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Abstract 

 Alcohol is the third leading cause of preventable death in the United States and has 

substantial social and economic burdens. Excessive alcohol consumption in the form of binge 

drinking is highly prevalent among adolescents and emerging adults. Binge drinking is a form of 

excessive drinking, defined as consuming enough alcohol on a single occasion to result in blood 

alcohol concentrations above 0.08%. Approximately 55% of full-time college students aged 18-

22 years old have reported consuming alcohol in a binge manner. Furthermore, studies have 

shown that approximately 20% of college students meet the criteria for an alcohol use disorder 

(AUD). These statistics are concerning as this period of increased proclivity to participate in 

binge-type alcohol consumption overlaps with the critical period of adolescent development. 

During adolescence, the central nervous system (CNS) is undergoing a stage of 

neurodevelopment in which regions of the brain, such as the prefrontal cortex (PFC) and the 

hippocampus, which are critical for learning and higher cognitive development, continue to 

undergo refinement and maturation. Consuming alcohol during early adolescence results in long-

term deficits in cognitive function and an increased risk of developing an AUD later in life. 

There has been a concerted effort to understand the direct contributions of adolescent binge 

drinking to long-lasting changes in neuronal structure, function, and subsequent cognitive 

changes that may be associated with the emergence of neuropsychiatric disorders and addiction. 

However, non-neuronal cells’ contribution to alcohol-induced neuronal dysfunction is just 

beginning to be elucidated. Astrocytes are highly complex non-neuronal glial cells that serve in 

developing, refining, and maintaining the CNS. Furthermore, very few studies are dedicated to 

investigating potential sex differences in the effects of adolescent alcohol exposure on astrocytes. 

Parallels in findings in human clinical data and laboratory studies using rodent models have 



xix 

allowed our lab and others to use a rat model of adolescent intermittent binge ethanol (EtOH) 

exposure (AIE) to begin to identify the roles of astrocytes in AIE-induced long-term neuronal 

dysfunction across multiple brain regions in males and females. This dissertation encompasses 

the investigation of 1) the short- and long-term effects of AIE on astrocyte morphology and 

astrocyte-synaptic interactions across multiple subregions of the male PFC, 2) the long-term 

effects of AIE on astrocyte morphology, astrocyte-synaptic interactions, and astrocyte function at 

the synapse in the female hippocampus, and 3) the short- and long-term effects of AIE on 

astrocyte morphology, astrocyte-synaptic proximity and interactions, subsequent astrocyte 

function at the synapse and hippocampal behaviors in male rodents. Overall, this dissertation 

aims to fill in gaps of knowledge by identifying how AIE impacts astrocytes across different 

brain regions undergoing adolescent neurodevelopment and how these effects may vary between 

sexes.



1 

Chapter 1 

Introduction to Alcohol, Adolescence, and Astrocytes 

Alcohol 

Alcohol consumption is the third leading cause of preventable death in the United States. 

Alcohol use plays a significant role in health and social problems and imposes a substantial 

economic burden (Choenni et al., 2017; Esser et al., 2020; Karriker-Jaffe et al., 2018; Sacks et 

al., 2015; Xi et al., 2017). The economic burden of alcohol use is staggering, with estimates that 

alcohol costs roughly $250 billion annually (Sacks et al., 2015). While these statistics are 

overwhelming, alcohol use remains highly prevalent in the United States, regardless of the 

societal consequences and personal risks.  

Alcohol consumption can be classified as moderate or heavy drinking, often accompanied 

by intense or binge drinking periods. Moderate alcohol consumption is defined as one standard 

drink (0.6 oz of alcohol) or less per day for women and two drinks or less per day for men. 

Heavy drinking is typically defined as eight standard drinks per week for women and 15 standard 

drinks or more for men (Bohm et al., 2021; Sacks et al., 2015). In comparison, binge drinking is 

a pattern of alcohol consumption that brings blood alcohol levels (BACs) to 0.08% or more in a 

single session (Bohm et al., 2021; Sacks et al., 2015). This typically occurs when women 

consume four or more drinks or five or more drinks are consumed by men within two hours 

(Bohm et al., 2021; Sacks et al., 2015).  

 Binge alcohol consumption is highly prevalent among adolescents and emerging adults 

(Bohm et al., 2021). Adolescence is a time of increased independence and risk-taking behavior 

that often leads to experimentation with misused substances, including alcohol. As discussed in 

the next section, this propensity toward binge alcohol consumption coincides with a critical 
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period of neurodevelopment, resulting in long-term cognitive dysfunction and an increase in the 

likelihood of developing an alcohol use disorder later in life.  

Adolescent Neurodevelopment 

Adolescence is a transitional period of development that encompasses, but is not limited 

to, puberty and continues into early adulthood (Holder & Blaustein, 2014). The World Health 

Organization has historically defined adolescence as the period between the ages of 10 and 19 

(World Health Organization, 2001). However, recent work indicates that it is more appropriate to 

identify individuals 10-24 years of age as among the adolescent/emerging adulthood category 

(Sawyer et al., 2012). These individuals can be divided into early adolescence (10-14 years of 

age), late adolescence (15-19), and young or emerging adulthood (20-24; Sawyer et al., 2012). 

During puberty, hormones are released, triggering sexual maturation. These hormones result in 

physical and biochemical changes that include increases in growth and metabolic rates, changes 

in fat and muscle, and the development of breasts and genitalia accompanied by the appearance 

of secondary sex characteristics. At the same time, changes in social, emotional, and cognitive 

processes occur that enable individuals to transition from childhood to adulthood to successfully 

take on adult roles and responsibilities (Choudhury, 2010). This is accompanied by changes in 

brain structure and function that are influenced by education and socialization (Crone & Dahl, 

2012; Davey et al., 2008; Mills & Tamnes, 2014). One way to consider adolescent development 

is biological changes (i.e., puberty) and social changes (i.e., adolescence), with 

neurodevelopment mediating the association between these biochemical and psychosocial 

changes (Crone & Dahl, 2012; Davey et al., 2008; Mills & Tamnes, 2014).  

Neurodevelopment is the process of neuronal growth and circuitry refinement that shapes 

the brain to fit its environment under the influence of experience, biochemistry, and genetic 
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mechanisms. Adolescent neurodevelopment has been conserved across evolution as common 

adolescent behaviors observed in humans have also been found in other species. For example, 

increased peer-direct social interactions (Csikszentmihalyi et al., 1977; Primus & Kellogg, 1989; 

Steinberg et al., 1989), risk-taking, and novelty- and sensation-seeking (Adriani et al., 1998; 

Romer et al., 2010; Steinberg, 2010; Trimpop et al., 1998), and greater incidences of alcohol 

consumption (Doremus et al., 2005) have been observed in humans, non-human primates, 

rodents, and other species. 

 One of the hallmarks of adolescent neurodevelopment is synaptic pruning, which is when 

the brain eliminates excess synapses that are no longer needed. During early development, there 

are more neurons and synapses produced than will be retained throughout the lifespan 

(Huttenlocher & Dabholkar, 1997; Oppenheim, 1991). It is thought that the overproduction of 

neurons and synapses helps to ensure that appropriate circuitry is established, leaving those 

neurons and synapses that do not make proper connections to be lost to mechanisms of apoptosis 

and synaptic pruning (Rakic et al., 1994). It has been speculated that synaptic pruning is a 

mechanism to aid in rewiring neuronal circuitry into more ‘adult-like patterns’ (Spear, 2013). 

Furthermore, this rewiring can correlate to increased plasticity, essential in memory and learning 

(Spear, 2013). However, not all brain regions undergo refinement via synaptic pruning to the 

same extent. Pruning is precise and results in some regions losing nearly 50% of their synaptic 

connectivity during adolescence, while others experience little synaptic loss (Rakic et al., 1994). 

Overall, synaptic pruning during adolescence optimizes the brain’s circuits in regions, such as 

the prefrontal cortex (PFC) that correlate to increased cognitive function, through the 

strengthening of functionally related brain regions by weakening connections with others (Fair et 

al., 2008; Johnson, 2001; Stevens et al., 2009; Supekar et al., 2009).  
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  This dissertation focuses on the impact of adolescent ethanol (EtOH) exposure (AIE) on 

the PFC and the hippocampus (Chapters 4, 5, and 6). We begin by reviewing adolescent 

development of the PFC and hippocampus (Chapters 2 and 3 respectively). Below, we give a 

brief overview of the effects of alcohol exposure on the PFC, hippocampus, and astrocytes, 

highlighting the importance of our research and contributions to the field.  

Prefrontal Cortex (PFC) 

The PFC continues to undergo structural and functional neuronal refinement during 

adolescence, during which experience and neurobiological factors work together to shape normal 

brain development and permanently alter behaviors (Asato et al., 2010; Bourne & Harris, 2008; 

Cressman et al., 2010; Cunningham et al., 2002; Liston et al., 2006; Markham et al., 2007; 

Matsuzaki, 2007). Experiences that engage the PFC during adolescence include increased 

exploration, independence, socialization, sensation-seeking, sexual maturation, and mating 

behaviors. As these experiences increase in complexity (and as adolescents are increasingly 

responsible for navigating them without parental instruction), brain areas like PFC that support 

increasingly complex behaviors, such as socioemotional processing, planning, reasoning, and 

abstract thought, must be engaged and specialized to meet the demands of the environment. As 

such, increasingly complex adolescent experiences are the optimal input to drive experience-

dependent plasticity. For example, in rats, complex peer-peer social interaction and cognitive 

flexibility peak during adolescence, which the mPFC mediates, thus engaging mPFC networks 

and strengthening its neuronal network (Bell et al., 2010; Himmler et al., 2013; Panksepp, 1981; 

Spinka et al., 2001; van Kerkhof et al., 2013).   
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Hippocampus 

The hippocampus's highly organized architecture undergoes continued maturation 

throughout adolescence (Gomez & Edgin, 2016). Behavioral development reflects the maturation 

of the underlying circuitry, making adolescence a transformative time of neurodevelopment. 

During childhood, synaptogenesis is active in the hippocampus, increasing peak brain volume in 

early adolescence, followed by the pruning and refinement of synapses and axonal myelination 

that aid in fine-tuning hippocampal architecture. Social, emotional, and environmental factors 

can robustly affect remodeling during adolescent development, influencing cognition (see Griffin 

(2017) for review). Substance use is one of the stimuli that can critically influence these final 

stages of hippocampal maturation. For example, Risher, Fleming, et al. (2015) have previously 

shown that early EtOH exposure results in a shift towards increased dendritic spine immaturity 

and lowered stimulus thresholds for the induction of long-term potentiation (LTP) in the 

hippocampus of adult male rats. These findings suggest that AIE increases synaptic plasticity in 

adulthood, reminiscent of an immature or adolescent-like state. 

Astrocytes 

Astrocytes have emerged as critical regulators of central nervous system (CNS) 

development and function in the last two decades (Barres, 2008; Chung et al., 2013; Eroglu & 

Barres, 2010; Kim et al., 2019). Astrocytes have complex morphologies that allow them to 

interact with the vasculature to form the blood-brain barrier (BBB) via endfeet (Kubotera et al., 

2019). Astrocytes also have an extensive network of peripheral astrocyte processes (PAPs) that 

extend from the cell body and ensheathe presynaptic neuronal compartments and postsynaptic 

dendritic spines (Ventura & Harris, 1999), forming what is referred to as the ‘tripartite synapse.’ 

Each astrocyte can interact with up to 100,000 synapses in the rodent brain and an estimated 2 
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million synapses in humans (Bushong et al., 2002), providing a wide-ranging network of 

connectivity that allows a single astrocyte to integrate and influence neuronal activity across 

independent circuits (Oberheim et al., 2009). 

Astrocytes regulate various functions through contact-mediated and secreted signaling 

factors. Astrocytes have been identified as key drivers in the formation of excitatory synapses in 

the CNS (Christopherson et al., 2005; Ullian et al., 2001) and, more recently, in the signaling-

dependent promotion of synaptic diversity (Farhy-Tselnicker & Allen, 2018). Astrocytes also 

play significant roles in the regulation of extracellular matrix protein signaling (Wiese et al., 

2012; Zamanian et al., 2012), formation and maintenance of the blood-brain barrier (BBB) 

(Wong et al., 2004), neovascularization (Fan et al., 2008), neurogenesis (Song et al., 2002), 

axonal growth (Dickson, 2002), and homeostasis of the synaptic microenvironment (Khakh & 

Sofroniew, 2015). 

A growing body of evidence suggests that astrocyte dysregulation can play an essential 

role in cognitive impairment, neuronal loss, and the emergence of synaptic deficits associated 

with aging and neurodegenerative diseases (Clarke et al., 2018; Matias et al., 2019). In addition, 

astrocytes react to various conditions, including excitotoxicity, injury, age, and infection, in a 

process termed astrogliosis (i.e., astrocyte reactivity (Karve et al., 2016)). Astrogliosis is a 

heterogeneous response in which these cells undergo context-dependent molecular and 

morphological changes. Depending on the nature of the insult, astrocytes can take on 

characteristic functional and molecular profiles termed A1 or A2 reactive astrocytes. The A1 

reactive astrocyte subtype is characterized by the upregulation of complement 3 (C3, 

complement factor B (CFB)) and the MX Dynamin-like GTPase 1, MX1 (Liddelow et al., 2017). 

The unique combination of microglia-secreted interleukin-1 alpha (IL-1α), tumor necrosis factor-
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alpha (TNFα), and complement component 1q (C1q) is required for the induction of A1 reactive 

astrocytes (Liddelow et al., 2017). Following excitotoxicity, A1 reactive astrocytes contribute to 

neuronal and oligodendrocyte cell death to promote extensive remodeling of neuronal circuitry. 

However, if the A1 astrocyte phenotype persists, there can be deleterious effects on synapses and 

subsequent neuronal function through pro-inflammatory response and neurodegeneration (Pekny 

et al., 2014). By contrast, the A2 reactive astrocyte subtype is anti-inflammatory and 

neuroprotective. A2 reactive astrocytes can be induced following ischemia, which results in the 

transient upregulation of neurotrophic factors, promoting neuronal survival and synaptogenesis 

(Liddelow et al., 2017). A2 reactive astrocytes are identified by the expression of the S100A10 

astrocyte-related gene, which is essential for cell proliferation, membrane repair, and inhibition 

of apoptosis (Liddelow et al., 2017). A2 astrocytes release TNFα, which acts as an anti-

inflammatory cytokine via inhibiting inflammatory cytokines such as IL-12p40 (Zakharova & 

Ziegler, 2005), contributing to A2 astrocyte synaptogenic and neuroprotective properties 

(Liddelow et al., 2017). Both A1 and A2 reactive astrocytes are essential in CNS recovery and 

restoration after injury or insult. Still, the specific pathways underlying A1 and A2 activation 

remain a primary research focus as we do not know how or if there is a direct link between the 

two reactive subtypes. 

Emergent evidence has revealed that substance misuse can result in reactive astrogliosis, 

including modification of astrocyte morphology and function through various processes (Lasic et 

al., 2019; Lee et al., 2016). Substance use can disrupt neuronal circuits by triggering astrocytic 

changes like those observed in aging, injury, and disease models. Our laboratory has observed 

long-term perturbations in the reactive astrocyte A2 phenotype, further implicating a role for 

astrocytes in the studies examining the consequences of AIE on the CNS. These findings suggest 
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that astrocytes take on a neuroprotective phenotype in response to EtOH exposure. However, 

these EtOH-induced changes in astrocyte morphology and function may also contribute to long-

term cognitive deficits due to EtOH-induced changes in PAP-synaptic interactions and astrocyte 

function at the synapse. This dissertation tests our hypothesis that AIE results in acute and 

chronic changes in astrocyte morphology, PAP-synaptic interactions, and astrocyte function at 

the synapse that differ across brain regions and sexes. To test this hypothesis, we have addressed 

the following specific aims: 1) determine how AIE influences astrocyte morphology and PAP-

synaptic interactions in the male PFC and the hippocampus of male and female rats and 2) 

determine how AIE induces changes in neuronal-astrocyte communication in the hippocampus in 

adult male and female rats. 

Conclusions 

 Adolescence is a critical time of neurodevelopment that involves the maturation and 

refinement of key brain regions, such as the PFC and hippocampus, essential for higher-order 

executive function. Adolescent neurodevelopment transitions the brain from youth to an adultlike 

state by refining circuitry within these regions and strengthening their connectivity to other 

regions. Due to this ongoing maturation and refinement, the adolescent brain is particularly 

vulnerable to the cytotoxic effects of substance use and misuse. Alcohol consumption in the form 

of binge drinking is prominent among adolescents and emerging adults, resulting in long-term 

cognitive deficits and an increased risk of alcohol use disorders (AUDs) later in life. While 

research has been ongoing to determine the effects of alcohol exposure on neurons, the field is 

still investigating how astrocytes contribute to the neuronal deficits previously observed in 

animal models. In the following few chapters, I will review current knowledge of alcohol use 

and adolescent development of the PFC (Chapter 2) and the hippocampus (Chapter 3). The 
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following chapter represents our most recent publication demonstrating temporal and regional 

effects of AIE on astrocyte morphology and astrocyte-synaptic interactions across the PFC 

(Chapter 4). Lastly, I will end with our current research, investigating how AIE impacts astrocyte 

morphology and function, astrocyte-synaptic interactions, and subsequent neuronal function and 

behavior in the female and male hippocampus (Chapters 5 and 6, respectively). This dissertation 

provides insight into the roles of astrocytes in AIE-induced neuronal and non-neuronal 

dysfunction and provides a novel non-neuronal target for therapeutic interventions.  
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Chapter 2 

The Prefrontal Cortex and Adolescent Development 

This chapter will explore the effects of adolescent alcohol exposure on the developing 

PFC. We will begin by discussing the anatomy and connectivity of the PFC and how maturation 

continues throughout adolescent development. Then we will explore the acute and chronic 

consequences of adolescent alcohol exposure on PFC structure and function. This discussion will 

incorporate findings from human and animal models to provide an overview of the current field 

that will inform future investigations into the neurobiological effects of adolescent alcohol 

consumption.  

Adolescent Development  

The human and rodent PFC continue to undergo structural and functional neuronal 

refinement during adolescence which is influenced by external experiences and neurobiological 

factors that work together to shape normal brain development and permanently alter behavior 

(Asato et al., 2010; Bourne & Harris, 2008; Cressman et al., 2010; Cunningham et al., 2002; 

Liston et al., 2006; Markham et al., 2007; Matsuzaki, 2007). This ongoing developmental period 

is suggested to be a time of increased vulnerability to AIE-induced neuronal disruption.  

Adolescence is a fascinating period that spans puberty and early adulthood and coincides 

with the emergence of many higher-order, complex cognitive abilities. This critical 

developmental period for the PFC is akin to the early developmental period seen within the 

visual (Wiesel & Hubel, 1963) and language systems (Penfield & Roberts, 1959). Interestingly, 

adolescence is characterized by distinct cognitive development, driven by specific 

neurobiological changes, and dependent on many external factors (Blakemore & Mills, 2014; 

Steinberg, 2008). The transition from seeking parental approval to seeking peer approval 
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emerges during this period. When combined with increased freedom, it leads to a richness of 

novel experiences and provides an opportunity to participate in more risk-taking behaviors 

(Dahl, 2004).  

Developmental studies have shown that during adolescence, there are brain areas in 

which loss of gray matter is evident (Gogtay et al., 2004), while an increase in white matter 

density is observed in other regions (Simmonds et al., 2014) along with synapse proliferation, 

indicating a significant period of plasticity and neurodevelopment (Bourgeois et al., 1994; 

Huttenlocher, 1990; Petanjek et al., 2011). Plasticity during critical periods of development (i.e., 

adolescence) results in reliable and efficient neuronal circuit communication, allowing for robust 

and optimized cognitive and behavioral outputs in response to a multitude of stimuli and task 

demands (Knudsen, 2004). In essence, time-dependent neuronal maturation during this critical 

adolescent developmental period adapts an individual to their surroundings by using experiences 

to refine neuronal circuits to navigate the demands of their environment.  

Once a circuit has become efficient and reliable, the circuit is stabilized to prevent 

excessive pruning and circuit rewiring. Refined circuits are sculpted by the experiences of the 

individual in order to be ideally suited to respond to the demands of their environment (Takesian 

& Hensch, 2013). Critical periods of development are heavily influenced by experience-

dependent neuronal activity that engages circuits that will mature and stabilize over time. For 

example, projections from the hippocampus and amygdala compete for targeted innervation of 

the PFC during adolescence. This was demonstrated by Guirado and colleagues (2016) when 

they lesioned the ventral hippocampus at postnatal day (PND) 7 in rats and then allowed the 

animals to grow to adulthood (PND 70). By adulthood, there was an increase in basolateral 
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amygdala innervation of the ventral mPFC due to the lesion-dependent loss of ventral 

hippocampal competition (Guirado et al., 2016).  

Critical periods of development progress in a hierarchical fashion; they start from 

primary sensory areas (visual and auditory) and progress to regions of the cortex involved in 

higher-order executive function necessary for complex cognition (Takesian & Hensch, 2013; 

Toyoizumi et al., 2013). Areas integrating multisensory information to perform higher-order 

cognitive functions require stable inputs from multimodal processing streams to drive 

experience-dependent development and maturation. These experience-dependent changes in 

neuronal architecture are partly due to changes at the receptor biology level. NMDA receptors 

(NMDARs) are ionotropic glutamate receptors that are critical for synaptic plasticity, triggering 

both long-term potentiation (LTP) and long-term depression (LTD) that contribute to memory 

formation (Hunt & Castillo, 2012). During adolescence, excitatory neurons change NMDAR 

subunit composition, influencing overall excitatory function. Expression of the NMDAR NR3A 

subunit, which inhibits NMDA-regulated plasticity and prevents synaptic maturation peaks in 

early development and decreases throughout adolescent development (Das et al., 1998; Henson 

et al., 2008; Roberts et al., 2009). In contrast, expression of the NR1 subtype, which is critical in 

experience-related plasticity of corticostriatal circuits, peaks, and plateaus in the PFC during this 

developmental period (Das et al., 1998; Henson et al., 2008; Santos et al., 2015). This shift in the 

ratio of NR1 and NR3A NMDAR subtypes is essential for activity-dependent plasticity and 

maturation and can be considered a defining characteristic of adolescent neuronal development.  

There is also evidence of increased NR2B-driven plasticity during adolescence (Morales 

& Spear, 2014). This increase in the NR2B subtype is associated with longer-lasting excitatory 

postsynaptic currents (EPSCs) of the mPFC layer V pyramidal cells in response to hippocampal 
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input, facilitating LTP-driven plasticity (Flores-Barrera et al., 2014). The emergence of 

hippocampus-to-PFC circuitry during adolescence further emphasizes that the shift in context-

dependent plasticity is a key characteristic of adolescent development (Murty et al., 2016). 

All developmental periods are partly driven by experience, but the nature of the 

experience necessary to optimally drive developmental neuronal plasticity varies according to 

region-specific function. To promote plasticity in PFC regions critical for complex cognitive 

function, experiences that engage higher-order cognitive processes are necessary. Experiences 

that engage the PFC during adolescence include increased exploration, independence, 

socialization, sensation-seeking, sexual maturation, and mating behaviors. As these experiences 

increase in complexity (and as adolescents are increasingly responsible for navigating these 

experiences without parental instruction), brain areas like PFC that support increasingly complex 

behaviors, such as socioemotional processing, planning, reasoning, and abstract thought, must be 

engaged and specialized to meet the demands of the environment. As such, increasingly complex 

adolescent experiences are the optimal input to drive experience-dependent plasticity. For 

example, it has been shown in rats that complex peer-peer social interaction and cognitive 

flexibility peaks during adolescence and is mediated by the mPFC, which is in turn strengthened 

by these interactions (Bell et al., 2010; Himmler et al., 2013; Panksepp, 1981; Spinka et al., 

2001; van Kerkhof et al., 2013). Similarly, sexual experience leads to greater spine density 

within the PFC and enhanced cognitive flexibility in the rat (Glasper et al., 2015).  

While outside the scope of this chapter, it is also essential to note that there are sex 

differences in the development and maturation of the PFC. Although the basic neural systems 

involved in positive and negative reinforcement and PFC-dependent behavioral control are 

similar in males and females, sex differences have been observed in PFC organization, activation 
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patterns, and anatomical connectivity (Murray et al., 2021; Nephew et al., 2020). These 

differences are thought to underlie sex-specific brain responses to experiences such as stress and 

drug exposure and sex-dependent vulnerabilities to the development of alcohol and substance 

misuse. 

Histology of the Prefrontal Cortex 

The PFC is a region of 6 laminae defined based on cellular composition and input and output 

circuitry (for review, see (Akkoc & Ogeturk, 2017)). 

• Layer I – Lamina zonalis (molecular layer): This layer, located on the surface of the 

cortex, contains mainly apical dendrites of the pyramidal cells from layers III and V and 

projections from the thalamic nuclei. Here resides a small concentration of Cajal-Retzius 

neurons that have excitatory effects on the resident pyramidal cells.  

• Layer II – Lamina granularis externa (external granular layer): This layer primarily 

consists of inhibitory basket cells interspersed with small pyramidal cells. The basket 

cells of layer II exhibit a significant inhibitory effect on layer III pyramidal neurons.  

• Layer III – Lamina pyramidalis externa (layer of pyramidal cells): This layer contains 

loosely arranged medium-sized pyramidal neurons that receive information from stellate 

interneurons from layer IV as well as thalamocortical projections. Commissural fibers 

projecting to the contralateral hemisphere and fibers leading to the ipsilateral cortex arise 

in layer III.  

• Layer IV – Lamina granularis interna (internal granular layer): This layer has the highest 

number of cells and is composed mainly of stellate, pyramidal neurons, and granular 

cells. The majority of the thalamocortical projections terminate here. 
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• Layer V – Lamina pyramidalis interna (large pyramidal cell layer): This layer has the 

least number of cells compared to the other laminae. Layer V consists of well-developed, 

large (sometimes called giant) pyramidal neurons that project to the basal ganglia.  

• Layer VI – Lamina multiformis (layer of fusiform or polymorphic cells): As the name 

suggests, this layer consists of an assortment of different cells (Martinotti cells, fusiform 

cells, and pyramidal cells) which can influence neuronal activity from other laminae. This 

is also the location of axons that comprise the corticothalamic pathway.  

The primary source of projecting circuits of the cortex is found in layers V and VI. 

Projections to the striatum, tectum, reticular formation, mesencephalon, medulla oblongata, and 

spinal cord arise from layer V. Projections to the thalamus arise from layer VI.  

Anatomy of the Prefrontal Cortex 

The PFC consists of multiple subregions that are associated with the modulation of specific 

behaviors. 

Anterior Cingulate Cortex 

The ACC is the frontal part of the cingulate cortex that resembles a collar surrounding the 

frontal part of the corpus callosum in the human brain. The anatomy of the ACC can be divided 

into dorsal and ventral components, which are associated with cognitive and emotional 

behaviors, respectively (Bush et al., 2000). The ACC has been implicated in a range of 

behaviors. Most notably, the ACC plays critical roles in fundamental cognitive processes such as 

motivation, learning, empathy, impulse control, emotion, cost-benefit association, decision-

making, as well as conflict and error monitoring (Bush et al., 2000; Holroyd & McClure, 2015; 

Holroyd & Yeung, 2012; Kolling et al., 2016; Laubach et al., 2015; Rushworth et al., 2012; 

Shackman et al., 2011; Shenhav et al., 2013; Ullsperger et al., 2014; Verguts et al., 2015). 
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Disruption of the ACC is associated with psychopathology and emotional dysregulation (Stevens 

et al., 2011).  

Medial Prefrontal Cortex 

Like the ACC, the mPFC can be divided into dorsal and ventral areas with associated 

behaviors. The dorsal mPFC is more associated with complex cognitive operations, while the 

ventral region is more closely associated with emotional behaviors (Bush et al., 2000; Morris et 

al., 1999; Ongur & Price, 2000; Paus, 2000; Petrides & Pandya, 1999). The mPFC comprises the 

prelimbic cortex (PL) and infralimbic cortex (IL). These two subregions are strongly associated 

with the activation and suppression of fear circuits, respectively (Laurent & Westbrook, 2009; 

Sotres-Bayon & Quirk, 2010).  

Orbitofrontal Cortex 

The OFC receives inputs from sensory cortices about taste, smell, and touch, as well as 

auditory and visual stimuli (Rolls, 2019; Rolls et al., 2020). Direct outputs from the OFC project 

to the cingulate cortex, striatum, and inferior frontal gyrus, with indirect connectivity to the 

brainstem via the habenula (Rolls, 2019; Rolls et al., 2020). The OFC is associated with sensory 

integration and modulation of visceral reactions, participation in learning, and decision-making 

for emotional, adaptive, and goal-directed behavior (Rolls et al., 2020). Within the OFC, the 

lateral (sometimes referred to as the ventrolateral (LO-OFC)) and ventral (VO-OFC) aspects 

appear to have diverging roles. The LO-OFC is involved in obsessive-compulsive behavior (Lei 

et al., 2019) and decision-making through the integration of immediate prior information and 

current information (Nogueira et al., 2017), while the VO-OFC appears to be involved in value 

assessment in tasks such as delayed discounting (Jobson et al., 2021).  
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Damage or degeneration of the PFC can manifest as a deficit in impulse control, poor 

performance on tasks that require long-term planning, blunted emotional responses, aggression, 

and irritability (Wood & Worthington, 2017). Therefore, it is unsurprising that PFC dysfunction 

has been implicated in many human psychiatric disorders, the emergence and persistence of drug 

and alcohol use, and as a predictor of increased risk of drug and alcohol relapse (Camchong et 

al., 2013). 

