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CHAPTER 1 

Introduction 

1.1 Homeostasis  

Homeostasis is the maintenance of a stable internal environment within an organism 

despite fluctuations in external conditions. This process is essential for the survival and proper 

functioning of living organisms, as it ensures that vital physiological processes can continue 

within a narrow range of optimal conditions (David et al., 2022).  

The maintenance of homeostasis is achieved through a range of physiological mechanisms 

that work together to keep the internal environment of the organism within a set range of 

conditions. These mechanisms include feedback loops, which are self-regulating processes that 

can detect changes in the internal environment and initiate responses to counteract these 

changes (Nose et al., 2018). For example, if the temperature in the body rises above a certain 

level, the hypothalamus in the brain detects this change and triggers a series of responses to 

lower the temperature, such as sweating and dilation of blood vessels in the skin (Figure 1) 

(Brengelmann et al., 1977). 

Through a range of physiological mechanisms, the body can maintain a stable internal 

environment despite fluctuations in external conditions(Liu et al., 2023; Nose et al., 2018; 

Palmer & Clegg, 2016). The importance of homeostasis can be seen in many physiological 

processes and understanding the mechanisms of homeostasis is critical for the development of 

treatments for diseases and the promotion of overall health and well-being. Within the central 

nervous system (CNS), synaptic plasticity underlies the physiological regulation of 
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homoeostasis, and impairment may lead to disease (Colonna & Butovsky, 2017; Kulijewicz-

Nawrot et al., 2013; Morton et al., 2006). 

 

Figure 1.1 Homeostasis Example  

1.2 The salience network 

The human brain is a complex organ responsible for processing and integrating information, 

relying on a network of interconnected regions that work together to support different 

cognitive processes. One of these networks is the salience network, which plays a crucial role in 

regulating homeostasis, attention, emotions, and decision-making (Chong et al., 2017; Seeley, 

2019). First characterized by Seely et al in 2007 using fMRI task activation correlations to 

identify a network of regions that predict individual differences in emotion and cognition 

(Seeley et al., 2007). Seeley coined this network the “salience network” as prior work 

implicating the anterior cingulate cortex (ACC) and insular cortex (IC) in response to pain, 
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uncertainty, and other threats to homeostasis (Craig, 2002; Grinband et al., 2006; Peyron et al., 

2000). 

The salience network comprises several brain regions, including the ACC, IC, and striatum 

(Chong et al., 2017; Schimmelpfennig et al., 2023; Sridharan et al., 2008). The ACC is a region 

located in the medial frontal cortex, involved in monitoring and regulating cognitive control and 

decision-making (Bian et al., 2019; Bliss et al., 2016; Rolls, 2019) The orbitofrontal cortex 

provides the ACC with information regarding rewarding and non-rewarding outcomes whereas 

the parietal cortical areas transmit spatial and action-related information to the posterior 

cingulate cortex (Rolls, 2000, 2019). This allows the cingulate cortex to engage in action-

outcome learning, with the midcingulate motor area sending outputs to premotor areas (Rolls, 

2019; Vogt, 2016; Vogt et al., 2003). Aberrant signaling within the ACC is associated with 

chronic pain, anxiety disorders and major depression (Bian et al., 2019; Bliss et al., 2016; Rolls 

et al., 2019).  

The striatum is a region best known for its role in goal directed learning and habit formation 

(Graybiel & Grafton, 2015; Perez et al., 2022).  This dorsal region receives dopaminergic input 

from the substantia nigra whereas the dorsal portion receives dopamine from the ventral 

tegmental area. Perturbations in striatal signaling can result in movement disorders, psychiatric 

disorders, compulsive behavior, affective disturbances amongst others (Gonzales & Smith, 

2015; Lanz et al., 2019; Seiler et al., 2022). The insula is responsible for processing and 

integrating sensory information from the body and external environment. It then compiles this 

data and computes which downstream regions are appropriate to elicit a response that will 
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return the system back to a balanced state. Section 1.4 dives deeper into the structure and 

function of the IC.    

The salience network is the intermediary between the default mode network (DMN) and 

the central executive network (CEN), orchestrating attentional processing in the brain. The 

DMN is active when the brain is at rest, while the CEN is recruited during higher level thinking 

and working memory. The interaction between these networks is critical for maintaining 

cognitive flexibility and adapting to changing environments. 

The salience network plays a crucial role in regulating attention, emotions, and decision-

making. It is responsible for detecting relevant stimuli in the environment and prioritizing them 

for further processing (Seeley, 2019). For example, if you are driving and see a pedestrian 

crossing the road, the salience network will detect this stimulus and activate the appropriate 

response, such as slowing down or stopping the car. The salience network is also involved in 

emotion regulation, particularly negative emotions such as fear and anxiety. It does so by 

monitoring the internal and external environment and modulating the response to emotional 

stimuli (Schimmelpfennig et al., 2023; Seeley, 2019). For example, if you are in a stressful 

situation, the salience network will activate the appropriate physiological response, such as 

increasing heart rate and respiration, to prepare you for fight or flight. 

Furthermore, the salience network is involved in decision-making (Nudelman & Waltz, 

2022). It does so by integrating information from different brain regions and generating a 

subjective value signal (Seeley, 2019). This signal reflects the expected reward or punishment 

associated with a particular action or choice. The salience network then modulates the activity 
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of other brain regions, such as the striatum and prefrontal cortex, to guide behavior (Seeley, 

2019). 

Dysfunction of the salience network has been implicated in several mental health disorders, 

including depression, anxiety, and addiction (Nudelman & Waltz, 2022; Schimmelpfennig et al., 

2023; Seeley, 2019; Thomason et al., 2011). Individuals with depression show decreased 

activation of the ACC and insula during emotional processing tasks, suggesting impaired 

emotion regulation (Schimmelpfennig et al., 2023). The salience network is also implicated in 

the pathophysiology of schizophrenia (Palaniyappan et al., 2012). Individuals with schizophrenia 

show decreased connectivity between the SN and other brain networks, such as the DMN and 

CEN (Huang et al., 2022). This disrupted connectivity may underlie the cognitive and affective 

symptoms of schizophrenia, such as impaired attention and emotion regulation (Huang et al., 

2022; Palaniyappan et al., 2012). Similarly, individuals with addiction show increased activation 

of the striatum in response to drug-related stimuli, reflecting an abnormal reward processing 

(Cushnie et al., 2023; Zhang & Volkow, 2019) 
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Figure 1.2 Homeostatic Neural Networks. Dorsolateral pre frontal cortex (dlPFC), ventromedial 
PFC (vmPFC), anterior cingulate cortex (aCC), hypothalamus (Hyp), Insular cortex (IC), posterior 
cingulate cortex (pCC), posterior parietal cortex (PPC) 

 
 
 
 
1.3 Plasticity of the salience network: maintaining CNS homeostasis  

Studies have shown that the SN can exhibit both structural and functional plasticity. 

Structural plasticity refers to changes in the connections between neurons or brain regions, 

while functional plasticity refers to changes in the activity or function of a particular brain 

region. 



 7 

Structural plasticity of the salience network has been demonstrated in studies that have 

examined the effects of mindfulness meditation on the brain. Mindfulness meditation is a 

practice that involves paying attention to one's thoughts, feelings, and bodily sensations in a 

non-judgmental way. One study in humans found that long-term mindfulness meditation was 

associated with increased gray matter volume in the anterior insula, a key region of the salience 

network involved in detecting salient stimuli (Tang et al., 2015). Another study found that 

mindfulness meditation was associated with increased connectivity between the anterior insula 

and other regions of the salience network, as well as increased connectivity between the 

salience network and regions involved in emotion regulation and attention including the 

thalamus, caudate, middle frontal gyrus, and superior temporal gyrus (Jang et al., 2018; Sharp 

et al., 2018). These findings suggest that mindfulness meditation can lead to changes in the 

structure of the salience network that may enhance its ability to detect and respond to salient 

stimuli. 

Functional plasticity of the salience network has also been demonstrated in studies that 

have examined the effects of stress on the brain. In patients with AHDH, chronic stress has 

been shown to increase activity in the amygdala, a key region of the salience  involved in 

processing emotional stimuli, and decrease activity in the prefrontal cortex, a region involved in 

regulating emotion and attention (Arnsten, 2009). However, functional neuroimaging studies in 

healthy control patients have also shown that the salience network can adapt to chronic stress 

by increasing connectivity between the amygdala and regions involved in emotion regulation, 

such as the ventromedial prefrontal cortex (Liston et al., 2009). This increased connectivity may 
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help to restore homeostasis by enabling the salience network to regulate emotional responses 

to stress more effectively. 

The ability of the salience network to maintain homeostasis may be compromised in certain 

conditions, such as chronic stress, anxiety, or depression. These conditions can lead to 

dysregulation of the salience network, resulting in increased sensitivity to salient stimuli, 

decreased ability to regulate emotional responses, and impaired ability to restore homeostasis 

after a stress. 

 

1.3.1 Stress 

While popularly seen as undesirable, stress is an adaptive response to changes in our 

physical or emotional environment. An appropriate stress response to negative stimuli allows 

the brain and body to make adjustments in physiology and behavior to constantly adjust to 

changing conditions and maintain homeostasis. During stress, the salience network detects and 

processes salient stimuli, such as threat-related cues, and initiates appropriate behavioral and 

physiological responses to maintain homeostasis (Nudelman & Waltz, 2022). For example, the 

salience network can activate the hypothalamic-pituitary-adrenal (HPA) axis via projections to 

amygdalar and hypothalamic circuitry, leading to the release of stress hormones, including 

cortisol, to prepare the organism for a fight or flight response (Packard et al., 2016; Thomason 

et al., 2011). Furthermore, the brainstem efferents from the salience network can regulate the 

autonomic nervous system, leading to changes in heart rate, blood pressure, and respiration to 

promote homeostasis(Macey et al., 2012; Seeley, 2019). The salience network can also 

modulate the activity of other brain regions involved in stress processing, including the 
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prefrontal cortex, extended amygdala and the hippocampus, to promote adaptive responses to 

stress (Luchsinger et al., 2021; Schimmelpfennig et al., 2023; Seeley, 2019; Thomason et al., 

2011). 

 

1.3.2 Affective Disorders 

In healthy individuals, the salience network is responsible for maintaining homeostasis 

by continuously monitoring and regulating internal bodily states. However, in disease states 

such as chronic pain, depression, and anxiety, the salience network can become dysregulated, 

leading to persistent and debilitating symptoms. 

Recent studies have demonstrated that the salience network is remarkably plastic, 

allowing it to adapt to changes in the body's environment and maintain homeostasis in the 

presence of disease states (Nudelman & Waltz, 2022; Schimmelpfennig et al., 2023; Seeley, 

2019). For example, in chronic pain, the SALIENCE NETWORK can become hypersensitive to 

pain signals, leading to persistent pain perception (Bliss et al., 2016; Labrakakis, 2023; 

Mutschler et al., 2012). However, studies have shown that mindfulness meditation can induce 

plasticity in the salience network, leading to decreased pain perception and improved pain 

management (Grant, 2014; Wang et al., 2021). 

Similarly, in depression, the salience network can become hyperactive, leading to 

persistent negative thoughts and emotions (Nudelman & Waltz, 2022; Schimmelpfennig et al., 

2023). However, studies have shown that cognitive behavioral therapy (CBT) can induce 

plasticity in the SALIENCE NETWORK, leading to improved emotion regulation and decreased 

symptoms of depression (Bremer et al., 2022; Teng et al., 2022). 
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1.3.3 Addiction  

Addiction is a chronic relapsing disorder characterized by compulsive drug use despite 

negative consequences (DSM-V). The salience network in part plays a critical role in addiction 

by integrating information related to drug-related cues, emotional states, and decision-making 

processes (Cushnie et al., 2023). Studies have demonstrated that chronic drug use can alter the 

function and connectivity of the salience network, leading to changes in attentional bias, 

emotional reactivity, and craving (Cushnie et al., 2023; Zhang & Volkow, 2019). For example, 

chronic drug use can lead to a hyperactive salience network, which is characterized by 

increased connectivity between the anterior IC and dorsal (Cushnie et al., 2023; Droutman et 

al., 2015; Volkow et al., 2019). This hyperactivity can lead to an increased sensitivity to drug-

related cues(Gardner, 2011; Phillips & Sarter, 2020; Snelleman et al., 2014). Similarly, chronic 

drug use can lead to a decreased ability to regulate emotional responses, which can lead to 

negative affective states and increased drug use  (Cushnie et al., 2023; Le Berre, 2019). Overall, 

the salience network's plasticity can contribute to the development and maintenance of 

addiction by altering the integration of sensory, emotional, and cognitive information. 

Further research is needed to understand the mechanisms underlying the salience 

network’s plasticity and how it can be targeted to treat addiction. Understanding the plasticity 

of the salience network is critical for developing effective treatments that involve dysregulation 

of attention, motivation, and affective states. One promising region of the salience network 

gaining recent attention is the IC, discussed below.  
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1.4 The Insular Cortex (IC) 

The IC is a relatively enigmatic and concealed region situated within the temporal lobe. This 

portion of the telencephalon, comprising a mere 2% of the total cortical surface, plays a role in 

intricate neural networks connecting the higher cortex, limbic structures, basal ganglia, and 

autonomic system (Gogolla, 2017; Menon & Uddin, 2010; Nieuwenhuys, 2012). The insula is 

closely positioned to various vital structures, and any disorders originating in this region carry 

the potential for substantial neurological complications (Elder et al., 2019; Labrakakis, 2023; 

Nieuwenhuys, 2012). 

