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 Abstract 

Title of Dissertation: A Bridge Between Integration Stations: Insula’s Connection with 

the ventral Bed Nucleus of the Stria Terminalis  

Kasey Girven, Doctor of Philosophy, 2020 

Dissertation Directed by: Dennis R. Sparta, PhD, Assistant Professor, Department of 

Anatomy & Neurobiology 

 

Individuals suffering from substance use disorder often experience relapse events 

that are attributed to drug craving. Insular cortex (IC) function is implicated in processing 

drug-predictive cues and is thought to be a critical substrate for drug craving. Here, we 

uncover the functional connectivity of a novel projection from the IC to the ventral bed 

nucleus of the stria terminalis (vBNST), a portion of the extended amygdala shown to 

modulate dopaminergic activity within the ventral tegmental area, and investigate the role 

of this pathway in establishing reward-predictive cues. We hypothesized that these cues 

activate IC projections that synapse onto projection neurons within the vBNST, which then 

activate the mesolimbic dopamine pathway, resulting in the acquisition of associations 

between exteroceptive stimuli and rewards. In addition, due to the BNST’s role in ethanol 

self-administration combined with IC’s role in processing interoceptive cues associated 

with addictive substances, we predicted exposure to ethanol would affect the characteristics 

of vBNST-projecting IC neurons. Here we utilized both ex vivo slice electrophysiology and 

in vivo optogenetics to examine the functional connectivity and bidirectionally control the 

IC-vBNST projection in various reward-related behavioral paradigms. We also examined 

the effect of alcohol consumption on the IC-vBNST projection in acute and repeated 

ethanol exposure as well as in withdrawal. This work provides a potential mechanism by 

which the IC processes exteroceptive triggers that are predictive of reward.   
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Chapter 1: General Introduction 

1.1—Insular Cortex Structure and Function  

The insular cortex (IC) was once thought to be of little importance. It was written 

off by researchers as a mere “portion of the visceral brain” and therefore did not provide 

an exciting avenue of research (Craig, 2010). However, as neuroscience progressed, the 

idea that the IC was only involved in the processing of autonomous bodily functions 

became a rigid view of the substrate. Current research demonstrates that IC function 

involves more than the processing of interoceptive signals, it also functions to establish the 

relationship between those interoceptive signals and the most adaptive outcome (Craig, 

2002; Craig, 2010; Droutman et al., 2015; Gogolla, 2017; Naqvi & Bechara, 2010). 

Therefore, the IC is now thought to be critical for connecting the body’s craving 

mechanisms with the cues that drive those signals. 

1.1.1—The Anatomy of the Insular Cortex. The IC runs along the rostral-caudal 

axis of the mouse, and in primates, human and nonhuman, it also runs along the rostral-

caudal axis and is hidden beneath the lateral sulcus. This orientation makes the IC spatially 

located next to the frontal, parietal, and temporal lobes. It is because of this location that 

the IC received its name insula, Latin for “island” (Augustine, 1996). The IC can be 

macroscopically divided into anterior and posterior sections based on, in rodents, where 

the medial cerebral artery crosses, and in humans, where the central insular sulcus lies 

(Gogolla, 2017). This anatomical division is the first layer of functional heterogeneity that 

is represented in the IC. However, is it important to note that these divisions do not create 

an uncrossable boundary, and in fact there is a mid-insula zone, which contains a blend of 

anterior and posterior input and output (A. D. (Bud) Craig, 2010; Gogolla, 2017). 
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The insula can further be divided based on its cytoarchitecture, a feature that is 

highly conserved. These division are based on the density of granular layer 4 which varies 

along the rostral-caudal axis (Gogolla, 2017; Uddin et al., 2017). Therefore, the field has 

termed the insula to have 3 subdivisions: the agranular, dysgranular, and granular regions. 

