from 7 mice), D-AP5 (0.08 ± 0.01; n = 7 

cells from 5 mice). 10 stimuli groups include: control, all conditions, ISO (0.82 ± 0.03; n = 

7 cells from 6 mice), ISO with GDPβS (1.30 ± 0.10; n = 7 cells from 7 mice), D-AP5 

(0.06 ± 0.01; n = 7 cells from 5 mice). G, Summary of NMDAR EPSC charge transfer 

(normalized to paired control aCSF EPSCs) elicited by single and 10 stimuli. Single 

stimulus groups include: control, all conditions, ISO (0.91 ± 0.12; n = 7 cells from 6 

mice), ISO with GDPβS (1.17 ± 0.13; n = 7 cells from 7 mice), D-AP5 (0.07 ± 0.01; n = 7 

cells from 5 mice). 10 stimuli groups include: control, all conditions, ISO (0.78 ± 0.04; n = 

7 cells from 6 mice), ISO with GDPβS (1.16 ± 0.10; n = 7 cells from 7 mice), D-AP5 

(0.07 ± 0.02; n = 7 cells from 5 mice). In F – G, mean ± SEM and data from individual 

cells are shown; paired t-tests compare control and experimental groups, and D-AP5 to 

paired ISO trials. Comparisons between ISO with and without GDPβS use unpaired t-

tests. *p < 0.05, **p < 0.01, ***p < 0.001. Exact p values contained within the text. H, 

Summary of the fast decay time constant (τf) from 10 stimuli-evoked NMDAR EPSCs. 

EPSC decay was fit by the sum of two exponentials (R2 = 0.9965 ± 0.0005; n = 28 traces 

from 14 cells and 13 mice). Groups include: no GDPβS control (0.308 ± 0.031s; n = 7 

cells from 6 mice), no GDPβS ISO (0.325 ± 0.028s; n = 7 cells from 6 mice), GDPβS 

control (0.314s ± 0.043s; n = 7 cells from 7 mice), GDPβS ISO (0.292s ± 0.017s; n = 7 

cells from 7 mice). Mean ± SEM and data from individual cells are shown; 2-way ANOVA 

with Tukey-Kramer post hoc multiple comparisons, n.s. between all groups p > 0.88. 
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AMPA receptor currents are not affected by β-adrenergic receptor activation 

Neurons express β-ARs and ISO could potentially act on presynaptic terminals 

as well as astrocytes, changing glutamate release (Ji et al., 2008). We measured 

AMPAR EPSCs with and without ISO and then with GDPβS-loaded astrocytes to 

determine whether changes in glutamate release could account for the changes we 

observed in NMDAR activity. Single stimulus AMPAR EPSCs recorded in ISO did not 

change significantly compared to control EPSCs, although they did trend larger (1.22 ± 

0.13; n = 7 cells from 5 mice, paired t-test, n.s., p = 0.135) (Fig. 3A). Similarly, single 

stimulus AMPAR EPSCs in ISO with GDPβS-loaded astrocytes were not different from 

control EPSCs, although they did trend larger as well (1.28 ± 0.14, n = 7 cells from 6 

mice, paired t-test, n.s., p = 0.09) (Fig. 3B). GDPβS did not impact the relative effect ISO 

had on AMPAR EPSCs (no GDPβS ISO vs GDPβS ISO; unpaired t-test, n.s., p = 0.729). 

 We also measured AMPAR EPSCs with the 10 stimulus paradigm to evaluate 

changes to overall synaptic facilitation or depression in the presence of ISO and GDPβS. 

The peak AMPAR EPSCs evoked by each of the 10 stimulus pulses were added 

together to reflect the overall synaptic glutamatergic activity: Σ AMPAR EPSCs (Fig. 3C, 

D). We observed that Σ AMPAR EPSCs trended larger with ISO compared to control 

EPSCs (1.25 ± 0.10, n = 7 cells from 5 mice, paired t-test, n.s., p = 0.0513) (Fig. 3C, E). 