 

1.4.1 Structure and Function 

The most cited role of the IC may be integrating external sensory information with 

internal bodily sensory or state information (Chong et al., 2017). Studies have also 

demonstrated insular participation in emotional regulation, empathy, and physical and 

emotional awareness (Gogolla, 2017; Nieuwenhuys, 2012). Work in animal models has 

implicated insular participation in learning and memory, social behavior, malaise, drug craving, 

aversive state, and valence (Bernhardt & Singer, 2012; Cushnie et al., 2023; Jaramillo, Agan, et 

al., 2018; Klein et al., 2021; Miura et al., 2020). The IC can be divided into the anterior and 

posterior regions based on a gradient of granularity in which the anterior IC is agranular or 

lacking granule cells (neurons with small cell bodies). The mid IC is dysgranular containing some 

granule cells and the posterior IC is granular. This difference in granularity is due the presence 

of layer 4 in the posterior IC that is absent in the anterior IC. More about IC layers is discussed 

below in section 1.4.4.  
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1.4.2 Anterior IC 

The anterior insular cortex (AIC) is a region of the brain that is located in the fronto-

parietal operculum and plays a vital role in various functions, including emotions, decision-

making, self-awareness, and social cognition (Gu et al., 2013; Nieuwenhuys, 2012). The AIC is 

divided into two main regions: the ventral anterior insula and the dorsal anterior insula. The 

ventral anterior insula is associated with emotional processing such as disgust, anger, fear, and 

sadness. The dorsal anterior insula is better known for its involvement in interoceptive 

awareness of bodily sensations such as hunger, thirst, and pain, as well as attention, and 

cognitive control (Evrard, 2019a). 

The AIC is also involved in decision-making, particularly in situations that involve risk and 

uncertainty. The AIC integrates information from various brain regions, such as the prefrontal 

cortex and the amygdala, to guide decision-making processes (Nieuwenhuys, 2012). The AIC is 

also involved in social cognition, which is the ability to understand and interpret social cues and 

emotions. The AIC is activated when individuals perceive social cues such as facial expressions, 

vocal intonation, and body language. 

The AIC has been implicated in various neuropsychiatric disorders such as anxiety, 

depression, schizophrenia, and autism spectrum disorders. The AIC is thought to play a crucial 

role in the pathophysiology of these disorders, particularly in emotional processing and self-

awareness (Droutman et al., 2015; Mutschler et al., 2012; Shin & Liberzon, 2010a). For 

example, individuals with anxiety disorders have been found to have increased activation of the 

AIC in response to emotional stimuli such as threat and uncertainty (Hiser et al., 2021). 
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Similarly, individuals with depression have been found to have decreased activation of the AIC, 

which may contribute to the emotional dysregulation that is characteristic of this disorder (Gu 

et al., 2013; Rolls, 2019). 

 

1.4.3 Posterior IC 

Unlike the AIC which is involved in emotional and social processing, the posterior insular 

cortex (PIC) is better known for its role in somatosensory processing (Peyron & Fauchon, 2019). 

The PIC is involved in a variety of sensory processes, including touch, pain, and temperature 

sensation (Borsook et al., 2013; Gehrlach et al., 2019; Labrakakis, 2023). It receives input from 

the thalamus, which relays information from sensory receptors throughout the body 

(Nieuwenhuys, 2012; Peyron & Fauchon, 2019). This input is then processed in the posterior 

insula, allowing us to perceive sensations such as pressure, heat, and cold. 

In addition to sensory processing, the posterior insula is also involved in interoception. 

This includes processes such as hunger, thirst, and fatigue. Work from Wright and colleagues 

have shown that the posterior insula is activated when individuals are presented with cues 

related to hunger or thirst, suggesting that it plays a key role in these processes (Wright et al., 

2016). The posterior insula is best known for its role in pain processing. Research has shown 

that when individuals experience pain, the posterior insula is activated (Labrakakis, 2023; 

Mutschler et al., 2012). Furthermore, damage to the posterior insula has been associated with 

pain insensitivity (Labrakakis, 2023; Meier et al., 2012; Wang et al., 2021). 

Interestingly, studies have shown that the posterior insula is activated when individuals 

experience emotions such as disgust and anger (Tuerke et al., 2012). Additionally, the posterior 
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insula is involved in empathy. Research has shown that individuals with damage to the 

posterior insula have difficulty with empathy tasks, suggesting that this region is crucial for 

social and emotional processing (Bernhardt & Singer, 2012; Novembre et al., 2015). 

Overall, the posterior insular cortex is a crucial region of the brain responsible for a wide 

range of sensory and emotional processes. Its role in sensory processing, interoception, pain 

processing, and emotional processing highlights its importance in human experience and 

behavior. Further research into the functioning of the posterior insula may lead to a better 

understanding of a variety of neurological and psychiatric disorders, such as chronic pain.  

 

1.4.4 Layers of the IC 

The human IC is organized into 

several layers, each with a distinct cellular 

composition and functional role (Figure 3). 

The outermost layer of the IC is known as 

the molecular layer. It is composed of 

axons, dendrites, and synapses. It receives 

input from other brain regions and sends 

output to other cortical areas. Next there is 

the external granular layer which contains 

densely packed granule cells, which receive 

sensory information from the thalamus 

and other cortical areas. The external 

Figure 1.3 Cortical Layers. Pink= anterior IC, Purple= posterior IC. Layers 1-6 
illustrating pyramidal cells (red triangles) and granule cells (green circles). Anterior 
IC differs in that it lacks layer 4.  
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pyramidal layer contains large pyramidal cells that send output to other cortical areas, as well 

as to the thalamus and brainstem. The internal granular layer contains smaller granule cells that 

receive input from the external pyramidal layer and other cortical areas. This layer is unique in 

that it is present in the posterior IC but absent in the anterior IC, defining the gradient of 

granularity along the anterior-posterior axis. It is also involved in processing somatosensory and 

gustatory information (Nieuwenhuys, 2012). The inner pyramidal layer contains large pyramidal 

cells that project to other cortical areas, as well as to subcortical structures such as the 

amygdala and basal ganglia (Evrard, 2019a). Finally, the innermost layer, the multiform layer 

contains a mixture of small and large cells with diverse functions. It is involved in the 

integration of sensory, emotional, and cognitive information, as well as in motor control 

(Evrard, 2019a).  

 

1.4.5 Conservation Across Species 

The IC is a highly evolutionarily conserved region, present in all mammalian species 

(Evrard, 2019a; Gehrlach et al., 2020; Nieuwenhuys, 2012). Studies have shown that the IC is 

particularly well-developed in primates, including humans, suggesting that it may play an 

important role in the unique cognitive and social abilities of these animals (Evrard, 2019a; Gu et 

al., 2013)In fact, some researchers have suggested that the insular cortex may be the key neural 

structure that distinguishes humans from other animals, as it is involved in many higher-level 

cognitive functions that are unique to our species, such as self-awareness, empathy, and moral 

reasoning (Michel, 2017) 
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Interestingly, despite its evolutionary conservation, there is also evidence that the 

insular cortex may have undergone some degree of specialization or differentiation across 

different species. For example, in rats and mice, the insular cortex is mainly involved in 

gustatory processing (taste), whereas in primates, including humans, it has a much broader 

range of functions (Evrard, 2019b; Gehrlach et al., 2020). This is in part due to structural 

differences wherein lower order species such as mice the IC is largely agranular (lacking layer 

4), whereas higher order mammals like primates the IC is divided into three cytoarchitectural 

subdivisions that can be identified in the dorso-ventral plane: the granular (dorsal), the 

dysgranular (intermediate) and the agranular (ventral) subdivisions (Gallay et al., 2012; 

Gehrlach et al., 2020). This suggests that the insular cortex may have adapted to perform 

different functions in different species, while still retaining its fundamental structure and 

connectivity. 

Overall, the evolutionary conservation of the insular cortex suggests that it is a highly 

important and fundamental structure, involved in a wide range of functions across many 

different species. Its continued study is likely to shed light on many important questions about 

brain evolution, cognition, and behavior. 

 

1.4.6 IC Circuitry 

Through anatomical dissection, it has been observed that the IC exhibits extensive 

connections both within itself and with stress-related brain regions (Shin & Liberzon, 2010b). 

While cortical areas have bidirectional connections with the insula, pathways to and from 

subcortical regions are primarily unidirectional (Bonelli & Cummings, 2007; Harris, 2011). The 
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insula reciprocally connects with frontal brain structures, such as the medial prefrontal cortex 

(mPFC), ACC, and orbitofrontal cortex. In addition to its connections with frontal and sensory 

regions, the insula demonstrates a strong interconnection with the limbic system (Gehrlach et 

al., 2020). For instance, inputs from the basolateral amygdala (BLA) project to specific parts of 

the insula, while one of the densest efferent pathways from the insula returns to the BLA and 

the central amygdala (Gehrlach et al., 2020; Luchsinger et al., 2021). Other significant outputs 

include the entorhinal cortices, nucleus accumbens, and the mediodorsal nucleus of the 

thalamus (Gehrlach et al., 2020). Furthermore, the anterior insula exhibits a distinct projection 

pattern compared to the posterior and mid insula, which share similar inputs and outputs 

(Gehrlach et al., 2020). Notably, this research confirms a one-way pathway from the insula to 

the bed nucleus of the stria terminalis (BNST). This innervation is primarily directed towards the 

lateral BNST and can modulate negative affective behaviors in mice (Luchsinger et al., 2021). 

 

1.5 The Bed Nucleus of the Stria Terminalis (BNST) 

As mentioned above, one of the major outputs from the IC is the bed nucleus of the stria 

terminalis (BNST). The BNST is part of the extended amygdala and plays an important role in 

regulating emotional and stress-related behaviors(Avery et al., 2014). The BNST sends output to 

areas involved in the regulation of the autonomic nervous system and receives input from 

regions including the amygdala, prefrontal cortex, and hippocampus. Dysregulation of the BNST 

has been implicated in the development of anxiety and mood disorders, as well as drug 

addiction(Conrad et al., 2011; Luchsinger et al., 2021; Shin & Liberzon, 2010b).  
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1.5.1 BNST Structure and function  

Comprised predominantly of GABAergic neurons, the BNST can be subdivided into 

distinct regions according to its connectivity and function. It receives input from several brain 

regions, including the amygdala, prefrontal cortex, and hippocampus, and plays a pivotal role in 

governing both emotional and physiological reactions to stress and anxiety. Moreover, the 

BNST is involved in regulating social behaviors, fear learning and memory, as well as drug 

addiction.  

 

1.5.1.1 Anterior BNST 

The anterior BNST has been implicated in a range of physiological and behavioral 

functions, including stress responses, anxiety, social behaviors, addiction, and sexual behavir 

(Ch’ng et al., 2018; Conrad et al., 2011). It receives inputs from a variety of sources, including 

the amygdala, hypothalamus, prefrontal cortex, and various sensory systems, and it sends 

outputs to a number of brain regions, including the hypothalamus, periaqueductal gray, and 

ventral tegmental area (Avery et al., 2014). 

One of the key functions of the anterior BNST is its role in modulating the HPA axis, 

which is the primary stress response system in the body(Cole et al., 2022). The BNST receives 

inputs from the amygdala and other limbic regions that signal the presence of stressors, and it 

then sends outputs to the hypothalamus, which regulates the release of corticotropin-releasing 

hormone (CRH) and other stress-related hormones. Dysregulation of the anterior BNST has 

been implicated in the development of anxiety and other stress-related disorders (Awasthi et 

al., 2020; Ch’ng et al., 2018). 
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The anterior BNST is also involved in the regulation of social behavior, including 

aggression and mating behavior(Nordman et al., 2020; Zhou et al., 2023). It has been shown to 

play a role in the modulation of sexual behavior in both males and females, as well as in the 

regulation of maternal behavior in females. Dysfunction of the anterior BNST has been 

implicated in the development of social deficits, including autism and schizophrenia (Arakawa 

et al., 2023; Contestabile et al., 2023; Feola et al., 2021). 

 

1.5.1.2 Posterior BNST 

Studies have shown that the posterior BNST plays a crucial role in regulating the stress 

response and anxiety-related behaviors(Walker et al., 2003). It is involved in the modulation of 

fear-related memories and the consolidation of these memories into long-term 

memory(Hulsman et al., 2021; Shin & Liberzon, 2010b). It also modulates the expression of 

conditioned fear responses by regulating the activity of the amygdala(Davis et al., 2010; Shin & 

Liberzon, 2010b). 