In primates, these insular subdivisions are not seen throughout the length of the brain, but 

instead, the agranular region is specifically located in the anterior ventral portion of the IC, 

the dysgranular region is in the middle IC and represents the disappearing granular layer 4, 

and the granular region is located in the posterior dorsal portion of the IC (Uddin et al., 

2017). In mice however, except for the very most anterior portion of the IC, these 

subregions are seen throughout the entire length of the structure, though they vary in size 

depending on their anterior/posterior location, agranular/dysgranular/granular respectively 

(Gogolla, 2017; Reynolds & Zahm, 2005). The major inputs onto these granular cells arise 

from the interoceptive thalamus which projects most densely onto the posterior IC 

(Namkung et al., 2017); and the major output of the IC rises from the middle to anterior IC 

((Bud) Craig, 2009; Droutman et al., 2015; Gogolla, 2017; Namkung et al., 2017; Uddin et 

al., 2017), which projects to limbic areas of the brain (Reynolds & Zahm, 2005). The 

subregions also are densely interconnected throughout the IC, which allows for the direct 

passing of information (Gogolla, 2017). 

Interoceptive signals first reach the posterior insula, which is considered the 

primary interoceptive cortex, where low-level sensory features are processed (Allen et al., 

1991; A. D. Craig, 2002; Droutman et al., 2015; Naqvi & Bechara, 2010). This information 

is then passed within the IC’s own connected network to the anterior insula, where higher-

order interoceptive representations reach awareness due to its projections to the limbic 
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system. Together this makes the IC function as an integration hub, and as such, it is densely 

connected with a wide range of cortical and subcortical structures to mediate the 

motivational, social, and executive function of the animal (Fig. 1-1). 

Input to the IC caries information from all from all sensory systems, from the 

external body (the somatosensory, visual, gustatory, auditory, and olfactory systems), and 

from the internal body, referred to as interoceptive signals (Allen et al., 1991; Gogolla, 

2017). These inputs create a topographical organization of the rodent insula, which allows 

the IC to be further classified based on the afferent organization into sensory regions known 

as the visceral IC, the gustatory IC, and the insular auditory and somatosensory fields 

(Moraga-Amaro & Stehberg, 2012). This organization however, does not give rise to strict 

functional roles within the sensory regions, in fact, all regions of the insula are thought of 

as “multimodal integration sites” (Gogolla, 2017, pg. 581). 

The IC is also reciprocally connected with the limbic system (Allen et al., 1991; 

Moraga-Amaro & Stehberg, 2012; Reynolds & Zahm, 2005), a set of brain structures (the 

cingulate gyrus, parahippocampal gyrus, hippocampal formation, amygdala, septal area, 

and hypothalamus) that form a complex network for controlling emotion, memory, and 

reinforcing behaviors. The basolateral amygdala (BLA), a region critical for learning cue-

reward associations (Baxter & Murray, 2002; Burgos-Robles et al., 2017; Morrison & 

Salzman, 2010; Samuelsen et al., 2012), densely projects to both the granular and 

dysgranular regions of the IC (Gogolla, 2017; Livneh et al., 2017). These afferents mainly 

project to mid-IC, which then, in addition to the agranular IC, send projections back to the 

BLA as well as to the lateral and central amygdala (CeA) nuclei (Allen et al., 1991; Burgos-

Robles et al., 2017; Gogolla, 2017; Livneh et al., 2017). Previous tracing work 
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demonstrates that CeA projecting IC neurons also send collaterals to the bed nucleus of the 

stria terminalis (BNST; Centanni et al., 2018; McDonald et al., 1999; Reynolds & Zahm, 

2005). The mid-IC is also connected with the lateral hypothalamus (LHA) as well as 

parahippocampal regions. The more anterior IC (aIC) is reciprocally connected with more 

anterior limbic structures, such as the nucleus accumbens core (NAcc), and to a lesser 

extent the NAc shell (Allen et al., 1991). The aIC is also connected with the anterior 

cingulate, orbitofrontal cortex, and the medial prefrontal cortex (Allen et al., 1991; 

Gogolla, 2017; McDonald et al., 1999; Reynolds & Zahm, 2005). This intricate circuitry 

composed of cortical and subcortical structures, along with the internal connectivity within 

that makes the IC a critical integration hub necessary for the motivational, social, and 

executive function. 

1.1.2—IC Function. Interoception is a term that was coined by insula researchers 

to represent the process of mapping the internal state of the organism, and embodies what 

is commonly thought of as the key function of the IC. The insula receives dense innervation 

from thalamic relay nuclei to integrate information about the current state of the organism, 

such as: blood pressure and oxygenation, digestive processes, heartrate, pain, hunger, 

nausea, and most other bodily functions (A. D. Craig, 2002). Besides integrating 

interoceptive information, the IC also contributes to top-down control over autonomic 

functions, such as heart rate and gastric motility, through its projections to the LHA, 

parabrachial nucleus, and the nucleus of the solitary tract (Gogolla, 2017). 