Alcohol and the Prefrontal Cortex 

Adolescence is the developmental period in which many psychiatric disorders emerge, 

some characterized by deficits in higher-order cognition, including substance use disorder, 

schizophrenia, depression, and anxiety disorders (Paus et al., 2008). Though treatments are 

available, and recovery is possible, many of these disorders typically persist throughout the 

lifespan (Davydov et al., 2010; Demyttenaere et al., 2004; Jaaskelainen et al., 2013). This 

suggests that while cognitive functions are normatively refined during adolescence, the enhanced 

plasticity of cortical circuits may present a window of vulnerability to abnormal 

neurodevelopment following toxic insults with long-lasting and potentially severe consequences. 

Evidence from human literature and animal models of adolescent alcohol use supports this. 

However, whether the impact of alcohol use on neuronal development and maturation during 

adolescence is PFC-subregion specific is unknown. Significant work has been conducted to 

determine the impact of adolescent alcohol on neuronal development within the ACC (Mashhoon 

et al., 2014) and mPFC (Abernathy et al., 2010). However, the contributions of the OFC 

subregions have not been fully explored. Taken together, these data provide a rationale for 

continued investigation into how adolescent alcohol exposure: 1) impacts PFC structural and 

functional development, 2) contributes to the emergence of long-term PFC-dependent 
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neurological deficits, and 3) contributes to the increased probability of developing an alcohol use 

disorder later in life.  

Using an animal model of adolescent intermittent ethanol (AIE) exposure, a standard 

approach in the field to replicate adolescent binge drinking in humans, Broadwater et al. (2018) 

showed that AIE perturbed resting-state connectivity using functional MRI connectivity between 

OFC-striatum and OFC-nucleus accumbens in rats, that persisted into adulthood (Broadwater et 

al., 2018). These findings correlate with multiple studies demonstrating AIE-induced deficits in 

PFC-dependent behaviors, such as behavioral flexibility, increased disinhibition, and increased 

propensity to self-administer EtOH. Once again, all of these deficits persisted into adulthood 

(Broadwater et al., 2018; Coleman et al., 2011; Coleman et al., 2014; Supekar et al., 2010), 

suggesting long-term changes to neuronal function. However, growing evidence shows that 

behavioral outputs heavily rely on astrocyte modulation of neuronal function. This has been 

demonstrated in several studies using designer receptors exclusively activated by designer drugs 

(DREADDs) that specifically target astrocytes and result in subsequent modulation of rodent 

behavior (for review, see (Gass et al., 2014)). Erickson and colleagues conducted one study of 

particular importance (Erickson et al., 2021). They showed that activation of astrocyte-specific 

excitatory DREADDs within the PFC (IL, PL, and ACC combined) can contribute to regulating 

EtOH consumption, supporting a critical role for astrocytes in behaviors associated with 

substance misuse. Taken together, these data provide a rationale for continued investigation into 

how adolescent alcohol exposure: 1) impacts PFC structural and functional development, 2) 

contributes to the emergence of long-term PFC-dependent neurological deficits, and 3) 

contributes to the increased probability of developing an alcohol use disorder later in life. 
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Conclusion 

 In this chapter, we have provided an overview of the histology and neuroanatomy of the 

PFC and discussed the current state of knowledge on the effects of EtOH in adolescent human 

and adolescent rodent models. While not overly discussed, it is essential to note that the field is 

beginning to acknowledge that non-neuronal cells, such as microglia and astrocytes, contribute to 

neuronal function and dysfunction. Moving forward, it will be essential to continue to include 

these non-neuronal targets to garner a more complete and accurate picture of the effects of EtOH 

use on adolescent development and EtOH-induced neuronal dysfunction.  
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Abstract 

Adolescence is a period of continued brain development. Regions of the brain, such as 

the hippocampus, continue to undergo refinement and maturation throughout adolescence and 

into early adulthood. Adolescence is also a time of heightened sensitivity to novelty and reward, 

which contribute to an increase in risk-taking behaviors including the use of drugs and alcohol. 

Importantly, binge drinking is highly prevalent among adolescents and emerging adults. The 

hippocampus which is important for the integration of emotion, reward, homeostasis, and 

memory is particularly vulnerable to the neurotoxic effects of alcohol. In this chapter, we cover 

the fundamentals of hippocampal neuroanatomy and the current state of knowledge of the acute 

and chronic effects of ethanol in adolescent humans and adolescent rodent models. We focus on 

the hippocampal-dependent behavioral, structural, and neurochemical changes and identify 

knowledge gaps in our understanding of age-dependent neurobiological effects of alcohol use. 
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Binge drinking is highly prevalent among adolescents and emerging adults. One in six 

adolescents in the United States have participated in binge drinking (Chung et al., 2018). 

Growing evidence from studies in humans reveals that alcohol use is associated with acute and 

long-term deficits across several domains of cognition including verbal and non-verbal skills, 

attention, visuospatial function, and learning in which the hippocampus is critical (Brown et al., 

2000; Chin et al., 2010; Hanson et al., 2011; Tapert and Brown, 1999). Furthermore, studies in 

both humans and rats have shown that adolescents and young adults are more vulnerable to 

alcohol-induced memory impairment than older subjects, while effects on motor function are 

relatively minimal (Acheson et al., 1998; Land & Spear, 2004; Little et al., 1996; Markwiese et 

al., 1998; Spear, 2000).  

This chapter will explore the consequences of drinking on the hippocampus during 

adolescence. We will begin by discussing hippocampal architecture, interconnectivity, and how 

this region critical for learning and memory continues to develop and refine throughout this time 

period. We will then consider how the structure and function of the hippocampus may be 

disrupted by the acute and chronic effects of adolescent ethanol (EtOH) exposure. This 

discussion will incorporate findings from neuroimaging, behavior, circuits, and synapses in order 

to provide a thorough overview of the current state of the field and potentially inform future 

investigations into the neurobiology of adolescent drinking.  

Hippocampus Anatomy and Adolescent Development 

Anatomy of the Hippocampus 

The sixteenth century anatomist, Julius Caesar Arantius coined the term ‘hippocampus’, 

derived from the Greek word for sea horse, because of the region’s unique architecture (Arantius, 

1587). While this is the term we use today, there were several other anatomists who attempted to 
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define this region with their own terminology. Some described the region as reminiscent of a ram’s 

horn. This led to De Garengeot naming the hippocampus ‘cornu ammonis’ or ‘Ammon’s horn’ 

after the Egyptian god Amun Kneph whose symbol was a ram (RJC, 1742). While the term 

‘hippocampus’ remains the official name for this region of the brain, conru ammonis or CA is used 

to denote some hippocampal subregions.  

Figure 1  

Interconnectivity Between the Hippocampal Subregions. Perforant Path Fibers Innervate the 

Mossy Fibers of the Dentate Gyrus. 

 
The mossy fibers project to the apical dendrites of in the stratum luciderm of the CA3. The 

Schaffer collateral pathway projects from the pyramidal neurons of the CA3 to synapse with the 

pyramidal neurons of the stratum radiatum, lacunosum, and moleculare. CA3 Schaffer collaterals 

also project to CA1 pyramidal neurons in the stratum oriens. The subicular complex is the major 

output from the hippocampus and contains projections from the CA1 stratum oriens. From “The 

Effects of Peri-Adolescent Alcohol Use on The Developing Hippocampus,” by C.D. Walker, 

C.M. Kuhn, and M-L. Risher, 2021, International Review of Neurobiology, 160, p. 254 

(https://doi.org/10.1016/bs.irn.2021.08.003). Copyright 2021 by Elsevier Inc. Reprinted with 

permission. 
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The hippocampus is an elegantly laminated region of the brain that has precise and complex 

connectivity (Figure 1). The hippocampus is divided into distinct subregions, the CA1, CA2, CA3, 

CA4, and dentate gyrus that differ in cellular composition and neuronal connectivity. The CA2 

field is a narrow zone of cells interposed between the CA3 and CA1 and consists of large pyramidal 

cell bodies similar to those in the CA3. The principal ‘granule’ cells of the dentate gyrus give rise 

to axons called mossy fibers that synapse onto pyramidal cells of the CA3 field of the 

hippocampus. The CA3 pyramidal cells are the source of major input to the CA1 hippocampus via 

the Schaffer collateral axons. Neurons within the CA1 hippocampus then project to the subiculum, 

providing major excitatory input to the entorhinal cortex. The CA4 is often called the hilus or hilar 

region and is considered part of the dentate gyrus. Unlike the pyramidal neurons in the CA1 and 

CA3, the neurons here include mossy cells that primarily receive inputs from the granule cells in 

the dentate gyrus. 

The CA subregions of the hippocampus are further divided into laminated strata, the 

stratum oriens (str. oriens), stratum pyramidal (str. pyr.), stratum luciderm (str. luc.), stratum 

radiatum (str. rad.), stratum lacunosum (str. lac.), and the stratum moleculare (str. mol.) (Figure 

2). The striatum oriens is the most dorsal layer of the hippocampus. This region contains inhibitory 

basket cells that innervate the oriens, pyramidal, and radiatum strata. Next is the stratum pyramidal 

containing the pyramidal cell bodies, which are the primary excitatory neurons of the 

hippocampus. The stratum pyramidal of the CA3 contains synapses from mossy fibers as well as 

the cell bodies of interneurons. The stratum luciderm is found ventral to the stratum pyramidal in 

the CA3 and contains mossy fibers from the dentate gyrus. The stratum radiatum contains the 

Schaffer collateral fibers that project from the CA3 and innervate the CA1. The stratum lacunosum 

is a thin layer that also contains Schaffer collateral fibers as well as perforant path fibers from the 
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superficial layers of the entorhinal cortex (Figure 1). As this is such a thin layer, it is often grouped 

together with the stratum moleculare and is referred to as the stratum lacunosum-moleculare (str. 

l-m.). The stratum moleculare contains perforant path fibers that synapse onto the apical dendrites 

of hippocampal pyramidal cells.  

Figure 2 

Laminated Strata Detailing the Lamination of the CA1 Hippocampus and Pyramidal Cell 

Innervation. 

 
The stratum moleculare, stratum lacunosum, and stratum radiatum contains Schaffer collaterals 

from the CA3 and peroforant path fibers. The stratum radiatum not only contains Schaffer 

collaterals from the CA3 pyramidal neurons, but also contains mossy fibers from the dentate. 

The stratum pyramidal contains the cell bodies of the pyramidal neurons in the CA1. The stratum 

pyramidal and stratum oriens contain inhibitory basket cells. From “The Effects of Peri-

Adolescent Alcohol Use on The Developing Hippocampus,” by C.D. Walker, C.M. Kuhn, and 

M-L. Risher, 2021, International Review of Neurobiology, 160, p. 262 

(https://doi.org/10.1016/bs.irn.2021.08.003). Copyright 2021 by Elsevier Inc. Reprinted with 

permission. 

https://doi.org/10.1016/bs.irn.2021.08.003
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Like the CA subregions of the hippocampus, the dentate gyrus has similar lamination. The 

most superficial layer of the dentate gyrus is the polymorphic layer (poly. lay.) and contains 

interneurons and the axons of the dentate’s granule cells that synapse in the CA3. The next layer 

of the dentate gyrus is the stratum granulosum (str. gr.), which contains the granule cell bodies. 

The dentate’s stratum molecular (str. mol.) is where commissural fibers from the contralateral 

dentate form synapses. This is also where perforant path fibers form excitatory synapses with distal 

apical dendrites of granule cells.  

The hippocampus receives major afferents and sends major efferents to and from the 

entorhinal cortex (Figure 1), which is part of the medial temporal lobe. The entorhinal cortex acts 

as the gateway between the hippocampus and the parietal, temporal, and prefrontal cortex. The 

ventral hippocampus also receives direct inputs from the anterior cingulate cortex (ACC (Bian et 

al., 2019)) and sends direct outputs to the basolateral amygdala (Yang et al., 2016). It has reciprocal 

connections with the hypothalamus and receives major subcortical inputs from the medial septum 

(see (Muller & Remy, 2018) for review). Through this network of interactions, the hippocampus 

acts as an integrative hub for the limbic system and is critically involved in emotion, anger, reward, 

homeostasis, and memory.  

Adolescent Development of the Hippocampus 

The hippocampus has a highly organized architecture that undergoes continued maturation 

throughout adolescence (Gomez & Edgin, 2016). The World Health Organization has historically 

defined adolescence as being the period of time between the ages of 10 and 19 years of age (World, 

2001). However, as further research is conducted, it has become appropriate to identify individuals 

10-24 years of age as among the adolescent/emerging adulthood category (Sawyer et al., 2012). 

These individuals can be divided into early adolescence (10-14 years of age), late adolescence (15-
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19), and young or emerging adulthood (20-24 years of age) (Sawyer et al., 2012). The adolescent 

time-period encompasses puberty, which typically occurs from 10 to 16 years of age in females 

and 11 to 17 years of age in males (Holder & Blaustein, 2014). In rats, adolescence spans from 

postnatal day (PND) 35 to PND ~60 (McCutcheon & Marinelli, 2009; Spear, 2000). Within that 

time span, puberty generally occurs between PND 28 and 42 in females and PND 42 and 49 in 

males (Holder & Blaustein, 2014). Rat adolescence is generally defined by the period in which 

they exhibit peak adolescent-typical neurobehavioral characteristics (Spear, 2000), the presence of 

an adolescent growth spurt, changes in neurotransmitter receptor expression, and the emergence 

of nest burrowing, some of which will be discussed further in upcoming segments of this chapter.  

Behavioral maturation reflects the maturation of the underlying circuitry, making adolescence 

a transformative time of brain development. During childhood, synaptogenesis is active, resulting 

in an increase in peak brain volume in early adolescence followed by the pruning and refinement 

of synapses as well as axonal myelination throughout adolescence and into early adulthood. The 

latter processes are ultimately responsible for fine tuning the architecture of the brain. This 

adolescent period provides an opportunity for robust brain remodeling that can be heavily 

influenced by social, emotional, and environmental factors ((Griffin, 2017) for review). Substance 

use is one of the stimuli that can critically influence these final stages of brain maturation. This is 

particularly important when so many vital brain regions involved in drug-seeking and novelty 

seeking behaviors are undergoing complicated late-stage refinement. The hippocampus is one such 

area that shows distinct vulnerability to the acute and long-term effects of EtOH, as will be 

demonstrated in this chapter.  
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Figure 3:  

Longitudinal Sections of a Human and Rat Brain Showing Similarities in Structure (However 

Proportionally Different) and Hippocampal Connectivity. 

 
 

 

(A-B). Transverse section of a human and rat brain showing the structural similarities of the 

hippocampus in different locations within the brain. While the human and rat hippocampus have 

similar structures, function, and connectivity, the human hippocampus is located ventral, while 

the rat hippocampus is more dorsally located (C-D). From “The Effects of Peri-Adolescent 

Alcohol Use on The Developing Hippocampus,” by C.D. Walker, C.M. Kuhn, and M-L. Risher, 

2021, International Review of Neurobiology, 160, p. 256 

(https://doi.org/10.1016/bs.irn.2021.08.003). Copyright 2021 by Elsevier Inc. Reprinted with 

permission. 

 

The Effects of Alcohol on the Peri-Adolescent Hippocampus 

Effects of Alcohol on Adolescent Hippocampal Structure and Connectivity 

https://doi.org/10.1016/bs.irn.2021.08.003
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 Understanding the underlying changes that occur specifically in response to adolescent 

alcohol use has become an emerging topic of interest because adolescence is a time in which 

substance and alcohol use are escalating and, in some cases, reaching peak consumption. These 

events may also impact the development of various brain regions through alcohol-induced 

changes in hippocampal efferent innervation.  

 Magnetic resonance imaging (MRI) imaging studies have revealed that frontal lobes, 

limbic system, and cerebellum have unique vulnerabilities to degeneration as demonstrated in 

adults with AUD. There is ample evidence that the hippocampus, in particular, is a prime target 

for alcohol toxicity. This is observed in both adults and adolescents with alcohol use disorders 

that show a reduction in hippocampal volume, which is accompanied by neuronal loss (De Bellis 

et al., 2000; Harper, 1998; Jernigan et al., 1991). No relationship has been found between loss of 

hippocampal volume and changes in total brain volume or intracranial volumes suggesting that 

the hippocampus may be particularly vulnerable to the detrimental effects of alcohol (Beresford 

et al., 2006).  

 Adolescents with chronic AUD show reduced hippocampal volume (De Bellis et al., 

2000; Medina et al., 2007; Nagel et al., 2005). Recent work using MRI looked more specifically 

at hippocampal subregions. This study assessed the effects of alcohol and lifetime psychological 

trauma on hippocampus and amygdala development during adolescence in 803 male and female 

participants from 12 to 21 years of age. The participants completed questionnaires to identify 

drinking behaviors and lifetime psychological trauma. Phillips et al. (2021) observed smaller 

whole hippocampus, smaller left hippocampus tail volumes, larger right CA3 head, and larger 

left subiculum volumes in participants with greater alcohol consumption (Phillips et al., 2021). 

They also observed an interaction between adolescents who reported greater alcohol use with 
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greater psychological trauma. These participants showed smaller right hippocampal CA1 head 

and hippocampal head but larger whole hippocampus volume overall. While this study did not 

parse out the differences in hippocampal volume of males and females, it has been well 

established that there are sex specific effects of alcohol on cortical gray and white matter 

(Pfefferbaum et al., 2001). Moreover, it is not clear if the reduced hippocampal volume observed 

in heavy drinkers is a result of excessive alcohol use or demonstrates a genetic predisposition to 

the development of excessive, heavy drinking. Animal models provide an opportunity to 

investigate these nuances.  

 Ehlers et al. (2013) addressed the question of whether EtOH exposure directly influences 

hippocampal size using adolescent male Wistar rats. Animals were exposed to intermittent EtOH 

vapor for 35 days (PND23-58) so they would reach an average BEC of 169mg/dl (Ehlers et al., 

2013). Two weeks and 10 weeks following EtOH exposure animals were assessed for changes in 

hippocampal volume using diffusion tensor imaging (DTI) to measure axonal organization (i.e. 

white matter). At the earlier timepoint (PND72) there was no change in hippocampal volume. 

However, at the later timepoint (PND128) rats exposed to EtOH exhibited smaller hippocampal 

volume when compared to age-matched controls, suggesting a delayed loss of hippocampal 

volume. This study showed hippocampal growth between PND72 and PND128 in control 

animals, as indicated by an increase in total hippocampal volume, suggesting ongoing 

hippocampal development well into the typical “adult” age range. This is consistent with 

previous MRI studies conducted in alcohol-preferring rats (P-rats) in which hippocampal and 

whole-brain volume continued to increase until PND400 and 450, respectively, and was most 

prominent in the dorsal hippocampal region when compared to other hippocampal sub regions 

(Sullivan et al., 2006). It was observed that EtOH exposure reduced hippocampal volume in 
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PND128 rats to the equivalent of PND72 EtOH-naïve rats, leading us to question whether 

chronic EtOH exposure results in a decrease in hippocampal volume through cell death pathways 

or simply disrupts the normal developmental maturation and impedes the corresponding increase 

in hippocampal volume.  

 Ehlers and colleagues (Ehlers et al., 2013) paired the imaging studies with a behavioral 

test called prepulse inhibition (PPI), a measure of sensory gating. The authors found a significant 

correlation between hippocampal volume loss and deficits in PPI. This is consistent with 

correlations that have previously been made between PPI response and hippocampal volume 

using MRI volumetric studies conducted in normally developing rats (Schubert et al., 2009) as 

well as pharmacologic manipulation of hippocampal cholinergic signaling (Caine et al., 1992). A 

follow-up study was conducted by Vetreno and colleagues (Vetreno et al., 2016), using DTI in a 

model of adolescent intermittent EtOH exposure to assess long-term effects on brain structure, 

volume, and integrity at PND80 and PND220, 25 and 165 days after the last EtOH dose, 

respectively. There was a reduction in the magnitude and directionality of water movement 

parallel to axons (axial diffusivity) in EtOH exposed rats that emerged by PND220. This type of 

measure, also known as fractional anisotropy, provides information regarding axon density and 

myelination ((Beaulieu, 2002) for review). Radial diffusivity, which measures water movement 

perpendicular to axonal fibers and can suggest demyelination or impairment of glia cell activity, 

was not significantly reduced at either PND80 or PND 220. These imaging studies were paired 

with behavioral measures including object recognition, open field, and light-dark box to assess 

anxiety that were conducted between imaging timepoints. The studies demonstrated a positive 

correlation between EtOH-induced deficits in object recognition and axial diffusivity. This is 

consistent with human studies in which decreased axial diffusivity is associated with deficits in 
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cognitive performance (Grieve et al., 2007). More specifically, in these animal studies they 

observed that lower axial diffusivity in EtOH animals was associated with diminished 

performance on the object recognition task (Vetreno et al., 2016).  

Effects of Ethanol on Adolescent Hippocampal-Dependent Behavior 

 Acute Effects of Ethanol on Adolescent Hippocampal-Dependent Behavior. The 

acute effects of EtOH on cognition are primarily mediated through the disruption of hippocampal 

function. Acute EtOH exposure in humans results in impaired hippocampal-dependent learning 

and memory processes ((Mira et al., 2019) for review). Work by Weissenborn and Duka 

(Weissenborn & Duka, 2003) demonstrated that college-age students (18-34 years of age) with a 

history of binge-pattern drinking performed worse on memory tasks while intoxicated when 

compared to non-binge counterparts. Acheson et al., 1998 (Acheson et al., 1998) took this one 

step further by narrowing the age range and assessing the acute effects of alcohol (0.6 g/kg) on 

the acquisition of semantic and figural memory in young adults from 21 to 29 years of age. 

Intoxicated subjects 21-24 years of age had significantly more impaired immediate and delayed 

recall than those within the 25-29 age group, suggesting a critical period of heightened 

sensitivity to the cognitive-impairing effects of alcohol. These effects are not unique to the 

hippocampus, as there are also age dependent lack of sensitivities to the sedating effects and 

motor impairing effects of alcohol as well as an increased sensitivity to the social facilitating 

effects of alcohol that likely contribute to the increased consumption typically observed in this 

younger age. 

 Rodent models that recapitulate these findings have allowed researchers to look beyond 

the role of genetic background and the contributions of environmental stressors and look more 

specifically at adolescent responsiveness to acute and chronic EtOH exposure during 
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developmental stages that align with the time when heaviest drinking occurs (late teens to early 

twenties in humans) and when excessive alcohol consumption has been associated with an 

increased likelihood of developing an alcohol use disorder (Caspi et al., 2002). These are 

described below. 

 In the traditional hippocampal-dependent learning and memory task, the Morris Water 

Maze, acute EtOH intoxication produced by administering 1.0 or 2.0 g/kg EtOH to rats prior to 

task training impaired learning (spatial memory acquisition) when compared to age-matched 

vehicle-treated controls. These impairments in learning were much more robust in adolescent 

versus adult rats (Markwiese et al., 1998), suggesting an increased sensitivity to the memory 

impairing effects of EtOH in adolescence. Land and Spear (2004) showed that EtOH (0, 0.5, or 

1g/kg, ip) administration impaired performance in an odor discrimination task (animals dug in 

scented sand for a cereal reward) in adolescent, but not adult Sprague Dawley rats. Further 

testing revealed that this difference was not due to changes in taste or odor aversions but was 

attributed to the strong EtOH effects on adolescent memory (Land & Spear, 2004). Studies have 

also revealed other, non-hippocampal-dependent, and age-dependent differences in response to 

acute EtOH such as reduced sensitivity to the sedating effects (Silveri & Spear, 1998) and motor 

impairing (Little et al., 1996; White et al., 2002), and increased sensitivity to the social 

facilitating effects of EtOH (Varlinskaya & Spear, 2002) in adolescent rats when compared to 

adults. Combined, these findings demonstrate unique adolescent characteristics of acute EtOH 

intoxication when compared to adults across a wide range of behavioral measures in 

predominantly male rats. Further work is necessary to characterize these behavioral changes in a 

sex-dependent manner following acute EtOH exposure.  
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 Chronic Effects of Ethanol on Adolescent Hippocampal-Dependent Behavior. 

Parallels are beginning to emerge between human findings and rat models (Figure 3) of binge 

drinking (or chronic intermittent EtOH exposure) that are consistent across laboratories (Crews 

et al., 2019; Spear & Swartzwelder, 2014). Multiple studies have demonstrated long-term, 

selective, hippocampal-dependent changes in response to chronic intermittent EtOH exposure 

that has been observed in humans ((Crews et al., 2016; Silvers et al., 2003) for review). In animal 

studies, in the radial arm maze, a task that relies heavily on hippocampal function, chronic EtOH 

exposure resulted in working memory deficits after a 67-day washout period but only after an 

acute EtOH challenge (1.5g/kg, i.p.) 30 minutes prior to the acquisition trial (Risher et al., 2013). 

However, there was a lack of spatial learning deficit using the Barnes maze following chronic 

EtOH exposure (Vetreno & Crews, 2012). Further work by Vetreno and Crews (Vetreno & 

Crews, 2015) demonstrated impaired novel object recognition in chronic intermittent EtOH 

exposed animals after an extensive washout period (PND163-165), suggesting task- and domain-

selective sensitivity in the assessment of hippocampal-dependent function. The lack of spatial 

learning deficits in response to chronic intermittent EtOH exposure have also been observed in 

the Morris Water Maze which is a task often used in behavioral neuroscience to observe the 

psychological processes and neuronal mechanisms of spatial learning (Swartzwelder et al., 

2015). However, when an additional challenge was added, such as EtOH challenge or more 

complex decision making was required, the Morris Water Maze revealed some interesting 

findings. Rats treated with EtOH demonstrated behavioral inefficiency in this task, as indicated 

by a prolonged path length to reach the stable invisible platform (Acheson et al., 2013). 

However, these modifications push this traditionally hippocampal-dependent task towards a 

more cortical/prefrontal cortex-reliant task in which reversal learning is required to navigate the 
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maze effectively. These laboratory studies are consistent with human studies that have revealed 

deficits in cognitive domains that rely heavily on hippocampal function, such as visuospatial 

construction (Hanson et al., 2011; Tomlinson et al., 2004), verbal learning and working memory 

(Hanson et al., 2011), and executive function (Giancola et al., 1998; Parada et al., 2012) in 

adolescents with AUD. 

 Some age-specific sensitivities appear to persist in human subjects (Sullivan et al., 2016). 

and rodent models following chronic intermittent EtOH exposure across the limbic system. 

Sullivan et al. (2016) observed decreased performance in accuracy and speed during cognitive 

testing of adolescent subjects with a history of alcohol consumption. These observations suggest 

that alcohol consumption can have a detrimental impact on decision-making in adolescent 

subjects. In animal studies, Varalinskaya et al., (2014) demonstrated that chronic EtOH exposure 

during adolescence preserves adolescent sensitivity to the social facilitating effects of alcohol 

into adulthood (Varlinskaya et al., 2014), while White et al., (2002) showed that adults exposed 

to chronic intermittent EtOH exposure in adolescence retained the adolescent lack of sensitivity 

to the motor impairing effects of alcohol. However, it should be noted that not all adolescent 

behavioral sensitivities are retained following chronic intermittent EtOH exposure. For example, 

adolescent rats are more sensitive to the rewarding effects of alcohol when compared to adults 

(Pautassi et al., 2008; Ristuccia & Spear, 2008), while the effects of chronic intermittent EtOH 

exposure in adolescence on adult sensitivity to the rewarding effects of EtOH are inconclusive. 

Some studies have reported increased EtOH consumption (Alaux-Cantin et al., 2013; Amodeo et 

al., 2018; Doremus et al., 2005; Pascual et al., 2009) and some have not (Broadwater et al., 2013; 

Gilpin et al., 2012; McBride et al., 2005; Nentwig et al., 2019). These differences may be due to 

the route of administration during adolescence and the type of self-administration paradigm 
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implemented particularly since rats do not like to self-administer high quantities of EtOH 

without the presence of sweeteners. Exposure to sweeteners during adolescence appears to 

influence drinking in adulthood only when paired with the familiar sweetener (Broadwater et al., 

2013). A pressing question is whether the retention of adolescent behavioral and cognitive 

sensitivities (and lack of sensitivities) is due to delayed maturation of the neuronal circuitry or 

simply impairment that manifests with an immature phenotype.  