The posterior BNST is also implicated in the regulation of social behavior(Arakawa et al., 

2023; Whylings et al., 2020). It is involved in the modulation of social aggression and social 

recognition, as well as the regulation of sexual behavior (Coria-Avila et al., 2014; Nordman et 

al., 2020). Dysfunction in the posterior BNST has been associated with various psychiatric 

disorders, including anxiety disorders, post-traumatic stress disorder (PTSD), and 

depression(Ch’ng et al., 2018; Feola et al., 2021; Flook et al., 2020; Rodríguez-Sierra et al., 

2016). Abnormalities in the posterior BNST have also been linked to drug addiction and 
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alcoholism(Avery et al., 2014; Centanni, Bedse, et al., 2019; Ch’ng et al., 2018; Volkow et al., 

2019; Vranjkovic et al., 2018). 

 

1.5.2 BNST circuity  

As stated earlier, the BNST exhibits a complex structure and this complexity extends to its 

afferent and efferent connections. Understanding this connectivity is crucial for comprehending 

the function of the BNST. In rodents, the dorsal bundle (stria terminalis) and the ventral bundle 

(ansa peduncularis) serve as pathways through which the BNST connects with other regions.  

Cortical and subcortical regions throughout the brain contribute glutamatergic afferents to 

the BNST(Avery et al., 2014). Cortical glutamatergic inputs originate from regions such as the 

orbital, infralimbic, and prelimbic cortices of the prefrontal cortex, as well as the IC, entorhinal 

cortex, and basolateral amygdala (Alheid, 2003; Avery et al., 2014). Non-cortical regions also 

send glutamatergic afferents to the BNST, including the ventral subiculum of the hippocampus, 

paraventricular thalamus, lateral hypothalamus, and the parabrachial nucleus. 

The central nucleus of the amygdala (CeA) provides the densest GABAergic input to the 

BNST(Francesconi et al., 2021). Other regions contributing to the GABAergic afferent network 

include the medial amygdala (MeA), lateral septum, shell of the nucleus accumbens (NAcc), 

medial preoptic area, anterior hypothalamus, paraventricular nucleus (PVN), substantia 

innominata, and zona inserta (Alheid, 2003). 

The BNST establishes significant connections with the hypothalamus, with the connection to 

the paraventricular nucleus (PVN) being crucial for the stress response. These connections are 

mainly GABAergic, although sparse populations of glutamatergic and corticotropin-releasing 
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factor (CRF) cells have also been identified. The BNST also sends two distinct pathways, CRF and 

cholecystokinin (CCK), to the lateral hypothalamus, each responding differently to stress. Both 

the dorsal BNST (dBNST) and ventral BNST (vBNST) project to the ventral tegmental area (VTA), 

but the vBNST projection is stronger. The projections from the BNST to the VTA, which contains 

a significant population of dopamine neurons, are primarily GABAergic, although some 

glutamatergic cells are present. These two cell types appear to be activated by different stimuli 

and have contrasting stress-related functions. Additionally, some projections from the BNST to 

the VTA are also positive for CRF. The BNST also reciprocally projects to the periaqueductal gray 

(PAG), with this output mainly originating from CRF cells in the oval nucleus of the BNST. 

Projections to the parabrachial nucleus come from cells distributed throughout the BNST, 

particularly those containing somatostatin, neurotensin, or CRF in the dorsolateral BNST. 

 

1.6 When use becomes misuse: the addiction cycle 

An implicit tenet of the alcohol use disorder (AUD) research field is that understanding of 

how alcohol interacts with the brain is critical to the development of an understanding of 

vulnerability to AUD, and to treatment approaches. Gaining this understanding requires the 

mapping of brain function critical to specific components of this heterogeneous disorder. Early 

approaches in humans and animal models focused on determination of specific brain regions 

sensitive to alcohol action, and that participate in AUD-relevant behaviors. Broadly speaking, 

this research has focused in three domains, Binge/Intoxication, Negative Affect/Withdrawal, 

and Preoccupation/Anticipation, with a number of regions identified as participating in each. 

With the generational advances in technologies that the field of neuroscience has undergone 
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over the last two decades, this focus has shifted to a circuit-based analysis. A wealth of new 

data has sharpened the field’s focus on the specific roles of the interconnectivity of multiple 

brain regions in AUD, and AUD-relevant behaviors, as well as demonstrating that the three 

major domains described above have much fuzzier edges that originally thought. In this 

chapter, we very briefly review brain regions previously implicated in aspects of AUD relevant 

behavior from animal model research, then move to a more in-depth overview of circuit-based 

approaches, and the utilization of these approaches in current AUD research. 

 

1.6.1 The 3 phases of addiction model and neural circuits that underly each  

One conceptualization of addiction is as a cycle typically characterized by three phases: 

the binge/intoxication phase, the withdrawal/negative affect phase, and the 

preoccupation/anticipation phase. In the binge/intoxication phase, individuals experience 

pleasurable effects from the substance or behavior, leading to an increase in consumption and 

a decrease in inhibition. During the withdrawal/negative affect phase, individuals experience 

physical and psychological discomfort when the substance or behavior is discontinued, leading 

to cravings and a desire to use again. In the preoccupation/anticipation phase, individuals 

become preoccupied with obtaining and using the substance or engaging in the behavior, 

leading to a loss of control and increased risk of relapse. These three phases can be a helpful 

way to conceptualize and understand the addictive process, and can inform treatment 

approaches to address each phase. 
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1.6.1.1 Binge/intoxication 

The Binge/Intoxication phase refers to periods of heavy alcohol intake resulting in 

induction of intoxication through the pharmacological actions of alcohol. In animals, aspects of 

this phase can be modelled with volitional alcohol intake models, as well as alcohol conditioned 

place preference. A number of brain regions have been implicated in binge intake and have 

been heavily reviewed elsewhere (Jeanblanc et al., 2019; Koob & Volkow, 2016; Thiele & 

Navarro, 2014). Here we will briefly highlight key identified areas. 

 

Ventral tegmental area (VTA) 

The ventral tegmental area (VTA) has long been considered a key region for the 

reinforcing actions of ethanol, supported by data demonstrating that rats will self-administer 

intra-VTA infusions of ethanol (Gatto et al., 1994; Rodd et al., 2004). Acute exposure increases 

the in vivo and ex vivo firing rate of VTA dopamine (DA) neurons (Brodie et al., 1990; Gessa et 

al., 1985). Early work focused on and further supported VTA DA neurons as a key population of 

interest, as decreasing VTA DA neuron firing via intra-VTA infusion of the D2 receptor agonist 

quinpirole attenuates intra-VTA and oral ethanol self-administration and oral intake (Hodge et 

al., 1993; Nowak et al., 2000; Rodd et al., 2004). This ethanol-induced increase in DA neuron 

activity results in an increase in dopamine release in mesocorticolimbic targets, consistent with 

all drugs of abuse. 

 

Nucleus accumbens  
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A major target of VTA DA neurons is the nucleus accumbens (NAc). Here, acute ethanol 

exposure results in increased extracellular DA levels (Di Chiara & Imperato, 1988; Robinson et 

al., 2009). The role for DA signaling in reinforcing ethanol behavior has been studied using NAc 

microinjections of DA receptor pharmacological agents. Specifically, intra-NAc infusion of D1R 

and D2R antagonists reduce oral ethanol operant responding in rats (Hodge et al., 1997; 

RASSNICK et al., 1992; Samson et al., 1993). However, while ethanol-induced increases in 

extracellular DA in the NAc plays a clear role in the reinforcing properties of ethanol, there is 

ample support for ethanol’s actions through other signaling mechanisms (For review of synaptic 

effects of ethanol see (Lovinger & Roberto, 2013)). Ethanol is also known to bind to GABAA 

receptors, enhancing receptor function, (Lovinger & Roberto, 2013; Nestoros, 1980) and can act 

through NMDAR inhibition (Hoffman et al., 1989; Lovinger et al., 1989; Lovinger & Roberto, 

2013), as intra-NAc infusion of the glutamate receptor antagonist AP-5 decreases oral ethanol 

self-administration (Rassnick et al., 1992).There is a large breadth of research defining ethanol’s 

effects on specific cell types and neurotransmitters within key ethanol reward-associated 

regions. I have highlighted key reviews that better dive into details related to specific ethanol 

mechanisms and cell type-specific actions for additional information.   

Focusing on this higher level of regional regulation by ethanol exposure, expression of 

the immediate early gene cFos is increased in the NAc following an IP injection, intraventricular 

(ICV), or intragastric administration of ethanol (Herring et al., 2004; Hitzemann & Hitzemann, 

1997; Leriche et al., 2008; Ryabinin et al., 1997; Segovia et al., 2013a), signifying that this region 

has increased cell activity during exposure. Manipulation of the NAc in the context of ethanol 

reward is behaviorally relevant, as electrolytic lesion of the NAc decreases ethanol intake in a 
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drinking in the dark paradigm (Cassataro et al., 2014) and prevents the acquisition of ethanol 

conditioned place preference (CPP) (Gremel & Cunningham, 2008). Consistent with NAc 

function supporting the reinforcing properties of ethanol, pharmacological inhibition via intra-

NAc infusion of the GABAA agonist muscimol decreases ethanol self-administration in rats 

(Hodge, Chappelle et al. 1995). Chemogenetic inhibition of the NAc using a Designer Receptors 

Exclusively Activated by Designer Drugs (DREADD) similarly approach decreases ethanol intake 

in a drinking in the dark paradigm (Cassataro et al., 2014). Together, this work supports the NAc 

as a region necessary in orchestrating the reinforcing properties of ethanol exposure. 

 

Ventral pallidum 

Downstream from the NAc, the ventral pallidum (VP) is also known to play a role in 

motivation and hedonic signaling (Kupchik et al., 2015; Lovinger & Alvarez, 2017)Intragastric 

infusion of ethanol decreases VP BOLD signal intensity in conscious rats (Tsurugizawa et al., 

2010)and both IP and intraventricular (ICV) administration of ethanol results in increased cfos 

expression in the VP (Segovia et al., 2013b). Inhibition of the VP through direct infusion of 

muscimol (Kemppainen et al., 2012) or GABA receptor blockade using betaCCt (June et al., 

2003)both decrease ethanol self-administration.  

 

Dorsal striatum/Basal Ganglia 

While many of the previous brain regions have focused on function in relation to the 

initial rewarding properties of ethanol, the dorsal striatum (DS, putamen) is highly implicated in 

habit formation (O’Tousa & Grahame, 2014). cFos expression in the dorsal striatum is increased 
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by an IP injection of ethanol (Hitzemann & Hitzemann, 1997; Segovia et al., 2013b). Research 

has also shown the behavioral relevance of DS function. Decreased dorsal striatum activity via 

activation of an inhibitory DREADD decreased ethanol intake (Robins et al., 2018). The DS can 

also be broken down into medial (DMS) and lateral segments (DLS), with control of different 

behavioral outcomes. For example, inactivation of the DMS via local infusion of GABA receptor 

agonists baclofen and muscimol decreases goal-directed responding in early training while local 

infusion into the DLS decreases habit-like responding after prolonged training (Corbit et al., 

2012) (see for review of DS in habituation ethanol intake behaviors (O’Tousa & Grahame, 2014). 

The DS projects to the dorsal pallidum, which can be divided into the globus pallidus 

internal (GPi) and external (GPe) segments (Lovinger and Alvarez 2017). Ex vivo bath application 

of ethanol to acute brain slices results in a decrease in GPe neuron firing ,(Criswell et al., 1995), 

which recently was further characterized as a subpopulation of GPe neurons (Abrahao et al., 

2017). 

Basal ganglia circuitry is thought to be critically modulated by dopamine input from the 

substantia nigra. In unanesthetized rats, an IV infusion of ethanol increases SNr DA firing at low 

doses but results in inhibition at high doses (Mereu et al., 1984). Local injection studies suggest 

the substantia nigra may contribute to stimulant actions of ethanol (Arizzi-LaFrance et al., 

2006). 

 

1.6.1.2 Withdrawal/negative affect 

Cessation of alcohol intake following binge exposure leads to a sequalae of withdrawal 

symptoms dependent upon the prior pattern and history of alcohol intake. It is posited that 
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cycles of binge intoxication and withdrawal lead to the development of what are referred to as 

allostatic changes in the set point for affective behaviors and hypothalamic setpoint to result in 

altered stress responses (Centanni, Morris, et al., 2019; Koob, 2009; Koob & Schulkin, 2019). 

These changes are then viewed as contributing stimuli to drive subsequent negative 

reinforcement-based alcohol seeking in the Preoccupation/Anticipation phase. A number of 

brain regions from animal model studies have been implicated in these withdrawal-associated 

emergent behaviors, most notably components of the extended amygdala, as described below. 

Aspects of this phase can be modeled by increased alcohol intake after the development of 

dependence in animal models, increased conditioned place aversion, and alterations in 

behavior in tasks that assess affective state. 

 

The Extended Amygdala (Central nucleus of the amygdala and Bed nucleus of the stria 

terminalis) 

Alcohol exposure and withdrawal in rodent models induces negative affective behaviors 

that appear to heavily involve the central nucleus of the amygdala and the bed nucleus of the 

stria terminalis (CeA, BNST, for reviews see (Centanni, Bedse, et al., 2019; Roberto et al., 2021)). 