Therefore, the IC proves to be an interesting substrate due to (1) its critical 

involvement in sensing and regulating the internal state of the organism, combined with 
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(2) the insula’s numerous reciprocal connections with higher order limbic regions. 

Referring back to early theories of emotion from 1641, Descartes argued that:  

“These confused bodily-based perceptions are the source of much theoretical error, 

since they tempt us to attribute properties of our sensation to the extended world. 

Their theoretical confusion, however, is merely the flip side to their practical 

functionality: such perceptions provide guides for maneuvering our bodies through 

the world, and ultimately for preserving the mind-body union that constitutes the 

human being.” – 17th and 18th Century Theories of Emotions > Descartes on the 

Emotions (Stanford Encyclopedia of Philosophy) 

Here, he emphasizes the connection between interoception and emotion and asserts that 

emotions arise in response to the physical perception of bodily state, and therefore, without 

the experience of bodily feelings, emotions cannot exist. The IC is thought to function as 

the integration between the mind and body that Descartes theorized (A. D. (Bud) Craig, 

2010; W. Craig, 1917). This theory holds up across both rodent and primate studies where 

the insula is implicated in the processing of social, positive, and negative emotions 

(Droutman et al., 2015; Naqvi & Bechara, 2010; Uddin et al., 2017). Interestingly, IC 

processing of emotional cues occurs across all sensory modalities (pictures, language, 

sounds, and physical touch) demonstrating the integration of the thalamic input with higher 

order limbic function (Gogolla, 2017). For example, in humans the aIC is activated when 

a person anticipates a sensual touch but the posterior insula is activated by the physical 

experience of the sensual touch itself (Naqvi & Bechara, 2010). Therefore, these findings 

suggest that, whereas the posterior insula represents interoceptive stimuli during the 

hedonic experience, the anterior insula is involved in recalling these representations from 
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memory and holding them in mind. Researchers believe this is similar to an interoceptive 

memory allowing for the comparison of different experienced feelings from one another 

so as to guide the animal’s decision ((Bud) Craig, 2009; A. D. (Bud) Craig, 2010). 

Bud Craig posits that the IC provides access to something akin to mental time travel 

allowing for the comparison of past events, current circumstances, and future possible 

outcomes guiding decisions based on the current internal state of the organism and the 

desired outcome (A. D. (Bud) Craig, 2010). Therefore, another major role attributed to the 

IC is establishing the relationship between the body’s signal to want/crave, and the external 

cues that drive those signals. Human lesion studies performed in 2007 demonstrated the 

IC’s role in craving, reporting that nicotine smokers experienced a complete cessation of 

wanting to smoke immediately after lesion onset to the IC, and were more likely to abstain 

from smoking over time (Naqvi et al., 2007). In another study, the IC was shown to be 

crucial in integrating the environmental cues associated with taking addictive substances 

(McClernon et al., 2016). Here, researchers demonstrated that insular activity correlated 

with the processing of “personal environmental” cues that elicited nicotine cravings in the 

subjects (McClernon et al., 2016). Then when examining the IC’s role in rodent models, 

insular manipulations yielded similar results to what was observed previously in humans 

(Contreras et al., 2007; Hollander et al., 2008). For example, inactivation of the rodent 

insula resulted in decreased drug seeking, as well as decreased drug self-administration 

(Contreras et al., 2007). IC-cell body activity also encodes food-predictive cues when 

subjects are in a hunger state, but not in a sated-state (Livneh et al., 2017), demonstrating 

its role in linking the internal state of the organism with reward-predictive cues. It is also 

important to note that while the insula receives dense sensory input, insula lesions do not 
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affect the perception thresholds of the sensory experience, but instead affect the valence 

attributed to the given sensory stimulus (Gogolla, 2017). 