Effects of Ethanol on Synapse and Synaptic Circuitry in the Adolescent Hippocampus 

 Acute Effects of Ethanol on Synapse and Synaptic Circuitry in the Adolescent 

Hippocampus. There is extensive literature characterizing the effects of alcohol on the dominant 

neurotransmitters in the hippocampus, GABA and glutamate. One “classic” effect of alcohol is 

its agonist activity at (some) GABA-A receptors. Combined with GABA subtype-specific 

sensitivity to the acute effects of EtOH ((Kumar et al., 2009) for review), it is evident that EtOH 

potently modulates excitatory:inhibitory balance at the synaptic level. Importantly, the effects of 

EtOH are not limited to glutamate and GABAergic modulation. EtOH actions span a diverse 

range of receptors and ion channels critical for hippocampal function either due to being located 

directly in the hippocampal region or due to projections such as those from the amygdala or to 

the cingulate gyrus ((Abrahao et al., 2017) for review).   

 It has been demonstrated that acute EtOH significantly reduces glutamate release in the 

dorsal hippocampus (Shimizu et al., 1998) and inhibits NMDA-activated ion currents in a 

concentration-dependent manner (Lovinger et al., 1989). Acute EtOH also inhibits long-term 

potentiation (LTP) in hippocampal slices (Blitzer et al., 1990; Morrisett & Swartzwelder, 1993), 

which is consistent with acute deficits in hippocampal-dependent memory processes (Shimizu et 

al., 1998). However, there are inconsistencies across studies (Fujii et al., 2008; Swartzwelder et 
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al., 1995). These differences may be due to the age of the animal, subregion assessed, or stimulus 

strength applied. More recent work demonstrates that these nuances may exist because acute 

EtOH blocks LTP in apical dendrites but only reduces LTP in basal dendrites (Ramachandran et 

al., 2015).  

 Chronic Effects of Ethanol on Synapse and Synaptic Circuitry in the Adolescent 

Hippocampus. The most concerning effects of adolescent alcohol exposure are those that persist 

into adulthood. In humans, these data are difficult to collect because it is difficult to quantitate 

exposure or eliminate other life circumstances. Rodent models have proved especially useful in 

probing these important outcomes. Adolescent rats exposed to a two-binge dose paradigm 

administered 9 hours apart developed short-term deficits in the hippocampal-dependent novel 

object recognition task that correlated with the abolishment of NMDA-R activity and impaired 

long-term depression (LTD) (Dong et al., 2013; Dong et al., 2012; Ge et al., 2010; Silvestre de 

Ferron et al., 2015). However, longer, more intermittent patterns of EtOH exposure, caused a 

different outcome on LTP measures. Following a 12-week EtOH liquid diet Fujii et al. (Fujii et 

al., 2008) showed decreased threshold for LTP when assessed within 24 hours of the final dose. 

This is similar to Sabeti and Gruol (Sabeti & Gruol, 2008), who demonstrated age-dependent 

changes in LTP in an EtOH vapor chamber model in rats 24 hour after the last exposure. 

However, none of these studies addressed the long-term effects of adolescent binge EtOH 

exposure, i.e., how adult hippocampal circuit function is changed following adolescent exposure. 

Work by Risher et al., (Risher, Fleming, et al., 2015) addressed that question using a rat model of 

adolescent intermittent EtOH exposure in which rats received 5g/kg of EtOH intermittently over 

16 days via gastric gavage. Similar to Fujii et al (Fujii et al., 2008), they demonstrated that 

adolescent rats exposed to EtOH had a lowered threshold for LTP when compared to age-
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matched controls that persisted 26 days after the final dose of EtOH, in adulthood (Risher, 

Fleming, et al., 2015). These data suggest the persistence of more responsive/plastic CA1 

hippocampal circuitry that is reminiscent of the plasticity that is typically observed in adolescent 

hippocampal slices (Swartzwelder et al., 1995). It would be tempting to hypothesize that the 

lowered threshold for LTP (a physiological representation of learning) would make learning 

easier, however based on the behavioral data collected by various groups, it more likely reflects 

an inability to filter unnecessary information that could theoretically make decision making more 

difficult. This is best demonstrated in results of the modified version of the Morris Water Maze 

task in which rats were assessed for behavioral efficiency (discussed above) (Acheson et al., 

2013). 

 LTP also results in changes in dendritic spine morphology, typically resulting in 

enlargement of the spine head and spine neck that coincides with spine neck shortening (Harris 

et al., 2003). This structural change has been referred to as the transition from a ‘learning spine’ 

into a ‘memory spine’ (Harris et al., 2003), resulting in a shift from a more plastic, immature 

spine type to a more mature, stable spine. The importance of dendritic spines to overall neuronal 

excitability has generated interest in how neuronal structures could change in response to 

adolescent EtOH exposure. Using the adolescent intermittent EtOH exposure gavage model in 

rats, recent work has demonstrated that there is a corresponding shift towards an immature 

dendritic spine phenotype and a reduction in mature dendritic spine number in CA1 pyramidal 

neurons in adulthood with no overall reduction in spine density (Risher, Sexton, et al., 2015), 

suggesting that there is more plasticity and less stability in dendritic spines following adolescent 

EtOH exposure. This increase in plasticity corresponds nicely with the lowered threshold for 

LTP previously reported (Risher, Fleming, et al., 2015). Further work is required to determine 
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whether the emergence of an EtOH-induced immature dendritic spine phenotype and increased 

plasticity within the CA1 hippocampal circuitry demonstrates the elimination and replacement of 

old spines with new immature spines or a failure of normally emerging dendritic spines to 

mature into adulthood. However, there does appear to be the persistence of an adolescent 

phenotype into adulthood that correlates with the persistence of select adolescent-typical 

behavioral characteristics. Whether the circuit-level and dendritic spine-level changes drive the 

persistence of these adolescent-typical behavioral characteristics is yet to be determined. 

Moreover, caution should be used with this interpretation of adolescent-typical phenotype. The 

shift towards a more immature phenotype may represent dysregulation and not necessarily a 

‘lock in’ of an adolescent phenotype or impedance of maturation.   

 Synapses do not form alone in a vacuum; they require heavy input from peripheral 

astrocyte processes that ensheathe the synapses creating the tripartite synapse. Given the critical 

role of astrocytes in the formation and maturation of dendritic spines (Nishida & Okabe, 2007; 

Risher, Patel, et al., 2014) and for the formation of functional synapses (Allen, 2014a, 2014b; 

Blanco-Suarez et al., 2017; Gavrilov et al., 2018), it is feasible that astrocyte dysregulation may 

be contributing to the aberrant dendritic spine morphology or impeded spine maturation that may 

be occurring following adolescent intermittent EtOH exposure. Evidence is emerging that this 

may be the case. Using the gavage model of adolescent intermittent EtOH exposure in rats, 

Risher et al (Risher, Sexton, et al., 2015) demonstrated that adolescent EtOH exposure 

dysregulates astrocyte signaling factors, called thrombospondins, that are critical for 

synaptogenesis and the formation of functional synapses. However, astrocyte signaling factors 

specifically involved in dendritic spine maturation were not investigated. More recent work by 

Healey et al., (Healey et al., 2020) demonstrated that astrocyte ensheathment of synapses is 
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disrupted following adolescent EtOH exposure, however this was reversed by high dose 

gabapentin administration (100mg/kg, i.p. daily) for five days. This is an interesting finding 

given that gabapentin can antagonize thrombospondins interaction with its neuronal, 

synaptogenic receptor α2δ-1 (Eroglu et al., 2009) preventing synapse formation. Interestingly, 

the authors looked at the AMPAR subunit, GluA1 which is a marker for excitatory synapses, and 

found no reduction in synapse formation. Further analysis to determine whether inhibition of 

synaptogenesis was the driver of this effect was not investigated. However, these findings add 

the accumulating evidence for the astrocyte’s role in the enduring effects of adolescent EtOH. 

Further work is required to determine the extent of astrocytic participation in these events.  

Sex Differences  

 Alcohol consumption is rising in females while male drinking remains steady, this has 

resulted in a growing number of studies that focus on female drinking behavior and sex-

dependent differences in the emergence of AUD. Clinical studies demonstrate that male binge 

drinkers perform worse on working memory tasks than female subjects (Parada et al., 2012) but 

are equally impaired when assessing declarative memory tasks (Parada et al., 2011), suggesting 

that deficits may be domain specific, as is seen in rodent models. Multiple studies have reported 

that alcohol-dependent men and women experience comparable deficits in brain volume or 

volume of specific areas including the hippocampus despite lower lifetime alcohol consumption 

in women (Agartz et al., 1999; Jacobson, 1986; Mann et al., 1992; Zahr et al., 2019) which has 

led to the conclusion that women are more vulnerable to alcohol-induced brain structure changes 

than men. However, differences in the size of various brain structures as well as the 

aforementioned difference in lifetime consumption have made these comparisons difficult and 

comparable findings in both sexes and even opposite findings exist. Pfefferbaum and colleagues 



41 

(2001) observed that there was less brain shrinkage in women who suffer from AUD than men, 

although this study was conducted after a longer recovery time than most studies (2-3 months vs. 

1 month (Pfefferbaum et al., 2001)). A very recent study (Rossetti et al., 2021) of men and 

women with current AUD reported similarly comparable decreases in the areas of brain volume 

including hippocampus in men and women with current AUD despite female lifetime alcohol 

consumption that was 60% of males.  Finally, Sawyer et al, (2020) reported comparable decrease 

in the volume of all hippocampal subfields of men and women despite 25% lower alcohol 

consumption by women and a longer length of sobriety (Sawyer et al., 2020). These authors 

raised the possibility that AUD resulted in accelerated age-related loss of hippocampal volume. 

 Gianoulakis and colleagues (2003) took this a step further to study how this may affect 

neuronal function by conducting a population study to investigate the effect of alcohol 

consumption on the activity of the hypothalamic-pituitary-adrenal axis. Their study revealed that 

alcohol dependence results in sex and age specific deficits in neuronal activity. There was a 

robust decrease in plasma β-endorphin and adrenal corticotropic hormone levels in heavy 

drinking adult females (30-44 and 45-60 years of ages) when compared to males that was 

accompanied by an increase in cortisol levels that was observed in all heavy drinkers compared 

to nondrinkers (Gianoulakis et al., 2003). Moreover, adolescent female binge drinkers 

demonstrate decreased activation in frontal cortical and hippocampal areas when compared to 

male binge drinkers (Squeglia et al., 2011). Despite this emerging evidence at the clinical level, 

rodent models focusing on sex differences in the hippocampus are lagging behind work that has 

been conducted in males only. A fairly recent study (Maynard et al., 2018) in rats in which 

investigator-administered alcohol of comparable doses was given to males and females resulted 

in cell loss in the dentate gyrus in females but not males. This supports the speculations raised in 



42 

human studies above in a more controlled environment (Maynard et al., 2018). Much more work 

is required to determine the sex-dependent effects of adolescent intermittent EtOH exposure and 

the long-term impact of hippocampal remodeling.  

Conclusion 

In this chapter, we have provided an overview of hippocampus neuroanatomy and 

discussed the current state of knowledge on the acute and chronic effects of EtOH in adolescent 

humans and adolescent rodent models in the context of hippocampal-dependent behavioral, 

structural, and neurochemical changes. We have identified knowledge gaps in our understanding 

of sex and age-dependent neurobiological effects of binge drinking that will be critical in 

understanding the relationship between adolescent binge drinking and the development of 

cognitive impairments and higher prevalence of AUD. While not discussed at length in this 

chapter it should be noted that as the field moves forward the integration of knowledge about the 

role of non-neuronal cells such as microglia and astrocytes will be pivotal in generating a 

complete picture of the effects of EtOH on adolescent development and the repercussions of 

early EtOH-induced perturbations.   
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Abstract 

Adolescence is a developmental period that encompasses, but is not limited to, puberty 

and continues into early adulthood. During this period, maturation and refinement are observed 

across brain regions such as the prefrontal cortex (PFC), which is critical for cognitive function. 

Adolescence is also a time when excessive alcohol consumption in the form of binge drinking 

peaks, increasing the risk of long-term cognitive deficits and the risk of developing an alcohol 

use disorder later in life. Animal models have revealed that adolescent ethanol (EtOH) exposure 

results in protracted disruption of neuronal function and performance on PFC-dependent tasks 

that require higher-order decision-making. However, the role of astrocytes in EtOH-induced 

disruption of prefrontal cortex-dependent function has yet to be elucidated. Astrocytes have 

complex morphologies with an extensive network of peripheral astrocyte processes (PAPs) that 

ensheathe pre- and postsynaptic terminals to form the ‘tripartite synapse.’ At the tripartite 

synapse, astrocytes play several critical roles, including synaptic maintenance, dendritic spine 

maturation, and neurotransmitter clearance through proximity-dependent interactions. Here, we 

investigate the effects of adolescent binge EtOH exposure on astrocyte morphology, PAP-

synaptic proximity, synaptic stabilization proteins, and dendritic spine morphology in subregions 

of the PFC that are important in the emergence of higher cognitive function. We found that 

adolescent binge EtOH exposure resulted in subregion specific changes in astrocyte morphology 

and astrocyte-neuronal interactions. While this did not correspond to a loss of astrocytes, 

synapses, or dendritic spines, there was a corresponding region-specific and EtOH-dependent 

shift in dendritic spine phenotype. Lastly, we found that changes in astrocyte-neuronal 

interactions were not a consequence of changes in the expression of key synaptic structural 

proteins neurexin, neuroligin 1, or neuroligin 3. These data demonstrate that adolescent EtOH 
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exposure results in enduring effects on neuron-glia interactions that persist into adulthood in a 

subregion-specific PFC manner, suggesting selective vulnerability. Further work is necessary to 

understand the functional and behavioral implications. 
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Despite declining rates of alcohol consumption since 1975, alcohol remains the most 

commonly used licit substance and a leading cause of death and injury in the United States 

(Patrick & Schulenberg, 2013), while alcohol-related deaths have been steadily rising by ~2.2% 

per year over the past two decades (White et al., 2022). According to the World Health 

Organization, 3 million deaths every year result from the harmful use of alcohol, representing 

5.3% of all deaths worldwide (World Health Organization, 2019). The emergence of the COVID-

19 pandemic has compounded this problem resulting in an increase of 25.5% in alcohol-related 

deaths during the period 2019–2020 (White et al., 2020).  

In the United States, alcohol consumption typically begins and escalates during 

adolescence. Although adolescents drink less frequently than adults, adolescents typically 

consume more alcohol per occasion, most commonly in a binge-like manner (Chung et al., 2018; 

Hingson & White, 2014). Early alcohol use, in the form of binge drinking, increases the risk of 

acute and chronic physical and mental health problems, as well as alcohol dependence later in 

life (Grifasi et al., 2019; Kandel et al., 1997; Kuntsche et al., 2017; Miller et al., 2007). It has 

been proposed that this is, in part, due to the ongoing development of the adolescent brain, in 

which excessive alcohol use drives maladaptive neuronal changes that alter brain connectivity 

and result in remodeling of the reward network (for a review, see Koob and Volkow (2016)). 

Select cortical regions, such as the prefrontal cortex (PFC) are known to undergo the final 

stages of neuronal maturation during adolescence, occurring via the pruning of synapses and the 

refinement of neuronal circuitry. Through this process, local and projecting neuronal networks 

are refined and stabilized. The PFC is composed of multiple subregions, including the anterior 

cingulate cortex (ACC), the medial prefrontal cortex (mPFC), and the orbitofrontal cortex (OFC) 

that play distinct roles in higher-order executive functions such as reasoning, planning, language, 
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and social interactions (Wood & Grafman, 2003), all of which are important aspects of the 

addiction/reward circuitry. The ACC has been associated with complex cognitive functions such 

as empathy, impulse control, emotion, and decision-making (Bush et al., 2000), while impaired 

ACC function is associated with psychopathology and emotional dysregulation (Stevens et al., 

2011). The mPFC is essential in regulating cognitive function, including attention, inhibitory 

control, habit formation, and working, spatial, and long-term memory (Jobson et al., 2021). The 

mPFC is also important in the regulation of conditioned behavior and suppression of these 

behaviors (Warren et al., 2016), with the mPFC’s prelimbic cortex (PL) and infralimbic cortex 

(IL) being strongly associated with the activation and suppression of fear circuits (Laurent & 

Westbrook, 2009; Sotres-Bayon & Quirk, 2010). The OFC is associated with sensory integration 

and modulation of visceral reactions, participation in learning, and decision-making for 

emotional, adaptive, and goal-directed behavior (Rolls et al., 2020). Within the OFC the lateral 

(sometimes referred to as the ventrolateral (LO-OFC)) and ventral (VO-OFC) aspects appear to 

have diverging roles. The LO-OFC is involved in obsessive compulsive behavior (Lei et al., 

2019) and decision making through the integration of immediate prior information and current 

information (Nogueira et al., 2017), while the VO-OFC appears to be involved in value 

assessment in tasks such as delayed discounting (Jobson et al., 2021). Damage or degeneration of 

the PFC can manifest as a deficit in impulse control, poor performance on tasks that require 

long-term planning, blunted emotional responses, aggression, and irritability (Wood & 

Worthington, 2017). Therefore, it is not surprising that PFC dysfunction has been implicated in 

many human psychiatric disorders, the emergence and persistence of drug and alcohol use, and 

as a predictor of increased risk to drug and alcohol relapse (Camchong et al., 2013).  
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Previous studies have shown a positive correlation between ACC activation and 

excessive drinking (Vollstadt-Klein et al., 2010), while the mPFC has been implicated in the 

development and persistence of addictive behaviors through reinforcement of rewarding stimuli, 

compulsive drug taking, drug-associated memories, and relapse (Hogarth et al., 2013; Kalivas, 

2009; Van den Oever et al., 2010). The OFC, which is critical for impulse control, has shown to 

be impaired in individuals with alcohol use disorders (Boettiger et al., 2007; Miguel-Hidalgo et 

al., 2006) however the contributions of OFC subregions have not been explored. Taken together, 

these data provide a rationale for continued investigation into the impact of adolescent binge 

alcohol exposure on PFC development, contribution to the emergence of long-term PFC-

dependent neurological deficits (Crews et al., 2000), and increased propensity to develop alcohol 

dependence (DeWit et al., 2000).  

Despite strong evidence of neuronal deficits following adolescent binge alcohol exposure 

across many PFC subregions, much of this research ignores the potential contribution of 

astrocytes to these cognitive impairments. Growing evidence is beginning to reveal the critically 

important role of astrocytes across numerous domains of cognition and a wide variety of brain 

regions including PFC subregions (for a review, see Lyon and Allen (2021)), as such the 

involvement of the ACC in remote memory tasks and novel open field exploratory behavior 

(Iwai et al., 2021; Kol et al., 2020). Interestingly, PFC astrocytes have also been implicated in 

bidirectionally modulating ethanol (EtOH) consumption in male mice (Erickson et al., 2021).  

Astrocytes are complex non-neuronal glial cells with extensive peripheral astrocytic 

processes (PAPs) that ensheathe presynaptic axonal and postsynaptic dendrite components to 

form the ’tripartite synapse’ (for a review, see Walker et al. (2020)). It is estimated that a single 

astrocyte can be connected with up to 2 million synapses in humans (Oberheim et al., 2009). 
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This connectivity establishes a wide-ranging network, allowing a single astrocyte to integrate 

and influence neuronal activity across independent circuits (Oberheim et al., 2009). The role of 

astrocytes at the tripartite synapse is multifaceted (for reviews, see Farhy-Tselnicker and Allen 

(2018); Kim et al. (2017); Lyon and Allen (2021)). However, many astrocyte functions involve 

contact mediated signaling or the release of astrocyte secreted signaling factors, both of which 

rely heavily on appropriate PAP-synaptic proximity and localization. For example, astrocytes are 

heavily involved in dendritic spine maturation through direct contact mediated signaling 

(Nishida & Okabe, 2007) and the release of astrocyte secreted factors (Risher, Patel, et al., 2014). 

Moreover, the further away the PAP is from the synapse, the more likely the dendritic spine will 

be structurally immature (Witcher et al., 2007). These data suggest that tight regulatory control 

of PAP-synaptic proximity may be critical for appropriate dendritic spine maturity.  

PAP-synaptic proximity relies on the availability of stabilizing proteins. For example, 

disruption of eph-ephrin located on astrocyte processes and dendritic spines, respectively, has 

been shown to be important for dendritic stabilization (Nishida & Okabe, 2007). More recently, 

the role of the cell adhesion molecules, neuroligins (located on postsynaptic terminals and 

astrocytes depending on the subtype) and neurexins (located on presynaptic terminals) have been 

shown to play a critical role in astrocyte complexity, synaptic contact, and synaptic function 

(Stogsdill et al., 2017). Moreover, disruption of neurexin binding prevented increases in pre- and 

post-synaptic size (Ko et al., 2009), suggesting that the ability of neurexin to bind its appropriate 

synaptic partner is critical for dendritic spine and overall synaptic maturity.  

It is well established that neuronal maturation is ongoing within the PFC throughout 

adolescence and into early adulthood. Recently, we demonstrated that the relationship between 

synapses and astrocytes also continues to develop throughout adolescence into early adulthood in 
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the mPFC (IL and PL), as demonstrated by an increase in PAP-synaptic interactions/proximity 

across this time period (Testen et al., 2019). Given the emerging appreciation for the critical role 

that astrocytes play in synaptic maturation, regulation, and cognition, and the critical PAP-

synaptic developmental processes that are ongoing during adolescence, we sought to investigate 

the impact of adolescent binge ethanol exposure on astrocyte morphology, PAP-synaptic 

proximity, dendritic spine maturation, and determine whether loss of neuroligin-neurexin cell 

adhesion proteins was a driving factor in the observed changes. We hypothesize that adolescent 

intermittent binge EtOH exposure (AIE) disrupts PAP-synaptic proximity in a region-dependent 

manner and is associated with changes in dendritic spine maturation.  

Methods  

All procedures used in this study were conducted in accordance with the guidelines of the 

American Association for the Accreditation of Laboratory Animal Care and the National 

Research Council’s Guide for Care and Use of Laboratory Animals and were approved by the 

Huntington VA Medical Center and Marshall University.  

Animals and Surgical Procedures  

A total of 46 male Sprague Dawley rats (Hilltop, Scottdale, PA, USA) were received on 

postnatal day (PND) 21 and were double-housed and maintained in a temperature- and humidity-

controlled room with access to food and water ad libitum. All animals, regardless of treatment 

group or experiment, were housed together in a randomly assigned order on a 12 h:12 h reverse 

light:dark cycle (lights on at 6:00 p.m.) and allowed to acclimatize for five days. Surgical 

procedures were performed as previously described in Testen et al. (2019) with minor 

modifications. On PND 26, rats (n = 10/treatment group, total = 40 rats) were administered 

mannitol (0.3 mL/kg, 25% w/v, i.p.; (Carty et al., 2013; Testen et al., 2019)) and anaesthetized 
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with a cocktail of ketamine (30 mg/ kg), xylazine (2.5 mg/kg), and acepromazine (0.5 mg/kg) 

before being secured to the stereotaxic frame (Figure 4A). For visualization of astrocytes, a green 

fluorescent protein (GFP) with the lymphocyte protein tyrosine kinase (Lck) tag was used to 

enhance the visualization of the finer PAPs (Benediktsson et al., 2005; Shigetomi et al., 2013; 

Zlatkine et al., 1997). Lck-GFP was expressed under the control of the astrocyte-specific 

GfaABCID promoter using adeno-associated virus (AAV) type 5 (a gift from Kate Reissner 

(UNC Chapel Hill) and purchased from Addgene Plasmid #105598, RRID:Addgene_105598; 

(Scofield et al., 2016; Shigetomi et al., 2013; Testen et al., 2019; Testen et al., 2018)). The AAV 

was microinjected with a 26-gauge needle (1.0 µL per side, 7.3 × 1012 particles/mL at 1 µL/min) 

with a dwell time of 10 min at the following coordinates: +2.7 mm anterior/posterior, +/−0.6 mm 

medial/lateral, −3.8 mm dorsal/ventral for mPFC and ACC and −5.2 mm anterior/posterior, 

+/−2.5 mm medial/lateral, −2.9 mm dorsal/ventral for OFC (Figure 4B). No animals died during 

the surgery/post-surgical period. Following surgery, animals were double-housed with their 

original cagemate and randomly assigned into experimental groups (by cage) using an online 

random number generator, in preparation for binge EtOH exposure. Experimenters were blinded 

for all experiments and data collection. Analysis was conducted with letter assignments ensuring 

that treatment groups remained unknown. All animal numbers are described for the individual 

experimental groups below and based on a prior power analysis using G*Power version 3.1.9.4 

(Axel Buchner, Heinrich Heine University, Dusseldorf, Germany) for sample size estimation. 

This analysis was based on data from previously published and pilot data with a significance 

criterion of α = 0.05 and power β = 0.8 to determine the required minimum sample size. 
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Figure 4  

Experimental Design. 

 

(A) Animals received intracranial injections of an astrocyte-specific adeno-associated virus 

directly into the ACC, mPFC, or OFC on PND 25–26. Beginning PND 30, animals received 5 

g/kg of EtOH or water via oral gavage on an intermittent, two days on, one day off, two days on, 

two days off, schedule. Tissue was collected on PND 46, during peak withdrawal, or after a 26-

day forced abstinence period, on PND 72. (B) Validation of Lck-GFP expression in the ACC and 

mPFC (upper left image) and the OFC (bottom image). (C) Representative images of AAV+ 

astrocyte imaging with confocal microscopy and reconstruction using Imaris. The top left image 

is a confocal image of an AAV+ astrocyte (green), with GFAP (magenta), co-localization of 

AAV+ and GFAP (white), and PSD-95 (red), scale bar, 10 µm. The top right image is a 

reconstructed astrocyte (green) and PSD-95 (red). The bottom left image is a reconstructed 
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surface rendered astrocyte (green) with PSD-95 (magenta) within 0.5 µm of the astrocyte. The 

bottom right image is isolated PSD-95 (magenta) that is colocalized with the astrocyte of 

interest. From “Diverging Effects of Adolescent Ethanol Exposure on Tripartite Synaptic 

Development Across Prefrontal Cortex Subregions,” C.D. Walker, H.G. Sexton, J. Hyde, B. 

Greene, and M-L. Risher, 2022, Cells, Open, 11(19), p.4 

(https://doi.org/10.3390%2Fcells11193111). CC BY 4.0. 

 

Intermittent Binge EtOH Exposure  

Prior to EtOH/water (H2O) exposure, animals were habituated to handling. Beginning 

PND 30, animals were exposed to EtOH or H2O consisting of 10 doses of 5 g/kg EtOH (35% v/v 

in H2O) or H2O by intragastric gavage (i.g.) using two days on, one day off, two days on, two 

days off intermittent schedule of 16 days (Figure 4A), as previously described in Risher, Sexton, 

et al. (2015). While all experimenters were blinded, this is difficult to maintain during EtOH 

administration due to the strong smell of EtOH. The experimenter that administers the EtOH is 

also responsible for ensuring that the animals recover from intoxication, once again making 

blinding at this stage of the experiment difficult. The experimenter conducting the EtOH 

administration was responsible for ensuring that everyone involved in the experiments listed 

below remained blinded until completion of the study. Animals were euthanized 24 h after the 

10th/last dose (PND 46) or following a 26-day forced abstinence period (PND 72), allowing 

animals to reach adulthood prior to tissue collection. EtOH doses were selected to produce blood 

EtOH concentrations (BECs) consistent with those of adolescent humans that are achieved 

during binge drinking episodes (Donovan, 2009).  

Immunohistochemistry (IHC)  

Slice Preparation. At PND 45 or 72, animals were anesthetized with isoflurane (10 

animals/treatment group, total = 40), then perfused with phosphate-buffered saline (PBS, pH7.4; 

Sigma P5368) for 5 min followed by 4% paraformaldehyde (PFA; cat# 19210, Electron 

https://doi.org/10.3390%2Fcells11193111
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Microscopy Solutions, Hatfield, PA, USA) for 12 min (20 mL/min). Brains were harvested and 

postfixed in 4% PFA at 4 C overnight followed by 30% glycerol (cat# G5516-1L, Sigma-

Aldrich, St Louis, MO, USA) in PBS at 4 C for 1–2 days. Brains were placed in 2:1 of 30% 

sucrose to OCT freezing compound (Electron Microscopy Sciences, Hatfield, PA, USA) and 

stored at −80 C. 80 µm slices were collected using a cryostat (CM 1950, Leica Biosystems, 

Richmond, IL, USA). Sections underwent antigen retrieval as described in (Jiao et al., 1999; 

Testen et al., 2019). Briefly, free-floating sections were rinsed three times (5 min each) in 0.1 M 

PB (3.1 g/L NaH2PO4, 10.9 g/L Na2HPO4, pH 7.4) then transferred to 10mM sodium citrate 

buffer preheated to 80 C for 30 min, shaking the slices every 10 min. Sections were cooled and 

washed three times (5 min each) in 0.1M PB (pH 7.4).  