A variety of acute and chronic actions of ethanol on glutamatergic and GABAergic transmission 

have been identified, at least some of which appear to involve the neuropeptide corticotropin 

releasing factor (CRF). Consistently, manipulations within the CeA that decrease GABAergic 

transmission reduced dependence-induced increases in alcohol intake across a range of 

models. 
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In a chronic home cage drinking followed by forced abstinence model (CDFA), female 

mice show increased anxiety- and depressive-like behaviors after protracted withdrawal from 

ethanol (Holleran et al., 2016; Vranjkovic et al., 2018). At this timepoint, BNST cFos is increased 

in male and female mice in protracted withdrawal from chronic ethanol (+ in CRF cells) 

(Centanni, Morris, et al., 2019) 

 

1.6.1.3 Preoccupation/anticipation  

The preoccupation/anticipation phase of AUD represents a particularly relevant 

potential treatment intervention phase and is associated with increased alcohol craving. 

Reinstatement of alcohol seeking behavior is a common means of modeling this component. 

Studies have revealed a number of involved brain structures, as has been previously reviewed 

extensively (Domi et al., 2021; George & Hope, 2017; Mantsch et al., 2016). Here we will 

provide brief highlights of this research. 

 

Prefrontal cortex (PFC) 

The orbital frontal cortex (OFC) is a region heavily implicated in alcohol-related 

behaviors. cFos is increased in the OFC of rats during cue- and context-induced reinstatement 

of ethanol seeking (Bianchi et al., 2018; Jupp et al., 2011). OFC chemogenetic inhibition 

decreases cue-induced ethanol reinstatement in rats (Hernandez et al., 2020) and 

pharmacological inhibition via muscimol attenuated context-induced reinstatement (Bianchi et 

al., 2018) and cue-induced reinstatement via muscimol and baclofen ((Arinze & Moorman, 

2020). For general review, see (Moorman, 2018). 
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Insular Cortex  

Another cortical region we are beginning to learn more about in relation to its role in 

alcohol anticipation, preoccupation and craving is the insular cortex (IC). The insula participates 

in stress axis circuitry through its projections to the BNST, as well as with limbic, visceral and 

somatosensory regions (Craig, 2009). These connections position the insula well to be a central 

hub for regulating interoceptive states. In human imaging studies this region has been shown to 

be active when presented with images of drugs and drug related cues (Droutman et al., 2015; 

Jasinska et al., 2014; Naqvi & Bechara, 2010). Jaramillo et al have shown that inhibition of the 

rodent IC increases sensitivity to interoceptive effects of alcohol in an operant discrimination 

task (Jaramillo et al., 2016). Furthermore, chemogenetic modulation of insula activity revealed 

its ability to exert control over how much animals self-administration alcohol as well as their 

alcohol sensitivity (Jaramillo, Agan, et al., 2018; Jaramillo, Van Voorhies, et al., 2018). 

 

1.6.2 New findings to amend the addiction cycle model 

Utilizing a variety of the approaches described above in rodent models, a number of 

specific circuits have been investigated within the past 10 years for their modification by and/or 

roles in alcohol-specific behaviors. An interesting theme that has emerged from these studies is 

a blurring of the fidelity of specific brain regions within specific components of the AUD cycle, 

as will be discussed below. 
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Extended amygdala-VTA circuits in binge/intoxication and negative affect/withdrawal 

An important source for control of the mesolimbic dopamine system in the context of 

alcohol bingeing and dependence are the extended amgydala structures, particularly the BNST 

and CeA. Avegno et al have demonstrated the VTA-projecting CeA neurons are activated during 

alcohol exposure and withdrawal (Avegno et al., 2021). Further, two studies demonstrate that a 

projection from the BNST to the VTA plays an important role in ethanol conditioned place 

preference (Pina & Cunningham, 2017)and binge alcohol intake (Rinker et al., 2017). While 

these data are not unexpected in terms of predicted roles of dopamine signaling in reinforced 

behaviors, the role of BNST projections here demonstrates an example of “cutting corners”, in 

which a brain region implicated in the negative affect/withdrawal phase of the AUD cycle plays 

a role in alcohol intake behaviors independent of alcohol dependence.  

Circuit based analysis of extended amygdala structures does provide strong support for 

the role of circuits involving these structures in the negative affect/withdrawal phase. For 

example, a circuit involving CeA CRF neurons projecting into the BNST in rat is activated during 

chronic alcohol withdrawal, and optogenetic inhibition of this pathway suppresses enhanced 

alcohol intake as well as physiological signs of withdrawal (De Guglielmo et al., 2016; de 

Guglielmo et al., 2019). Curiously when analogous experiments were performed utilizing 

chemogenetic approaches in the mouse, significantly distinct outcomes were obtained, 

suggesting more work needs to be done (Kreifeldt et al., 2022).  

CRF neurons projecting to the VTA in the BNST have been identified as being regulated by 

chronic ethanol exposure (Silberman et al., 2013), and moreover, direct manipulation of the 

activity of these cells reveals that activity supports alcohol intake. In mice, these cells are more 
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excitable in females compared to males, and this difference is in part mediated by a stronger 

glutamatergic projection to these cells from the paraventricular nucleus of the thalamus (PVT) 

(Levine et al., 2021). BNST CRF neurons also receive input from the portions of the insula 

(Centanni, Bedse, et al., 2019; Fetterly et al., 2019). Excitatory drive in the BNST is upregulated 

during forced abstinence from chronic alcohol availability (Centanni, Morris, et al., 2019). 

Chemogenetic studies indicate that at least a portion of this upregulation occurs at insular 

afferents. Moreover, alcohol intake is associated with an increase of the excitability of BNST 

projecting insular neurons (Marino et al., 2021). Driving this circuit produces behavioral 

phenotypes similar to those observed with alcohol forced abstinence, and chemogenetic 

inhibition reduces abstinence induced negative affect-like behavioral disturbances. 

 

Insular cortex-driven circuits participate in multiple AUD cycle components 

Indeed, a variety of circuit analyses-oriented studies point to a key role insular cortex in 

alcohol dependent behaviors. Seif et al elegantly demonstrated that insular (and mPFC) inputs 

to the accumbens were uniquely regulated by GluN2C-containing NMDA receptors, and that 

reduction of the expression of these receptors in ventral striatum reduced aversion-

independent alcohol intake (Seif et al., 2013). In dorsal striatum, insular afferents are subject to 

mu opiate receptor-dependent LTD, and form of synaptic plasticity disrupted by alcohol 

exposure (Muñoz et al., 2018). Inhibition of insular afferents to the brainstem specifically 

reduce aversion resistant alcohol intake (De Oliveira Sergio et al., 2021). 

Canonically the IC has been posited to be a part of the anticipation/preoccupation stage of the 

addiction cycle. However, there is growing evidence supporting the role of the insula in the 
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negative affect/withdrawal phase. Data from the Winder and Sparta labs have shown that the 

IC is active following abstinence from ethanol in rodent models(Centanni, Morris, et al., 2019; 

Marino et al., 2021). Additionally, following a 2 week abstinence period from chronic ethanol 

intake, chemogenic inactivation of the IC blocked the subsequent increase in BNST activation 

previously seen during abstinence indicating the IC is a necessary component of the withdrawal 

phase (Centanni, Morris, et al., 2019). 

 

Corticostriatal circuits in AUD-like behaviors 

Significant circuit-based analyses have also been performed within cortico-striatal 

circuits in the context of alcohol intake and exposure as well. Dependence following chronic 

exposure to intermittent alcohol vapor is associated with a reduction in cortical control of habit 

formation (Renteria et al., 2018). Specifically, orbitofrontal cortex (OFC) neurons that project 

into the basal ganglia exhibit decreased excitability after chronic intermittent alcohol vaper 

exposure (Renteria et al., 2018). Further investigation revealed an endocannabinoid-dependent 

modulation pathway in the OFC-direct pathway circuit that is critical to this process (Renteria et 

al., 2021). Restoration of this cortical output via optogenetic stimulation produced an increase 

in goal-directed behavior in dependent mice (Renteria et al., 2018). Indirect pathway neurons 

also appear to play an important role in regulating alcohol-related behaviors, optogenetic 

(Hong et al., 2019). 
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Novel connections in the cycle identified by circuit-based approaches 

In addition to the results described above, new strategies have been utilized to 

implicate interesting circuits in AUD-relevant behavior. For example, Dornellas et al, utilizing a 

pathway-specific chemogenetic strategy, have provided evidence that a synapse from the locus 

coeruleus to the rostromedial tegmental nucleus (RMTG) selectively regulates alcohol intake 

(Dornellas et al., 2021). Intriguingly, chemogenetic activation of this pathway reduced ethanol 

but not sucrose consumption (Dornellas et al., 2021). Similarly, chemogenetic inhibition of LC 

inputs to the lateral hypothalamus also decreased ethanol intake (Burnham et al., 2021). These 

data in total suggest that the LC may have a previously underappreciated role in orchestrating 

alcohol intake via control of lower brain centers. 

Increasing emphasis is also beginning to be placed on the role of hypothalamic subnuclei 

containing circuits in binge ethanol intake. POMC expressing neurons are a significant cell 

population within the arcuate nucleus of the hypothalamus, and they project to multiple 

regions previously implicated in alcohol behaviors, such as the nucleus accumbens and 

amygdala. Leyrer-Jackson et al. recently demonstrated that POMC-containing neurons that 

project to the amygdala are preferentially active during the drinking-in-the-dark binge drinking 

model, suggesting a potential role for this pathway as well (Leyrer-Jackson et al., 2021). 

Finally, one of the most enticing AUD circuit papers to date is Siciliano et al., (Science, 

2019). In this paper, Siciliano and colleagues measure and modulate in vivo activity of a medial 

PFC to dorsal periaqueductal gray circuit (Siciliano et al., 2019). They do this within the context 

of a novel operant alcohol self administration model that allowed delineation of high and low 

alcohol drinkers, as well as “compulsive” drinkers, defined by their ability to continue high 
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drinking levels in the presence of the bitter tastant quinine (Siciliano et al., 2019).Remarkably, 

Siciliano and colleagues demonstrated that activity within this pathway was predictive of the 

classification scheme that the mice would fall into, suggesting the possibility for biomarker-

based approaches to assess alcohol use disorder vulnerability based on MRI brain imaging 

approaches. 

 

1.7 A pathway to break the cycle: the IC to BNST circuit 

As stated above, both the IC and the BNST play import roles in assessing stimuli valence and 

coordinating an appropriate behavioral response. Work from human fMRI studies have 

provided evidence for functional connectivity between the IC and BNST(Flook et al., 2020, 

2021). Animal models have bolstered evidence for a unilateral glutamatergic projection from 

the IC to the BNST (Centanni, Morris, et al., 2019; Luchsinger et al., 2021; Marino et al., 2021). 

Below I will discuss what is known so far about the IC to BNST circuit in the context of stress and 

alcohol withdrawal.  

 

1.7.1 Role in stress 

Stress related illnesses such as anxiety and depression impact almost 50 million adults in 

the United States. Recent published data from the Winder lab has shown that following coping 

bouts during an inescapable stressor, there is an increase in calcium transients in both the BNST 

and the insula (Luchsinger et al., 2021). Interestingly, within the insula there is a simultaneous 

time-locked increase in glutamate and decrease in GABA transients following acute restraint 

stress but only the elevation in glutamate remained after chronic restraint stress, suggesting 
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postsynaptic adaptations occur following repeated exposure to a homotypic stressor 

(Luchsinger et al., 2021).  

 Furthermore, IC communication with the BNST by way of the paraventricular nucleus of 

the thalamus (PVT) is implicated in anxiety-like behaviors in mice. Zhao et al. 2022 found that 

activation of IC neurons or PVT-projecting IC neurons accelerates the acute stress-induced 

anxiety-related behaviors (Zhao et al., 2022). Additionally, inhibition of PVT-projecting IC 

neurons produces an anxiolytic effect and ablation of the neurons in PVT receiving input from 

IC blocked the anxiety-related behaviors induced by the activated IC neurons (Zhao et al., 

2022). Viral tracing revealed direct synaptic connections between the IC to the PVT to the BNST 

and manipulation of neuronal terminals in BNST projected from PVT altered the susceptibility 

to the acute stress induced anxiety-related behaviors (Zhao et al., 2022). 

 

1.7.2 Role in ethanol withdrawal  

Research suggests that the IC plays a crucial role in processing cues associated with 

alcohol and drugs, as well as the development of compulsive drug-seeking behaviors (Abdolahi 

et al., 2019; Flook et al., 2021; Joutsa et al., 2022; Nall et al., 2021; Paulus, 2007). Damage or 

inhibition of the IC disrupts the seeking of drugs and alcohol, as well as the normal signaling 

pathways linked to addiction (Centanni, Morris, et al., 2019; Naqvi et al., 2007). Functional 

changes in the IC and alterations in connectivity with downstream brain regions have been 

observed in individuals with alcohol use disorder (AUD) (Flook et al., 2020; Grodin & Momenan, 

2017). Studies using rodent models of binge drinking have further supported these findings, 
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indicating specific alterations in IC signaling after ethanol consumption influenced by sex and 

neural circuitry (Haggerty et al., 2022a; Marino et al., 2021; Pina et al., 2020). 