Σ AMPAR EPSCs with GDPβS loaded astrocytes showed no difference between control 

and ISO recordings (1.05 ± 0.05, n = 7 cells from 6 mice, paired t-test, n.s., p = 0.391) 

(Fig. 3D, E). Further, the presence or absence of GDPβS did not affect the relative 

impact ISO had on Σ AMPAR EPSCs (no GDPβS ISO vs GDPβS ISO; unpaired t-test, 

n.s., p = 0.110). Figure 3E summarizes the results, showing that ISO and the presence 

of GDPβS had no significant effect on single or repetitive stimulus-evoked AMPAR 
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EPSCs. These results suggest that changes in glutamate release cannot account for the 

ISO-induced reduction in NMDAR currents in response to repetitive stimuli and are 

instead consistent with a role for β-AR-mediated astrocyte volume changes. 
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Figure 3. Single and 10 stimuli-evoked AMPAR EPSCs are not modulated by astrocyte 

β-AR activity. A – D, AMPAR EPSCs recorded from single neurons in control aCSF 

(blue), after 40 min in ISO (red), and after an additional 5 min in CNQX (green). A, 

EPSCs evoked by single stimuli. B, EPSCs evoked by single stimuli and the astrocyte 

network loaded with GDPβS. C, EPSCs evoked by 10 stimuli bursts. D, EPSCs evoked 

by 10 stimuli bursts and the astrocyte network loaded with GDPβS. E, Summary of 

single and 10 stimuli-evoked AMPAR EPSCs (normalized to paired controls). Mean ± 

SEM and data from individual cells are shown. Single stimulus groups include: control, 
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all conditions, ISO (1.22 ± 0.13; n = 7 cells from 5 mice), ISO with GDPβS (1.28 ± 0.14, 

n = 7 cells from 6 mice), CNQX (0.15 ± 0.02; n = 14 cells from 11 mice). 10 stimuli-

evoked Σ AMPAR EPSC groups include: control, all conditions, ISO (1.25 ± 0.10, n = 7 

cells from 5 mice), ISO with GDPβS (1.05 ± 0.05, n = 7 cells from 6 mice), CNQX (0.16 ± 

0.03; n = 14 cells from 11 mice). Paired t-tests compare control and experimental 

groups, and comparisons between ISO groups with paired CNQX trials. ISO with and 

without GDPβS use unpaired t-tests. ***p < 0.001. Exact p values contained within the 

text. 
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β-adrenergic receptor signaling reduces extrasynaptic NMDAR currents  

Delivering 10 stimuli at 50 Hz is sufficient to elicit glutamate spillover and 

activation of extrasynaptic NMDARs (Harris and Pettit, 2008). We sought to determine 

whether extrasynaptic NMDARs contributed to the currents reduced by ISO. MK-801 is 

an activity-dependent NMDAR blocker used to eliminate synaptic NMDARs activated by 

single pulse stimuli, leaving the unblocked extrasynaptic NMDARs to respond to a high-

frequency repetitive stimulus (Harris and Pettit, 2008; Papouin et al., 2012; Yang et al., 

2017). The process of isolating extrasynaptic NMDARs is illustrated in Figure 4A. After 

initial aCSF NMDAR EPSC recordings with single-pulse stimuli, neurons were incubated 

in MK-801 while delivering stimuli at 1 Hz. After 10 min, NMDAR EPSCs were reduced 

to near zero and the MK-801 was washed out. Stimulus delivery in MK-801 resulted in 

blocking single stimulus-evoked synaptic NMDAR currents, which was sustained 

throughout the rest of the recording session (Fig. 4B). The sustained blockade of single 

stimulus NMDAR EPSCs is summarized in Figure 4C. After a 15 min washout, post MK-

801 control NMDAR EPSCs in aCSF were reduced by 88% (0.12 ± 0.01; n = 8 cells from 

6 mice, paired t-test, *** p = 9.62 x 10-13). Synaptic NMDAR blockade was maintained 

through the 40 min ISO incubation as well and single stimulus NMDAR EPSCs in ISO 

were similar to post MK-801 control EPSCs (0.98 ± 0.01, n = 8 cells from 6 mice, 

pairwise t-test, n.s., p = 0.67) (Fig. 4B, C).  