PSD-95 and GFAP. Sections were blocked with 5% normal goat serum (NGS, Jackson 

Immunolabs„ West Grove, PA, USA, cat# 005-000-121) in PBST (2% triton 100-X, Roche, 

cat#13134900) for one hour at room temperature. Sections were then incubated for four days in 

mouse anti-PSD-95 (1:450 Thermo Fisher Scientific Cat# MA1-045, RRID:AB_325399) and 

rabbit anti-GFAP (1:500 Agilent Cat# Z0334, RRID:AB_10013382) in PBST (2% triton, 5% 

NGS) at 4 C. Sections were washed three times in PBST (0.2% triton) and incubated for six h at 

room temperature in Alexa Fluor goat anti-mouse 594 (1:200 Molecular Probes Cat# A-11032, 

RRID:AB_2534091) and Alexa Fluor goat anti-rabbit 647 (1:200 Thermo Fisher Scientific Cat# 

A-21245, RRID:AB_2535813) in PBST (2% triton X-100, 5% NGS). Sections were washed 

three times in PBST (0.2% triton) and once in PBS. Slices were mounted with Vectashield+DAPI 

(Vector Laboratories West Grove, PA, USA, cat# H-1200) and coverslips were sealed with nail 

varnish.  
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Neuroligin 1, 3, and Neurexin. Sections were blocked with 5% normal natural donkey 

serum (NDS, Jackson Immunolabs, cat# 005-000-121) in PBST (2% triton 100-X, Roche, cat# 

13134900) for one hour at room temperature. Then, incubated for four days in rabbit anti-

Neurexin 1 2 /3 (1:500 Synaptic Systems Cat# 175 003, RRID:AB_10697815) with either mouse 

anti-Neuroligin 1 (1:500 Synaptic Systems, cat# 129111) or mouse anti-Neuroligin 3 (1:500 

Synaptic Systems Cat# 129 111, RRID:AB_887747) in PBST (2% triton, 5% NDS) at 4 C. 

Sections were washed three times in PBST (0.2% triton) and incubated for six h at room 

temperature in Alexa Fluor goat anti-mouse 594 (1:200) and Alexa Fluor goat anti-rabbit 647 

(1:200) in PBST (2% triton X-100, 5% NDS). Sections were washed three times in PBST (0.2% 

triton) and once in PBS. Slices were mounted with Vectashield+DAPI and coverslips were sealed 

with nail varnish.  

Data Acquisition and Processing  

Astrocyte-Synaptic Co-Localization. A Leica SP5 laser-scanning confocal microscope 

with 63× oil-immersive objective, NA 1.45 (Leica, Wetzlar, Germany) was used for image 

acquisition. Acquisition parameters for AAV+ astrocyte-PSD-95 imaging were set at 1024 × 1024 

pixels frame size, 16-bit depths, 4× lines averaging, 1 µm z-step size. Lck-GFP expression 

pattern is diffuse, aiding in the acquisition of single, isolated astrocytes. Individual, whole GFP+ 

astrocytes were randomly selected by the experimenter. GFP+ , GFAP, and PSD-95 were then 

imaged within the region of interest: ACC, mPFC (infralimbic (IL) and prelimbic (PL)), and 

OFC (ventral orbital area (VO-OFC) and lateral orbital area (LO-OFC)). 8–11 individual 

astrocytes were captured per brain region. A total of 5 brains were used per treatment group.  

Co-localization was performed as previously described in Testen et al. (2019), with 

modifications. AutoQuant X3.1.2 software (Media Cypernetics, Rockville, MD, USA) was used 
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to deconvolve raw images before digitally reconstructing z-stacks (Figure 4C). AutoQuant’s 

algorithm for blind deconvolution with 10 iterations was run on each z-stack prior to 

reconstruction. Parameters for blind deconvolution are automatically optimized by the software 

based on confocal, objective, and imaging specifications. Output files were directly imported to 

Imaris x64 (Bitplane, Santa Barbara, CA, USA) for 3-dimensional reconstruction. Using Imaris, 

each individual astrocyte was first isolated from a Lck-GFP background signal using a surface 

building feature. Surface rendering enables the extraction of morphometric values, including 

surface area and volume, and generates a new Lck-GFP channel devoid of background noise, 

revealing only a signal from a single isolated astrocyte (Figure 1C). Close attention was paid to 

verify that collected Lck-GFP signal accounted for a single astrocyte, in its entirety. Co-

localization of the Lck-GFP and GFAP signals was used to confirm astrocyte identity for 

quantification. Only confirmed astrocytes that were captured in their entirety were used for 

quantification and analysis. The isolated Lck-GFP channel (surface mask) was used, in 

conjunction with the PSD-95 channel, to perform colocalization analysis to determine the 

proximity between the astrocytes and post-synaptic neuronal terminals (Figure 1C). Before co-

localization analysis, the threshold for the PSD-95 signal was manually determined by measuring 

the fluorescence intensity of unambiguous PSD-95 positive puncta on multiple optical planes by 

a blinded experimenter. This was achieved by rotating the reconstructed astrocyte image in 3D 

space while adjusting voxels to ensure that PSD-95 expression could be observed without the 

interference of background noise. An average of these measurements was used as a final PSD-95 

signal threshold value. Co-localization is reported as a % of astrocyte volume (identified as Lck-

GFP+ surface reconstruction) co-localized with the PSD-95 channel.  
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Neuroligin 1, 3, and Neurexin. Confocal z-stacks (5 µm thick, optical section depth 0.33 

µm, and 1024 × 1024 image size) of the ACC, mPFC (IL and PL), LO-OFC, and VO-OFC were 

imaged on a Leica SP5 laser-scanning confocal microscope with 63× oil-immersive objective, 

NA 1.45 (Leica, Wetzlar, Germany). A total of 3 randomly selected image stacks from a 

randomly selected hemisphere were captured from 3 separate brain slices per animal (9–10 

brains/treatment group). AutoQuant X3.1.2 software was used to deconvolve raw images before 

quantifying protein expression and co-localization. Output files were directly imported to Imaris 

for analysis. Before analysis, the threshold for protein expression was manually determined by 

measuring fluorescence intensity of unambiguous neuroligin 1, 3, and neurexin markers on 

multiple optical planes by a blind experimenter. This was achieved by rotating the reconstructed 

astrocyte image in 3D space while adjusting voxels to optimize the signal for each protein of 

interest (neuroligin 1, 3, and neurexin). An average measurement for each protein of interest was 

used as the final signal threshold value. The Imaris ‘Spot’ function was used to create individual 

markers for neuroligin 1, 3, and neurexin. Expression of individual proteins were observed based 

on the number of individual markers. Neurexin-neuroligin interactions were analyzed based on 

co-localization of neurexin-neuroligin 1 and neurexin-neuroligin 3. Representative images for 

publication were created by importing LIF files into ImageJ and selecting the Z-stack of interest. 

After converting the Z-stack to a maximum projection image, brightness and contrast were 

adjusted, then the images were saved as TIF files. Finally, the TIF files were uploaded into 

Photoshop (Adobe, San Jose, CA, USA) and cropped into a 4 × 4 grid section.  

Golgi-Cox Staining  

Golgi-Cox staining was performed as previously described (Risher, Sexton, et al., 2015; 

Risher, Ustunkaya, et al., 2014). The animals (PND 72, n = 3/treatment group, total = 6) were 
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deeply anesthetized with isoflurane, decapitated, and the brain was quickly removed. One 

hemisphere was randomly selected, quickly rinsed in distilled water, and immersed in a 1:1 

mixture of solutions A and B (Rapid Golgi Stain Kit; cat#PK401; FD Neurotechnologies, 

Baltimore, MD, USA). After two weeks of impregnation in solutions A and B, brains were 

transferred to solution C for 48 h, then removed and frozen in tissue freezing medium (cat#72592 

Electron Microscopy Sciences, Hatfield, PA, USA). Coronal slices (100 µm) were sectioned 

using a cryostat and mounted onto 2% gelatin-coated slides (cat#PO101; FD Neurotechnologies, 

Baltimore, MD, USA). Sections were stained with a mixture containing Rapid Golgi Stain 

solutions D and E, then dehydrated, cleared, and coverslipped with Permount Mounting Medium 

(Electron Microscopy Sciences; cat#17986-05).  

Dendritic Spine Analysis. Golgi-impregnated neurons were visualized using the Leica 

Microscope DM5500B, and image stacks were generated using a 63× oil immersion lens. Image 

stacks were imported into RECONSTRUCT software (available from 

http://synapses.clm.utexas.edu/ tools/index.stm (accessed on 21 March 2022); Fiala, 2005) for 

analysis as described in Risher, Sexton, et al. (2015); Risher, Ustunkaya, et al. (2014), with 

modifications. Secondary dendritic branches of ACC, mPFC (IL and PL), LO-OFC and VO-OFC 

neurons were analyzed (blinded) using an unbiased rating system by measuring the length and 

width of each protrusion with visible connections to the dendritic shaft from dendritic segments 

10 µm in length. Average spine densities were calculated using 2 to 3 separate dendrites from at 

least 4 to 5 separate image stacks per animal (a total of 15 dendritic branches/animal). Spine 

types were determined on the basis of the ratio of the width (W) of the spine head to the length 

(L) of the spine neck and classified as (in µm): filopodia (L > 1.5), thin/long thin (L < 1.5 & L:W 

> 1), stubby (L:W < 1), and mushroom (W > 0.6), also see Risher, Ustunkaya, et al. (2014). 
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Representative images for publication were created by importing TIF file with dendrite of 

interest into ImageJ. The background was removed, using the ‘Subtract Background’ function 

with a rolling ball radius of 10 pixels with light background. TIF files were imported into 

Photoshop where dendrite sections of interest were isolated. Final representative images were 

created by adjusting brightness and contrast.  

Blood EtOH Concentrations (BECs)  

To minimize confounds associated with stress and avoid stress/EtOH interaction in our 

experimental group, a parallel group of animals (n = 6) were dosed separately to assess BECs 

obtained in our intermittent binge EtOH paradigm. Animals received intermittent oral gavage (as 

described above) of 5 g/kg EtOH beginning on PND 30. Blood was collected from the lateral 

saphenous vein 60 min after EtOH administration on the first and last days of the EtOH 

administration. Blood samples were centrifuged for 5 min then serum was removed and stored at 

−80C. Samples were analyzed in triplicate using an Analox AM1 alcohol analyzer (Analox 

Instruments LTD, Stourbridge, UK).  

Statistical Analysis  

Data were grouped using Excel 365 (Microsoft, Redmond, WA, USA) and analyzed 

using GraphPad Prism Version 9.3.1 (GraphPad Software, San Diego, CA, USA). Two-way 

ANOVA was performed (treatment × subregion) with a Tukey’s post hoc test for all comparisons. 

The Shapiro–Wilk and Kolmogorov–Smirnov were performed to assess normality. Statistical 

significance was assessed using an alpha level of 0.05. Data are presented as intercleaved box 

and whisker plots with minimum and maximum values and individual plot points for each data 

set. All statistical comparisons (Figure S1) and all raw data (represented as mean ± SEM; Figure 

S2) have been included in the supplemental section, regardless of significance.  
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Results  

Blood EtOH Concentrations (BECs)  

Blood EtOH concentrations were obtained 60 min after EtOH administration at two 

timepoints: after the first and last dose. We were unable to obtain sufficient blood from one 

animal when collecting samples at the first timepoint, therefore we had n = 5 for the first time 

point and n = 6 samples for the second timepoint. Results show that 60 min after EtOH 

administration, BECs were (mean ± SEM, mg/dL) = 139.21 ± 9.46 and 119.39 ± 2.14 after the 

first and last dose, respectively. These BECs are consistent with the ranges seen within previous 

human adolescent drinking analyses (Donovan, 2009).  

AIE Induced Changes in PFC Astrocyte Morphology and PAP-Synaptic Proximity in a 

Subregion-Dependent Manner, but Only After a Period of Forced Abstinence 

Before assessing AIE-induced changes in PAP-synaptic interactions, we measured 

changes in astrocyte morphology based on whole-cell volume. Using Imaris, we quantified the 

volume of individual Lck-GFP+ astrocytes from the ACC, mPFC (IL and PL), LO-OFC, and VO-

OFC (Figure 2A–D) 24 h after the last dose (i.e., PND 46) and after a 26-day forced abstinence 

period (i.e., PND 72). There was no treatment (AIE) effect on astrocyte volume during peak 

withdrawal (F (1, 476) = 1.251, p = 0.2639; Figure 5A,B) or after the 26-day forced abstinence 

period (F (1, 471) = 0.1942, p = 0.6597; Figure 5C,D). However, there was a significant 

subregion effect at both timepoints ((F (1, 476) = 84.85, p < 0.001 and F (1, 471) = 208.4, p < 

0.001, respectively). When we compared the generalized characteristics of astrocyte volume in 

EtOH-naïve animals (i.e., comparison of H2O controls across subregions), we found that there 

were distinct differences in astrocyte volume that were dependent on the PFC subregion. At PND 

46, ACC and mPFC had the lowest astrocyte volume when compared with LO-OFC and VO-
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OFC (p’s < 0.0001; Figure 5A,B). There was no significant difference between ACC and mPFC 

astrocyte volume (p = 0.1199) or LO-OFC and VO-OFC astrocyte volume (p > 0.9999). 

Interestingly, by adulthood (PND 72), the subregion-dependent effect on astrocyte volume 

became more refined (F (1, 471) = 208.4, p < 0.001). At the adult timepoint, a significant 

difference emerged between ACC astrocyte volume and mPFC astrocyte volume, with mPFC 

emerging as having the larger astrocyte volume (p = 0.0349). As demonstrated at PND 46, LO-

OFC and VO-OFC astrocytes remained significantly smaller than both ACC (p < 0.0001 and p < 

0.0001, respectively) and mPFC (p < 0.0001 and p < 0.0001, respectively) astrocytes. There was 

no significant difference between astrocyte volume when comparing LO-OFC and VO-OFC (p = 

0.1322). 
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Figure 5 

Single Cell Imaging and Analysis of Astrocyte Volumes 24 H After AIE During Withdrawal and 

26-Days After AIE. 

 

(A) Representative images of astrocyte surface rendering from the ACC, mPFC, LO-OFC, and 

VO-OFC 24 h after the final dose of EtOH. Scale bar, 20 µm. (B) Quantification of astrocyte 

volumes 24 h after the final dose of EtOH. When comparing astrocyte volume across subregions 

within the control groups, there was a significant decrease in astrocyte volume in LO-OFC and 

VO-OFC when compared to ACC and mPFC. There was no significant treatment effect (H2O vs. 

EtOH) within subregions. (C) Representative images of astrocyte surface rendering from the 

ACC, mPFC, LO-OFC, and VO-OFC following a 26-day forced abstinence period. Scale bar 20 

µm. (D) Quantification of astrocyte volumes following a 26 day-day forced abstinence period. 

When comparing control conditions across subregions, there was a significant decrease in 

astrocyte volume in LO-OFC and VO-OFC when compared to ACC and mPFC. There was no 

significant treatment effect (H2O vs. EtOH) within subregions (p > 0.05). Error bars represent 

minimum and maximum values in each data set. Data presented as box and whisker plots with 

interquartile range with mean, minimum, and maximum measures indicated along with 

individual data points. Analysis: two-way ANOVA with Tukey’s post hoc comparison, n = 

5/treatment group. From “Diverging Effects of Adolescent Ethanol Exposure on Tripartite 

Synaptic Development Across Prefrontal Cortex Subregions,” C.D. Walker, H.G. Sexton, J. 

Hyde, B. Greene, and M-L. Risher, 2022, Cells, Open, 11(19), p.9 

(https://doi.org/10.3390%2Fcells11193111). CC BY 4.0. 

https://doi.org/10.3390%2Fcells11193111
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Figure 6 

Single Astrocyte Co-Localization With PSD-95 and Analysis 24 Hours (PND 46) and 26-Days 

(PND 72) After AIE. 

 

(A) Representative images of PSD-95 colocalized within 0.5 µm of a Lck-GFP+ astrocyte in the 

ACC, mPFC (IL and PL), LO-OFC, and VO-OFC 24 hours after AIE. Scale bar 20 µm. (B) 

Quantification of puncta/astrocyte volume (puncta/µm3) in each of the PFC subregions. When 

comparing puncta number across subregions within the control groups, there was a significant 

increase in puncta number/astrocyte volume in LO-OFC and VO-OFC when compared to ACC 

and mPFC. There was no significant treatment effect on puncta number (H2O vs. EtOH) within 

subregions. (C) Representative images of PSD-95 colocalized within 0.5 um of an AAV+ 

astrocyte in the ACC, mPFC (IL and PL), LO-OFC, and VO-OFC 26-days after AIE. Scale bar 

20 µm. (D). When comparing puncta number across subregions within the control groups, there 

was a significant increase in puncta number/astrocyte volume in LO-OFC and VO-OFC when 

compared to ACC and mPFC. There was a significant treatment effect on puncta number (H2O 

vs. EtOH) demonstrated by a decrease in astrocyte-synapse co-localization in the ACC (p < 

0.006) and the VO-OFC (p < 0.001). Data presented as box and whisker plots with interquartile 

range with mean, minimum, and maximum measures indicated along with individual data points. 

Analysis: two-way ANOVA with Tukey’s post hoc comparison, n = 5/treatment group. From 

“Diverging Effects of Adolescent Ethanol Exposure on Tripartite Synaptic Development Across 



64 

Prefrontal Cortex Subregions,” C.D. Walker, H.G. Sexton, J. Hyde, B. Greene, and M-L. Risher, 

2022, Cells, Open, 11(19), p.10 (https://doi.org/10.3390%2Fcells11193111). CC BY 4.0. 

 

To determine the effects of AIE on PAP-synaptic proximity, we used 

immunohistochemistry to probe for the postsynaptic density marker, PSD-95, in tissue along 

with Lck-GFP+ astrocytes (Figure 6A–C). There was a significant treatment effect (AIE), 

subregion effect, and interaction on PAP-synaptic co-localization during peak withdrawal (24 h 

after the last dose) (treatment effect: F (1, 476) = 5.097, p = 0.0244; subregion effect: F (1, 476) 

= 160.5, p < 0.0001; interaction: F (1, 476) = 3.480, p = 0.0159; Figure 6A,B). However, upon 

post hoc analysis, there were no significant effects of AIE within subregions when compared to 

controls. When we compared the generalized characteristics of astrocyte PAP-synaptic proximity 

in EtOH-naïve animals (i.e., comparison of H2O controls across subregions) at this early 

timepoint, there was no significant difference between ACC and mPFC co-localization (p > 

0.9999). There were significantly more PAPs co-localizing with synapses in LO-OFC and VO-

OFC subregions when compared to ACC (p < 0.0001 and p < 0.0001, respectively) and mPFC (p 

< 0.0001 and p < 0.0001, respectively). There were significantly more PAPs co-localizing with 

synapses within the VO-OFC when compared with LO-OFC (p < 0.0001). By adulthood (PND 

72), the subregion-dependent effect of PAP-synaptic colocalization became more refined. PAP-

synaptic co-localization was significantly lower in mPFC than ACC (p < 0.0001), LO-OFC (p < 

0.0001), and VO-OFC (p < 0.0001). PAP-synaptic co-localization was significantly higher in 

LO-OFC (p < 0.0001) and VO-OFC (p < 0.0001) subregions when compared to ACC, while VO-

OFC had significantly more PAP-synaptic co-localization than LO-OFC (p < 0.0001).  

After the 26-day forced abstinence period (PND 72) there was a robust treatment effect 

(AIE), subregion effect, and interaction on PAP-synaptic co-localization (treatment effect: F (1, 

502) = 35.35, p < 0.0001; subregion effect: F (1, 502) = 237.6, p < 0.0001; interaction: F (1, 502) 

https://doi.org/10.3390%2Fcells11193111
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= 24.70, p < 0.0001; Figure 6C,D). When we compared the generalized characteristics of 

astrocyte PAP-synaptic proximity in EtOH-naïve animals (i.e., comparison of H2O controls 

across subregions) at this adult timepoint, there was significantly less PAP-synaptic co-

localization in the mPFC when compared to ACC (p < 0.0001), LO-OFC (p < 0.0001), and VO-

OFC (p < 0.0001). Once again, PAP-synaptic co-localization was significantly higher in LO-

OFC (p < 0.0001) and VO-OFC (p < 0.0001) subregions when compared to ACC. However, at 

this adult timepoint, we began to see a differentiation between OFC subregions. Treatment-naïve 

astrocytes within the VO-OFC showed significantly higher PAP-synaptic co-localization when 

compared to LO-OFC astrocytes (p < 0.0001).  

Post hoc analysis of the treatment effect following forced abstinence demonstrated a 

significant decrease in PAP-synaptic co-localization in the ACC (Figure 6C,D) and VO-OFC (p 

< 0.0001; Figure 6C,D). There was no effect of AIE on PAP-synaptic co-localization within the 

mPFC (p = 0.9444) or the LO-OFC (p = 0.9974).  

To rule out the loss of synapses as a driver in the loss of PAP-synaptic interactions in the 

ACC and VO-OFC, we quantified PSD-95 protein expression in all prefrontal subregions during 

peak withdrawal (PND 46) and following the 26-day forced abstinence period (PND 72). We 

used the Imaris ‘Spot’ function to count the number of individual PSD-95 puncta within the ROI 

in which our Lck-GFP+ astrocytes were imaged. We found no effect of AIE on PSD-95 

expression in the ACC, mPFC (PL and IL), LO-OFC, or VO-OFC at PND 72 (p > 0.05; Figure 

S3) when loss of PAP-synaptic coupling occurs.  
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AIE Results in Cortical Subregion Dependent Shifts in Dendritic Spine Maturation after 

Forced Abstinence  

PAP-synaptic proximity is critical for appropriately targeted astrocyte contact-mediated 

and astrocyte-secreted signaling, particularly with regard to regulating dendritic spine maturation 

(Risher, Patel, et al., 2014). We wanted to determine if the AIE-induced PAP-synaptic loss of 

proximity after the 26-day forced abstinence period was associated with changes in dendritic 

spine maturation and density (Bourne & Harris, 2008; Matsuzaki, 2007). Since the AIE-induced 

effects on PAP-synaptic colocalization were only observed in adulthood, and to avoid any 

potential confounding withdrawal effects, we focused on the adult timepoint (after the 26-day 

forced abstinence period) for all remaining experiments. There was no significant effect of 

subregion on spine density (F (1, 352) = 0.7979, p = 0.3723; Figure S4). There was a significant 

effect of treatment on spine density (F (3, 352) = 3.764, p = 0.011; Figure S4); however, post hoc 

analysis revealed no significant treatment effects when comparing AIE to control within a 

subregion (p > 0.05; Figure S4). The lack of AIE-induced change in dendritic spine density is 

consistent with the quantification of PSD-95, an indicator of synaptic number. The absence of 

changes in dendritic spine density and PSD-95 expression suggests that synaptic loss is not 

driving the AIE-induced changes in PAP-synaptic interactions.  

Based on morphological measures of spine neck length and spine head width (Figure 7A–

C), we observed no effect of treatment (AIE) (F (3, 86) = 3.368, p = 0.0699), subregion (F (3, 86) 

= 1.331, p = 0.2696), or interaction (F (3, 86) = 1.188, p = 0.3192) on the % of immature (i.e., 

filopodia) spines (Figure 7D). When comparing the % of intermediate (i.e., long/thin) spines, 

there was a significant effect of treatment (F (3, 440) = 4.040, p = 0.0450) and subregion (F (3, 

440) = 12.04, p < 0.0001) and a significant interaction (F (3, 440) = 8.833, p < 0.0001). When 
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subregion differences in dendritic spine type were compared in EtOH-naïve animals (i.e., 

comparison of H2O controls across subregions), there was a significantly higher % of 

intermediate spines within the LO-OFC (when compared with the ACC (p < 0.0001; Figure 7D), 

mPFC (p < 0.0001; Figure 4E), and VO-OFC (p < 0.0001; Figure 7E). There were no differences 

in the % of intermediate spines when comparing all other subregions (p > 0.05, Figure 7E). Post 

hoc analysis also revealed that there were no AIE-induced changes in the % of intermediate 

spines in the ACC (p = 0.5438) and mPFC (p = 0.2931); however, there was a significant AIE-

induced decrease in the number of intermediate spines within the LO-OFC (p = 0.0226; Figure 

7E) and an increase in the number of intermediate spines within the VO-OFC (Figure 7E).  

Figure 7 

The Effects of AIE on Dendritic Spine Maturation After a 26-Day Forced Abstinence Period. 

 

(A) Cartoon representation of the classification of different dendritic spine types and how they 

correlate to maturation. (B) Table depicting how dendritic spines are classified. (C) 

Representative images of secondary dendrites depicting spine types in the ACC, mPFC (IL/PL), 
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LO-OFC, and VO-OFC. Triangles indicate spine type based on color: Filopodia – purple; Long 

Thin – orange; Thin – blue; Stubby – red; Mushroom – green. (D) Analysis of dendritic spine 

maturation in the ACC, mPFC (IL and PL), LO-OFC, and VO-OFC. There was no change in the 

% of immature dendritic spines in any subregion (p > 0.05) following AIE or when comparing 

subregions (p > 0.05). In the LO-OFC, there was a significant decrease in intermediate spines (p 

= 0.023) and an increase in mature spines (p = 0.04) following AIE. In the VO-OFC, there was a 

significant increase in intermediate spines (p = 0.011) and a significant decrease in mature spines 

(p = 0.008) following AIE. Data presented as box and whisker plots with interquartile range with 

mean, minimum, and maximum measures indicated along with individual data points. Average 

spine densities were calculated using 2-3 separate dendrites from at least 4-5 separate image 

stacks per animal for a total of 15 dendritic branches/animal, n = 3/treatment group). Analysis: 

two-way ANOVA with Tukey’s post hoc comparison. From “Diverging Effects of Adolescent 

Ethanol Exposure on Tripartite Synaptic Development Across Prefrontal Cortex Subregions,” 

C.D. Walker, H.G. Sexton, J. Hyde, B. Greene, and M-L. Risher, 2022, Cells, Open, 11(19), p.12 

(https://doi.org/10.3390%2Fcells11193111). CC BY 4.0. 

 

Assessment of the % of mature (i.e., mushroom) dendritic spines following AIE treatment 

and within/across subregions revealed a subregion effect (F (3, 390) = 11.32, p < 0.0001), no 

treatment effect (F (1, 390) = 1.530, p = 0.2168), and an interaction between the two measures (F 

(3, 390) = 8.043, p < 0.0001). Post hoc analysis revealed that when subregion differences in 

dendritic spine type were compared in EtOH-naïve animals (i.e., comparison of H2O controls 

across subregions) there were significantly less mature spines within the LO-OFC when 

compared to the ACC (p < 0.0001; Figure 4D), mPFC (p < 0.0001; Figure 4F), and VO-OFC (p 

= 0.0003; Figure 7F). Interestingly, when assessing the effects of treatment, there was no AIE-

induced change in the % of mature dendritic spines in the ACC (p = 0.6307) or mPFC (p = 

0.9996). However, complementary to the changes in intermediate spines, there was a significant 

increase in the % of mature spines within the LO-OFC (p = 0.0403) and a significant decrease in 

the % of mature spines within the VO-OFC (p = 0.0079).  
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AIE-Induced loss of PAP-Synaptic Co-localization Is Not Driven by Changes in Expression of 

Synaptic Stabilization Proteins 

To determine if the loss of PAP-synaptic proximity in adulthood was due to a loss of 

bridging proteins involved in tripartite synapse stabilization, we investigated changes in the 

expression of neuroligins 1 and 3 and their presynaptic partner, neurexin. Analysis of these 

critical stabilizing proteins revealed no AIE-induced changes in the expression in any of the PFC 

subregions, indicating that a loss of these proteins is not a driver of the AIE-induced PAP-

synaptic decoupling (Figure S5). To further explore the effects of AIE on neurexin-neuroligin 

interactions at the tripartite synapse, we assessed the co-localization of neurexin-neuroligin 1 and 

neurexin-neuroligin 3.  

Analysis of neurexin-neuroligin 1 co-localization revealed a significant treatment effect 

(F (3, 286) = 14.08, p = 0.0002), subregion effect (F (3, 286) = 48.01, p < 0.0001), and a 

significant interaction (F (3, 286) = 7.137, p = 0.0001). When subregion differences in neurexin-

neuroligin 1 co-localization were compared in EtOH-naïve animals (i.e., comparison of H2O 

controls across subregions), there was significantly higher co-localization within the ACC when 

compared to mPFC (p < 0.0001; Figure 8B), LO-OFC (p = 0.0009; Figure 5B), and VO-OFC (p 

< 0.0001; Figure 8B), with VO-OFC having the lowest neurexin-neuroligin 1 co-localization of 

all four subregions. Post hoc analysis also revealed an effect of AIE on two PFC subregions. 