The insula is also heavily involved in decision making under uncertainty (Gorka et 

al., 2016; Singer et al., 2009), which is not surprising based on theories attributing the IC 

as the organism’s interoceptive memory. In decision making, the valence, magnitude, and 

the probability of the expected outcome must be measured against the associated risk with 

taking the action. These ultrafast assessments are strongly influenced by the internal state 

of the organism, and research investigating IC’s role in decision making finds that its 

inactivation changes behavioral responses to circumstances that involve uncertain risk and 

reward (Gogolla, 2017; Jo & Jung, 2016; Wagels et al., 2017). IC inactivation also disrupts 

updating behavioral responses to changes in outcome probabilities (Gogolla, 2017). These 

combined results implicate the IC as a key structure in integrating environmental stimuli 

with the body’s internal state as well as guiding future decisions based on previously 

experienced outcomes. 

1.2—Bed Nucleus of the Stria Terminalis Structure and Function 

 The bed nucleus of the stria terminalis (BNST) is a dense cluster of nuclei located 

in the ventral striatum. It was first described in 1923 as “a band or ridge of gray matter 

lying medial to the caudate nucleus” (Johnston, 1923; Davis et al., 2010; Stein & Steckler, 

2010; Vranjkovic et al., 2017). Fast forward to today and this structure is implicated as a 

key regulator in anxiety, fear, stress, and reward (Davis et al., 2010; Goode & Maren, 2017; 

Stamatakis et al., 2014). Like the IC, the BNST also serves as an integration station, but 

while the IC assimilates the body’s internal state with higher order limbic function, the 

BNST connects brain regions involved with stress, such as the amygdaloid complex, and 
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the paraventricular nucleus of the hypothalamus, with those involved with reward, such as 

the ventral tegmental area (VTA), the NAc, and the prefrontal cortex (Stamatakis et al., 

2014; Vranjkovic et al., 2017). This heterogeneity in both cell type, and afferent and 

efferent connections within the BNST allows it to serve as a key regulator of several 

motivational states. 

1.2.1—BNST Afferents and Function. There is still disagreement among the 

research community in the location and number of nuclei that comprise the BNST (Gungor 

& Paré, 2016; Ju et al., 1989). The BNST is typically categorized into an anterior-posterior 

division and then the anterior portion is further divided into a dorsal-ventral subdivision 

(Gungor & Paré, 2016; Ju et al., 1989). It is a heterogenous structure and within these 

regions, subnuclei express a variety of signaling molecules, such as the neuropeptides: 

corticotropin releasing factor, tachykinins, dynorphin, enkephalin, neuropeptide Y (NPY), 

neurotensisn, and somatostatin (Ju et al., 1989; Poulin et al., 2009; Walter et al., 1991). 

The BNST also contains GABA- and glutamatergic neurons, however the majority of 

neurons are GABAergic in phenotype (Cullinan et al., 1993; Esclapez et al., 1993). The 

glutamatergic neurons that do exist in the BNST are mainly found in the posterior BNST 

as well as in the dorsomedial and fusiform nuclei (Poulin et al., 2009). Because the BNST 

connects brain fear and anxiety networks with brain reward nuclei, it receives a 

complement of afferents from a variety of substrates that can be categorized based on the 

signaling molecules (Figure 1-2A). 

GABA and Glutamatergic Afferents – The main source of GABA inhibitory drive 

on BNST neurons originates from the CeA, to which it sends reciprocal GABAergic  
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connections (C.-Y. Dong et al., 2003; Li et al., 2012). Glutamatergic input to the BNST 

however is more widespread, as it receives afferents from limbic, paralimbic, and cortical  

regions. More specifically glutamate innervation of the BNST comes from the IC, BLA, 

entorhinal cortex, parabrachial nucleus, prefrontal cortex, the ventral subiculum of the 

hippocampus, and the olfactory bulb (Cullinan et al., 1993; Hurley et al., 1991; McDonald, 

1998; Takagishi & Chiba, 1991; Vertes, 2004). Most glutamate innervation of the BNST 

does not result in anxiogenesis or fear-related behavior, but instead may be more valuable 

for fear and reward learning, as well as controlling the transmission of stress hormones 

(Kim et al., 2013). For example, work examining the role of BLA-glutamatergic input to 

the anterodorsal BNST found that activation resulted in an anxiolytic phenotype and 

ventral subiculum-BNST glutamate projections are thought to exert inhibitory control over 

stress hormone release (Cullinan et al., 1993; Forray & Gysling, 2004). 