Maintained synaptic blockade allowed us to measure isolated extrasynaptic 

NMDAR currents in post MK-801 control aCSF and ISO conditions. Isolated 

extrasynaptic, repetitive stimuli-evoked NMDARs EPSCs were reduced in ISO to a 

similar degree as the NMDAR currents that were recorded when synaptic NMDARs were 

unblocked (Fig. 4D and Fig. 2E). As summarized by Figure 4E, 10 stimuli-evoked 
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extrasynaptic NMDAR EPSC amplitude was reduced by 16% in ISO compared to post 

MK-801 control aCSF (0.84 ± 0.02; n = 8 cells from 6 mice, paired t-test, ***p = 9.31 x 

10-5). NMDAR charge transfer was reduced by 8% (0.92 ± 0.03; n = 8 cells from 6 mice, 

paired t-test, *p = 0.039). These results suggest that β-AR activity reduces glutamate 

spillover from high-frequency repetitive stimulation and that limiting extrasynaptic 

NMDAR recruitment accounts, at least in part, for the reduced NMDAR EPSCs driven by 

astrocyte β-AR activation. 
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Figure 4. β-AR activity modulates extrasynaptic NMDAR EPSCs. A, Single stimulus-

evoked NMDAR EPSCs tracking synaptic NMDAR blockade by MK-801, recorded from 

a single neuron (normalized to pre MK-801). Data points with error bars represent mean 

± SEM. Data points during MK-801 treatment indicate individual EPSCs. Time course of 

10 min MK-801 treatment is indicated by black bar. B, NMDAR EPSCs evoked by single 

stimuli, recorded from a single neuron. Pre MK-801 aCSF control (purple), post MK-801 

aCSF (blue), post MK-801 after 40 min in ISO (red), and after an additional 5 min in D-

AP5 (green). C, Summary of single stimulus NMDAR EPSCs (normalized to pre MK-801 
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control aCSF). Pre MK-801 control aCSF (purple), post MK-801 control aCSF (blue; 0.12 

± 0.01; n = 8 cells from 6 mice), ISO (red; 0.12 ± 0.01; n = 8 cells from 6 mice). Paired t-

tests compare control pre and post MK-801 groups, as well as post MK-801 aCSF to 

post MK-801 ISO. n.s., p > 0.05, ***p < 0.001. D, NMDAR EPSCs evoked by 10 stimuli, 

recorded from a single neuron. Post MK-801 aCSF (blue), post MK 801 after 40 min in 

ISO (red) and after an additional 5 min in D-AP5 (green). E, Summary of 10 stimuli-

evoked NMDAR EPSCs and charge transfer (normalized to post MK-801 control, blue). 

Post MK-801 ISO NMDAR EPSC amplitude (red, 0.84 ± 0.02; n = 8 cells from 6 mice) 

and post MK-801 ISO NMDAR EPSC charge transfer (red, 0.92 ± 0.03; n = 8 cells from 

6 mice). Paired t-tests compare post MK-801 aCSF and post MK-801 ISO for NMDAR 

EPSC amplitude and charge transfer measures. *p < 0.05, ***p < 0.001. Mean ± SEM 

and data from individual cells are shown in C and E. Exact p values contained within the 

text. 
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Discussion 

We have shown that astrocyte β-AR activity increases astrocyte process volume 

in the mPFC, limiting glutamate spillover and extrasynaptic NMDAR recruitment. We first 

measured changes to astrocyte process volume utilizing an established method of dye-

filling astrocytes (Henneberger et al., 2020) and found that noradrenergic agonists 

increase astrocyte process volume by ~18% in the mPFC. This is in accord with prior 

studies which showed that astrocyte β-AR activity results in process expansion in vitro 

(Vardjan et al., 2014) as well as in the visual cortex (Sherpa et al., 2016), where 

treatment with ISO results in a 30% reduction in ECS volume fraction. Our work confirms 

that NE and β-ARs increase astrocyte volume in the mPFC, an unexplored area which is 

densely innervated by noradrenergic projections (Hoover and Vertes, 2007; Santana and 

Artigas, 2017). We also effectively blocked noradrenergic agonist-evoked increases to 

process volume by loading astrocytes with GDPβS. This agrees with findings from 

multiple studies which demonstrate that GDPβS loading of astrocytes blocks G-protein-

mediated signaling from monoaminergic receptors (Navarrete et al., 2012; Corkrum et 

al., 2020).  