Specifically, AIE resulted in a significant decrease in neurexin-neuroligin 1 co-localization in the 

ACC (p = 0.0002; Figure 8B) and within the VO-OFC (p = 0.0394), consistent with the loss of 

PAP-synaptic coupling within these two specific subregions. There was no AIE-induced change 

in neurexin-neuroligin 1 co-localization within the mPFC (p = 0.9979; Figure 5B) or the LO-

OFC (p = 0.9392; Figure 8B).  
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Analysis of neurexin-neuroligin 3 co-localization revealed a significant treatment effect 

(F (3, 286) = 6.664, p = 0.0103), subregion effect (F (3, 286) = 19.97, p < 0.0001), and a 

significant interaction (F (3, 286) = 7.874, p < 0.0001). When subregion differences in neurexin-

neuroligin 3 co-localization were compared in EtOH-naïve animals (i.e., comparison of H2O 

controls across subregions), there was significantly higher co-localization within the ACC when 

compared to mPFC (p < 0.0001; Figure 9B) and VO-OFC (p < 0.0001; Figure 9B), but not when 

compared to the LO-OFC (p = 0.5565; Figure 9B). As with neurexin-neuroligin 1, co-

localization of neurexin-neuroligin 3 was the highest within the ACC and lowest within the VO-

OFC when all subregions were compared. Further post hoc analysis revealed an effect of AIE on 

two PFC subregions: specifically, AIE resulted in a significant decrease in neurexin-neuroligin 3 

co-localization in the ACC (p = 0.00184; Figure 9B) and within the VO-OFC (p = 0.0635; Figure 

9B), once again consistent with the loss of PAP-synaptic coupling within these two specific 

subregions. There were no AIE-induced changes in neurexin-neuroligin 3 co-localization within 

the mPFC (p = 0.2768; Figure 6B) or the LO-OFC (p > 0.9999; Figure 9B). 

Figure 8 

The Effect of AIE on Neurexin-Neuroligin 1 Interactions After a 26-Day Forced Abstinence 

Period. 

 

We found that AIE did not change neurexin or neuroligin 1 expression following a 26-day forced 

abstinence period (see supplemental data). (A) Representative images of neurexin (green) and 

neuroligin 1 (magenta) in the ACC, mPFC (IL and PL), LO-OFC, and VO-OFC. Scale bar, 2 µm. 

(B) Quantification of neurexin and neuroligin 1 co-localization. There was a significant decrease 
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in neurexin-neuroligin 1 co-localization in the ACC (p = 0.0002) and the VO-OFC (p = 0.0394) 

following AIE. Data presented as box and whisker plots with interquartile range with mean, 

minimum, and maximum measures indicated along with individual data points. Three 5 µm 

image stacks from randomly selected hemispheres were captured from 3 separate brain slices per 

animal (n = 9-10 brains/treatment group). Analysis: two-way ANOVA with Tukey’s post hoc 

comparison. From “Diverging Effects of Adolescent Ethanol Exposure on Tripartite Synaptic 

Development Across Prefrontal Cortex Subregions,” C.D. Walker, H.G. Sexton, J. Hyde, B. 

Greene, and M-L. Risher, 2022, Cells, Open, 11(19), p.14 

(https://doi.org/10.3390%2Fcells11193111). CC BY 4.0. 

 

Figure 9 

The Effect of AIE On Neurexin-Neuroligin 3 Interactions After a 26-Day Forced Abstinence 

Period. 

 
We found that AIE did not change neurexin or neuroligin 3 expression following a 26-day forced 

abstinence period (see supplemental data). (A) Representative images of neurexin (green) and 

neuroligin 3 (magenta) in the ACC, mPFC (IL and PL), LO-OFC, and VO-OFC. Scale bar, 2 µm. 

(B) Quantification of neurexin and neuroligin 3 co-localization. There was a significant decrease 

in neurexin-neuroligin 3 co-localization in the ACC (p = 0.0184) and the VO-OFC (p = 0.0635). 

Data presented as box and whisker plots with interquartile range with mean, minimum, and 

maximum measures indicated along with individual data points. Three 5 µm image stacks from 

randomly selected hemispheres were captured from 3 separate brain slices per animal (n = 9-10 

brains/treatment group). Analysis: two-way ANOVA with Tukey’s post-hoc comparison. From 

“Diverging Effects of Adolescent Ethanol Exposure on Tripartite Synaptic Development Across 

Prefrontal Cortex Subregions,” C.D. Walker, H.G. Sexton, J. Hyde, B. Greene, and M-L. Risher, 

2022, Cells, Open, 11(19), p.14 (https://doi.org/10.3390%2Fcells11193111). CC BY 4.0. 

 

Discussion  

The aim of this study was to investigate the impact of adolescent EtOH exposure on 

astrocyte morphology, PAP-synaptic proximity, and dendritic spine maturation in different PFC 

subregions, as well as to determine whether loss of neurexin-neuroligin cell adhesion proteins 

were a driving factor in the changes observed. Overall, we found a cortical subregion-specific 

https://doi.org/10.3390%2Fcells11193111
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loss of PAP-synaptic co-localization/proximity after a 26- day forced abstinence period (in 

adulthood) within the ACC and VO-OFC that were not present during acute withdrawal. AIE-

induced loss of PAP-synaptic co-localization was not due to an overall reduction in astrocyte 

volume or a loss of synapses; however, the loss of PAP-synaptic proximity did correlate with a 

significant shift towards a less mature dendritic spine phenotype in adulthood within the VO-

OFC, as illustrated by an increase in intermediate spines and a corresponding decrease in mature 

spines (not seen in other subregions). Lastly, despite no changes in neurexin, neuroligin 1, or 

neuroligin 3 protein expression following AIE, there was a reduction in neuroligin-neurexin co-

localization in the ACC and VO-OFC that correlated with a loss of PAP-synaptic co-localization 

and the VO-OFC-specific loss of dendritic spine maturity. Additional analysis demonstrated 

robust differences in AIE-naïve animals across PFC subregions, which included baseline 

differences in astrocyte volume, PAP-synaptic co-localization, dendritic spine morphology, and 

neurexin-neuroligin co-localization.  

The human and rodent PFC continues to undergo structural and functional neuronal 

refinement during adolescence (Asato et al., 2010; Cressman et al., 2010; Cunningham et al., 

2002; Liston et al., 2006; Markham et al., 2007; Rubia, 2013; Supekar et al., 2010). This ongoing 

developmental period is suggested to be a time of increased vulnerability to AIE-induced 

neuronal disruption. This has been demonstrated by Broadwater et al. (2018) in which they 

showed that AIE perturbed resting state connectivity using functional MRI connectivity between 

OFC-striatum and OFC-nucleus accumbens in rats. These findings correlate with multiple 

studies demonstrating AIE-induced deficits in PFC-dependent behaviors such as behavioral 

flexibility, increased disinhibition, and increased propensity to self-administer EtOH; all of 

which persist into adulthood (Coleman et al., 2011; Coleman et al., 2014; Gass et al., 2014; 
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Vetreno & Crews, 2012). However, there is growing evidence that behavioral outputs are highly 

reliant on astrocyte modulation of neuronal function. This has been demonstrated in a number of 

studies using designer receptors exclusively activated by designer drugs (DREADDs) that 

specifically target astrocytes and result in subsequent modulation of rodent behavior (for a 

review, see Hwang et al. (2021)). One study of particular importance was conducted by Erickson 

et al. (2021) in which they showed that activation of astrocyte-specific excitatory DREADDs 

within the PFC (IL, PL, and ACC combined) can regulate EtOH consumption, supporting a 

critical role for astrocytes in addiction-related behavior.  

Astrocytes are able to modulate neuronal function and thus behavior via the uptake of 

neurotransmitter from the synaptic cleft, the release of gliotransmitters, and through contact-

mediated and astrocyte-secreted signaling factors (for a review, see Allen (2014a) and Blanco-

Suarez et al. (2017)). One structural characteristic that all of these signaling mechanisms require 

is astrocyte proximity to the synapse. In the current study, we found that the ACC and VO-OFC 

appear to be particularly vulnerable to disruption of PAP-synaptic co-localization, suggesting a 

loss of astrocyte proximity to the synapse. Despite assessing this measure acutely within 24 h of 

the last dose, the loss of PAP-synaptic coupling only emerged in adulthood after prolonged 

abstinence, and not in all subregions of the PFC. It is unclear whether these subregion differences 

are due to astrocyte heterogeneity or variations in the state of developmental maturation of the 

PAP-synaptic relationship, within the different PFC subregions. However, there are indications 

from our data that suggest that there could indeed be very different astrocyte populations within 

these subregions. For example, in every comparative statistical measure conducted in this study 

assessing differences between EtOH naïve animals (i.e., control animals only) in different 

subregions, we were able to demonstrate that the ACC has significantly higher astrocyte volume 
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with less PAP-synaptic coupling, a higher ratio of mature spines, and higher levels of neurexin-

neuroligin co-localization than all other subregions, particularly when compared to the VO-OFC. 

While there were a variety of differences across the various subregions at baseline, the most 

pronounced differences were seen when comparing ACC and VO-OFC. Interestingly, these two 

regions were also the most vulnerable to PAP-synaptic decoupling. Why the loss of PAP-synaptic 

proximity occurred specifically within the VO-OFC and the ACC requires further investigation, 

as does the mechanism underlying the delayed occurrence of this phenomenon (i.e., not present 

at the acute timepoint but emerges during prolonged abstinence, in adulthood). Understanding 

astrocyte heterogeneity across PFC subregions and the unique neuronal populations that these 

astrocytes serve will be necessary moving forward.  

Due to the AIE-induced loss of PAP-synaptic co-localization in ACC and VO-OFC we 

investigated the impact that the loss of proximity would have on dendritic spine number and 

morphology. Previous work by Witcher et al. (2007) using serial section electron microscopy of 

mature rat hippocampal slices demonstrated that synapses are larger when PAPs are present. This 

is consistent with the findings in the current study in which we demonstrated a shift towards a 

less mature dendritic spine phenotype that only occurred in the VO-OFC where there was a 

significant loss of PAP-synaptic proximity, suggesting a strong relationship between dendritic 

spine maturity and PAP proximity. The current finding that AIE increased the presence of 

intermediate dendritic spines in the VO-OFC is consistent with McGuier et al. (2015) who 

previously showed that the more immature phenotype is present after a 7-day abstinence period 

but not during peak withdrawal. However, here we showed that even after a prolonged period (26 

days) of abstinence, the changes in dendritic spine phenotype persist.  
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An interesting finding that emerged from the dendritic spine analysis was that, following 

EtOH exposure, when the % of mature dendritic spines decreased in the VO-OFC, they increased 

in the LO-OFC. When the % of intermediate dendritic spines increased in the VO-OFC, they 

decreased in the LO-OFC without affecting overall spine density. It is possible that the increase 

in mature spines within the LO-OFC was due to an increase in PAP-synaptic proximity without 

impacting the overall number of colocalized puncta, though this is difficult to determine due to 

the limitations of the analysis in which we used a threshold of 0.5 µM to define proximity (due to 

resolution limits). We are currently unable to determine with any accuracy whether PAPs are in 

fact getting closer to the synapses as a result of AIE exposure. Further analysis using super-

resolution and/or electron microscopy would be beneficial to further define changes in proximity 

across PFC subregions. In summary, there were clear differences in sensitivity to AIE-induced 

loss of PAP-synaptic proximity and corresponding dendritic spine morphology across OFC 

subregions, despite no change in overall spine density.  

Previous work in mice has shown that proteins responsible for bridging the tripartite 

synapse, such as neurexin-neuroligin and eph-ephrin, are critical for dendritic spine stabilization 

and maturation (Nishida & Okabe, 2007), synaptic function, and even astrocyte complexity 

(Stogsdill et al., 2017). Since AIE resulted in a sub-region dependent shift towards a less mature 

dendritic spine phenotype, we investigated if a loss of neurexin and neuroligin expression could 

be driving the changes in dendritic spine phenotype. Following AIE, there were no changes in 

expression of neurexin, neuroligin 1, or neuroligin 3. However, work by Ko et al. (2009) 

previously showed that using mutational disruption of neurexin-neuroligin binding prevents 

normal increases in pre- and post-synaptic size. Based on this finding, we next assessed 

colocalization of neurexin-neuroligin 1 and neurexin-neuroligin 3, hypothesizing that the loss of 
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PAP-synaptic proximity may prevent appropriate localization of neurexin-neuroligins and 

therefore impede normal synaptic enlargement. In the current study, we were able to confirm 

that, despite no change in the expression of either neurexin or neuroligins 1 or 3 following AIE, 

there was a decrease in co-localization of neurexin-neuroligin 1 and 3 specifically in the ACC 

and VO-OFC (where a change in dendritic spine phenotype was also observed). However, this 

finding is inconclusive since it is possible that AIE directly disrupts neurexin-neuroligin binding 

sites or drives the generation of alternate splice variants, thereby disrupting the ability of 

neurexin-neuroligin to interact. Another possibility is that leucine-rich repeat transmembrane 

neuronal proteins (LRRTM2), which bind to neurexins and work synergistically with neuroligin 

1 are impacted by AIE, thus modulating neurexin-neuroligin 1 interactions (Siddiqui et al., 

2010). However, based on the pro-synaptogenic properties of LRRTM2 (Dagar & Gottmann, 

2019; de Wit et al., 2009) we would likely see changes in PSD-95 puncta or changes in dendritic 

spine density, indicative of pro or anti-synaptogenic signaling, depending on the type of AIE-

induced protein modulation that occurs. Further work is necessary to determine whether 

neurexin-neuroligin binding is impaired and if so, precedes PAP-synaptic decoupling. 

Changes in astrocyte morphology and increased protein expression at the level of GFAP 

antibody staining are considered to be signs of astrocyte reactivity/activation and correlated with 

the induction of neuroinflammation (Norden et al., 2016; Pelinka et al., 2004; Reilly et al., 1998) 

and injury. GFAP upregulation and immune activation have also been demonstrated to occur 

following EtOH exposure in rats and mice (Grifasi et al., 2019; Nwachukwu et al., 2021; 

Nwachukwu et al., 2022). However, GFAP antibody staining only captures the backbone of the 

astrocyte and not the fine processes that interact with blood vessels, other astrocytes, or 

synapses. Moreover, we have previously demonstrated that hippocampal astrocytes begin 
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releasing factors associated with reactivity much earlier than the appearance of increased GFAP 

expression (Risher, Sexton, et al., 2015) in an identical model, suggesting that GFAP expression 

is not the most sensitive measure for astrocyte reactivity. However, there is no doubt that 

astrocytes become reactive and can drive neuroinflammation or the response to 

neuroinflammation (Liddelow et al., 2017; Mrak et al., 1995; Wyss-Coray, 2006). The questions 

that remain are whether changes in GFAP expression are reflective of changes at the PAPs, and 

whether GFAP expression can be correlated with a loss of PAP-synaptic coupling. Furthermore, 

it has yet to be demonstrated that neuroimmune activation can directly drive PAP-synaptic 

decoupling.  

We have demonstrated that AIE-induced loss of PAP-synaptic coupling is PFC subregion-

dependent. Based on astrocyte volumetric measures, it is quite possible that we are comparing 

two different astrocyte populations that are likely providing support for different types of 

neurons. This raises questions of whether all synapses are equally dependent on astrocyte support 

for spine morphology, and whether all tripartite synapses are equally dependent on the presence 

of these particular NLGN-NRXN interactions.  

However, the implications of AIE-induced loss of PAP-synaptic coupling go beyond the 

health of dendritic spines and could significantly impact the glymphatic system and astrocyte-

astrocyte communication, both of which are critical for maintaining the movement of 

cerebrospinal fluid and ion homeostasis. Previous work demonstrates that even chronic 30-day 

exposure to 1.5 g/kg EtOH (i.p.) can significantly diminish glymphatic function in the mouse 

(Lundgaard et al., 2018) and has been associated with the development of dementia in humans 

(Reeves et al., 2020), particularly in heavy drinkers (Xu et al., 2009).  

Conclusions  
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These data provide novel insight into the selective vulnerability of astrocyte-synaptic 

interactions and dendritic spine morphology within PFC subregions following AIE. Interestingly, 

many of these effects occur well after the acute effects of EtOH have dissipated, suggesting 

delayed and enduring changes to astrocyte-synaptic interactions that persist into adulthood. 

Given the importance of astrocytes in regulating synaptic activity and their emerging role in 

behavioral regulation, further work is necessary to determine the molecular mechanisms that 

drive the loss of PAP-synaptic coupling and to understand why some PFC subregions display 

increased vulnerability to the effects of AIE. How changes in PAP-synaptic proximity and 

dendritic spine morphology contribute to the neuronal and behavioral changes observed 

following repeated AIE will be an important step moving forward and may provide novel non-

neuronal targets for future pharmacological interventions. 
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Women are especially vulnerable to the effects of alcohol as biological differences 

between males and females result in higher rates of absorption and longer time to metabolize 

alcohol resulting in higher blood alcohol concentrations in females compared to males when 

consuming identical amounts of alcohol (see (Erol & Karpyak, 2015) for review). These 

differences in alcohol absorption and metabolism make women more susceptible to the long-

term adverse effects of alcohol consumption.  

Traditionally, it has been reported that males consume more alcohol than females. 

However, more recent studies have shown that this gap in consumption is narrowing. A national 

survey revealed that in 2019, 32% of female high school students consumed alcohol compared to 

26% of male students (Jones et al., 2020). Alcohol consumption in the form of binge drinking 

has also increased among females, with 15% of female high school students reporting binge 

drinking compared to 13% of male students (Jones et al., 2020). This increased incidence of 

binge drinking coincides with critical late-stage adolescent maturation of key brain regions such 

as the hippocampus, which is particularly vulnerable to the detrimental effects of early alcohol 

use (see Walker et al. (2021) for additional information). More recently, during the COVID-19 

pandemic has been a rise in the number of females reporting an increase in alcohol consumption. 

A recent survey found that 1 in 5 females reported a rise in alcohol consumption after the onset 

of the COVID-19 pandemic (Campbell et al., 2023; Devoto et al., 2022). While these studies did 

not separate their data to isolate female adolescents, their findings support the continued 

increasing trend in alcohol consumption among females reported in other studies.  

In previous chapters, we discussed the prevalence of alcohol use among adolescents 

(Chapter 1) and the effects of alcohol use on the developing hippocampus (Chapter 3).   
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In this chapter, we have sought to investigate the acute and chronic effects of AIE on 

astrocyte morphology and function in the CA1 of the dhipp in female rats. In this study, we use 

viral vectors and immunohistochemistry and collect physiological recordings to determine and 

analyze astrocyte morphology, PAP-synaptic proximity, and astrocyte responsivity to neuronal 

signaling. We hypothesize that AIE changes astrocyte morphology that coincides with changes 

in PAP-synaptic proximity in adulthood. Furthermore, we hypothesize that AIE results in deficits 

in astrocyte responsivity to neuronal signaling.  

Materials and Methods 

All procedures used in this study were conducted in accordance with the guidelines of the 

Institutional Animal Care and Use Committee and were approved by the Hershel ‘Woody’ 

Williams Veterans Affairs Medical Center and Marshall University, Huntington, WV.  

Animals and Surgical Procedures 

A total of 36 female Sprague Dawley rats (Hilltop, Scottdale, PA, USA) were received, 

double-housed, and maintained in a temperature- and humidity-controlled environment with ad 

libitum access to food and water on postnatal day (PND) 24. Animals were kept on a 12-hour:12-

hour reverse light:dark cycle (lights on at 6:00 pm and off at 6:00 am). Surgical procedures were 

performed as previously described in Testen et al. (2019) and Walker et al. (2022) with minor 

modifications. Animals were allowed to habituate for two days prior to handling and surgical 

procedures. On PND 26-27 rats (n=6/treatment group) received 0.3 mg/kg intraperitoneal 

injection (i.p.) of 25% w/v mannitol (Carty et al., 2013, Testen et al., 2019, Walker et al., 2022) 

and were anesthetized with a cocktail of ketamine (30 mg/kg), xylazine (2.5 mg/kg), and 

acepromazine (0.5 mg/kg). The depth of anesthesia was closely monitored throughout the 

procedure. After shaving the area where the incision would be made, animals were secured into a 
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stereotaxic frame via nose clip and blunt ear bars. The surgical site was cleaned three times with 

70% ethanol and 10% iodine. A burr hole was drilled into the skull allowing for unilateral 

injection of virus suspension into the dorsal hippocampus at the following coordinates, −3.2mm 

anterior/posterior, +/− 2.6mm medial/lateral, +3.0mm dorsal/ventral. Animals received either 1 

µL AAV1/5 gfaABC1D Lck-GFP diluted in 1:1 H2O (3.26 x 1012 gc/mL; Addgene plasmid # 

105598; http://n2t.net/addgene:105598; Shigetomi et al. (2013)), 1 uL AAV5 gfaABC1D 

GCamp6f (7.3 x 1012 gc/mL; Addgene plasmid # 52925; http://n2t.net/addgene:52925; Haustein 

et al. (2014)), or AAV5.GFAP.iGluSnFr.WPRE.SV40 (1 x 1013 gc/mL; Addgene plasmid # 

98930; http://n2t.net/addgene:98930; Marvin et al. (2013)) administered by microinjection using 

a syringe pump and 26-gauge needle with a dwell time of 10 minutes. The burr whole was closed 

with bone cement, then bupivacaine was administered to the site, and the surgical incision was 

closed with dissolvable external sutures. Antibiotic ointment was applied to the incision, saline 

was administered via subcutaneous injection to prevent dehydration, and the animal was allowed 

to recover on a heating pad. Once the animal was fully awake and mobile, it was returned to its 

home cage with its original cagemate.  

Intermittent Binge EtOH Exposure 

Beginning on PND 30, animals received 10 doses of 5 g/kg EtOH (35% v/v in H2O) or 

H2O via intragastric gavage (i.g.) using a two days on, one day off, two days on, two days off 

intermittent schedule over 16 days (Figure 10), as previously described (Walker et al., 2022). 

The individual administering the EtOH was responsible for observing animals after EtOH 

administration to ensure full recovery from intoxication. The individual administering the EtOH 

was responsible for ensuring that everyone involved in the subsequent experiments remained 

blinded to treatments until the completion of the study. Animals were euthanized and brain tissue 

http://n2t.net/addgene:105598
http://n2t.net/addgene:52925
http://n2t.net/addgene:98930
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was collected on PND 72-76 following a 26- to 30-day forced abstinence period. The EtOH 

dosage was selected to produce blood EtOH concentrations (BECs) consistent with those of 

adolescent humans during binge drinking episodes (Donovan, 2009) and consistent with our 

previous studies where BECs reached 172-199 mg/dL (Risher, Sexton, et al., 2015; Walker et al., 

2022) All animals undergoing behavioral testing underwent the 26-day forced abstinence period.  

Figure 10 

Experimental Timeline. 

 

Animals received an intracranial injection of an astrocyte-specific adeno-associated virus with a 

GFP on PND 26. Animals underwent AIE and received 5 g/kg EtOH (35% v/v in H2O) or H2O 

via intragastric gavage (i.g.) intermittently over 16 days. Animals underwent a period of forced 

abstinence from PND 46 to PND 72. Tissue was harvested for immunohistochemistry on PND 

72 or physiological recordings began on PND 72. Created with Biorender.  

 

Immunohistochemistry (IHC) 

Brain Section Preparation. At PND 72, animals were deeply anesthetized with 

isoflurane (6 animals/treatment group/experiment; total n = 24). Animals were transcardially 

perfused with phosphate buffered saline (PBS; pH 7.4; cat# P5368, Sigma-Aldrich, St. Louis, 

MO, USA) for 5 minutes, followed by 4% paraformaldehyde (PFA; cat# 19210, Electron 

Microscopy Solutions, Hatfield, PA, USA) for 12 minutes (20 mL/min). Brains were extracted 

and post-fixed in 4% PFA at 4℃ overnight followed by 30% glycerol (cat# G5516-1L, Sigma-

Aldrich, St. Louis, MO, USA) in PBS at 4℃ for 1-2 days. Brains were then placed in a 2:1 
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solution of 30% sucrose to OTC freezing compound (Electron Microscopy Sciences, Hatfield, 

PA, USA) and stored at -80 ℃. Using a cryostat (CM 1950, Leica Biosystems, Richmond, IL, 

USA), fixed tissue was sliced into 80 µm or 40 µm sections, depending on the experiment.  

PSD-95 and GFAP. 80 µm sections underwent antigen retrieval as previously described 

in (Jiao et al., 1999; Testen et al., 2019; Walker et al., 2022). Free-floating slices were briefly 

rinsed three times (5 minutes each) in 0.1 M phosphate buffer (PB; 3.1 g/L NaH2PO4, 10.9 g/l 

Na2HPO4, pH 7.4), then transferred to a 10 mM sodium citrate buffer preheated to 80 ℃ for 30 

minutes, shaking every 10 minutes. Slices were then allowed to cool to room temperature 

followed by three additional washes (5 minutes each) in 0.1 M PB (pH 7.4). Slices were blocked 

with 5% normal goat serum (NGS, cat# 005-000-121, Jackson Immunolabs, West Grove, PA, 

USA) in phosphate-buffer in saline (PBS) with triton (PBST; 0.2% triton 100-X; cat# 13134900, 

Roche,) for one hour at room temperature. Sections were then incubated for four days in mouse 

anti-PSD-95 (1:450; cat# MA1-045, ThermoFisher Scientific, Waltham, MA, USA) and rabbit 

anti-GFAP (1:500 cat# Z0334, Agilent Technologies, Santa Clara, CA, USA) in PBST (0.2% 

triton 100-X) and 5% NGS at 4 ℃ on shaker. Sections were then washed three times (5 minutes 

each) in PBST (0.2% triton 100-X) and incubated for 6 hours at room temperature in Alexa Fluor 

goat anti-mouse 594 (1:200; cat# A-11032, Molecular Probes, Eugene, OR, USA) and Alexa 

Fluor goat anti-rabbit 647 (1:200, cat# A-21245 ThermoFisher Scientific, Waltham, MA, USA) 

in PBST (0.2% triton 100-X) and 5% NGS. Sections were then washed three times (5 minutes 

each in PBST (0.2% triton 100-X) and once in PBS. The sections were then mounted with 

Vectashield with DAPI (cat# H-1200, Vector Laboratories West Grove, PA, USA), coverslipped, 

and sealed with nail varnish.  
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Neuroligin 1, Neurexin, and Hevin. 40 µm sections were rinsed three times (10 minutes 

each) with PBST (0.2% triton 100-X) then blocked at room temperature for 1 hour in 5% normal 

donkey serum (NDS) and PBST (0.2% triton 100-X). Sections were then incubated overnight in 

mouse anti-neuroligin 1 (1:500, cat# 129111, Synaptic Systems) or mouse anti-neuroligin 3 

(1:500, cat# 129311, Synaptic Systems, Goettingen, Germany), with goat anti-hevin (1:500, cat# 

AF2836, Synaptic Systems), and with rabbit anti-neurexin 1/2/3 (1: 500, cat# 175003, Synaptic 

Systems, Goettingen, Germany), 5% NDS and PBST (0.2% triton 100-X) at 4 ℃. Slices were 

then washed three times (5 minutes each) in PBST (0.2% triton 100-X) then incubated for 2 

hours at room temperature in donkey Alexa Fluor 594 anti-mouse (1:200 Alexa Fluor cat# 

A11029, Lifetech), Alexa Fluor 488 donkey anti goat (1:200, cat# A11055, Lifetech),  and Alexa 

Fluor 647 donkey anti rabbit (1:200, cat# A21245, Lifetech) in 5% NDS and PBST (0.2% triton 

100-X). Slices were washed three more times in PBST (0.2% triton 100-X) then mounted with 

Vectashield with DAPI (cat# H-1200Vector Laboratories West Grove, PA, USA), coverslipped, 

and sealed with nail varnish. 

Data Acquisition and Processing  

Astrocyte Volume and Astrocyte-Synaptic Co-Localization. A Leica SP5 laser-

scanning confocal microscope with 63× oil-immersive objective, NA 1.45 (Leica, Wetzlar, 

Germany) was used for image acquisition. Acquisition parameters for AAV+ astrocyte-PSD-95 

imaging were set at 1024 × 1024 pixels frame size, 16-bit depths, 4× lines averaging, 1 µm z-

step size. Lck-GFP expression pattern is diffuse, aiding in the acquisition of single, isolated 

astrocytes. Individual, whole GFP+ astrocytes were randomly selected by the experimenter. 

GFP+, GFAP, and PSD-95 were then imaged within the CA1 dorsal hippocampus (dhipp) and 4-

6 individual astrocytes were captured from each (2-3 brains/treatment group).  
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Astrocyte-PSD-95 co-localization was performed as previously described in Testen et al. 

(2019) and Walker et al. (2022), with modifications. AutoQuant X3.1.2 software (Media 

Cypernetics, Rockville, MD, USA) was used to deconvolve raw images before digitally 

reconstructing z-stacks. AutoQuant’s algorithm for blind deconvolution with 10 iterations was 

run on each z-stack prior to reconstruction. Parameters for blind deconvolution are automatically 

optimized by the software based on confocal, objective, and imaging specifications. Output files 

were directly imported to Imaris x64 version 9.0 (Bitplane, Santa Barbara, CA, USA) for 3-

dimensional reconstruction. Using Imaris, each individual astrocyte was first isolated from a 

Lck-GFP background signal using a surface building feature. Surface rendering enables the 

extraction of morphometric values, including surface area and volume, and generates a new Lck-

GFP channel devoid of background noise, revealing only a signal from a single isolated 

astrocyte. Close attention was paid to verify that collected Lck-GFP signal accounted for a single 

astrocyte, in its entirety. Co-localization of the Lck-GFP and GFAP signals was used to confirm 

astrocyte identity for quantification. Only confirmed astrocytes that were captured in their 

entirety were used for quantification and analysis. The isolated Lck-GFP channel (surface mask) 

was used, in conjunction with the PSD-95 channel, to perform colocalization analysis to 

determine the proximity between the astrocytes and post-synaptic neuronal terminals. Before co-

localization analysis, the threshold for the PSD-95 signal was manually determined by measuring 

the fluorescence intensity of unambiguous PSD-95 positive puncta on multiple optical planes by 

a blinded experimenter. This was achieved by rotating the reconstructed astrocyte image in 3D 

space while adjusting voxels to ensure that PSD-95 expression could be observed without the 

interference of background noise. An average of these measurements was used as a final PSD-95 
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signal threshold value. Co-localization was reported as % of astrocyte volume (identified as Lck-

GFP+ surface reconstruction) co-localized with the PSD-95 channel. 