Dopamine Afferents – The VTA, a brain reward node, sends dopamine afferents to 

the dorsolateral BNST (dlBNST) that synapse on CRF neurons (Meloni et al., 2006). 

Previous research demonstrates that most drugs of abuse (ethanol, cocaine, morphine, and 

nicotine) cause increased dopamine levels within the dlBNST (Carboni et al., 2000). In 

addition to addictive substances, natural reward and reward-predictive cues also engage 

dopamine neurotransmission within the dlBNST (Park et al., 2012, 2013). Therefore, 

dopamine input to the BNST is thought to underlie the action of both natural and drug 

reward. 

Noradrenergic, and Serotonergic Afferents – The BNST also receives 

noradrenergic innervation from the ventral noradrenergic bundle (VNAB) and the locus 

coeruleus (Forray & Gysling, 2004). VNAB-BNST signaling is involved in stress-induced 



12 
 

reinstatement to drug seeking, and other norepinephrine signaling contributes to stress-

induced anxiogenic behavior (X. Wang et al., 2001). Serotonergic afferents (5-HT) that 

target the dorsal portion of the BNST originate from the caudal regions of the dorsal raphe 

nucleus (Commons et al., 2003; Lowry et al., 2008; Phelix et al., 1992). Previous work 

demonstrates that within the BNST there is a differential distribution of multiple subtypes 

of 5-HT receptors expressed to modulate responses to 5-HT transmission, and their 

expression can change based on stress exposure (Guo et al., 2009; Hazra et al., 2012). 

Therefore, 5-HT neurotransmission with the BNST can have opposing effects depending 

on the expression levels of certain types of 5-HT receptors. For example, activation of 5-

HT1A, an inhibitory (Gi coupled) receptor, causes an anxiolytic response (Fox et al., 2008; 

Levita et al., 2004; Marcinkiewcz et al., 2016). In opposition, activation of 5-HT2C-R 

results in anxiogenesis. These 5-HT receptors are also implicated in alcohol use disorders, 

but more work is necessary to understand the mechanisms controlling expression levels of 

5-HT throughout the anterior BNST (Koob, 2009). 

Neuropeptide Afferents – The BNST receives peptidergic innervation from 

multiple neuropeptide signaling molecules and brain regions, but the BNST also receives 

intra-neuropeptide transmission from to its own production of neuropeptide signaling 

molecules, most notably being CRF (Kash et al., 2015; Shepard et al., 2006). The CeA and 

the paraventricular nucleus of the hypothalamus are two other sources of CRF transmission 

onto BNST neurons (Kash et al., 2015; Sakanaka et al., 1986). CRF transmission within 

the BNST modulates cell excitability and behavioral output, and is strongly involved in 

addictive processes, like stress-induced reinstatement of drug seeking (Mantsch et al., 

2016). The BNST also receives NPY transmission from the CeA, medial amygdala, and 
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the nucleus of the tractus solitaries (Kash et al., 2015). In addition, the BNST also contains 

NPY-producing cells and therefore could potentially release NPY locally (Ishizaki et al., 

2003; Sakanaka et al., 1986). In ex vivo slice electrophysiology recordings within the 

BNST demonstrated that NPY application results in inhibition of GABA neurons, and CRF 

had the opposite effect (Kash & Winder, 2006). 

Dynorphin, an endogenous opioid, is another peptidergic signaling molecule that is 

also expressed in the BNST for local innervation, as well as from the central amygdala 

(Marchant et al., 2007). Dynorphin signaling in the BNST is show to promote anxiogenic 

behavior, and kappa opioid receptor activation through dynorphin signaling in the BNST 

causes a reduction in CeA-GABA terminal activity through presynaptic mechanisms 

(Bruchas et al., 2009; Chung et al., 2014; Li et al., 2012). Another neuropeptide that has 

been shown to increase anxiety-like behavior when released in the BNST is Orexin-A 

(Baldo et al., 2003; Lungwitz et al., 2012), which comes from the LHA, a brain region 

reciprocally connected with the BNST. 

1.2.2—BNST Efferents and Function. Work examining BNST circuitry has been 

successful in specifically targeting BNST output to other brain regions due to the 

development of optogenetic-assisted circuit mapping techniques. This technique allows for 

site-specific targeting in a heterogenous structure like the BNST (Petreanu et al., 2007). 