 We next demonstrated that β-AR activation reduces pyramidal neuron NMDAR 

currents in an astrocyte-dependent manner. In agreement with this finding, the reverse 

phenomenon has been reported in other systems: when decreases in astrocyte process 

volume are observed, enhanced glutamate spillover is seen (Oliet et al., 2004; 

Henneberger et al., 2020; Müller et al., 2021; Badia-Soteras et al., 2022). Our study 

found that NMDAR currents evoked by 10 stimuli bursts were reduced by ISO, 

consistent with the finding that increasing astrocyte process volume limits glutamate 

spillover (Popov et al., 2020).  
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The ISO effect could, in theory, be mediated by direct ISO activation of pyramidal 

neurons rather than by astrocytes, as these neurons also express β-ARs, which 

enhance neuronal EPSCs (Ji et al., 2008; Grzelka et al., 2017). However, we found that 

ISO did not affect single stimulus AMPAR or NMDAR currents. Furthermore, ISO 

reduced high-frequency repetitive stimulus-evoked NMDAR EPSCs instead of 

enhancing it. It was only after blocking astrocyte β-AR activity with GDPβS did ISO 

enhance repetitive stimulus-evoked NMDAR currents.  

 We then demonstrated that β-AR activity reduces extrasynaptic NMDAR 

recruitment. Several methods have previously been used to approximate or isolate 

extrasynaptic NMDAR activity. Prior work has shown that a 50 Hz repetitive stimulus 

overpowers glutamate uptake mechanisms, leading to glutamate spillover and the 

recruitment of extrasynaptic NMDARs (Harris and Pettit, 2008). Others have used the 

NMDAR activity-dependent blocker MK-801 to eliminate synaptic NMDAR currents 

through low frequency stimulation (Milnerwood et al., 2010; Liu et al., 2013; Yang et al., 

2017; Pallas-Bazarra et al., 2019). In this work, we used both methods to study 

extrasynaptic NMDAR currents. Following MK-801 block of synaptic NMDAR currents, 

the residual extrasynaptic NMDAR current elicited by a 50 Hz repetitive stimulus was 

reduced by ISO to 84% of control. This decrease is similar to the ISO-induced reduction 

of the total NMDAR current evoked by 50 Hz repetitive stimulation (82%), suggesting 

that the ISO-mediated increase in astrocyte volume primarily reduces extrasynaptic 

NMDAR activation. These findings are consistent with prior work showing that increased 

astrocyte volume caused by caloric restriction results in decreased extrasynaptic 

NMDAR activity (Popov et al., 2020).  
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 Although increased astrocyte volume reduces extrasynaptic NMDAR currents, 

questions regarding the specific mechanisms that contribute to volume change remain 

unanswered. Our method for quantifying astrocyte volume changes (Henneberger et al., 

2020) did not allow us to determine the fine details of process volume changes or to 

differentiate between process expansion or swelling.  ISO activation of β-ARs has been 

shown to elicit astrocyte process expansion and volume increases in primary astrocyte 

culture and in the rat visual cortex (Vardjan et al., 2014; Sherpa et al., 2016). β-AR 

activation is also linked to enhanced Na+/K+-ATPase activity and increased K+ uptake 

into astrocytes, which is a mechanism associated with swelling (Walch et al., 2020; 

Wotton et al., 2020). 

 β-AR signaling acts on several astrocyte pathways that could affect NMDAR 

activity in addition to astrocyte volume changes. Previous work has shown that ISO 

modestly inhibits glutamate uptake in primary astrocyte cultures (Hansson and 

Rönnbäck, 1991, 1992). However, this would result in enhanced glutamate spillover and 

increased NMDAR signaling, the opposite of what we observed. Astrocyte β-AR activity 

also enhances glycogenolysis and lactate production, which has been shown to support 

LTP in the hippocampus and enhance EPSCs (Gao et al., 2016). This again runs 

counter to our observations that ISO reduces NMDAR activation. Astrocytes release 

gliotransmitters, including ATP and D-serine, that may influence glutamate release and 

NMDAR activity, respectively (Panatier et al., 2006; Henneberger et al., 2010; Chen et 

al., 2013). Norepinephrine has been shown to elicit astrocyte ATP release and increase 

AMPAR signaling (Gordon et al., 2005). Despite this possibility, in our experiments ISO 

had no significant effect on synaptic AMPAR or NMDAR single stimulus currents. 