Neuroligin 1, Neurexin, and Hevin. Confocal z-stacks (5 µm thick, optical section 

depth 0.33 µm, and 1024 × 1024 image size) of the dhipp were imaged on a Leica SP5 laser-

scanning confocal microscope with 63× oil-immersive objective, NA 1.45 (Leica, Wetzlar, 

Germany). A total of 3 randomly selected image stacks from 3 randomly selected hemispheres 

were captured from 3 separate brain slices per animal (4-6 brains/treatment group).  

Images were analyzed based on Risher, Fleming, et al. (2015) with slight modification. 

Z-stacks were uploaded into ImageJ 1.53t (NIH, USA) and converted to RGB files to allow for 

analysis of expression of all proteins and the colocalization of two proteins (neuroligins 1 or 3 

with neurexin) and three proteins (neuroligin 1, hevin, and neurexin). Maximum projections of 3 

consecutive optical sections (corresponding to 1 µm total depth) were generated from the 

original z-stack. The Puncta Analyzer plugin (available upon request 

from c.eroglu@cellbio.duke.edu) for ImageJ was used to count the individual number of proteins 

of interest and co-localized proteins (Ippolito & Eroglu, 2010). 

Physiological Recordings 

Glutamate and Calcium Signaling and Recording. Prior to EtOH or H2O 

administration, animals received intracranial injection of one of the following astrocyte-specific 

AAVs: AAV5.gfaABC1D.GCamp6f or AAV5.GFAP.iGluSnFr.WPRE.SV40 at PND 26. At 

PND72-76, animals were deeply anesthetized with isoflurane and transcardially perfused with N-

methyl-D-glucamine – HEPES (NMDG-HEPES) recovery solution consisting of (in mM) 93 mg 

NMDG, 2.5 mg KCl, 1.2 NaH2PO4, 30 mg NaHCO3, 20 mg HEPES, 25 mg D-glucose, 5 mg 

sodium ascorbate, 2 mg thiourea, 3 mg MgSO4•7H2O, 0.5 mg CaCl2•2H2O that had been 

mailto:dev@null
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bubbled with a carbogen (95% O2 and 5% CO2). Whole brain tissue was embedded in agar and 

250 µm coronal sections were obtained using a Comprestome (Precisionary Instruments, Natick, 

MA, USA) and incubated in NMDG-HEPES recovery solution at 32 ℃ for 12 minutes while 

bubbling with carbogen. Slices were then transferred to an artificial cerebrospinal fluid (ACSF) 

consisting of (in mM) 125 mg NaCl, 1.6 mg KCl, 1.2 mg NaH2PO4, 2.4 mg CaCl2, 1.2 mg 

MgCl2, 18 mg NaHCO3, 11 mg glucose that was bubbling in carbogen and incubated in a water 

bath at 32 ℃ for 1 hour. Individual slices were transferred to the recording stage equipped with a 

Zeiss Axicam 702 mono camera and perfused with ACSF at a constant flow rate of 4 ml/min 

maintained at 32 ℃. Astrocytes of interest were identified by expression of GFP (GCamp6f) or 

mCherry (iGluSnFr). Physiological recordings were collected using methods as previously 

described in Haustein et al. (2014) with slight modification. The tip of a 0.254 mm carbon-fiber 

bipolar microelectrode (MS303-1-B-SPCL, Plastics One, Roanoke, VA, USA) was placed at the 

CA3 Schaffer Collateral being careful as to not come into direct contact with tissue. The 

electrode should be approximately 30-80 μm above the tissue (Haustein et al., 2014) to prevent 

stimulation artifacts.  Baseline fluorescence was recorded from the astrocyte of interest in the 

CA1 for 5 seconds prior to Schaffer Collateral stimulation with an A.M.P.I. Master 9 Stimulator 

(A.M.P.I., Jerusalem, Israel). Individual 1 ms pulses were delivered at 40 μA with 15 pulses per 

second at a rate of 15 Hz. Recording continued for an additional 15 seconds following 

stimulation.  

Analysis. Video recordings of changes in fluorescent activity were captured using Zeiss 

ZEN Pro (Blue edition) version 3.7.97.04000 (Zeiss, White Plains, NY, USA).  A region of 

interest was created to isolated GFP (GCaMP6f) or mCherry (iGluSnFr) positive astrocytes in 

the field of view of the CA1 dhipp. Individual fluorescent values were transferred to an Excel 
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spreadsheet. Values were isolated to 2 seconds prior to neuronal stimulation and continued for an 

additional 10 seconds to capture fluorescent response. A linear equation was extrapolated from 

the fluorescence recordings across the 2 seconds prior to Schaffer Collateral stimulation. This 

equation was then used to normalize the fluorescence recording to account for loss of 

fluorescence intensity due to exposure to the mercury lamp during recording. Then, ΔF/F was 

used to determine changes in fluorescent intensity following Schaffer Collateral stimulation. 

Statistical Analysis 

Data were compiled using Excel 365 (Microsoft, Redmond, WA, USA) and analyzed 

using GraphPad Prism version 9.4.1 (GraphPad Software, San Diego, CA, USA). A Student’s t-

test was performed for analysis of each dataset. Statistical significance was assessed using an 

alpha level of 0.05. Data are presented as violin plots with individual plot points and with median 

displayed.  
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Figure 11 

AIE Results in an Increase in CA1 Hippocampal Astrocyte Volume and PAP-Synaptic 

Colocalization in Adulthood. 

 
A) Single cell representative images of surface renderings of astrocytes following the 26-Day 

forced abstinence period in green in panels on the left. PSD-95 that is within 0.5 µm of PAPs are 

represented as individual magenta points in panels on the right. B) Quantification of astrocyte 

area shows no change in astrocyte area. C) Quantification of astrocyte volume revealed a 

significant increase in astrocyte volume in animals that received EtOH. D) Quantification of 

PAP-synaptic colocalization, reported as a percentage of astrocyte volume colocalized with PSD-

95. Analysis revealed a significant increase in PAP-synaptic colocalization in animals that 
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received EtOH during AIE. Analysis: Student’s t-test, n = 3-7 astrocytes/animal (2-3 

animals/treatment group).  

 

Results  

Astrocyte Morphology and PAP-Synaptic Proximity 

First, we wanted to see if AIE resulted in changes in astrocyte morphology in the form of 

changes in astrocyte volume. After acquiring images of GFP+ astrocytes from the CA1 dhipp, 

astrocytes were reconstructed (Figure 11A), and cell surface areas and volumes were quantified 

(Figure 11B and C). We observed no change in astrocyte area (t(24) = 1.589, p = 0.1251). 

However, we observed a significant increase in astrocyte volumes of AIE animals compared to 

H2O age-matched controls (t(24) = 2.102, p = 0.0462). Next, we wanted to see if AIE-induced 

changes in astrocyte morphology corresponded to a change in PAP-synaptic interactions (Figure 

1C). Analysis revealed a significant increase in PAP-synaptic colocalization in AIE animals 

compared to H2O age-matched controls (t(24) = 2.434, p = 0.0227).  
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Figure 12 

AIE Results in an Increase in the Expression of Proteins Necessary for Synaptic Stabilization But 

Has No Impact on Protein-Protein Interactions. 

 
 

A) Representative images of the colocalization of synaptic bridging proteins neurexin (NRXN), 

Hevin, and neurolin-1 (NLG1) as well as representative images of individual protein expression 

in H2O and EtOH treated animals. Yellow arrows indicate where all three briding proteins are 

coming into contact. B) There was a significant increase in presynaptic neurexin expression 

following AIE, C) Quantification revealed that there was a significant increase in the neuroligin 

1-neurexin bridging protein, Hevin. D) There was also a significant increase in neuroligin 1 

expression, found on the postsynaptic dendrite and ensheathing PAPs. There was no change in 

the colocalization of the bridging proteins neuroligin1-Hevin-neurexin (E; (t(88) = 1.203, p = 

0.2321) or neuroligin 1-neurexin (F; (t(88) 0.8052), p = 0.4229). Analysis: Student’s t-test, n = 4-

5 images per animal (5 animals/treatment group).  
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AIE Results in Increased Expression of Synaptic Proteins But Has No Effect On Their 

Interactions 

Next, we wanted to test whether AIE-induced loss of PAP-synaptic proximity was driven 

by changes in structural protein expression and interactions that are necessary for the 

stabilization of the tripartite synapse. IHC imaging and analysis revealed a significant increase in 

presynaptic neurexin expression in AIE animals compared to H2O age-matched controls (Figure 

12B; t(88) = 5.109, p < 0.0001). Furthermore, there was a significant increase in the neuroligin 

1-neurexin bridging protein, Hevin, in AIE animals compared to H2O age-matched controls 

(Figure 12C; t(88) = 4.633, p < 0.0001). We also observed a significant increase in neuroligin 1 

expression, compared to H2O age-matched controls (Figure 12D; t(88) = 7.334, p < 0.0001). 

Lastly, we observed no change in the colocalization of the synaptic proteins neuroligin1-Hevin-

neurexin (12; (t(88) = 1.203, p = 0.2321) or neuroligin 1-neurexin (F; (t(88) 0.8052), p = 

0.4229), that are essential for excitatory synapse stabilization. 
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Figure 13 

AIE Results in a Decrease in Astrocyte Responsivity to Neuronal Stimulation in Adulthood. 
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A) Experimental timeline showing that female rats received intracranial injections of an astrocyte 

specific Ca2+ sensor (GCamp6f) at PND 26 to record changes in Ca2+ activity following Schaffer 

Collateral stimulation. Animals received 5 g/kg EtOH (35% v/v in H2O) or H2O via intragastric 

gavage (i.g.) intermittently over 16 days. Animals underwent a period of forced abstinence from 

PND 46 to PND 72. Tissue was collected and physiological recordings were collected on PND 

72 – 76. B) Diagram showing electrode placement in the CA3 along the Schaffer Collateral and 

recording from astrocytes in the CA1 dhipp. C) Representative traces from astrocytes in animals 

that received H2O or EtOH. D) Representative images of fluorescent activity pre stimulation of 

the Schaffer Collateral and following Schaffer Collateral Stimulation. E) There was a significant 

decrease in fluorescent activity corresponding to astrocyte Ca2+ activity in AIE animals 

compared to H2O age matched controls. Figure was in part created with Biorender. Analysis: 

Student’s t-test, n = 6-10 astrocytes per animal (5 animals/treatment group).  

 

AIE Results in Decreased Astrocyte Ca2+ Responsivity to Neuronal Stimulation 

We wanted to test whether AIE-induced increases in PAP-synaptic proximity resulted in 

an increase in astrocyte response to neuronal stimulation. To do this, we used an astrocyte 

specific Ca2+ sensor (GCamp6f). Following the abstinence period, we recorded changes in 

fluorescent activity in GCamp6f+ astrocytes in the CA1 dhipp. We found a significant decrease in 

astrocyte Ca2+ activity following Schaffer Collateral stimulation in AIE animals compared to 

H2O age-matched controls. (Figure 13E; t(95) = 4.323,  p < 0.0001).  

AIE Results in Increased Synaptic Glutamate Concentrations 

We saw a decrease in astrocyte Ca2+ response to neuronal stimulation, and wanted to 

determine whether this was due to a decrease in glutamate interactions with proximal astrocytes. 

To do this, we used an astrocyte-specific glutamate sensor (iGluSnFr) targeted to astrocytes. We 

recorded changes in fluorescence in response to glutamate in the CA1 dhipp following Schaffer 

Collateral stimulation. We found a significant increase in glutamate reaching the astrocyte 

membrane in AIE animals compared to H2O age-matched controls (Figure 14E; t(88) = 11.34, p 

< 0.0001). 
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Figure 14 

AIE Results in an Increase in Synaptic Glutamate Concentrations in Adulthood. an Astrocyte 

Specific Glutamate Sensor (IGluSnFr) Was Used to Observe Glutamate at CA1 dHipp Astrocyte 

Membranes Following Schaffer Collateral Stimulation. 
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A) Experimental timeline showing that female rats received intracranial injections of an astrocyte 

specific glutamate sensor (iGluSnFr) at PND 26 to record changes glutamate at the astrocyte 

membrane following Schaffer Collateral stimulation. Animals received 5 g/kg EtOH (35% v/v in 

H2O) or H2O via intragastric gavage (i.g.) intermittently over 16 days. Animals underwent a 

period of forced abstinence from PND 46 to PND 72. Tissue was collected and physiological 

recordings were collected on PND 72 – 76. B) Diagram showing electrode placement in the CA3 

along the Schaffer Collateral and recording from astrocytes in the CA1 dhipp. C) Representative 

traces from astrocytes in animals that received H2O or EtOH. D) Representative images of 

fluorescent activity pre stimulation of the Schaffer Collateral and following Schaffer Collateral 

Stimulation. E) There was a significant increase in fluorescent intensity corresponding to 

glutamate reaching the PAPs of AIE animals compared to H2O age matched controls. Figure was 

in part created with Biorender. Analysis: Student’s t-test, n = 6-10 astrocytes per animal (5 

animals/treatment group). 

 

Discussion 

This study aimed to investigate the impact of adolescent binge EtOH exposure, or AIE, 

on astrocyte morphology, PAP-synaptic proximity, and astrocyte responsivity to neuronal 

signaling in the CA1 dhipp of adult female rats. Furthermore, we sought to determine whether 

changes in expression and interaction of the structural proteins neuroligin 1 and neurexin and 

their bridging protein Hevin may facilitate increases in the PAP-synaptic interactions observed in 

this study. Overall, we found that AIE resulted in an increase in astrocyte volume and PAP-

synaptic proximity in adulthood. Although we found an increase in the expression of neuroligin, 

neurexin, and hevin in AIE animals compared to age-matched controls, there were no changes in 

the interactions of these proteins. Physiological recordings revealed an increase in the 

neurotransmitter glutamate reaching the PAPs. We anticipated that increased PAP-synaptic 

proximity and glutamate-astrocyte interactions would increase astrocyte Ca2+ activity. However, 

our analysis revealed a significant decrease in astrocyte Ca2+ responsivity to neuronal 

stimulation in AIE animals compared to age-matched controls. Our data reveal unique astrocyte 

morphology and function changes that may contribute to AIE-induced changes in neuronal 

function and behaviors.  
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The tripartite synapse’s structural integrity relies on synaptic proteins with contact-

mediated functions. Our current study focused on neurexin, found on the presynaptic terminal of 

excitatory and inhibitory synapses and one of its counterparts, neuroligin 1. Neuroligin 1 is found 

exclusively at excitatory synapses, where it is expressed on the membrane of the postsynaptic 

dendritic spine and the membrane of ensheathing astrocyte. Together these interactions play an 

essential role in synaptic stabilization and contact-mediated signaling to promote synaptic 

maturation during development (Octeau et al., 2018; Stogsdill et al., 2017). While we were 

unable to investigate specific subtypes of neuroligin 1 in this study, we do know that there are 

subtypes of neuroligin 1 that require a bridging protein, hevin, for appropriate indirect contact 

with the presynaptic neuroligin (Singh et al., 2016).  Neuroligin 1 participates in the recruitment 

of receptors, channels, and signal-transduction of molecules to the excitatory synapse (Song et 

al., 1999). Disruption of the neuroligin–neurexin relationship has been associated with autism 

disorder and other neurological diseases, leading some groups to speculate whether these 

interactions are perturbed in the pathology of addiction (Sudhof, 2008). While our current study 

does not examine the effect of disruption of these bridging proteins on reward-seeking behaviors, 

we have found that AIE results in an increase in the expression of neuroligin 1, neurexin, and 

hevin with no effect on their interactions at the tripartite synapse. However, based on our data, 

we can speculate that AIE-induced increases in neurexin, neuroligin 1, and hevin are occurring to 

recruit other proteins to the synapse necessary for normal neuronal function. It has been 

previously shown that neurexin-neuroligin 1 interactions trigger the recruitment of NMDA and 

AMPA receptors to the synapse. Neurexin interactions with LRRTM2 (Leucine Rich Repeat 

Transmembrane Neuronal 2) have also been shown to recruit PSD-95 to the apex of the dendritic 

spine, which is one of the hallmarks of a mature dendritic spine phenotype. Further investigation 
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to determine how AIE affects dendritic spine phenotypes in the female hippocampus would be 

pertinent to understand better how protein expression changes may be driving synapse 

maturation.  

Astrocytes respond to glutamatergic signaling, releasing Ca2+ stores and driving signal 

propagation that can impact individual PAPs and overall astrocyte function (Yu et al., 2021). 

Astrocyte Ca2+ signaling occurs through various events necessary to balance and regulate 

synaptic ion homeostasis and neuronal excitability. The intricate crosstalk between astrocytes 

and neurons through this complex mechanism is crucial for neuronal function, meaning that 

dysregulation of this process could have significant consequences for synaptic and neuronal 

function and subsequent behaviors (Durkee et al., 2019). Our current study shows an increase in 

PAP-synaptic coupling and glutamate reaching the PAP in animals that underwent AIE 

compared to age-matched controls. However, these data demonstrate a significant decrease in 

astrocyte Ca2+ responsivity to neuronal signaling. Together these data suggest that AIE may be 

affecting other intracellular astrocyte mechanisms critical for appropriate astrocyte response to 

neuronal signaling. One of the primary sources of intrinsic Ca2+ signaling in astrocytes is the IP3 

signaling cascade. After glutamate is released from the presynaptic terminal, it enters the 

tripartite synapse, where it binds to receptors on the postsynaptic terminals and the membrane of 

the ensheathing astrocyte. Glutamate binds to the metabotropic glutamate receptors (mGluRs; 

mGluR2, mGluR3, and mGluR5) on the astrocytes. This triggers the release of internal IP3 from 

these G-coupled proteins (GPCs) on the astrocyte. IP3 binds to IP3 receptors, ligand-gated Ca2+ 

channels on the endoplasmic reticulum. As a result, Ca2+ is released into the cytosol of the 

astrocyte, activating a variety of processes, including the release of neuromodulators. However, 

we have been limited in this study and need to investigate whether AIE affects glutamate 
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receptors, transports (i.e., GLAST and GLT1), IP3, or IP3 receptors contributing to astrocyte 

Ca2+ activity.  

Conclusions 

These data provide a novel insight into an understudied area of adolescent alcohol use. 

Most interesting is that these changes in astrocyte morphology, PAP-synaptic interactions, and 

astrocyte function are shown in adulthood following forced abstinence. Further research is 

necessary to understand better how AIE affects mechanisms that lead to the increase in astrocyte-

synaptic proximity and the disruption of astrocyte Ca2+ activity in the female rat hippocampus. 

However, the present study is an essential step in understanding how AIE affects astrocytes in a 

female rodent model and may lead to novel-non neuronal targets for future pharmacological 

treatments for patients with EtOH-induced neuronal dysfunction.   
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In Chapter 4, we demonstrated that adolescent intermittent binge ethanol (EtOH) 

exposure (AIE) exposure results in a loss of PAP-synaptic proximity (i.e., loss of synaptic 

ensheathment by astrocytes) and a loss of neurexin-neuroligin interactions in the male rat PFC in 

a subregion dependent manner that persists into adulthood (Walker et al., 2022). In Chapter 5, we 

demonstrated that AIE increases PAP-synaptic proximity and deficits in Ca2+ activity in adult 

female rats. These findings are significant because 1) they show that AIE has long-term 

consequences on PAP-synaptic proximity and synaptic bridging proteins that may contribute to 

long-term neuronal dysfunction, 2) AIE affects astrocyte morphology and PAP-synaptic 

interactions differently across brain regions, and 3) AIE has long-term effects on astrocyte 

function. Together, these studies, in conjunction with the growing appreciation for the roles that 

astrocytes play in synaptic maturation, regulation, and cognition, reveal a potential role for 

astrocytes in EtOH-induced neuronal disruption. However, the male hippocampus has yet to be 

investigated in this manner. Previous work from our lab has demonstrated that AIE results in a 

shift towards a more immature dendritic spine phenotype in the CA1 dorsal hippocampus (dhipp; 

(Risher, Fleming, et al., 2015)) that could be indicative of a loss of astrocyte ensheathment of 

synapses (Witcher et al., 2007). Risher and colleagues (2015) also showed a corresponding 

reduction in the threshold to induce long-term potentiation following AIE, suggesting long-term 

changes in dhipp neuronal excitability that persisted beyond a period of forced abstinence into 

adulthood. Therefore, the current study sought to determine the effects of AIE on astrocyte 

morphology, PAP-synaptic proximity, the integrity of synaptic structural proteins, and neuronal-

astrocyte communication in the male CA1 dhipp. We hypothesize that AIE disrupts astrocyte 

morphology, PAP-synaptic proximity, and astrocyte responsivity to neuronal communication in 

adulthood. We further hypothesize that AIE-induced disruption of freezing behavior in the 
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hippocampal-dependent contextual fear conditioning paradigm would be attenuated by using 

designer by exclusively activated by designer drugs (DREADDs) to activate astrocyte-specific 

Ca2+ activity, which has downstream effects on neuronal activity.   

Materials and Methods 

All procedures used in this study were conducted in accordance with the guidelines of the 

Institutional Animal Care and Use Committee and were approved by the Hershel ‘Woody’ 

Williams Veterans Affairs Medical Center and Marshall University, Huntington, WV.  

Animals and Surgical Procedures 

A total of 118 male Sprague Dawley rats (Hilltop, Scottdale, PA, USA) were received, 

double-housed, and maintained in a temperature- and humidity-controlled environment with ad 

libitum access to food and water on postnatal day (PND) 24. Animals were kept on a 12-hour:12-

hour reverse light:dark cycle (lights on at 6:00 pm and off at 6:00 am). Surgical procedures were 

performed as previously described in Testen et al. (2019) and Walker et al. (2022) with minor 

modifications. Animals were allowed to habituate for two days prior to handling and/or surgical 

procedures. On PND 26-27 rats (n=6/treatment group) received 0.3 mg/kg intraperitoneal 

injection (i.p.) of 25% w/v mannitol (Carty et al., 2013; Testen et al., 2019; Walker et al., 2022) 

and anesthetized with a cocktail of ketamine (30 mg/kg), xylazine (2.5 mg/kg), and 

acepromazine (0.5 mg/kg). The depth of anesthesia was closely monitored throughout the 

procedure. After shaving the area where the incision would be made, animals were secured into a 

stereotaxic frame via nose clip and blunt ear bars. The surgical site was cleaned three times with 

70% ethanol and 10% iodine. A burr hole was drilled into the skull allowing for unilateral 

injection of virus into the dorsal hippocampus at the following coordinates, −3.2 mm 

anterior/posterior, +/− 2.6 mm medial/lateral, +3.0 mm dorsal/ventral. Animals received either 1 
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µL AAV1/5 gfaABC1D Lck-GFP diluted in 1:1 H2O (3.26 x 1012 gc/mL; Addgene plasmid # 

105598; http://n2t.net/addgene:105598; Shigetomi et al. (2013)), 1 uL 

AAV5.GfaABC1D.GCamp6f (7.3 x 1012 gc/mL; Addgene plasmid # 52925; 

http://n2t.net/addgene:52925; Haustein et al. (2014)), AAV5.GFAP.iGluSnFr.WPRE.SV40 (1 x 

1013 gc/mL; Addgene plasmid # 98930; http://n2t.net/addgene:98930; Marvin et al. (2013)), or 1 

µL AAV5.GFAP.hM3D(Gq).mCherry (7 x 1012 gc/mL; Addgene plasmid # 50478; 

http://n2t.net/addgene:50478) which were administered by microinjection using a syringe pump 

and 26-gauge needle with a dwell time of 10 minutes. The burr whole was closed with bone 

cement, bupivacaine was administered to the site, and the surgical incision was closed with 

dissolvable external sutures. Antibiotic ointment was applied to the incision, saline was 

administered via subcutaneous injection to prevent dehydration, and the animal was allowed to 

recover on a heating pad. Once the animal was fully awake and mobile, it was returned to the 

home cage with the original cagemate.  

Intermittent Binge EtOH Exposure 

Animals were habituated to handling prior to EtOH/water (H2O) administration. 

Beginning on PND 30, animals received 10 doses of 5 g/kg EtOH (35% v/v in H2O) or H2O via 

intragastric gavage (i.g.) using a two day on, one day off, two day on, two day off intermittent 

schedule over 16 days (Figure 15), as previously described in (Walker et al., 2022). The 

individual administering the EtOH was responsible for observing animals after EtOH 

administration to ensure full recovery from intoxication and for ensuring that everyone involved 

in the subsequent experiments remained blinded to treatments until the completion of the study. 

Animals were euthanized and brain tissue was collected on PND 46 (24 h following the last dose 

of EtOH) or following a 26-day forced abstinence period on PND 72-76. The EtOH dosage was 

http://n2t.net/addgene:105598
http://n2t.net/addgene:52925
http://n2t.net/addgene:98930
http://n2t.net/addgene:50478
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selected to produce blood EtOH concentrations (BECs) consistent with those of adolescent 

humans during binge drinking episodes (Donovan, 2009) and consistent with our previous 

studies (Risher, Sexton, et al., 2015; Walker et al., 2022). All animals undergoing behavioral 

testing underwent the 26-day forced abstinence period.  

Figure 15 

Experimental Timeline. 

 

Male rats received an intracranial injection of an astrocyte-specific adeno-associated virus with a 

GFP on PND 26. Animals then underwent AIE and received 5 g/kg EtOH (35% v/v in H2O) or 

H2O via intragastric gavage (i.g.) intermittently over 16 days. A cohort of animals were 

sacrificed at PND 46, during peak withdrawal, while another cohort underwent a period of forced 

abstinence from PND 46 to PND 72. Tissue was harvested for immunohistochemistry on PND 

46 or PND 72. Physiological recordings and behavior assays began on PND 72. Created with 

Biorender. 

 

Immunohistochemistry (IHC) 

Brain Section Preparation. At PND 46 or 72 animals were deeply anesthetized with 

isoflurane (6 animals/treatment group/experiment; total n = 24). Animals were transcardially 

perfused with phosphate buffered saline (PBS; pH 7.4; cat# P5368, Sigma-Aldrich, St. Louis, 

MO, USA) for 5 minutes, followed by 4% paraformaldehyde (PFA; cat# 19210, Electron 

Microscopy Solutions, Hatfield, PA, USA) for 12 minutes (20 mL/min). Brains were extracted 

and post-fixed in 4% PFA at 4 ℃ overnight followed by 30% glycerol (cat# G5516-1L, Sigma-
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Aldrich, St. Louis, MO, USA) in PBS at 4C for 1-2 days. Brains were then placed in a 2:1 

solution of 30% sucrose to OTC freezing compound (Electron Microscopy Sciences, Hatfield, 

PA, USA) and stored at -80 ℃. Using a cryostat (CM 1950, Leica Biosystems, Richmond, IL, 

USA), tissue was sliced into either 80 µm or 40 µm sections depending on the experiment. 

PSD-95 and GFAP Immunohistochemistry. 80 µm sections underwent antigen retrieval 

as previously described in (Jiao et al., 1999; Testen et al., 2019; Walker et al., 2022). Free-

floating slices were briefly rinsed three times (5 minutes each) in 0.1 M phosphate buffer (PB; 

3.1 g/L NaH2PO4, 10.9 g/l Na2HPO4, pH 7.4), then transferred to a 10 mM sodium citrate buffer 

preheated to 80 ℃ for 30 minutes, shaking every 10 minutes. Slices were then allowed to cool to 

room temperature followed by three additional washes (5 minutes each) in 0.1 M PB (pH 7.4). 