Therefore, using this approach, previous work demonstrates that the BNST sends efferents 

to the parabrachial nucleus, the LHA, the periaqueductal gray, the CeA, and the VTA (Fig. 

1-2B Jennings et al., 2013; Kim et al., 2013). 

The BNST is connected with the LHA – The LHA is a heterogenous structure known 

for its involvement in homeostatic feeding (Elias et al., 1999; Rossi & Stuber, 2018; D. 
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Wang et al., 2015). Ablation of LHA neurons produces hypophagia (Anand & Brobeck, 

1951), and starvation; while electrical stimulation elicits voracious feeding (Hoebel & 

Teitelbaum, 1962; Margules & Olds, 1962). Manipulation of LHA processes also impacts 

reward-related behavior, rodents will electrically self-stimulate the LHA (Carr & Simon, 

1984; Hoebel & Teitelbaum, 1962, 1962; Stuber & Wise, 2016), and these processes are 

critical for expression of drug-seeking behavior (Aston-Jones & Harris, 2004). For 

example, lesioning the LHA prevents the acquisition of a morphine place preference 

(Harris et al., 2007).  Furthermore, cocaine self-administration increases excitatory drive 

onto LHA neurons (Barker et al., 2015). The BNST also sends GABAergic projections to 

the LHA, that when activated, suppress feeding through activation of LHA glutamatergic 

neurons (which then connect to the lateral habenula, and the parabrachial nucleus, 

Jennings, Rizzi, et al., 2013; Rossi & Stuber, 2018; Stuber & Wise, 2016). BNST neurons 

that receive LHA innervation also showed increases in the neuronal marker, c-Fos, after 

cocaine conditioned place preference (Aston-Jones & Harris, 2004; Georgescu et al., 

2003). 

The BNST divergently modulates VTA dopamine neuron activity as it sends a 

dense GABA- and a lesser glutamatergic projections to the VTA that synapse on dopamine 

and GABA neurons (H.-W. Dong & Swanson, 2004, 2006a, 2006b; F. Georges & Aston-

Jones, 2001; François Georges & Aston-Jones, 2002; Jalabert et al., 2009; Jennings, Sparta, 

et al., 2013; Kudo et al., 2012). The portion of BNST neurons that project to the VTA are 

90% GABAergic (Kudo et al., 2012). Previously, these GABA projections were shown to 

increase VTA dopamine activity through the disinhibition of dopamine release (François 

Georges & Aston-Jones, 2002; Jennings, Sparta, et al., 2013). This is due to the BNST-
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GABA projections synapsing on, and inhibiting GABA terminals that are connected to 

dopamine neurons in the VTA (Jennings, Sparta, et al., 2013). In vivo, photoactivation of 

these terminals results in a real time place preference (RTPP) for the stimulation-paired 

chamber as well as intracranial self-stimulation (ICSS). VTA-projecting, glutamate 

neurons in the BNST were shown to inhibit dopamine neurons through the activation of 

the GABA terminals that synapse on dopamine neurons. Activation of these terminals 

resulted in aversion towards the stimulation-paired chamber attributing a negative valence 

to the network (Jennings, Sparta, et al., 2013). 

These BNST-VTA projections have been implicated in regulating stress and 

reward-related behavior. Evidence shows that these projections are activated during stress, 

and cues associated with cocaine administration (Briand et al., 2010; Mahler & Aston-

Jones, 2012; Sartor & Aston-Jones, 2012). Inactivation of BNST-VTA projections impairs 

cocaine-induced conditioned place preference as well as stress-induced cocaine seeking 

behaviors (Sartor & Aston-Jones, 2012; Vranjkovic et al., 2014). Also, ethanol induced 

conditioned place preference is blocked by inhibition of BNST-VTA projections (Pina et 

al., 2015; Pina & Cunningham, 2017). However, it is important to note that the upstream 

effectors of these VTA-projecting vBNST neurons remain elusive. 