The IC and BNST play a significant role in the expression of negative emotional behaviors 

during alcohol abstinence, which contribute to relapse in individuals with AUD (Centanni, 

Morris, et al., 2019; Flook et al., 2021; Vranjkovic et al., 2018). Both the IC and BNST show 

activity during stress and withdrawal from repeated ethanol exposure (Centanni, Morris, et al., 

2019; Luchsinger et al., 2021; Marino et al., 2021). Research conducted by the Winder lab has 

demonstrated the necessity of IC activity for the subsequent increase in BNST activity observed 

during abstinence (Centanni, Morris, et al., 2019). Moreover, short-term ethanol intake leads to 

a specific enhancement in the excitability of IC→BNST cells in females, which diminishes during 

acute withdrawal (Marino et al., 2021). 
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Chapter 2 

BK channel Adaptations in BNST Projecting Insular Cortex Cells Following Forced Abstinence 

from Chronic Ethanol Intake Drive Increased Activity 

 

2.1 Introduction  

The insula is a cortical lobe that plays crucial roles in various cognitive, affective, and 

physiological processes, including interoception, emotion regulation, decision-making, and 

social cognition (Gogolla, 2017; Nagai et al., 2021; Nieuwenhuys, 2012). Growing evidence 

suggests that the insular cortex (IC) may be involved in the pathophysiology of several 

neurological and psychiatric disorders, including anxiety, depression, use disorders, and chronic 

pain (Campbell et al., 2019; Labrakakis, 2023; Mutschler et al., 2012; Paulus & Khalsa, 2021; 

Perini et al., 2020; Pushparaj et al., 2015).  

In addition, studies suggest that the IC plays a critical role in processing alcohol and drug-

related cues and developing compulsive drug-seeking behaviors (Abdolahi et al., 2019; Flook et 

al., 2021; Joutsa et al., 2022; Nall et al., 2021; Paulus, 2007). Damage or inhibition to the IC 

disrupts drug and alcohol seeking and canonical downstream addiction related signaling 

pathways (Centanni, Morris, et al., 2019; Naqvi et al., 2007). In humans with an alcohol use 

disorder (AUD) there are functional adaptations in the IC as well as changes in connectivity 

between the IC and downstream regions (Grodin et al., 2017; Flook et al., 2020). Preclinical 

binge drinking rodent models have bolstered these findings, indicating that there are sex 

specific and circuit specific alterations in IC signaling following ethanol intake (Haggerty et al., 

2022a; Marino et al., 2021; Pina et al., 2020).  
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Both human and rodent studies have identified a unidirectional connection between the IC 

and the bed nucleus of the stria terminalis (BNST); a key node in regulating the hypothalamic-

pituitary-adrenal axis (Conrad et al., 2011; Hulsman et al., 2021). Previous research has 

implicated a projection from the IC to the BNST in the emergence of negative affective 

behaviors during alcohol abstinence, which often contribute to relapse in those struggling with 

AUD (Centanni, Morris, et al., 2019; Flook et al., 2021; Vranjkovic et al., 2018). Individually 

these regions are active during stress as well as during withdrawal from repeated ethanol 

exposure (Centanni, Morris, et al., 2019; Luchsinger et al., 2021; Marino et al., 2021). Work 

from our lab has shown that IC activity is required for downstream elevation in BNST activity 

seen in abstinence (Centanni, Morris, et al., 2019). Further, short term ethanol produces a 

female specific increase in excitability of IC→BNST cells that is diminished during acute withdrawal 

(Marino et al., 2021).  

Given that the IC to BNST circuit is dynamically affected by ethanol, and little is known 

about the synaptic properties of these IC→BNST cells, the current study aimed to determine (1) 

the impact of chronic volitional alcohol intake and subsequent forced abstinence on IC→BNST 

excitability and (2) what mechanism may underly ethanol induced changes in neuron 

excitability of these cells.   

Here, we assess the impact of chronic drinking forced abstinence (CDFA) on synaptic and 

excitable properties of insular neurons that project to the BNST (IC→BNST). Using whole cell patch 

clamp electrophysiology, we find that following forced abstinence (FA) in female C57BL/6J 

mice, there is an increase in action potential firing of IC→BNST circuitry at 24hrs but not 2 weeks. 

This phenomenon is in part due to diminished BK channel expression within the region, 
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consistent with prior work showing perturbations of BK channel functioning in the presence of 

ethanol (Widmer et al., 1998). Pharmacological manipulation of BK channels in control animals 

was sufficient to mimic neuronal firing patterns seen in 24hrs ethanol FA mice. Acute ethanol 

exposure or chronic exposure to sucrose were not sufficient to induce hyperexcitability. 

Increased understanding of how alcohol reorganizes neural circuitry and when in abstinence 

alcohol induced plasticity is reversed will provide insight into not only druggable targets, but 

also critical time windows of treatment that may have the greatest success in preventing 

relapse. 

 
2.2 Methods     
 
Animals 

Female C57BL/6J mice (Jackson Laboratories) were used in all studies. All procedures were 

carried out in accordance with the NIH Guide to Care and Use of Laboratory Animals and 

institutional guidelines and approved by the Institutional Animal Care and Use Committee at 

Vanderbilt University. Animals were on a 12:12 light dark cycle and all tissue collected 3-4 hours 

after lights turned on. All subjects were single housed at the start of the CDFA paradigm and 

given ad libitum access to standard rodent chow. Animals began the study at 5-6 weeks of age 

and were sacrificed 9 or 11 weeks later for electrophysiology and RNA scope studies.  

 

Stereotaxic Surgery 

For electrophysiology studies 5–6-week-old mice were anesthetized via isoflurane. Animals 

received 300nL bilateral injections of pAAV-CAG-tdTomato (Addgene, Cat no. 59462-AAVrg)   

into the BNST (AP 0.02mm, DV -4.18mm, ML +/- 3.76mm). Virus was infused at a rate of 
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40nL/min and a Hamilton syringe allowed to remain for 5 minutes after injection to increase 

viral uptake. Mice were treated with 2.5 mg/kg Metacam for 48-hour post-surgery and given 2 

weeks to recover before undergoing CDFA.  

 

Chronic Drinking Forced Abstinence (CDFA) 

Chronic drinking followed by forced abstinence was done as described previously (Centanni et 

al., 2019; Holleran et at., 2016; Vranjkovic et al., 2018). Briefly, beginning at 7-8 weeks of age 

mice were single housed and given access to two sipper bottles filled with water. After 1 week 

of habituation our experimental group was given access to increasing concentrations of ethanol 

until reaching a maintenance dose of 10% ethanol. The control group continued to drink from 

bottles that both contained water for the duration of the experiment. After 6 weeks of ethanol 

or water, bottles were removed for either 24 hours or 2 weeks before sacrificing for 

electrophysiology or in situ hybridization.   

 

Whole Cell Patch Clamp Electrophysiology 

Mice were euthanized via isoflurane anesthesia and rapidly decapitated and brains placed in ice 

cold preoxygenated (95% O2/5% CO2) NMDG-based slice buffer consisting of (in mM): NMDG 

(93), NaHCO3(30), glucose (25), HEPES (20), KCl (2.5), NaH2PO4 (1.2), MgCl2 (10), CaCl2 (0.5), 

Na-ascorbate (5), Na-pyruvate (3), N-acetylcysteine (5); adjusted to pH 7.3-7.4 and 300-310 

mOsm. 300 μm Coronal slice slices containing the insular cortex and BNST were prepared from 

whole brain tissue using a Vibratome (Leica VT1200S; Leica Instruments, Nussloch, Germany). 

Slices were then placed into a warm bath (32-34 degrees) containing the same NMDG based 
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slice buffer for 10-15 minutes. Slices were then transferred to a chamber containing 

oxygenated artificial cerebrospinal fluid (ACSF; 119 mm NaCl, 2.5 mm KCl, 1.3 mm MgCl2-6H2O, 

2.5 mm CaCl2-2H2O, 1.0 mm NaH2PO4-H2O, 26.2 mm NaHCO3, and 11 mm glucose; 287–295 

mOsm) 298-302mOsm, for 1 hour at room temperature before recording.   

 

All experiments were performed and analyzed with pClamp 11.1 (molecular devices). 

Recordings were made using a 10 kHz sampling rate and a 2 kHz low pass filter.   Slices were 

transferred to an interface recording chamber and continuously-perfused with 28–32°C aCSF at 

2 ml/min. BNST projecting insula neurons were visualized using a mercury lamp light source and 

Texas Red filter cube used to illuminate Td-tomato fluorophores. 

 

Prior to all electrophysiology recordings, tdTomato expression was verified under the rig 

microscope for expression at the BNST injection site and the IC (Figures 2.2A-B). Pyramidal cells 

were confirmed according to morphologic (size, shape) and biophysical properties (e.g., 

capacitance, and membrane resistance) and patched with 3–5 MΩ recording pipettes (P-97 

Micropipette Puller). Current clamp recordings were performed in a K+-based internal solution 

(125mM K-gluconate, 4mM NaCl, 10mM HEPES, 4mM MgATP, 0.3mM NaGTP, 10mM Tris-

phosphocreatine; 285–292 mOsm). Voltage clamp recordings were performed using a cesium 

based internal solution (140 CsMeSO3, 5 NaCl, 10 HEPES, 0.2 EGTA, 2 MgATP, 0.2 NaGTP, 5 QX-

314; 310-315mOsm).   
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In situ hybridization (RNAScope) 

Visualization of RNA transcripts in insular coronal sections was achieved via fluorescent in situ 

hybridization assays using RNA-Scope Fluorescent Multiplex Reagent Kit (Advanced Cell 

Diagnostics). Mice were anesthetized with isoflurane prior to brain extraction. The brains were 

immediately flash frozen with Optimal Cutting Temperature (OCT) Solution (Fischer Scientific, 

CAT # 23-730-571) and dry ice and stored at -80 °C. Following this, they were sliced into 16 μm 

slices on a cryostat and placed on slides at -80 °C.  

 

The RNAscope protocol was followed as previously described (Luchsinger et al., 2021). The 

slides were first fixed with 4% paraformaldehyde (PFA) for 15 minutes at 4 °C, then dehydrated 

in 200 mL 50% EtOH, 200 mL 70% EtOH, and 600 mL 100% EtOH for 5 minutes each at room 

temperature (RT). The slides were air-dried for 5 minutes at RT, after which a hydrophobic 

barrier pen (Vector Laboratories, CAT # H-4000) was used to create a barrier around the tissue. 

A HybEZ Humidity Control Tray with wet humidifying paper was warmed in a HybEZ oven at 40 

°C for 30 minutes, after which five drops of Protease IV were added to each section for 30 

minutes at RT. 3L of 1X Wash Buffer was prepared by mixing 2.94 L distilled water and 60 mL of 

50X Wash Buffer. Amp 1-4-FL reagents were left at RT. The mixed probe was prepared by 

warming C1, C2, and C3 probes for 10 minutes at 40 °C before cooling to RT. The probe 

consisted of a 1:1:50 ratio of C1:C2:C3 volumes and was mixed by inverting the tube. All probes 

purchased from advanced cell diagnostics. PV (cat no. 421931); vGlut (Slc17a7) (cat no. 

501101); BK (Kcnma1) (cat no. 476258); SST (cat no. 404631). 



 43 

 

Four drops of the probe were added to each section, and the sealed tray containing the slide 

rack was put in the oven for 2 hours at 40 °C. This procedure was repeated with Amp 1-FL, Amp 

2-Fl, Amp 3-Fl, and Amp 4-Fl for 30 minutes, 15 minutes, 30 minutes, and 15 minutes, 

respectively. The slides were washed with 1X Wash Buffer for 2 minutes at RT between each 

hybridization procedure. Four drops of DAPI were added to each section, and the slides were 

incubated for 30 seconds at RT. DAPI was removed, and 1-2 drops of fluorescent mounting 

(Aqua Poly/Mount, Polysciences, CAT #18606-20) medium were immediately placed on the 

slides, over which a coverslip was placed. The slides were then stored at 4 °C in the dark.   

 

A Zeiss LSM 880 scanning confocal microscope was used to compile Z-stack insular images 

composed of mid-insula. Parameters for brightness and contrast were set using DAPI, the 

negative control probe, for the experimental images, while the threshold parameters for 

nonspecific fluorescence were set using the negative control images. ImageJ Fiji software was 

then used to process the images as max intensity projections, each with the combined counts 

of the mid-insula from each mouse. Total cell count was determined with DAPI-labeled nuclei 

and individual dots in a cell indicated transcripts. Cells were designated as positive (at least one 

dot) or negative (no dots) by two double-blinded reviewers.  

 

BK Channel Pharmacology 

The BK antagonist paxilline (Tocris Cat no. 2006) and BK channel agonist NS-19504 (Tocris Cat 

no. 5276) were used in slice physiology experiments. Both were diluted in DMSO to create  
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10mM stock solutions and subsequently diluted on recording days in aCSF for a final 

concentration of 10µM.  

 

Data Analysis and Statistical Tests 

Prism 9 (GraphPad Software Inc.) was used for all statistical analyses. Comparisons were made 

between the 24hr FA and 2 weeks FA to the control subjects. Main effects of group and week 

were evaluated for all data plotted across all 6 weeks of the chronic drinking period. For all 

analyses, a p value was set as 0.05 indicating a statistically significant difference. Statistical 

significance was determined by either a one-way, two-way repeated measures ANOVA or t-test 

as indicated in figure legends. All post hoc analysis was performed using a Bonferroni multiple 

comparison test, and standard error of the mean was used for all experiments. Power analyses 

were performed with preliminary data during the acquisition of each new data set. The sample 

size obtained from each power analysis calculation was then compared with sample sizes 

reported in the literature for similar experiments. Data represented as mean ±SEM. 