Slices were blocked with 5% normal goat serum (NGS, cat# 005-000-121, Jackson Immunolabs, 

West Grove, PA, USA) in phosphate-buffer in saline (PBS; pH 7.4; cat# P5368, Sigma-Aldrich, 

St. Louis, MO, USA) with triton (PBST; 0.2% triton 100-X; cat# 13134900, Roche,) for one 

hour at room temperature. Slices were then incubated for four days in mouse anti-PSD-95 

(1:450; cat# MA1-045, ThermoFisher Scientific, Waltham, MA, USA) and rabbit anti-GFAP 

(1:500 cat# Z0334, Agilent Technologies, Santa Clara, CA, USA) in PBST (0.2% triton 100-X) 

and 5% NGS at 4 ℃ on shaker. Slices were then washed three times (5 minutes each) in PBST 

(0.2% triton 100-X) and incubated for 6 hours at room temperature in Alexa Fluor goat anti-

mouse 594 (1:200; cat# A-11032, Molecular Probes, Eugene, OR, USA) and Alexa Fluor goat 

anti-rabbit 647 (1:200 ThermoFisher Scientific cat# A-21245) in PBST (0.2% triton 100-X) and 

5% NGS. Slices were then washed three times (5 minutes each in PBST (0.2% triton 100-X) and 

once in PBS. The slices were then mounted with Vectashield with DAPI (cat# H-1200, Vector 

Laboratories West Grove, PA, USA), coverslipped, and sealed with nail varnish.  
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Neuroligin 1, 3, and Neurexin. 40 µm slices were rinsed three times (10 minutes each) 

with PBST (0.2% triton 100-X) then blocked at room temperature for 1 hour in 5% NGS and 

PBST (0.2% triton 100-X). Slices were then incubated overnight in mouse anti-neuroligin 1 

(1:500, cat# 129111, Synaptic Systems) or mouse anti-neuroligin 3 (1:500, cat# 129311, Synaptic 

Systems) with rabbit anti-neurexin 1/2/3 (1: 500, cat# 175003, Synaptic Systems), 5% NGS and 

PBST (0.2% triton 100-X) at 4OC. Slices were then washed three times (5 minutes each) in PBST 

(0.2% triton 100-X) then incubated for 2 hours at room temperature in goat anti-mouse 488 

(1:200 Alexa Fluor cat# A11029, Lifetech) and goat anti rabbit 647 (1:200, cat# A21245, 

Lifetech) in 5% NGS and PBST (0.2% triton 100-X). Slices were washed three more times in 

PBST (0.2% triton 100-X) then mounted with Vectashield with DAPI (cat# H-1200, Vector 

Laboratories West Grove, PA, USA,), coverslipped, and sealed with nail varnish. 

Eph A3 and Ephrin A4. 40 µm slices were rinsed three times (10 minutes each) with 

PBST (0.2% triton 100-X) then blocked at room temperature for 1 hour in 5% NGS and PBST 

(0.2% triton 100-X). Slices were then incubated overnight in mouse anti-ephrin A3 (1:500, cat# 

OTI4A4, Novus Biologicals) and rabbit anti-eph A4 (1: 500, cat# BS-1764R, ThermoFisher) 5% 

NGS and PBST (0.2% triton 100-X) at 4OC. Slices were then washed three times (5 minutes 

each) in PBST (0.2% triton 100-X) then incubated for 2 hours at room temperature in goat anti-

mouse 488 (1:200 Alexa Fluor cat# A11029, Lifetech) and goat anti rabbit 647 (1:200, cat# 

A21245, Lifetech) in 5% NGS and PBST (0.2% triton 100-X). Slices were washed three more 

times in PBST (0.2% triton 100-X) then mounted with Vectashield with DAPI (cat# H-1200, 

Vector Laboratories West Grove, PA, USA), coverslipped, and sealed with nail varnish. 

Data Acquisition and Processing  
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Astrocyte Volume and Astrocyte-Synaptic Co-Localization. A Leica SP5 laser-

scanning confocal microscope with 63× oil-immersive objective, NA 1.45 (Leica, Wetzlar, 

Germany) was used for image acquisition. Acquisition parameters for AAV+ astrocyte-PSD-95 

imaging were set at 1024 × 1024 pixels frame size, 16-bit depths, 4× lines averaging, 1 µm z-

step size. Lck-GFP expression pattern is diffuse, aiding in the acquisition of single, isolated 

astrocytes. Individual, whole GFP+ astrocytes were randomly selected by the experimenter. 

GFP+, GFAP, and PSD-95 were then imaged within the CA1 dorsal hippocampus (dhipp) and 8–

11 individual astrocytes were captured per animal. A total of 5 brains were used per treatment 

group.  

Co-localization was performed as previously described in Testen et al. (2019) and Walker 

et al. (2022), with modifications. AutoQuant X3.1.2 software (Media Cypernetics, Rockville, 

MD, USA) was used to deconvolve raw images before digitally reconstructing z-stacks. 

AutoQuant’s algorithm for blind deconvolution with 10 iterations was run on each z-stack prior 

to reconstruction. Parameters for blind deconvolution are automatically optimized by the 

software based on confocal, objective, and imaging specifications. Output files were directly 

imported to Imaris x64 version 9.0 (Bitplane, Santa Barbara, CA, USA) for 3-dimensional 

reconstruction. Using Imaris, each individual astrocyte was first isolated from a Lck-GFP 

background signal using a surface building feature. Surface rendering enables the extraction of 

morphometric values, including surface area and volume, and generates a new Lck-GFP channel 

devoid of background noise, revealing only a signal from a single isolated astrocyte. Close 

attention was paid to verify that collected Lck-GFP signal accounted for a single astrocyte, in its 

entirety. Co-localization of the Lck-GFP and GFAP signals was used to confirm astrocyte 

identity for quantification. Only confirmed astrocytes that were captured in their entirety were 
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used for quantification and analysis. The isolated Lck-GFP channel (surface mask) was used, in 

conjunction with the PSD-95 channel, for perform colocalization analysis to determine the 

proximity between the astrocytes and post-synaptic neuronal terminals. Before co-localization 

analysis, the threshold for the PSD-95 signal was manually set by measuring the fluorescence 

intensity of unambiguous PSD-95 positive puncta on multiple optical planes by a blinded 

experimenter. This was achieved by rotating the reconstructed astrocyte image in 3D space while 

adjusting voxels to ensure that PSD-95 expression could be observed without the interference of 

background noise. An average of these measurements was used as a final PSD-95 signal 

threshold value. Co-localization is reported as a % of astrocyte volume (identified as Lck-GFP+ 

surface reconstruction) co-localized with the PSD-95 channel.  

Neuroligin 1, 3, Neurexin, Ephrin A3, and EphA4. Confocal z-stacks (5 µm thick, 

optical section depth 0.33 µm, and 1024 × 1024 image size) of the dhipp were imaged on a Leica 

SP5 laser-scanning confocal microscope with 63× oil-immersive objective, NA 1.45 (Leica, 

Wetzlar, Germany). A total of 3 randomly selected image stacks from a randomly selected 

hemisphere were captured from 3 separate brain slices per animal (4-6 brains/treatment group).  

Images were analyzed based on Risher, Fleming, et al. (2015) with slight modification. Z-

stacks were uploaded into ImageJ 1.53t (NIH, USA). Maximum projections of 3 consecutive 

optical sections (corresponding to 1 µm total depth) were generated from the original z-stack. 

The Puncta Analyzer plugin (available upon request from c.eroglu@cellbio.duke.edu) for ImageJ 

was used to count the individual number of proteins of interest and co-localized proteins 

(Ippolito & Eroglu, 2010). 

Physiological Recordings 

mailto:dev@null
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Glutamate and Calcium Signaling and Recording. Prior to EtOH or H2O 

administration, animals received intracranial injection of one of the following astrocyte-specific 

AAVs: AAV5.gfaABC1D.GCamp6f or AAV.GFAP.iGluSnFr.WPRE.SV40 at PNDXX. At 

PND72-76, animals were deeply anesthetized with isoflurane and transcardially perfused with N-

methyl-D-glucamine – HEPES (NMDG-HEPES) recovery solution consisting of (in mM) 93 mg 

NMDG, 2.5 mg KCl, 1.2 NaH2PO4, 30 mg NaHCO3, 20 mg HEPES, 25 mg D-glucose, 5 mg 

sodium ascorbate, 2 mg thiourea, 3 mg MgSO4·7H2O, 0.5 mg CaCl2·2H2O that had been bubbled 

with a carbogen (95% O2 and 5% CO2). Whole brain tissue was embedded in agar and 250 µm 

coronal sections were obtained using a Comprestome (Precisionary Instruments, Natick, MA, 

USA) and incubated in NMDG-HEPES recovery solution at 32 ℃ for 12 minutes while bubbling 

with carbogen. Slices were then transferred to an artificial cerebral spinal fluid (ACSF) 

consisting of (in mM) 125 mg NaCl, 1.6 mg KCl, 1.2 mg NaH2PO4, 2.4 mg CaCl2, 1.2 mg 

MgCl2, 18 mg NaHCO3, 11 mg glucose that was bubbling in carbogen and incubated in a water 

bath at 32 ℃ for 1 hour. Individual slices were transferred to the recording stage equipped with a 

Zeiss Axicam 702 mono camera and perfused with ACSF at a constant flow rate of 4 ml/min 

maintained at 32 ℃. Astrocytes of interest were identified by expression of GFP (GCamp6f) or 

mCherry (iGluSnFr). Physiological recordings were collected using methods as previously 

described in Haustein et al. (2014) with slight modification. The tip of a 0.254 mm carbon-fiber 

bipolar microelectrode (MS303-1-B-SPCL, Plastics One, Roanoke, VA, USA) was placed at the 

CA3 Schaffer Collateral being careful as to not come into direct contact with tissue. The 

electrode was placed approximately 30-80 μm above the tissue (Haustein et al., 2014) to prevent 

stimulation artifacts. Baseline fluorescence was recorded from the astrocyte of interest in the 

CA1 for 5 s prior to Schaffer Collateral stimulation with an A.M.P.I. Master 9 Stimulator 
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(A.M.P.I., Jerusalem, Israel). Individual 1 ms pulses were delivered at 40 μA with 15 pulses per 

second at a rate of 15 Hz. Recording continued for an additional 15 s following stimulation.  

Analysis. Video recordings of changes in fluorescent activity were captured using Zeiss 

ZEN Pro (Blue edition) version 3.7.97.04000 (Zeiss, White Plains, NY, USA). A region of 

interest was created to isolated GFP (GCaMP6f) or mCherry (iGluSnFr) positive astrocytes in 

the field of view of the CA1 dhipp. Individual fluorescence intensities were transferred to an 

Excel spreadsheet. Values were isolated to 2 seconds prior to neuronal stimulation and continued 

through 10 seconds following fluorescent response. A linear equation was extrapolated from the 

fluorescence recordings across the 2 s prior to Schaffer Collateral stimulation. This equation was 

then used to normalize the fluorescence recordings to account for loss of fluorescence intensity 

due to exposure to the mercury lamp during recording. Then, ΔF/F was used to determine 

changes in fluorescent intensity following Schaffer Collateral stimulation. 

Contextual Fear Conditioning 

Following the 26-day forced abstinence period, animals underwent a 3-day contextual 

fear conditioning paradigm. Five animal groups underwent the behavioral testing with or without 

clozapine-N-oxide (CNO) administration (2 mg/kg in 0.5% DMSO/saline, i.p.): H2O+ Lck GFAP 

AAV + CNO, H2O + Lck GFAP + saline, H2O+ hM3D(Gq)+saline, EtOH+ hM3D(Gq)+saline, 

and EtOH + hM3D(Gq)+CNO. Animals were habituated to the testing room for 30 minutes, in 

their home cages, 24 hours prior to the first testing day. CNO or saline was administered 30 

minutes prior to testing on Day 1. Animals were habituated in the room for 30 minutes prior to 

testing followed by 2-minute habituation into fear conditioning chamber (18x18x30 cm), with a 

grid floor wired to a shock generator surrounded by an acoustic chamber, and a high-quality 

factory installed camera on the door (Med Associates). After the 2-minute habituation the animal 
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received a 2s foot shock (0.5 mA) followed by a delay period of 120 sec. This was repeated two 

times for a total of three foot shocks. Freezing behavior was recorded during the 120 sec delay 

times and 120 sec following the final foot shock. On test day 2, fear retention day, the animal 

was allowed to habituate to the room for 30 minutes. The animal was then placed in the fear 

conditioning chamber for 12 minutes recording freezing behavior in 120 sec bins. On day 3, 

extinction day, the animals were again allowed to habituate to the room for 30 minutes. Then the 

animal was placed in the chamber for 12 minutes and freezing behavior was recorded in 120 sec 

bins.  

Analysis. All Video Freeze software (Med Associates) was used to analyze freezing 

behavior. Freezing below a motion index threshold of 18 for 30 seconds was considered to be a 

fear response to the contextual fear conditioning paradigm (Kol et al., 2020). The number of 

freezing responses for each animal was recorded and exported to an Excel spreadsheet. H2O+ 

Lck GFAP AAV + CNO, H2O + Lck GFAP + saline, and H2O+ hM3D(Gq)+saline controls were 

analyzed to confirm that the behavioral outcomes were not driven by surgical procedures, CNO 

administration, or hM3D(Gq) DREADDs injection independently of CNO activation. After 

confirming that there were no off-target effects, H2O+ hM3D(Gq)+saline, EtOH+ 

hM3D(Gq)+saline, and EtOH + hM3D(Gq)+CNO groups were compared to determine the 

effects of AIE on freezing behavior during acquisition, retention, and extinction, and to 

determine if astrocyte activation via hM3D(Gq)+ could attenuate the effects of AIE on behavior.  

Statistical Analysis 

Data were compiled using Excel 365 (Microsoft, Redmond, WA, USA) and analyzed 

using GraphPad Prism Version 9.4.1 (GraphPad Software, San Diego, CA, USA). Mixed-effects 

ANOVA was performed (timepoint x treatment) with a Tukey’s post hoc or Student’s t-test was 
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performed, where indicated. Statistical significance was assessed using an alpha level of 0.05. 

Data are presented as violin plots with individual data points and medians.  

Figure 16 

Single Cell Imaging and Analysis of Astrocyte Volumes 24 hrs After Final Dose of EtOH During 

Peak Withdrawal (PND 46) and Following a 26-Day Forced Abstinence Period (PND 72). 

 
A) Representative images of astrocyte surface rendering from the CA1 dhipp during peak 

withdrawal (PND46) and following a 26-day forced abstinence period (PND72). Scale bars, 20 

µm. B) Quantification of astrocyte volumes 24 hrs after the final dose during peak withdrawal 

and following the 26-day forced abstinence period. There was no significant treatment effect 

(H2O vs AIE). There was a significant decrease in astrocyte volume at PND72 when comparing 

H2O vs AIE groups. Analysis: Mixed-effects ANOVA was performed (timepoint x treatment) 

with a Tukey’s post hoc comparison, n = 8-11 astrocytes/animal (5 animals/treatment group). 

 

Results 

AIE Induced Changes in Astrocyte Morphology and PAPs-Synaptic Proximity 

Following 3D reconstruction of individual GFP+ astrocytes, we measured changes in 

whole-cell astrocyte volume 24 h after the 10th dose (PND 46) and following a 26-day forced 

abstinence period (PND 72). We observed an overall treatment effect on astrocyte volume (F (3, 
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68) = 3.084); p = 0.0333). Interestingly, post hoc analysis revealed that there was no treatment 

(AIE) effect on astrocyte volume 24 h after the final dose, during peak withdrawal (p = 0.9984; 

Figure 16A,B). However, there was a significant decrease in astrocyte volume following AIE 

after the 26-day forced abstinence period (p = 0.0310); Figure 16A,B).  

When determining the effects of AIE on PAP-synaptic colocalization, we quantified the 

localization of individual GFP+ astrocytes with the postsynaptic density marker, PSD-95 (Figure 

2A,B). There was a significant overall treatment effect (F (2.252, 53.29) = 31.58), p < 0.0001). 

Post hoc analysis revealed a significant increase in PAP-synaptic colocalization from PND 46 to 

PND 72 when compared to EtOH naïve animals (p < 0.0001), suggesting ongoing colocalization 

throughout this developmental period. AIE resulted in a significant loss of PAP-synaptic 

colocalization during peak withdrawal (PND 46), this loss of colocalization became more robust 

following a 26-day forced abstinence period (PND 72; (p = 0.0243; Figure 17A,B) and (p = 

0.0370; Figure 1B), respectively).  

Figure 17 

Single Astrocyte Co-Localization With PSD-95 and Analysis 24 hrs After the Last Dose (PND 

46) And Following a 26-Day Forced Abstinence Period (PND 72). 

 
A) Representative images of PSD-95 colocalized within 0.5 µm of a Lck-GFP+ astrocyte in the 

CA1 dhipp during peak withdrawal (PND 46) and following a 26-day forced abstinence period 
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(PND 72). Scale bars, 20 µm. B) Quantification of PSD-95/astrocyte volumes at PND46 and 

PND72 following AIE. There was an overall treatment effect (p < 0.0001). When comparing 

treatment (H2O vs AIE) there was a significant decrease in PSD-95/astrocyte volume during 

peak withdrawal (PND 46) and following the 26-day forced abstinence period (PND 72). Post 

hoc comparisons also revealed a significant increase in PSD-95/astrocyte when comparing naïve 

animals at PND 46 and PND 72 as well as AIE animals at PND 46 and 72. Analysis: Mixed-

effects ANOVA was performed (timepoint x treatment) with a Tukey’s post hoc comparison, n = 

8-11 astrocytes/animal (5 animals/treatment group).  

 

Loss of PAP-Synaptic Proximity Corresponds to Loss of Synaptic Stabilization Proteins 

To determine if the loss of PAP-synaptic proximity in adulthood was driven by a loss of 

synaptic proteins critical for the stabilization tripartite synapse we stained for critical synaptic 

bridging proteins and their bridging partners. Furthermore, we analyzed whether there were 

changes in the colocalization of these bridging partners that may indicate disruption of protein-

protein interactions. Using IHC, we probed for neuroligins 1 and 3 and the presynaptic partner, 

neurexin (Figure 18) as well as Ephrin A3 and the postsynaptic partner Eph A4 (Figure 19). 

There was no AIE-induced change in neurexin protein expression following the 26-day 

forced abstinence (t(93) = 1.733; p = 0.0864; Figure 18B). However, there was a significant 

decrease in neuroligin 1 expression in AIE treated animals following a 26-day forced abstinence 

period (t(93) = 2.080; p = 0.0403; Figure 18C). Furthermore, we found that AIE resulted in a loss 

of neuroligin 1-neurexin colocalization (t(93) = 16.40; p < 0.0001; Figure 18D). Next we 

analyzed the effects of AIE on neuroligin 3 protein expression and found a significant decrease in 

neuroligin 3 expression following the 26-day forced abstinence period (t(78) = 5.110; p < 

0.0001; Figure 18E). Once again, the loss of neuroligin 3 expression coincided with a loss of 

colocalization of neuroligin 3-neurexin (t(78) = 2.359; p = 0.0208; Figure 18G) following forced 

abstinence. 
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Next, we analyzed expression and interactions of Ephrin A3 and EphA4 (Figure 4A,B) 

and observed no AIE-induced changes in expression of Ephrin A3 (t(158) = 1.005; p = 0.3165; 

Figure 19C or Eph A4 (t(158) = 1.247; p = 0.2142; Figure 19D) following the forced abstinence 

period. Interestingly, despite no change in protein expression, there was an increase in Ephrin 

A3-E. 

Figure 18 

The Effects of AIE On Neuroligins 1, Neuroligin 3, and Neurexin Expression and Neuroligin 1-

Neurexin and Neuroligin 3-Neurexin Colocalization Following a 26-Day Forced Abstinence 

Period. 
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A) Representative images of colocalization (indicated by yellow arrows) of neurexin (NRXN) 

and neuroligin 1 (NLG1) and representative images of individual protein expression in control 

animals and animals that underwent AIE. B) Representative images of colocalization (indicated 

by yellow arrows) of neurexin (NRXN) and neuroligin 3 (NLG3) and representative images of 

individual protein expression of control animals and animals that underwent AIE. C) There was a 

significant decrease in neuroligin 1 expression in animals that underwent AIE. D) There were no 

AIE-induced changes in neurexin expression. E) There was a significant decrease in the 

expression of neuroligin 3 expression following animals that underwent AIE compared to age-

matched H2O controls. F,G) There was a significant decrease in neuroligin 1-neurexin 

colocalization and neuroligin 3-neurexin colocalization in animals that underwent AIE compared 

to age matched H2O controls. Analysis: Student’s t-test, n=6/treatment group. 

 

Figure 19 

The Effects of AIE on Ephrin A3 and Eph A4 Expression and Colocalization. 

 
A,B) Representative images of Ephrin A3 (red) and EphA4 (green) expression in control H2O 

and AIE animals. Yellow arrows indicate where these proteins are interacting. Analysis revealed 

no AIE-induced change in Eph A4 (C) or Ephrin A3 (D) expression. There was a significant 

decrease in Ephrin A3 and Eph A4 colocalization (E) in AIE compared to age matched H2O 

controls. Analysis: Student’s t-test n = 4-5 images/animal (6 animals/treatment group). 

 

 



118 

AIE Disrupts Astrocyte Ca2+ Responsivity to Neuronal Stimulation in Adulthood 

To assess whether disruption of PAP-synaptic colocalization would impede neuronal-to-

astrocyte communication we assessed astrocyte Ca2+ responsivity to Schaffer Collateral neuronal 

stimulation using the Ca2+ GCamp6f sensor specifically targeted to astrocytes (Figure 20A-D). In 

AIE treated animals, there was a decrease in astrocyte-specific Ca2+ responsivity to neuronal 

stimulation following abstinence (t(104) = 5.368; p < 0.0001; Figure 20E).  

AIE Increases Synaptic Glutamate Availability in Adulthood 

To assess whether the loss of astrocyte Ca2+ responsivity to neuronal stimulation was due 

to the loss of PAP-synaptic colocalization/proximity resulting in inefficient diffusion of 

glutamate towards the PAP membranes, we investigated how AIE influences glutamate reaching 

the PAP membrane. We used the iGluSnFr sensor targeted to astrocytes to record glutamate 

availability at the astrocyte membrane following Schaffer Collateral stimulation (Figure 21A-D). 

Despite the loss of AIE-induced PAP-synaptic co-localization, there was an increase in glutamate 

interactions with the astrocytes (t(156) = 4.972; p < 0.0001; Figure 21E) following abstinence, 

suggesting that the loss of astrocyte Ca2+ responsivity to neuronal stimulation is not due to an 

AIE-induced loss of glutamate-PAP interactions.  
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Figure 20 

AIE Results in a Decrease in Astrocyte Responsivity to Neuronal Stimulation. 
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A) Experimental timeline showing that female rats received intracranial injections of an 

astrocyte-specific Ca2+ sensor (GCamp6f) at PND 26 to record changes in Ca2+ activity following 

Schaffer Collateral stimulation. Animals received 5 g/kg EtOH (35% v/v in H2O) or H2O via 

intragastric gavage (i.g.) intermittently over 16 days. Animals underwent a period of forced 

abstinence from PND 46 to PND 72. Tissue was collected and physiological recordings were 

collected on PND 72 – 76. B) Diagram showing electrode placement in the CA3 along the 

Schaffer Collateral and recording from astrocytes in the CA1 dhipp. C) Representative traces 

from astrocytes in animals that received H2O or EtOH. D) Representative images of fluorescent 

activity before and after stimulation of the Schaffer Collateral. E) There was a significant 

decrease in fluorescent activity corresponding to astrocyte Ca2+ activity in AIE animals 

compared to H2O age matched controls. Figure was in part created with Biorender. Analysis: 

Student’s t-test, n = 6-10 astrocytes per animal (5 animals/treatment group). 
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Figure 21 

AIE Results in an Increase in Synaptic Glutamate Concentrations. 
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A) Experimental timeline showing that male rats received intracranial injections of an astrocyte 

specific glutamate sensor (iGluSnFr) at PND 26 to record changes glutamate at the astrocyte 

membrane following Schaffer Collateral stimulation. Animals received 5 g/kg EtOH (35% v/v in 

H2O) or H2O via intragastric gavage (i.g.) intermittently over 16 days. Animals underwent a 

period of forced abstinence from PND 46 to PND 72. Tissue was collected and physiological 

recordings were collected on PND 72 – 76. B) Diagram showing electrode placement in the CA3 

along the Schaffer Collateral and recording from astrocytes in the CA1 dhipp. C) Representative 

traces from astrocytes in animals that received H2O or EtOH. D) Representative images of 

fluorescent activity pre stimulation of the Schaffer Collateral and following Schaffer Collateral 

Stimulation. E) There was a significant increase in fluorescent intensity corresponding to 

glutamate reaching the PAPs of AIE animals compared to H2O age matched controls. Figure was 

in part created with Biorender. Analysis: Student’s t-test, n = 6-10 astrocytes per animal (5 

animals/treatment group). 

 

Astrocyte-Targeted GqDREADDs Attenuates AIE-Induced Behavior Deficits in a Contextual 

Fear Conditioning Paradigm 

To determine if AIE-induced behavioral deficits in the hippocampal-dependent contextual 

fear conditioning paradigm can be attenuated through the recovery of astrocyte Ca2+signaling, 

we used GqDREADDs targeted to astrocytes. Prior to behavioral testing, we confirmed 

localization of GqDREADDs to the CA1 dhipp (Figure 22A-C). We then tested a cohort of 

control animals to confirm that behavioral outcomes would not be confounded by surgery, CNO, 

or inactivated GqDREADDs (Figure 22D). On Day 1 of behavioral testing, during the 

acquisition phase, (Figure 22E), there was an overall treatment effect ((F(2.313, 74.01) = 83.37; 

p < 0.0001), timepoint effect (F(2, 32) = 3.271; p = 0.0510), and interaction (treatment x 

timepoint: (F(8, 128) = 4.398; p = 0.0001)). Post hoc analysis revealed a significant decrease in 

freezing behavior in EtOH/GqDREADDs saline group compared to the control group 

H2O/GqDREADDs saline, during the 3rd foot shock period (p = 0.0326), and post-shock period 

(p = 0.0402). Upon activation of GqDREADDs with CNO we were able to attenuate the effects 

of EtOH on freezing behavior (EtOH/GqDREADDs CNO vs. H2O/GqDREADDs saline (p = 

0451), EtOH/GqDREADDs CNO vs. EtOH/GqDREADDs saline (p = 0333). During Day 2 of 
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testing (Figure 22F), the fear retention day, there was a significant timepoint effect (F(2.162, 

69.20) = 7.940; p = 0.0006). However, post hoc analysis revealed no significant differences. 

There was no overall treatment effect or treatment x timepoint interaction (F(2, 32) = 2.508; p = 

0.0973) and (F(10, 160) = 0.4768; p = 0.9032), respectively). During Day 3 of testing (Figure 

22G), extinction day, we found no overall treatment effect, timepoint effect, or treatment x 

timepoint interaction ((F(2, 32) = 0.8393; p = 0.2259), (F(3.519, 112.6) = 0.8398; p = 0.4903), 

(F(10, 160) = 1.316’ p = 0.0.2259) respectively). These data indicate that EtOH-induced deficits 

in freezing behavior in the contextual fear conditioning task can be attenuated through the 

recovery of astrocyte activity.  
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Figure 22  

The Use of GqDREADDs Attenuates Freezing Behavior in a Fear Conditioning Paradigm. 
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A) Representative image showing DAPI in Blue and GqDREADDs in red in the CA1 dhipp. B) 

Representative image showing colocalization of GFAP in green and GqDREADDs in red, 

confirming DREADDs targeted astrocytes in the CA1 dhipp. C) Representative image showing 

DAPI (blue), GFAP (green) and GqDREADDs (red) in the CA1 dhipp. D) Analysis of control 

animals in the fear conditioning paradigm. There was no effect of surgery, DREADDs, or Lck 

GFAP injection. E) Analysis of Day 1 (experimental). There was a significant decrease in 

freezing behaviors in animals that did not receive CNO activation compared to H2O/DREADDs 

saline and EtOH/DREADDs saline groups following foot shock 3. There was a significant 

decrease in freezing behaviors in animals that did not receive CNO activation compared to 

H2O/DREADDs saline and EtOH/DREADDs saline groups during the Post-Shock period (p = 

0.0402 and p = 0.0333 respectively). F) Analysis during Day 2 (extinction) showed no changes 

between groups however there was significant treatment effect (F(2.162, 69.20) = 7.940; p = 

0.0006). G) Analysis during Day 3 (extinction) showed no changes between groups. Figure was 

in part created with Biorender. Analysis: 2-way ANOVA with a Tukey’s post hoc comparison, n 

= 12/treatment group.  

 

Discussion 

This study aimed to investigate the impact of AIE on astrocyte morphology, PAP-synaptic 

proximity, the integrity of synaptic structural proteins, and neuronal-astrocyte communication in 

the male CA1 dhipp. Due to the more robust AIE-induced loss of PAP-synaptic proximity and 

astrocyte volume in adulthood, we decided to move forward with the subsequent experiments 

focusing exclusively on the 26-day forced abstinence period (adulthood; PND 72). We observed 

a decrease in astrocyte responsivity to neuronal activity in the form of astrocyte-specific Ca2+ 

activity, despite an increase in synaptic glutamate. Therefore, we decided to see if we could 

attenuate AIE-induced deficits in a hippocampal-dependent fear conditioning paradigm if we 

used GqDREADDs to activate astrocyte-specific Ca2+ signaling cascades. These data suggest 

that AIE induces changes in astrocyte morphology and impairs neuronal-astrocyte bidirectional 

communication.  

The human and rodent hippocampus continues to undergo structural and functional 

neuronal refinement throughout adolescence and into early adulthood (see (Walker et al., 2021) 

for review. Interestingly, we did not observe a change in astrocyte volume when comparing PND 
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46 and PND 72 naïve animals, suggesting that these astrocytes may already be in a 

morphologically mature state at PND 46 despite ongoing maturation of the hippocampus itself. 