However, single stimulus NMDAR EPSCs were significantly larger in ISO when 
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astrocytes were loaded with GDPβS compared to unloaded astrocytes. Since D-serine is 

a co-agonist for NMDARs, changes to D-serine secretion would impact NMDAR activity, 

although this has not been explored with ISO. Astrocytes can also release glutamate 

directly (Basarsky et al., 1999; Angulo et al., 2004; Woo et al., 2012). This would, 

however, result in an increase, not a decrease in extrasynaptic NMDAR activation. 

 Major depression in humans and depressive-like symptoms in animals are 

associated with impaired monoamine signaling, including NE (Ruhé et al., 2007; Moret 

and Briley, 2011). The effects of reduced NE signaling could be mediated by changes in 

astrocyte morphology. Indeed, retraction and a reduction of astrocyte process volume 

has been observed in suicide victims diagnosed with depression and mouse chronic 

stress models that produce depressive-like behavior (Torres-Platas et al., 2016; 

Codeluppi et al., 2021). Altered astrocyte morphology and process retraction have also 

been shown to impact neuronal circuits in emotion processing regions of the brain, 

enhancing fear memory (Badia-Soteras et al., 2022). Reduced astrocyte volume may 

impair the termination of synaptic glutamate signaling and result in spillover, enhancing 

extracellular glutamate and extrasynaptic NMDAR activation, which is seen in chronic 

stress models displaying depressive-like behavior (Li et al., 2018). Enhanced 

extrasynaptic NMDAR recruitment can also have harmful effects on neurons and on 

behavior (Hardingham et al., 2002; Milnerwood et al., 2010; Zhou et al., 2013; Hanson et 

al., 2015; Li et al., 2018), and the  blockade of extrasynaptic NMDARs by new fast-acting 

antidepressants may contribute to depressive symptom relief (Miller et al., 2014; Li et al., 

2018; Tang et al., 2020). 

Our results are consistent with and support this mechanism of depression. Our 

observation that noradrenergic-mediated astrocyte volume increase leads to a reduction 
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in extrasynaptic NMDAR activity implies that the opposite is also true. That is, a 

reduction in noradrenergic activity would lead to astrocyte shrinkage and to an 

enhancement of extrasynaptic NMDAR activity.  

Schizophrenia has been canonically linked to monoamine overactivation, 

including NE elevation (Breier, 1990; Nagamine, 2020). More recently, a NMDAR 

hypofunction hypothesis of schizophrenia has been proposed (Lahti et al., 1995; Uno 

and Coyle, 2019). The hypothesis holds that reduced levels of NMDAR activity 

contribute to schizophrenic symptoms. Overstimulation of astrocyte β-AR could result in 

excessive volume increases in these glial cells, limiting NMDAR activation.  

Overall, our findings support previous research showing that astrocytes provide a crucial 

role in modulating neuronal activity and, specifically, glutamatergic signaling. Changes to 

astrocyte volume during various pathological conditions may well modulate extrasynaptic 

NMDAR activation. Uncovering novel mechanisms to modulate astrocyte volume 

changes will further elucidate how astrocyte morphology affects synaptic activity and 

animal behavior, possibly leading to new strategies for targeting neuropsychiatric 

disorders. 
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Chapter 3: Conclusion 

Conclusions 

 These findings reaffirm the dynamic nature of astrocyte morphology and its 

impact on neuronal activity. We found β-AR activity increases astrocyte volume in a 

previously unexplored region of the brain: the mPFC. NE and β-AR agonist ISO acted 

directly through astrocyte β-ARs to increase process volume by ~18%, an effect blocked 

by eliminating G-protein signaling with GDPβS. Our findings demonstrate β-AR activity 

reduces neuronal NMDAR currents in an astrocyte-dependent manner. High frequency 

bursts of electric stimulus are associated with glutamate spillover and enhanced NMDAR 

recruitment. β-AR activation reduced the 10 stimuli-evoked NMDAR currents, in line with 

reports that increasing astrocyte volume reduces glutamate spillover. Likewise, we found 

ISO reduced extrasynaptic NMDAR recruitment, further evidence ISO limits spillover. 

Finally, blocking astrocyte β-AR signaling with GDPβS reversed the effect of ISO and led 

to ISO enhancing NMDAR currents evoked by 10 stimuli bursts. This research joins a 

growing list of studies demonstrating that astrocyte volume affects glutamate spillover 

and neuronal activity. 

 The mPFC is fundamental to execute function and emotion processing (Jason J. 