 
2.3 Results 
 
Acute Forced Abstinence is associated with hyperexcitability of IC→BNST cells 

Following stereotaxic surgery mice were randomly assigned into one of three groups 

(control, 24hrs FA, 2 weeks FA) and allowed ad libitum home cage access to an alcohol bottle 

and a water bottle (FA groups) or two water bottles (control) for 6 weeks (Figure 2.1A).  There 

were no significant changes in body weight across groups (Figure 2.1B; (F(10, 290) = 1.490, 

p=0.1421)) but both experimental groups formed a preference for the alcohol bottle over the 

water bottle by week 4 (Figure 2.1C; (F (2, 57) = 24.31, p<0.0001)). Consumption of ethanol as 
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compared to water for both the 24hr FA (Figure 2.1D; p<0.0001;) and 2-week FA (Figure 2.1E; 

p=0.0084) groups was significantly higher for the duration of the experiment.  

 

  

Figure 2.1: Experimental design. (A) Timeline including stereotaxic surgery, chronic drinking paradigm and data 

collection timepoints during forced abstinence (FA). (B) There was no main effect of group across weeks for control 

(N=20), 24hr FA (N=26) and 2 weeks FA (N=15) (F(10, 290) = 1.490, p=0.1421). (C) There was a significant main effect 

of group for bottle preference (F (2, 57) = 24.31, p<0.0001). Post hoc analysis revealed that compared to control, 

these differences emerged at week 4 (24hrs FA p<0.0001; 2 weeks FA p=0.0084). (D,E) There was a main effect of 
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group for ethanol and water consumption for both the 24hr FA group (F(1, 24) = 78.74, p<0.0001) and the 2 weeks FA 

group group (F(1, 14) = 9.921, p<0.0071). 2-way repeated measures ANOVA used in all analysis.  

 

 

We investigated the intrinsic firing properties of IC→BNST cells identified via fluorescence 

microscopy. Increasing injections of current into IC→BNST cells produced more action potentials 

across current steps in the 24hrs FA group compared to control and 2 weeks FA (Figures 2.2C-D; 

(F(2, 17) = 4.488, p=0.0272)). Consistent with this finding, we observed a decrease in the 

afterhyperpolarization (AHP) amplitude (Figures 2.2E-F; (F(2,32), p=0.059)) and rheobase current 

(Figure 2.2G; (F(2,32), p=0.065)) in the 24 hrs FA but not 2 weeks FA or control groups. These 

changes in intrinsic excitability were not likely due to an HCN channel mechanism, as no 

difference was observed in the sag ratio across groups (Figure 2.2H). Membrane properties 

including the resting membrane potential (Rm; Figure 2.2I) and membrane voltage (Vm; Figure 

2J) were also unchanged across groups. Finally, we found no correlation between individual 

ethanol intake over the course of the experiment and IC→BNST cell firing rate (Figure 2.2K).  
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Figure 2.2: Acute abstinence increases intrinsic excitability of Insula→BNST cells. N=4/group; n=11 (control), n=12 

(24hrs FA, 2weeks FA). (A) AAVrg-CAG-tdTomato expression in the BNST and IC. (B) Example Insula→BNST cell as 

viewed from electrophysiology rig. (C) Following stepwise current injections there was a main effect of group (F(2, 17) 
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= 4.488, p=0.0272) and current step (F (1.652, 28.09) = 58.32, p<0.001) with the 24hr FA group firing more action 

potentials compared to control starting at the 75pA current injection (p=0.0257). (D) Representative trace at the 

200pA current step. (E) After hyperpolarization amplitude (F(2,32) p=0.059) was significantly less in the 24hr FA group 

compared to control (p=0.0093). (F) Representative AHP trace. Rheobase current (F(2,32) p=0.065) was lower in the 

24hr FA group compared to control (p=0.0052). No significant differences seen in sag ratio (H) (F(2,32) p=0.8465), 

resting membrane potential (I) (F(2,32) p=0.4811), or membrane voltage (J) (F(2,32) p=0.0612). (K) Using a simple linear 

regression, no correlation found between average firing rate and ethanol consumption (F(1,8), p=0.9842). 2-way 

repeated measures ANOVA used in (C). One way ANOVA used in (E, G-J).  

 

 

After examining intrinsic properties in IC→BNST cells after CDFA, we next examined 

synaptic properties. We found no changes in either spontaneous excitatory (Figures 2.3A-C) or 

inhibitory (Figures 2.3D-F) transmission onto IC→BNST neurons. Taken together these data 

demonstrate that following acute but not protracted ethanol forced abstinence increases 

excitability of IC→BNST cells without altering spontaneous synaptic transmission.  
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Figure 2.3: Spontaneous transmission is unaffected by forced abstinence. N=3, n= 8 control; N=4, n=11 24hrs FA; 

N=5, n=12 2 weeks FA. As indicated by one way ANOVA, there were no differences found in (A) sEPSC amplitude (F(2, 

28) = 0.4953, p=0.6146) or (B) frequency (F(2, 28) = 0.3603, p=0.7007). (C) Representative sEPSC traces. There was also 

no change in(D) sIPSC amplitude (F(2, 28) = 2.773, p=0.0796) or (E) frequency (F(2, 28) = 0.03317, p=0.9674). (F) 

Representative sIPSC traces.  
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We next performed a series of experiments to assess the nature of the observed 

increase in IC→BNST neuron excitability by examining the impact of other behavioral and 

pharmacological stimuli. Our first step was to examine the impact of acute ethanol in vivo 

(Figure 2.4A) by ip injecting saline or ethanol (2.5g/kg) 24hrs prior to recording from IC→BNST 

cells. We also examined ex vivo ethanol administration by washing on ethanol (50 mM) for 20 

minutes onto IC containing brain slices from naive animals (Figure 2.4B). Neither acute in vivo 

or ex vivo ethanol exposure produced changes in action potential firing. 
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Figure 2.4. Acute ethanol exposure or chronic sucrose intake does not induce elevated excitability. (A) In vivo IP 

administration of 2.5g/kg ethanol followed by 24hrs wait time and then recordings from Insula→BNST cells 

(N=3/group, n=9/group). No effect of acute ethanol administration on action potential number at the 200pA 

current injection (unpaired t-test; p=.2159). (B) 50mM ethanol wash on to naïve brain slices (N=3, n=7). No effect of 

ethanol wash on action potential number at the 200pA current injection (paired t-test; p=0.4853). (C) subjects in 

the sucrose group preferred the sucrose bottle (N=5/group), (main effect of group, F (5, 40) = 4.464; p=0.0025) 

(control vs sucrose post hoc analysis across weeks p<.0001). (D) sucrose group animals consumed more sucrose 

than water (main effect of group, F(1, 8) = 821.2, p<0.0001), (water vs sucrose post hoc analysis across weeks 
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p<.0001). (E) No change in action potential number across current steps (main effect of group F(1, 4) = 0.04649 , 

p=0.8398). (F) representative traces at the 200pA current step. No differences in AHP (G; p=0.5838) or rheobase 

current (H; p=0.4107).   

 

 

To further assess the specificity of CDFA induced increases in IC→BNST neuronal 

excitability we next ran a cohort of mice through 2 bottle choice modeled in the same way as 

CDFA, but with 1% sucrose instead of ethanol. As expected, sucrose animals formed a 

reinforcer bottle preference unlike the control water only animals (Figure 2.4C; F (5, 40) = 4.464; 

p=0.0025) and consumed more sucrose than water (Figure 2.4D; F(1, 8) = 821.2, p<0.0001)). 

Unlike with the ethanol 2 bottle choice, 24hrs FA from sucrose was not associated with any 

change in excitability compared to control (Figures 2.4E-H).  

 

BK channel pharmacology recapitulates hyperexcitability phenotype seen in 24hr Forced 

Abstinence 

 The constellation of excitability changes observed in IC→BNST cells in the 24hrs FA group 

led us to investigate potential alterations in potassium channel function and/or expression. BK 

potassium channels have long been identified as ethanol sensitive and have properties which 

enable them to regulate the aspects of cellular physiology shown to be changed here. Using the 

same timeline as described in figure 1A, we again used whole cell patch clamp 

electrophysiology to record from IC→BNST neurons in control and 24hr FA animals. We began by 

utilizing the BK channel blocker paxilline. 1 hour incubation of control slices with paxilline 

(10µm), produced an increase in AP number across current steps (Figure 2.7A; (F(1, 19) = 8.785, 
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p=0.0080)), a trend towards a decrease in rheobase current (Figure 2.7B; (p=0.0572)) and 

significant reduction in AHP (7C; (p=0.0128)), all of which were similar in magnitude to the 

alterations observed in 24hr FA mice. Conversely when washing on the BK channel agonist 

NS19504 (10µm) for 20 minutes we find that most cells respond with diminished action 

potential firing (Figures 7D-E).  

 In the 24hr FA group, the BK ligands used above had different effects. First, paxilline 

produced no further increase in firing in cells recorded from these animals, consistent with 

endogenous FA induced occlusion of this action (Figure 7F; (F(7, 56) = 0.6487, p=0.7138)). Further, 

NS19504 wash on elicited fewer action potentials in some cells, but only in a small number of 

the total population (Figures 7G-H).  
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Figure 2.7. BK pharmacology can modulate firing in a similar manner to 24hrs FA from chronic ethanol. Control 

group slices (N=4/group, n=11 control, n=12 24hrs FA) incubated for 1 hours in BK channel antagonist paxilline 

mimicked the increased excitability phenotype seen in 24hrs FA mice including (A) increased action potential 

number across current steps (main effect of group; F(1, 19) = 8.785, p=0.0080) starting at the 150pA current injection 

(p=0.03670). (B) Additionally, there is a trend towards a decrease in rheobase current and (p=0.0572) and (C) 

decreased AHP (p=0.0128) as indicated by unpaired t-test. (D-E) Wash on of BK agonist NS19504 reduced action 
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potential firing at the 200pA current injection in 87.5 of control cells sampled as indicated by a greater than 20% 

reduction from aCSF baseline at to 20-minute timepoint (N=3, n=8). (F) No effect of incubating 24hrs FA slices in 

paxilline (aCSF N=4, n=6, paxilline N=3,n=8) (F(7, 56) = 0.6487, p=0.7138). (G-H) Wash on of BK agonist NS19504 

reduced action potential firing at the 200pA current injection in 57.14% of 24hr FA cells sampled as indicated by a 

greater than 20% reduction from aCSF baseline at to 20-minute timepoint (N=3, n=7).  

 

 

 

CDFA acute abstinence is associated with decreased BK channel mRNA expression in multiple 

cell populations in IC.  

Our experiments with BK ligands suggest the possibility that acute FA is associated with 

reduced BK expression and/or function. Preliminary studies utilizing fluorescent in situ 

hybridization approaches revealed robust expression of BK isoforms in regions of insular 

containing BNST-projecting neurons. Thus, we probed for BK channel (Kcnma1) mRNA 

expression in our 3 CDFA groups (5A). To normalize cell counts between images BK expression 

was reported as a percentage of total DAPI cells (5B-D). In the 24hr FA group we found IC BK 

mRNA expression to be significantly diminished compared to samples from control and 2 week 

FA (5E; (F(2, 12) = 23.63, p<0.0001)).  
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Figure 2.5: IC BK channel mRNA is decreased is decreased following 24hrs FA. (A) Representative images from 

control, 24hr FA and 2 weeks FA groups showing BK mRNA (green), DAPI (grey) and merged image. (B-D) Charts 

quantifying cell counts for BK expressing cells (BK + DAPI) and non-BK cells (DAPI only). (E) BK mRNA expression is 

decreased following 24hrs FA compared to control as indicated by 1 way ANOVA (F(2, 12) = 23.63, p<0.0001).  

 

 

To further investigate BK expression alterations in insula during CDFA, we further 

probed for cells co-expressing both BK and markers for 3 major cell types within the region. 

Principal cells marked by the glutamate vesicular transmitter vGlut1 (2.6A,B) and 2 interneuron 

markers: parvalbumin (PV) (2.6A,C) and somatostatin (SST) (2.6A,D). When comparing cells 
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containing BK mRNA with each of the forementioned markers relative to all cells, there was 

again a significantly decreased amount of BK mRNA colocalized with each of these cell markers. 

These data suggest that overall BK expression within the IC is reduced in acute- but not 

prolonged-abstinence.  

 

Figure 2.6: BK channel mRNA is uniformly expressed in all major cell types in the IC. (A) Representative images from 

control, 24hr FA and 2 weeks FA groups showing BK mRNA (green), DAPI (blue) and in red either vGlut, parvalbumin 

or somatostatin (red). (B-D) BK mRNA expression colocalized with either vGlut (B), PV (C), or SST (D) relative to total 

of each cell type. One way ANOVA revealed that compared to control, there were significantly fewer BK mRNA 
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puncta on cells expressing SST (F(2,14)=60.10, p<0.0001); PV (F(2, 12) = 7.354, P=0.0082); and in vGlut (F(2, 12) = 6.043,

 P=0.0153).  