However, we did see an increase in astrocyte-synaptic interactions over this period. These data 

suggest that colocalization of astrocytes and synapses may indicate ongoing CA1 dhipp synaptic 

maturation that continues throughout adolescence and into early adulthood that has never been 

reported before.  

Astrocytes can modulate neuronal function and subsequent behaviors via the uptake of 

neurotransmitters, such as glutamate, from the synaptic cleft, the release of gliotransmitters, and 

through-contact mediated and astrocyte-secreted signaling (see reviews (Allen, 2014a; Allen & 

Eroglu, 2017; Blanco-Suarez et al., 2017)). As these processes are highly dependent on 

astrocyte-synaptic proximity, the findings in this study prove critical to our understanding of how 

AIE-induced changes in PAP-synaptic interactions contribute to deficits in neuronal functions. 

Stabilization of the tripartite synapse relies on various factors, including appropriate expression 

and interactions of synaptic bridging proteins. Previous work has shown that synaptic bridging 

proteins, neuroligins-neurexins, and eph-ephrins, are critical for synaptic function and astrocyte 

complexity (Stogsdill et al., 2017). Our data shows a loss of neuroligin 1 and 3 expression 

corresponding to a loss of neuroligin interactions with their presynaptic neurexin counterpart. It 

suggests that AIE results in a loss of PAP-synaptic proximity and a loss of mature synapses in 

adulthood. While we found that there was no change in Ephrin A3 or EphA4 expression in our 

model, we did find that there was an increase in Ephrin A3-EphA4 interactions. While the 

implications of the increase in Ephrin A3-EphA4 interaction have not been studied in a rodent 

model of AIE, this could result from an AIE-induced effect on other functions of Ephrin-Eph 

signaling. Previous work in mice has shown that Ephrin A2-EphA4 signaling can modulate 
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glutamate uptake by glial cells (Carmona et al., 2009; Filosa et al., 2009). Interestingly, our 

experiments assessing glutamate interactions with the proximal astrocyte processes show an 

increase in glutamate reaching the PAP. However, we found a significant decrease in astrocyte-

Ca2+ responsivity, suggesting that AIE may impair glutamate transporters or receptors on the 

PAP. This is further supported by our data showing AIE increases Ephrin A3-EphA4 interactions 

in adulthood, as activation of the Ephrin A3-EphaA4 signaling cascade inhibits glutamate 

transport into the cell. Therefore, further research is needed to determine whether there is a loss 

of Ephrin A3 or EphA4 function or a loss of glutamate transporters or receptors in adulthood 

following AIE. 

It has been well-established that adolescent alcohol use has lasting effects on some but 

not all hippocampal-dependent behaviors. In humans, chronic excessive alcohol use during 

adolescence has been associated with cognitive deficits manifesting in adulthood (Brown et al., 

2000; Hanson et al., 2011). Multiple studies have demonstrated long-term, selective, 

hippocampal-dependent changes in response to chronic intermittent EtOH exposure that have 

been observed in humans ((Crews et al., 2016; Silvers et al., 2003) for review). These laboratory 

studies are consistent with human clinical studies that have revealed deficits in cognitive 

domains that rely heavily on hippocampal function, such as visuospatial construction (Hanson et 

al., 2011; Tomlinson et al., 2004), verbal learning and working memory (Hanson et al., 2011), 

and executive function (Giancola et al., 1998; Parada et al., 2012) in adolescents with AUD. 

However, the mechanisms underlying these deficits in cognition are not fully understood. Here in 

this study, we reveal a novel mechanism that could occur, mediated by long-term induced 

disruption of astrocyte morphology and function.  
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Astrocytes respond to neuronal signaling, releasing Ca2+ stores and driving signal 

propagation that can impact individual PAPs and overall astrocyte function (Yu et al., 2021). 

Astrocyte Ca2+ signaling occurs through various events necessary to balance and regulate 

synaptic ion homeostasis and neuronal excitability. The intricate crosstalk between astrocytes 

and neurons through this complex mechanism is crucial for neuronal function, meaning that 

dysregulation of this process could have significant consequences for synaptic and neuronal 

function and subsequent behaviors (Durkee et al., 2019). Our data reveal a loss of PAP-synaptic 

proximity corresponding to a loss of astrocyte responsivity in the form of Ca2+ signaling. Despite 

the loss of PAP-synaptic proximity, there was an increase in glutamate activity at the PAP. This 

was surprising because it has been established that when glutamate signaling increases at the 

PAPs, there is a downstream increase in astrocyte-Ca2+ signaling (Khakh & McCarthy, 2015). 

Further research is necessary to determine if this inconsistency is due to a loss of expression or 

function of glutamate transport or receptor expression at the PAP or to AIE-induced changes in 

intracellular Ca2+ signaling pathways.  

One of the downstream consequences of astrocyte Ca2+ response to neuronal signaling is 

the release of gliotransmitters (e.g., adenosine) that can modulate neuronal function. The 

resulting gliotransmitter-neuronal receptor interaction can increase or inhibit neuronal signaling 

and subsequent downstream synaptic events. Therefore, we hypothesized that we could restore 

the astrocyte’s ability to modulate neuronal signaling and subsequent behaviors through 

GqDREADDs. DREADD-based chemogenetic technologies are a relatively new technology that 

can be used to manipulate astrocyte iCa2+ signaling (Roth, 2016). The first DREADDs were the 

Gq-coupled DREADDs (Gq-DREADDs or excitatory DREADDs), including hM1D, hM3Dq, 

and hM5Dq and are activated by the administration of the pharmacologically inert designer drug, 
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CNO (Armbruster et al., 2007). CNO is a prototypical chemical actuator with drug-like 

properties resulting in rapid CNS penetration and distribution (Roth, 2016). Gq-DREADDs have 

repeatedly been shown to mobilize Ca2+ signaling in neurons and astrocytes through Gαq/11 g-

protein, which stimulates phospholipase C, releasing Ca2+ stores (Armbruster et al., 2007). Using 

GqDREADDs in our contextual fear conditioning experiments, we found that activation of 

astrocyte-specific Ca2+ signaling following the 26-day forced abstinence period attenuated AIE-

induced reduction in freezing behavior. This may suggest that AIE results in a loss of astrocyte 

Ca2+ signaling that typically drives the downstream release of gliotransmitters and the regulation 

of neuronal activity. By recovering the astrocyte Ca2+ signaling pathway, we can restore 

gliotransmitter-dependent neuronal regulation of behavior. Further investigation is necessary to 

confirm the involvement of downstream gliotransmitter release and neuronal regulation and the 

possible perturbation of adenosine receptors and transporters at this timepoint.  

Conclusions  

These data provide novel insight into how EtOH exposure during adolescence disrupts 

astrocyte morphology, astrocyte-synaptic interactions, glutamatergic signaling, and astrocyte 

responsivity to neuronal signaling in the form of astrocyte-Ca2+ activity. Furthermore, we have 

shown that activation of astrocyte-specific Ca2+ activity by activating GqDREADDs rescues 

freezing behavior in a contextual fear conditioning test. Given the importance of astrocyte 

regulation of synaptic activity during critical periods of development, further work is necessary 

to understand better the molecular mechanisms that drive the loss of PAP-synaptic coupling that 

contribute to the loss of astrocyte response to neuronal activity. The rescue of AIE-induced 

freezing behaviors by activating astrocyte-specific Ca2+ signaling suggests that AIE may disrupt 

gliotransmitter release, which could contribute to aberrant neuronal signaling. Future plans in our 
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lab are to test this hypothesis by investigating the effects of AIE on adenosine release, adenosine 

transporters, and receptor expression that are critical for the modulation of neuronal signaling. 

Further understanding of the molecular mechanisms contributing to the disruption of neuronal 

signaling may provide novel non-neuronal targets for future pharmacological interventions for 

individuals suffering from the chronic effects of alcohol use.  
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Chapter 7 

Discussion and Future Directions 

Discussion 

Over the last few decades, alcohol use has been on the decline. However, alcohol in the 

form of binge drinking remains highly prevalent among adolescents and young adults. This 

excessive alcohol consumption coincides with late-stage brain development and increased 

vulnerability to the cytotoxic effects of alcohol and other drugs. Early alcohol use is associated 

with an increased likelihood of developing an alcohol use disorder and long-term cognitive 

deficits, including memory and learning, in which the prefrontal cortex and hippocampus play a 

significant role. Over the last decade, a growing field of research has focused on bettering our 

understanding of the long-term consequences of adolescent alcohol use on neuronal structure, 

function, and subsequent cognitive changes that may be associated with neuropsychiatric 

disorders, neurodegeneration, and addictive behavior. However, the impact of alcohol on 

astrocyte dysfunction and its contribution to these observed changes in neuronal function and 

cognition are just beginning to be elucidated. 

 Astrocytes continue to undergo maturation throughout adolescence and into early 

adulthood in the mPFC (IL and PL). Astrocyte maturation was identified by changes in astrocyte 

morphology (i.e., increases in astrocyte volume) and increases in PAP-synaptic interactions 

across adolescent development. Therefore, we sought to investigate how AIE would impact 

astrocyte morphology and PAP-synaptic interactions across multiple subregions of the PFC. We 

observed no effects on astrocyte volumes or PAP-synaptic interactions immediately following 

AIE (Chapter 4). Interestingly, despite no AIE-induced changes following a 26-day forced 

abstinence period, we did see a significant reduction in PAP-synaptic interactions in the ACC 
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and VO-OFC. This loss of PAP-synaptic interaction in the VO-OFC also correlated to a loss of 

mature dendric spine phenotypes in this region. This is important as there are previous studies 

that have shown that early EtOH exposure results in long-term cognitive impairment that is 

mediated by these subregions of the PFC. Preclinical studies such as these can help us 

understand how AIE disrupts synapses and contributes to AIE-induced neuronal dysfunction, 

which can aid in developing clinical treatments to treat individuals suffering from AUD.  

 It has previously been demonstrated that within the hipp, mature dendritic spines are 

found within closer proximity to PAPs than immature spines (Witcher et al., 2007) and combined 

with evidence that AIE results in a shift toward an immature dendritic spine phenotype in male 

rats (Risher et al., 2015) we sought to determine whether AIE disrupts PAP-synaptic interactions 

and astrocyte morphology in the dorsal CA1 in both female and male rats, respectively. As 

predicted, AIE decreased PAP-synaptic interactions in male rats; however increased PAP-

synaptic interactions in females (Chapters 5 and 6). These findings demonstrate opposing sex-

dependent responses to AIE in the context of PAP-synaptic decoupling. While these manuscripts 

do not directly compare male and female findings in our AIE studies, additional analysis reveals 

exciting sex differences in our models of AIE. As shown in Figure 23, astrocytes in EtOH naïve 

adult males have significantly larger volumes than age-matched EtOH naïve females (p = 

0.0080). Even more interesting, astrocytes for males that underwent AIE have significantly 

larger volumes than naïve adult females (p = 0.0156). Additional analysis of PAP-synaptic 

proximity revealed similar findings. As shown in Figure 24, astrocytes from EtOH naïve adult 

males (PND 72) come into proximity to more PSD-95 markers than astrocytes from EtOH naïve 

age-matched females (p = 0.0004) and astrocytes from adult males that underwent AIE are near 

more PSD-95 markers than age-matched EtOH naïve females (p = 0.0259). This data suggests 
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that hippocampal astrocytes differ in morphology and (volume) and PAP-synaptic interactions 

across adolescent development in males and females. This additional analysis further highlights 

the importance of including females in studies of astrocyte maturation and the effects of AIE on 

astrocyte morphology and PAP-synaptic interactions.  

Figure 23 

Astrocyte Volumes Differ in a Sex-Dependent Manner. 

 

Quantifying astrocyte volumes revealed that astrocytes from EtOH naïve adult males (PND 72) 

are significantly larger than astrocytes from EtOH naïve age-matched females (p = 0.0080). 

There was no significant astrocyte volume when comparing astrocytes from males and females 

that underwent AIE. However, this could be due to the small n from the female study. 

Interestingly, astrocytes from adult males that underwent AIE were significantly larger than age-

matched EtOH naïve females (p = 0.0156). Analysis: One-way ANOVA with a Tukey’s post hoc 

comparison, n = 3-11 astrocytes/animal (3-11 animals/treatment group). 
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Figure 24 

Astrocyte-Synaptic Proximity Differs in a Sex-Dependent Manner. 

 

Quantification of PAP-synaptic proximity revealed that astrocytes from EtOH naïve adult males 

(PND 72) come into close proximity to more PSD-95 markers than astrocytes from EtOH naïve 

age-matched females (p = 0.0004). There were no significant differences in PAP-synaptic 

proximity when comparing astrocytes from males and females that underwent AIE. Astrocytes 

from adult males that underwent AIE are near more PSD-95 markers than age-matched EtOH 

naïve females (p = 0.0259). Analysis: One-way ANOVA with a Tukey’s post hoc comparison, n 

= 3-11 astrocytes/animal (3-11 animals/treatment group). 

 

Based on previous findings that AIE results in a reactive astrocyte response based on 

GFAP expression following a forced abstinence period in male rats, not during withdrawal, we 

have begun ancillary experiments to determine the extent to which this occurs in males versus 

females. While still preliminary, we are beginning to see that AIE induces atypical astrocyte 

function in males (Appendices B and C). These data and the previous suggest that there may be a 

correlation between astrocyte reactivity and PAP-synaptic interactions in males. However, 

further investigation is required to make a direct correlation between reactive astrocyte 

phenotypes and synaptic proximity. Since we found increases in astrocyte volumes and PAP-

synaptic proximity in females, it would be interesting to investigate reactive astrocyte 

phenotypes in female models of AIE. We may be observing a different type of reactive astrocyte 
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response in females contributing to the increase in PAP-synaptic proximity. These experiments 

will improve our understanding of the long-term effects of AIE on astrocyte function that can 

influence PAP-synaptic interactions and subsequent neuronal function in males and females. 

Despite differences in AIE-induced changes in PAP-synaptic interactions between the 

male and female groups, we observed that AIE followed by a 26-day forced abstinence period 

resulted in a loss of Ca2+ activity and an increase in glutamate reaching the PAPs of these 

proximal hippocampal astrocytes in the dorsal CA1 of both male and female rats. These findings 

suggest that while AIE has sex-dependent effects on astrocyte morphology and tripartite 

integrity, there may be an overarching mechanism that mediates increased glutamate availability 

in the tripartite synapse and loss of astrocyte iCa2+ activity. This could occur in several ways, 

including AIE-induced disruption of expression, function, or internalization of glutamate 

transporters or receptors on the PAPs.  

Astrocytes respond to glutamatergic signaling as glutamate interacts with these G-protein 

coupled receptors (GPCRs) located at the PAP, which then induces multiple downstream events, 

including activation of the inositol 1,4,5-trisphosphate (IP3) pathway and phospholipase C (PLC) 

pathway. IP3 receptor activation induces the mobilization of astrocytic Ca2+ signaling from the 

endoplasmic reticulum (ER) that then propagates throughout the cell. This also reveals a possible 

mechanism by which AIE decreases astrocyte Ca2+ responsivity to glutamate signaling. Previous 

work has demonstrated that the deletion of IP3R2 in astrocytes disrupts IP3R-mediated astrocyte 

Ca2+ signaling (Li et al., 2015). While preliminary work from our lab has shown that AIE induces 

an increase in IP3 expression in males (Appendix D), we have yet to investigate whether AIE 

impacts IP3 receptors. 
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 Our physiological recordings have allowed us to observe Ca2+ activity in the astrocyte 

cell body. However, using electrophysiology and hippocampal iCa2+ imaging, it has been 

demonstrated that IP3R subtypes contribute to astrocyte Ca2+ activity in distinct ways (Sherwood 

et al., 2017). Specifically, IP3R2 induces more global Ca2+ release within the cell body and 

major branches of the astrocyte. At the same time, IP3R1 and IP3R3 are responsible for more 

localized Ca2+ signaling within the microdomains of the PAPs. However, more studies are 

needed to demonstrate the full functionality of these different IP3R subtypes in astrocytes and 

their roles in AIE-induced loss of Ca2+ signaling. 

Lastly, we investigated AIE-induced deficits in freezing behaviors using a contextual fear 

conditioning behavioral paradigm. Contextual fear conditioning requires a concerted network of 

brain regions, including the mPFC, the hippocampus, and the amygdala. The mPFC, specifically 

the IL and PL, are strongly associated with suppressing fear circuits. Our current studies found 

no changes in astrocyte morphology or PAP-synaptic interactions in the mPFC (IL or PL). 

However, we did see changes in astrocyte-synaptic interactions and astrocyte function in the 

dorsal CA1.  

Furthermore, we could attenuate AIE-induced deficits in freezing behaviors by activating 

astrocyte-specific Ca2+ activity in the CA1 dhipp using GqDREADDs. Therefore, AIE disruption 

of PAP-synaptic interactions in the CA1 dhipp may contribute to the loss of mPFC regulation of 

amygdala activation because we know that projections originating in the CA1 hippocampus 

innervate the IL-mPFC, leading us to speculate that AIE-induced disruption of PAP-synaptic 

interactions in the CA1 may contribute to AIE-induced disruptions in our contextual fear 

conditioning experiment. However, further work to better understand how disruption of astrocyte 

function in the CA1 hippocampus influences these projections to the mPFC is necessary and 



137 

would strengthen the field’s understanding of how AIE-induced changes in one brain region 

influence neuronal activity in others. Furthermore, this would help us better understand the 

circuitry involved in contextual fear conditioning experiments and how brain region-specific 

disruption of astrocytes contributes to deficits in freezing behaviors in these experiments. 

These findings contribute to the overall knowledge of how AIE impacts astrocyte 

morphology and PAP-synaptic interactions in a region- and sex-specific manner. Furthermore, 

we identify ways in which AIE influences astrocyte function, which may be contributing to 

overall neuronal dysfunction that has been previously observed. Together, the studies presented 

in this dissertation reveal an essential role for astrocytes in AIE-induced dysfunction and provide 

a new target for therapeutic interventions for treated AUD.  

Limitations 

 Despite the novelty of this work and the importance of the findings in identifying non-

neuronal consequences of AIE that may influence known neuronal disruption in models of 

adolescent EtOH use, our model could be modified to be more translatable. For obvious ethical 

reasons, examining adolescent alcohol consumption in human models is prohibited. Therefore, 

we need to use laboratory rat models. Our studies focus on EtOH exposure during early 

adolescence (PND 30 to PND 46) because alcohol exposure during early adolescence is largely 

correlated to an increased risk of AUD in humans. However, in humans, peak alcohol 

consumption, both binge and non-binge consumption, occurs around 20 years of age. Based on 

rat developmental models, this would likely be more closely related to PND 55-60 in our rat 

model. Further studies that continue EtOH exposure throughout adolescent development would 

transform our model into one that more closely depicts human alcohol consumption and assess 
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the possible contributions of astrocytes in AIE-induced cognitive dysfunction observed in 

humans.  

 Our studies use an astrocyte-specific AAV with GFP to visualize the more complete 

astrocyte morphology, which is typical in a rat model where genetic modification is impossible. 

Even with this advanced technique, we still fail to capture some finer peripheral astrocyte 

processes. While this is a limitation in our current study, our lab is acquiring serial EM sections 

that would allow for the reconstruction of these finer PAPs that are ensheathing the synapse. Not 

only will this allow for better visualization of the PAPs, but it will also allow us to collect precise 

measurements of how AIE influences changes in PAP-synaptic distances.  

Lastly, we were limited in our GCaMP6f studies when observing how AIE-induced 

changes in astrocyte-synaptic interactions influence astrocyte Ca2+ responsivity by using a 

microscope equipped with a mercury lamp. While we can observe and acquire data 

corresponding to changes in Ca2+ activity within the entire cell’s body, we cannot isolate 

differences in the PAP microdomains that influence whole astrocyte Ca2+ activity. Also, we are 

limited in our physiological recordings of astrocyte Ca2+ activity by the sporadic expression of 

GCaMP6f in these hippocampal astrocytes. Ca2+ response in the astrocyte within proximity to 

the synapse triggers Ca2+ waves that spread throughout the network of surrounding astrocytes via 

astrocyte-astrocyte interactions. Sporadic uptake of the AAV containing GCaMP6f is typical, 

and being that we used a rat model for these studies, the use of AAV is unavoidable. There 

would be a need to use genetically modified mice to allow a uniform expression of GCaMP6f in 

astrocytes. For example, Ye et al. 2017 use a cre recombinase conditional GCaMP6f crossed 

with a GLAST-CreEr to allow astrocyte expression. Unfortunately, this would not allow for a 

direct correlation of results to the model described in these studies. However, using cultured 
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hippocampal rat astrocytes as a parallel study, a goal of this lab, that can be transfected with a 

GCaMP may allow for a better understanding of how EtOH may affect astrocyte-astrocyte 

communication and astrocyte Ca2+ waves across a network of astrocytes.    

Future Directions 

 This dissertation highlights the non-neuronal effects of AIE on astrocytes in the female 

and male dhipp (Chapters 5 and 6, respectively) and subsequent behaviors. A logical follow-up 

to the physiology studies discussed in this dissertation would be determining whether AIE-

induced disruption of PAP-synaptic interaction and astrocyte responsivity impeded astrocyte-

neuronal communication. Astrocytes can modulate neuronal signaling by releasing 

gliotransmitters such as adenosine. Preliminary data collected by our lab (Appendix E) has 

revealed a significant increase in the expression of equilibrative nucleoside transporter 2 (ENT2) 

in the dhipp following AIE and a period of forced abstinence. ENT2 is a bidirectional transporter 

capable of shuttling adenosine across the cell membrane of neurons and glial cells. While the 

preliminary study was not cell-specific, the data suggest that AIE may have long-term effects on 

adenosine transport. Further studies to determine how AIE impacts astrocyte-neuronal 

communication would help us better understand the role of astrocyte-mediated neuronal 

modulation in AIE-induced behaviors.   

 The hippocampus regulates top-down fear processing and is required to learn about the 

degrees of danger of an object or situation. We have shown that AIE-induced deficits in freezing 

behaviors in a contextual fear conditioning test can be attenuated using GqDREADDs to activate 

Ca2+ activity in astrocytes of the male dhipp (Chapter 6). The hippocampus has projections to the 

amygdala, and hippocampal-amygdala circuitry has been identified as central to acquiring short-

term contextual conditioned fear response. Our study found an AIE-induced conditioned fear 
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response during the acquisition phase of the fear conditioning paradigm that was not observed 

during the extinction phases. Therefore, further study of how AIE impacts hippocampus-to-

amygdala communications would be necessary. 

 Lastly, while we use a widely accepted model of AIE, it would be essential to conduct 

longitudinal studies that continue past the onset of adulthood. Emerging roles of astrocyte 

dysfunction are being identified in psychiatric disease and neurodegeneration. While several 

psychiatric disorders manifest shortly after the onset of adulthood, it would be necessary to 

understand if these effects subside over time or have lasting consequences that contribute to 

neurodegenerative disease in mature and late-stage adults. Therefore, it would further our 

understanding of how AIE’s impact on astrocyte function and PAP-synaptic interactions 

contribute to cognitive function later in life.  
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Appendix A: Letter from the Office of Research Integrity 
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Appendix B: Physiological Recordings and Kir4.1 Protein Expression 

 

Figure 25  

Physiological Recordings and Protein Analysis Reveal Increased K+ Clearance and Kir4.1 

Expression at the Synapse in Adulthood Following AIE. 

 

 
 

Physiological recordings of astrocytes in the male dHipp following AIE. A) shows the setup of 

our slice preparation on the recording stage and the orientation of the probe collecting recordings 

from the astrocyte of interest following glutamate puff in the stratum radiatum. B1 and B2 show 

the astrocyte of interest before and after the excitation of GFP, respectively. Figure C1 shows a 

representative trace of the holding potential of the astrocyte, while C2 is a representative trace 
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following 100 µM glutamate puff for 300 ms. D) AIE results in a protracted increase in astrocyte 

peak current amplitude in AIE animals following forced abstinence (p<0.05*; n=5 

animals/treatment). E) Representative Western blot probing for Kir4.1 in subcellular fraction 

lysates prepared from dhipp tissue. F) Analysis of Western Blot protein assay revealed that AIE 

results in an increase in Kir4.1 expression following AIE in male rats. (t(10) = 2.251, p = 0.0481/ 

n=6 animals/treatment group). Statistical analysis: Student’s t-test, n = 6 animals/treatment. 

 

We observed a significant increase in peak current amplitude following glutamate puff in AIE 

animals compared to age matched controls. Astrocytes are electrically inert cells. However, 

recordings of changes in resting membrane potentials can still be collected using 

electrophysiology techniques. As glutamatergic signaling occurs, there is an increase in K+ 

concentration. The astrocytes remove K+ ions to maintain synaptic homeostasis to maintain 

neuronal function. K+ is removed by inward rectifying K+ channels (Kir4.1 channels) located on 

the membrane of the PAP. This data shows that AIE increases Kir4.1 expression at the PAP that 

correlates to an increase in astrocyte membrane potential. Further research is needed to 

determine if this is a compensatory mechanism in response to increased synaptic glutamate 

concentrations or if this is a response to the disruption of normal astrocyte function.  
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Appendix C: Glutamate Synthetase (GS) Activity  

 

Figure 26 

AIE Results in an Increase In Glutamate Synthetase (GS) Activity Following a 26-Day Forced 

Abstinence Period That is Not Seen During Peak Withdrawal. 

 
Analysis of enzyme assay to observe AIE-induced effects on GS activity during peak withdrawal 

(A) and adulthood following a 26-day forced abstinence period (B). We found no changes in GS 

activity at PND 46, during peak withdrawal (t(10) = 0.6745, p = 0.5153; n=5). However, there 

was a significant increase in GS activity in adulthood following forced abstinence (PND 72; 

t(10) = 3.392, p = 0.0069; n=6). Statistical analysis: Student’s t-test, n = 6 animals/treatment. 

 

GS plays a critical role in astrocyte mediated recycling of glutamate from the tripartite synapse. 

Glutamate is removed from the tripartite synapse via glutamate transporters found on the 

ensheathing astrocyte. Astrocyte GS converts glutamate to glutamine by adding a nitrogen atom 

to glutamate in the form of nitrogen. The glutamine molecule is then shuttled back to the 

presynaptic neuron where it can be used as the backbone for the formation of new glutamate 

molecules. These data show that AIE is not only having an impact on astrocyte morphology and 

PAP-synaptic interactions, but also altering intracellular pathways that are critical for normal 

neuronal function. Further research is needed to determine how this change in GS is affecting 

glutamatergic signaling and astrocyte cellular respiration.  
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Appendix D: IP3R2 Expression in the Adult Male Rat Hippocampus 

 

 

Figure 27 

AIE Results in an Increase in IP3R2 Expression in the Adult Male Hippocampus. 

 
A) Representative image from Western Blot analysis of whole cell lysates prepared from 

hippocampal tissue. B) Analysis of Western Blot normalized to total protein. there was a 

significant increase in IP3R expression in the hippocampus of AIE treated animals following a 

26-day period of forced abstinence when compared to age matched controls (t(6) = 7.691, p = 

0.0003; n=5). IP3R2 plays a significant role in the induction of Ca2+ activity throughout 

astrocytes. Statistical analysis: Student’s t-test, n = 4 animals/treatment. 

 

These data tell us that IP3R2 expression is not contributing to the loss of astrocyte Ca2+ 

responsivity observed in our physiological assays. However, we have yet to explore the impact 

of AIE on overall expression of IP3 or other IP3 receptors.  
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Appendix E: Adenosine Receptors ENT1 and ENT2 Expression in the Male Rat 

Hippocampus 

 

Figure 28 

Differing Effects of AIE on Adenosine Receptors in Adulthood. 
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A) Representative images of IHC staining of the equilibrative nucleoside transports (ENT1 and 

ENT2). B) Puncta analysis to determine expression of ENT1 and ENT2 in the adult 

hippocampus following a 26-day forced abstinence period. We see no change in the ENT1 

adenosine transporters in adulthood following AIE when compared to age matched controls 

(t(28) = 0.9973; p = 0.3272; n=4/treatment). However we found a significant increase in the 

expression of ENT2 in AIE animals when compared to age matched controls (t(24) = 4.001; p = 

0.0005; n=4/treatment). Statistical analysis: Student’s t-test, n = 2-3 images/animals (3-4 

animals/treatment). 

 

These transporters are responsible for transporting adenosine molecules in to and out of the cell. 

Changes in these transporters can affect extracellular concentrations of adenosine which is 

critical for modulation of glutamatergic neuronal transmission. Therefore, the changes observed 

here may indicate a mechanism by which astrocyte mediated modulation of glutamate 

transmission is increasing glutamate concentrations in the tripartite synapse. However, more 

research is necessary to determine if there are AIE induced changes in adenosine receptors on the 

corresponding neurons and, or changes in adenosine release from the astrocyte. These 

experiments will be key in better understanding astrocyte-neuronal bidirectional communication 

in our model of AIE.  
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