Radley et al., 2008; Santana and Artigas, 2017). When NE levels and extrasynaptic 

NMDAR activity are dysregulated in the mPFC, psychiatric disorders can symptoms 

follow (Breier, 1990; Ruhé et al., 2007; Szot et al., 2016; Li et al., 2018; Tang et al., 

2020). For example, major depression is associated with NE hypoactivity and enhanced 

extrasynaptic NMDAR activity (Ruhé et al., 2007, Li et al., 2018). Furthermore, astrocyte 

volume is reduced in the brains of depressed individuals who committed suicide and 

mice that display depressive-like behavior (Rajkowska and Stockmeier, 2013; Codeluppi 
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et al., 2021). Our findings suggest that lower NE levels explain the reduced astrocyte 

volume, which then results in the enhanced extrasynaptic NMDAR activity associated 

with depressive-like behavior. Perhaps exploring new ways to specifically target and 

regulate astrocyte volume can help limit extrasynaptic NMDAR activity, opening the 

possibility to new anti-depressant treatments.   

 

Future Directions 

 The findings of this thesis contribute to our understanding of the important role 

astrocyte physiology and morphology play in proper brain function and disease. This 

field is still growing and finding new ways to influence astrocyte morphology could 

someday reveal new ways astrocyte morphology interacts with neurons based on 

proximity. There are several questions that can clarify how β-AR activity modifies 

astrocyte morphology and ask how astrocyte morphology affects neuronal activity and 

behavior in the mPFC. 

Are astrocyte process volume increases due to process remodeling or swelling? 

The mechanisms through which astrocyte process volume increases remain unclear. 

PKA and cAMP signaling have been shown to remodel astrocyte processes (Vardjan et 

al., 2014; Sherpa et al., 2016). Meanwhile, β-AR signaling enhances K+ clearance 

through Na+,K+-ATPase activity, which has been associated with astrocyte swelling 

(Song et al., 2015; Wotton et al., 2020). Parsing out which mechanisms are at play could 

lead to more targeted means of manipulating astrocyte morphology. 

Are there more specific ways to target and increase astrocyte process volume? 

Developing methods to exclusively target astrocytes to increase astrocyte process 

volume would provide a great tool to further assess and validate the role of astrocytes in 
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modulating neuronal NMDAR activity. Expressing Gs-GPCR designer receptors 

exclusively activated by designer drugs (DREADDs) in astrocytes could be one such 

way. Gs-DREADDs would exclusively increase cAMP in astrocytes to replicate β-AR 

signaling and, we would predict, increase astrocyte process volume. Beyond using Gs-

DREADDs, which activate all cAMP pathways, finding means of specifically increasing 

astrocyte volume without interfering with other astrocyte functions would open a 

fascinating new field to measure how astrocyte volume and process proximity affects 

neuronal activity. 

Can we visualize that glutamate spillover is limited by astrocyte β-AR activation 

and process volume increases? While we observed β-AR agonist ISO reduces 

extrasynaptic NMDAR recruitment, more could be done to verify reduced glutamate 

spillover. To observe how astrocyte volume changes influence glutamate spillover, one 

could visualize glutamate spillover using membrane-expressing glutamate optical 

sensors on astrocytes (Romanos et al., 2019). Based on our results, we would predict 

that ISO and manipulations to increase astrocyte process volume would limit glutamate 

diffusion and result in a faster decay of fluorescence signal. 

Does increasing astrocyte process volume protect against or reverse depressive-

like behavior? Astrocyte volume changes in various disease states. Chronic stress 

models reduce astrocyte process volume in the mPFC (Codeluppi et al., 2021). Future 

experiments could test whether increasing astrocyte volume alleviates and can provide 

resilience against depressive-like symptoms. Activating Gs-DREADDs expressed in 

astrocytes, if verified to increase astrocyte process volume, could provide an initial step 

towards evaluating how astrocyte process volume impacts depressive-like symptoms.  
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Finally, is mPFC ECS volume fraction larger in chronic stress models? 

Decreased astrocyte process volume found in chronic stress models would imply that 

ECS volume fraction would be larger, but this has not been verified. Such changes could 

also explain the increased extracellular glutamate levels observed, and enhanced 

extrasynaptic NMDAR activity. Furthermore, future experiments could explore whether 

antidepressant drugs rescue both astrocyte volume and any changes to ECS volume 

fraction observed.  
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