 

 
2.4 Discussion 
 

Here we report that during acute abstinence from chronic home cage volitional ethanol 

intake, BNST projecting IC cells are transiently hyperexcitable. This increased excitability was 

apparent 24 hrs into forced abstinence but was absent 2 weeks into forced abstinence. We 

found no effect of forced abstinence on either spontaneous excitatory or inhibitory 

transmission. The effects of CDFA were not mimicked by acute ethanol or by chronic access to 

1% sucrose. In situ hybridization analysis revealed a significant decrease in BK channel mRNA 

expression in the IC of 24hr, but not 2 week FA mice. Subsequent slice pharmacology using a BK 

channel antagonist mimicked the 24hr FA firing phenotype in control animals, while increased 

firing seen in acute withdrawal animals occluded the effect of blocking BK channels on elevated 

action potential number. Activating BK channels decreased firing in control and 24hrs FA IC→BNST 

cells, albeit to a lesser extent in the latter group.  

 

BNST Projecting IC Cell Excitability is Temporally Regulated During Withdrawal  

Previous studies have identified 24hrs- and 2 weeks-post forced abstinence as critical 

timepoints. Multiple studies have shown increased negative affective behavior in C57BL6/J 

mice two weeks in forced abstinence (Centanni, Bedse, et al., 2019; Holleran et al., 2016; Pang 

et al., 2013; Vranjkovic et al., 2018). This timepoint is also associated with increased 
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spontaneous excitatory transmission at IC inputs within the BNST. Chemogenetic inhibition of 

activity in the IC decreased CDFA induced BNST activity, while Gq-DREADD-dependent 

activation of this pathway mimicked forced abstinence-associated affective behaviors 

(Centanni, Morris, et al., 2019). Importantly, ketamine administration at the onset of 

abstinence, but not 2 days later, prevented the development of abstinence induced affective 

disturbances and increased the capacity for plasticity in the BNST (Vranjkovic et al., 2018). In 

the present study, we find that early- but not late-forced abstinence is associated with 

hyperexcitability in the BNST projecting IC neurons. This suggests the possibility that early IC 

hyperexcitabilty drives plasticity that results in increased excitatory transmission in the BNST 

later in forced abstinence.  

 

Chronic Volitionary Moderate Ethanol Consumption Induces Novel IC Plasticity 

We find that acute alcohol exposure or chronic access to a natural reward are not sufficient 

to induce excitability changes in this cell population. These data suggest that the effects of 

CDFA require the combination of volitional ethanol intake coupled with the pharmacological 

properties of ethanol. As previously discussed, chronic volitional ethanol intake induces 

changes in affective behavior in forced abstinence, which can be prevented with early 

intervention. Work by Marino et al. used a short-term binge drinking paradigm known as 

drinking in the dark to explore ethanol action on IC projections to ventral BNST neurons. Similar 

to our study, they found an elevation in IC→BNST neuronal firing. However, they also observed an 

increased excitatory synaptic transmission, but not a change in rheobase. These differences 
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may be related to different ethanol intake conditions and/or acute versus chronic ethanol 

intake (Marino et al., 2021). 

Pre-clinical and clinical chronic heavy drinking and binge drinking studies show aberrant IC 

structure and function (Chen & Lasek, 2020; Chung & Clark, 2014; Haggerty et al., 2022b, 

2022a; Jaramillo et al., 2016; Jaramillo, Van Voorhies, et al., 2018; Marino et al., 2021). Unlike 

models of heavy/binge drinking utilizing 20% ethanol or greater that induce blood ethanol 

contents well above 80 mg/dL corresponding to high levels of intoxication, our model utilized a 

maximum dose of 10% ethanol, inducing blood ethanol contents that range from 10-40mg/dL 

at any given time (Crabbe et al., 2009; Hodge et al., 1997; Holleran & Winder, 2017; McBride & 

Li, 1998; Murphy et al., 2002). Thus these data suggest that chronic, high level ethanol intake is 

not necessarily required to induce abstinence-related affective disturbances. One proposal has 

been that harmful effects of ethanol appear in a J-shaped mortality curve where there are 

initial protective effects at lower doses and a reverse to negative effects with increasing levels 

of intake (Szmitko & Verma, 2005; Wallner & Olsen, 2008; Zakhari & Gordis, 1999). Our work 

suggests that low to moderate consumption can also have adverse consequences. 

The transient hyperexcitability we observe highlights the importance of consideration of 

time in abstinence when considering treatment strategies. For example, negative affective 

behaviors following CDFA have been reported to emerge following 2 weeks of forced 

abstinence and can be prevented with ketamine administration at the 24hr FA timepoint 

(Vranjkovic et al., 2018). It has also been shown that the IC to BNST circuit is modulated by 

endocannabinoids, providing another avenue for early interventions to prevent anxio-

depressive symptoms that often lead to relapse (Centanni, Morris, et al., 2019).  
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Ethanol Induced BK Channel Downregulation and IC Hyperexcitability 

Ethanol induces a wide array of effects on neuronal function via modulation of a variety 

of proteins (Abrahao et al., 2017; Corbit & Janak, 2016; Vena et al., 2020). BK channels have 

been repeatedly implicated in ethanol action in various systems (Bettinger & Davies, 2014; 

Bukiya et al., 2014; Dopico et al., 2016; Palacio et al., 2015). Prior work indicates that ethanol 

reduces excitability, and that this reduction can be blocked by the BK channel antagonist 

iberiotoxin (Gruß et al., 2001). We assessed both expression and functional level changes in BK 

channels using in situ hybridization and brain slice electrophysiology. We found that in the 

24hrs FA but not the 2weeks FA group, there was significantly less IC BK channel mRNA 

compared to control animals. Flourescent in situ hybridization is advantageous for its specificity 

and relative ease in tagging mRNA, however it does not assess channel expressed at the 

membrane. Thus we also utilized pharmacological approaches as in Figure 7, and found that in 

control animals, blocking BK channels with the antagonist paxilline elevates neuronal firing to 

levels similar to those seen in 24hrs FA mice. However, when repeating this experiment with 

tissue from 24hrs FA subjects, there was no effect of paxilline on action potential number 

across current steps. Pharmacological activation of BK channels blunted the number of 

potentials fired at the 200pA current step in both control and 24hrs FA animals but to a lesser 

extent in the latter group. These data suggest that in our acute forced abstinence animals there 

is a blunted or absent response to ex vivo BK channel agonism/antagonism, however we cannot 

parse apart if that is due solely to differential expression of these channel or if their ability to 

bind calcium and properly flux ion is also compromised.  
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Prior studies have shown that in adult drinkers and in animal models of AUD that still 

have ethanol in their system, there is decreased IC activity (Haggerty et al., 2022a; Le et al., 

2022). In context, our IC hyperexcitability phenotype in early abstinence is likely not due to 

residual ethanol intoxication effects but rather this could be a compensatory mechanism that 

emerged to counteract ethanol’s depressive effects on synaptic transmission. Without ethanol 

present at the 24hr FA timepoint, these animals have increased excitability in this BNST 

projecting cell population. The BNST is canonically known for its role in mediating anxiety and 

fear responses via its downstream connectivity with the hypothalamic pituitary axis (Cole et al., 

2022; Davis et al., 2010; Walker et al., 2003). IC interoceptive cues signaling a deviation from 

homeostasis, trigger a response in the BNST which in part elucidates an underlying mechanism 

for negative affect in early withdrawal (Centanni, Morris, et al., 2019; Flook et al., 2021; 

Luchsinger et al., 2021).  

The ability of IC cells to compensate to the absence of alcohol in more protracted 

abstinence shown in our study at the 2-week timepoint highlights the critical importance of 

early abstinence for 2 reasons. First, the risk of relapse is greatest as withdrawal symptoms are 

most severe and the central nervous system is still wired to counterbalance for the presence of 

ethanol (Becker, 2008; Fox et al., 2007; Sinha et al., 2009). Second, early intervention is critical 

to future long-term abstinence (Haber et al., 2021; Holzhauer et al., 2017; Ledda et al., 2019). 

Using a personalized medicine approach to determine the timeline of neural plasticity and 

withdrawal to pinpoint which targetable circuits can be manipulated to hasten the return to 

homeostasis will inevitably increase success rates of those recovering from AUD.  
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Conclusions  

The IC plays a critical role in the development and maintenance of AUD. Chronic alcohol 

consumption can cause structural and functional changes in the insular cortex, leading to 

altered emotional and cognitive processing, which may contribute to AUD-relevant behaviors. 

Furthermore, targeted interventions aimed at modulating IC, such as non-invasive brain 

stimulation or pharmacological treatments, may be effective in reducing alcohol craving and 

promoting abstinence. Understanding the role of the IC in AUD may therefore provide 

important insights for the development of novel treatments for this widespread and 

devastating disorder. 
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Chapter 3 

Discussion and Future Directions 

 

3.1      Contributions to the field   

In this work I used whole cell patch clamp electrophysiology and fluorescent in situ 

hybridization to explore adaptations of the IC→BNST circuit following abstinence from chronic 

volitional ethanol intake. Previous work has implicated this circuitry in the development of 

negative affective symptoms present during withdrawal (Centanni, Morris, et al., 2019; 

Flook et al., 2021; Marino et al., 2021). The present study is the first to describe IC→BNST 

circuit hyperexcitability early in forced abstinence due to a downregulation in BK channel 

expression.  

In the broader context of homeostasis in AUD, it can be extrapolated from my work that 

during chronic drinking there is an upregulation of BK channels (Figure 3.1). Human and 

animal work showing increased IC activity in chronic drinkers supports this hypothesis 

(Haggerty et al., 2022a; Le et al., 2022). This could be a result of direct ethanol binding to BK 

(Brodie et al., 1990; Martin et al., 2008). When ethanol is abruptly removed from the 

system, there is an acute response of BK channel downregulation resulting in neuronal 

hyperexcitability (Figure 2.2). This could be the catalyst for downstream hyperactivity in 

downstream regions like the BNST, previously reported by the Winder lab (Centanni, 

Morris, et al., 2019; Vranjkovic et al., 2018). Notably, elevated neuronal firing of BNST 

projecting insula cells is a specific response to volitional chronic ethanol intake. Neither 

acute ethanol administration nor chronic volitional exposure to sucrose could recapitulate 
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these results. These data taken together fit into a growing narrative in the AUD field and the 

broader media landscape that contrary to prior thinking, frequent moderate alcohol intake 

can be similarly detrimental to human health as binge drinking or heavy drinking (The New 

York Times, 2023.).  

The mouse model used in my studies aims to mimic an individual who may not 

necessarily meet AUD criteria, but who does consume alcohol on a daily basis – something 

that 30 percent of Americans report to do (NIAAA, 2023). I hope that my work inspires 

further research using models of chronic moderate volitional ethanol intake to better 

understand the effects of a drug that is so engrained in our culture.  

 

Figure 3.1 The Homeostatic response of IC to BNST Circuit in AUD  

 

3.2      New areas of exploration  

Prior studies have explored the actions of ethanol and the GABAergic system in detail.  

Alcohol enhances the inhibitory effects of GABA on neurons by binding of GABA to GABA-A 

receptors. This leads to an overall increase in inhibitory neurotransmission, resulting in the 
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dampening of neuronal activity (Handforth et al., 2023; Weight et al., 1992). The increased 

inhibitory effects of alcohol on GABAergic neurons contribute to its sedative and anxiolytic 

properties (Weight et al., 1992). Chronic alcohol consumption can lead to adaptations in 

GABAergic neurotransmission, resulting in the development of tolerance and dependence (Elvig 

et al., 2021; Liang & Olsen, 2014). Similarly, ethanol acts on the glutamatergic system which I 

will discuss further in the next section.  

 

3.2.1 Alcohol’s impact on glutamatergic neurons  

My work focuses on the consequences of ethanol on the lesser studied glutamatergic 

population. I show that BK channels on glutamatergic neurons can be modulated by ethanol.  

However, there is evidence that ethanol can also act on excitatory neurons by reducing 

glutamate release and NMDA receptor activity, dampening excitatory neurotransmission 

(Abrahao et al., 2017; Allgaier, 2002; McGinnis et al., 2020; Wirkner et al., 1999). Alcohol's 

inhibitory effects on NMDA receptors can lead to impaired synaptic plasticity and synaptic 

transmission contributing to difficulties with memory, learning, and cognitive function (Cain, 

1997; Wirkner et al., 1999). 

Chronic and heavy alcohol use can lead to excitotoxicity, a process in which excessive 

glutamate release can cause damage to neurons (Peng et al., 2020; Yang et al., 2020). 

Additionally, alcohol withdrawal is associated with hyperexcitability of glutamatergic 

neurons(Airagnes et al., 2019; Gupta et al., 2021; Hillmer et al., 2015). When alcohol is abruptly 

discontinued after chronic use, the compensatory adaptations that occurred in the brain to 

counteract alcohol's inhibitory effects are unmasked. This can result in increased glutamate 
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release and heightened excitability, leading to withdrawal symptoms such as seizures, tremors, 

and hyperarousal (Airagnes et al., 2019; Becker, 2008; Gupta et al., 2021).  

 

3.2.2 Determining the role of social isolation on the IC and BNST 

Due to the nature of the rodent model of AUD used in my studies, animals are single 

housed which may introduce another variable of social isolation stress. However, this is not 

necessarily a confounding variable as many in the clinical population struggling with AUD are 

often isolated. Regardless, the effects of social isolation can have significant effects on the IC 

and the BNST that I will outline below.  

The IC is involved in the perception and understanding of social cues, including facial 

expressions, body language, and vocal intonations (Lamm & Singer, 2010; Miura et al., 2020). 

Social isolation can limit exposure to these cues, leading to reduced interpersonal connections 

and potentially impacting the IC’s ability to accurately interpret and respond to social signals. 

Social isolation can also heighten sensitivity to potential social threats, leading to increased 

vigilance, anxiety, and hypervigilance within the IC (Kavaliers et al., 2022). This heightened 

sensitivity to social threats can contribute to a cycle of further withdrawal and isolation. Social 

isolation can disrupt the formation and maintenance of a healthy self-identity, as the absence 

of social feedback and interactions can limit the development of a coherent sense of self 

(Brandt et al., 2022; Holt-Lunstad et al., 2015). This can lead to feelings of loneliness, reduced 

self-esteem, and an altered perception of one's social identity (Brandt et al., 2022; Gardiner et 

al., 2018; Holt-Lunstad et al., 2015). Furthermore, the IC is involved in the regulation of 

autonomic functions, including cardiovascular activity and immune responses (Klein et al., 
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2021; Macey et al., 2012; Nieuwenhuys, 2012). Social isolation and loneliness have been linked 

to negative health outcomes, including increased inflammation, elevated blood pressure, and 

compromised immune system functioning (Cacioppo et al., 2011; Du Preez et al., 2021; Leigh-

Hunt et al., 2017).  

Social isolation can also lead to heightened activation of the BNST. When individuals 

experience social isolation, the brain's perception of social threats may be heightened, leading 

to increased BNST activation and therefore increased anxiety and vigilance (Campagne, 2019; 

Conrad & Winder, 2011; Hajek & König, 2022). Social isolation can disrupt the normal 

connectivity patterns of the BNST with other brain regions. A study in humans using a fMRI cue 

anticipation task found that in socially anxious individuals there was a decrease in functional 

connectivity between the BNST and downstream regions involved in emotional regulation, such 

as the PFC and amygdala (Clauss et al., 2019). Decreased BNST connectivity may lead to 

difficulties in regulating emotions and increased vulnerability to stress and anxiety. 

The BNST plays a crucial role in the stress response system. Social isolation can 

dysregulate the stress response, leading to an overactive or dysregulated BNST response to 

stressors. This dysregulation can contribute to increased anxiety and difficulties in coping with 

stress. Social isolation is a known risk factor for the development of anxiety and depression. The 

BNST's involvement in anxiety and fear processing suggests that dysregulation in this region 

may contribute to the increased risk of developing these mental health conditions in socially 

isolated individuals. The BNST is also involved in social behavior and the processing of social 

information. Social isolation can disrupt the normal functioning of the BNST, potentially leading 
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to alterations in social behavior, reduced social motivation, and difficulties in forming and 

maintaining social relationships. 

It is important to note that while social isolation can have negative effects on the BNST, 

the specific impacts can vary among individuals. The duration and intensity of social isolation, 

as well as an individual's pre-existing vulnerability to stress and anxiety can influence the extent 

of IC and BNST alterations. 

 

3.2.3 Better defining the abstinence timeline  

Animal models of AUD have demonstrated that negative symptoms associated with 

alcohol withdrawal vary based on how long a subject has been abstinent. For example, in acute 

withdrawal there is evidence from rodent studies indicating disruptions in sleep homeostasis 

(Liang & Olsen, 2014; Thakkar et al., 2015), enhanced autonomic function and sensory 

hyperactivity (Becker, 1999). At protracted timepoints, greater than 2 weeks, researchers have 

observed negative affective anxiety and depressive like behaviors in mice (Centanni et al., 2022; 

Centanni, Morris, et al., 2019; Holleran et al., 2016). Notably, 2 hours after abstinence there is a 

reported overall decrease in activation of cortical regions, in addition to striatal, hypothalamic 

and regions of the extended amygdala (Smith et al., 2020). At 7 days these changes are no 

longer observed in these regions (Smith et al., 2020), consistent with my data indicating 

differential excitability of neurons in early and late abstinence timepoints.  

In the human population, the timeline of alcohol withdrawal can vary depending on 

several factors, including the individual's level of alcohol dependence, the duration and amount 

of alcohol consumed, and their overall health. However, here is a general timeline that outlines 
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the common stages and symptoms of alcohol withdrawal (Airagnes et al., 2019; Gupta et al., 

2021; Maldonado et al., 2014): 

 

6-12 Hours after the Last Drink: mild withdrawal symptoms may begin to appear, such as 

tremors (shakes), anxiety, insomnia, nausea, and restlessness. Some individuals may also 

experience increased heart rate and blood pressure. 

 

24-72 Hours: symptoms typically peak during this period. Delirium Tremens (DTs), a severe and 

potentially life-threatening form of withdrawal, may occur in some cases. Symptoms of DTs 

may include confusion, hallucinations, seizures, severe agitation, and high fever. 

Other symptoms can include increased tremors, sweating, rapid breathing, elevated heart rate, 

irritability, headache, gastrointestinal distress, and fatigue. 

 

2-5 Days: the intensity of withdrawal symptoms usually starts to decrease, although some 

symptoms may persist. Symptoms such as anxiety, depression, insomnia, and irritability may 

continue. 

 

5-7 Days: many physical symptoms of withdrawal tend to resolve by this point. 

Psychological symptoms, such as anxiety, depression, and cravings for alcohol, may persist. 

Fatigue and difficulty concentrating may still be present. 
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Beyond 7 Days: Most physical symptoms should have resolved by this stage. Psychological 

symptoms and cravings may continue, requiring ongoing support and treatment. Some 

individuals may experience a condition called "protracted withdrawal" or "post-acute 

withdrawal syndrome" (PAWS), where symptoms such as mood swings, sleep disturbances, and 

difficulty with memory and concentration can persist for several weeks or months. 

It's crucial to note that alcohol withdrawal can be unpredictable, and the severity and duration 

of symptoms can vary widely among individuals. Severe withdrawal symptoms, including 

delirium tremens, require immediate medical attention, as they can be life-threatening. If you 

or someone you know is experiencing alcohol withdrawal, it is important to seek medical help 

to ensure safe and appropriate management of the withdrawal process. 

 

The current standard of treatment for alcohol use disorder (AUD) is a combination of 

psychosocial interventions, medications, and support services. It is important to note that 

treatment for AUD should be tailored to the individual's specific needs, and a comprehensive 

assessment by qualified healthcare professionals is essential to determine the most appropriate 

treatment plan. Ongoing support and monitoring are crucial for maintaining long-term recovery 

from AUD.  

My research along with data published by Vranjkovic et al. suggests there is a short 

window of optimal therapeutic intervention occurring very early in abstinence (Vranjkovic et 

al., 2018). In the mouse we have found that interventions given in the first 24 hours when 

neurons appear most plastic are critical for preventing negative affective behaviors from 

developing. It is the negative affective symptoms of depression and anxiety that often lead 
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abstinent individuals to resume alcohol seeking and relapse. If we can map when this peak 

efficacious window is in humans, we may be better able to better decide when to best 

administer either behavioral or pharmacotherapies to best aid the body in acclimating in the 

absence of alcohol. The ultimate goal would be to lessen the adverse toll that withdrawal takes 

on someone both physically and emotionally, maximizing an individual’s chances of reaching 

and maintaining abstinence.   

 

3.3 Therapeutic Options for AUD 

In this final section I will summarize literature on treatments for AUD and voice my 

thoughts on best practices. As discussed above, my data in conjunction with data from Oliver 

Vranjkovic (Vranjkovic et al., 2018) showing that early intervention is key for mitigating harsh 

plasticity adaptations that result in negative affect/other negative withdrawal symptoms.  

Various evidence-based behavioral therapies are effective in treating AUD. These 

therapies aim to help individuals change their drinking behaviors, develop coping skills, and 

address underlying psychological factors. Cognitive-Behavioral therapy helps individuals identify 

and modify unhealthy thoughts and behaviors related to alcohol use, develop coping strategies, 

and improve problem-solving skills. Motivational enhancement therapy aims to enhance an 

individual's motivation and commitment to change their drinking behaviors by exploring their 

values and goals, resolving ambivalence, and building self-efficacy. Contingency management 

uses positive reinforcement to encourage abstinence or reductions in alcohol use by providing 

tangible rewards for meeting treatment goals. 12-Step Facilitation involves participation in self-
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help groups, such as Alcoholics Anonymous (AA), which provide social support and a structured 

recovery program.  

 
 
3.3.1 Special consideration for underlying disorders  

Several disorders can underlie or co-occur with addiction, contributing to its 

development and complexity. Common mental health disorders that may underlie AUD include 

depression, anxiety, post-traumatic stress disorder (PTDS), attention deficit hyperactivity 

disorder (ADHD) and others (Fergusson et al., 2009; Kathryn Mchugh & Weiss, 2019; Zhan et al., 

2022).  

Conditions such as major depression, generalized anxiety disorder, panic disorder, or 

social anxiety disorder can increase the risk of developing AUD as individuals may use 

substances to cope with or alleviate symptoms (Crum et al., 2013; Fergusson et al., 2009). PTSD 

is associated with an increased risk of AUD as individuals may misuse substances to self-

medicate or numb emotional distress related to past traumatic experiences (Pietrzak et al., 

2011). A review by Zhan and colleagues nicely outlines overlapping neurocircuitry including the 

norepinephrine system, HPA axis and reward processing regions effected in both disorders 

(Zhan et al., 2022). Finally, ADHD and bipolar disorder can contribute to an increased 

vulnerability to AUD due to impulsivity, risk-taking behavior, and difficulties with self-regulation 

(Grunze & Soyka, 2022; Luderer et al., 2021; Preuss et al., 2021).  

It is important to recognize that the relationship between addiction and these 

underlying disorders is complex and can vary among individuals. Integrated treatment 

approaches that address both the addiction and underlying disorders simultaneously tend to 
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yield better outcomes for individuals with dual diagnoses. The harsh physical effects of 

withdrawal should make that a priority and then aggressive treatment of underlying disorders 

later to treat the root causes and prevent relapse.   

 

3.3.2 Treatments aimed at targeting the salience network 

Therapeutic treatments targeting the salience network aim to address dysregulation or 

dysfunction in this specific brain network. The salience network is involved in detecting and 

processing salient or important stimuli, as well as coordinating responses and attentional shifts. 

When the salience network is impaired, it can contribute to various psychiatric and neurological 

conditions (Schimmelpfennig et al., 2023) 

Cognitive Behavioral Therapy (CBT) is a psychotherapeutic approach that focuses on 

identifying and modifying patterns of thinking and behavior. It can help individuals with 

salience network dysregulation by addressing maladaptive responses to salient stimuli. CBT 

techniques may involve cognitive restructuring, behavior activation, and emotion regulation 

strategies (Carson & McWhirter, 2022; Thoma et al., 2015). One strategy employed in CBT, 

mindfulness, is discussed in greater detail below.  

 

3.3.2.1 Mindfulness and IC resting state connectivity: evidence for active coping    

Mindfulness practices, such as mindfulness meditation, can help individuals regulate 

their attention and become more aware of their thoughts, emotions, and bodily sensations. 

Mindfulness-based interventions aim to enhance awareness of salient stimuli while fostering 
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non-reactivity and acceptance. Work by Kirk et al 2014 and Yu et al 2022 separately provide 

evidence that mindfulness can improve the regulation of the salience network. 

 In the first study, a subset of healthy individuals underwent mindfulness training (MT) 

where they were guided though breath monitoring, body scans, and attention to sounds, 

thoughts, feelings and bodily sensations. Another subset underwent active control training 

(ACT) where they were instructed on progressive muscle relaxation (Kirk et al., 2014). Each 

group practiced these techniques weekly for 8 weeks. Following the last session, everyone 

underwent a reward-based fMRI task. Interestingly, both groups showed similar engagement of 

the vmPFC, however only in the MT group do they see functional connectivity between this 

region and the IC (Kirk et al., 2014). The second publication investigates mindfulness using a 

neurofeedback task where participants cycled through “Focus-on-Breath” (mindfulness 

training), “Describe” (self-referential processing), and rest conditions (Yu et al., 2022). During 

these neurofeedback runs they found greater anterior IC activity and reduced posterior IC 

activity (Yu et al., 2022).  

 
Unlike other more superficial regions, the IC may not be a good candidate for other 

commonly used therapies like transcranial magnetic stimulation. However, the ability of 

mindfulness to functionally change IC activity creates a new avenue in which to target this 

region. My work supports the validity of employing this strategy as good option for those 

seeking AUD treatment. Mindfulness training would be a great option to employ in outpatient 

clinics as the Kirk et al study demonstrated once weekly sessions for 8 weeks was sufficient to 

change functional connectivity (Kirk et al., 2014).  
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