1.3—Functional Hypothesis  

 Recognizing external cues that predict a significant outcome, such as those that 

result in nourishment, are critical to an animal’s survival. Those organisms able to 

determine the regularities of their world are better equipped to thrive. Decision-making, 

specifically in regards to nourishment, requires learning two things: to identify cues that 

predict a food reward, and to assess the intrinsic value of those rewards. This process of 
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cue-reward encoding goes awry with drugs of abuse where the reward far exceeds the 

expectation, leading to increased motivation to obtain the drug, outweighing motivation 

for natural reward. This transition between initial illicit drug use and addiction significantly 

alters brain circuitry (Yang et al., 2015). However, rectifying these changes and 

transitioning back to sobriety is an arduous task due to persistent cycles of relapse, 

triggered by drug-associated cues that elicit craving and drug-seeking behavior (McLellan 

et al., 2000; Vandaele & Janak, 2018; Yang et al., 2015). Therefore, a broader 

understanding of the circuitry involved in facilitating the acquisition of cue-reward pairs is 

necessary. 

The IC is a neural substrate that is vital for establishing the relationship between 

the interoceptive signals that drive craving, and the development of associative processes 

(Naqvi et al., 2007). The aIC is interconnected with the posterior IC and receives 

innervation from the basolateral amygdala (Livneh et al., 2017), a region critical for 

learning cue-reward associations (Baxter & Murray, 2002; Burgos-Robles et al., 2017; 

Morrison & Salzman, 2010; Samuelsen et al., 2012). As described previously, the IC is 

involved in processing drug-predictive cues (Contreras et al., 2007; Naqvi et al., 2007; 

Tang et al., 2012) as its inhibition decreases the preference for drug-associated cues 

(Contreras et al., 2007; McClernon et al., 2016) and drug taking (Hollander et al., 2008; 

Naqvi et al., 2007).  

The IC communicates with several brain regions involved in cue-reward 

associations (Allen et al., 1991; McDonald et al., 1999; Reynolds & Zahm, 2005), 

including the BNST. For example, The IC projects to the dBNST and drives negative affect 

(Centanni et al., 2018), and the dorsal agranular IC projects to the vBNST (McDonald et 
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al., 1999). This is interesting because the vBNST contains projections that divergently 

modulate VTA dopamine neuron activity (François Georges & Aston-Jones, 2002; 

Jennings, Sparta, et al., 2013). However, the corresponding upstream connections have yet 

to be described. Also, the IC and BNST-VTA pathway are shown to be involved in ethanol 

consumption and seeking behavior. Thus, this connection between the IC and vBNST 

suggests that the IC may act on the vBNST to mediate dopaminergic encoding of cue-

reward associations, both for natural and drug reward (Fig. 1-3). Therefore, we 

hypothesized the following: 

x The IC sends projections to the vBNST that activate VTA-projecting GABAergic 

neurons.  

x The IC-vBNST pathway is reinforcing and necessary for establishing the 

relationship between cue-reward pairs. 

x Binge ethanol consumption results in increased drive on the IC-vBNST pathway. 

1.4—Specific Aims. To examine these hypotheses, we established the following aims. 

1.4.1—AIM I: To characterize the IC-vBNST projection and determine its 

specific targets. Previous research demonstrates that the IC projects to the BNST 

(Centanni et al., 2018; Reynolds & Zahm, 2005), and the vBNST modulates midbrain 

dopamine neurons (François Georges & Aston-Jones, 2002; Jennings, Sparta, et al., 2013) 

providing an interesting mechanism by which the IC can fine tune dopamine 

neurotransmission. However, the precise connectivity between the IC and the vBNST 

projection is unknown. The first goal of these experiments was to determine whether the 

IC synapses on vBNST neurons using retrograde tracers. Then, to better characterize the 

projection we performed slice electrophysiology to investigate whether the IC projection  



Insular
Cortex

vBNST

VTA

NAc

Glutamatergic

GABAergic

Dopaminergic

Reward-Predictive
Cue

Disinhibition of
Dopamine Release

Dopamine
Release

GABA- -

+
DA

A.

Figure 1-3. Schematic of Proposed Circuit. A) Reward-predictive cues recruit 
IC-vBNST glutamatergic projections, which in turn activate VTA-projecting, GABAer-
gic neurons. These GABA projection neurons then activate dopamine neuron activity by 
inhibiting GABA cells that inhibit VTA-dopamine neurons (disinhibition of dopamine 
release). This allows the IC to recruit the mesolimbic dopamine pathway, which we 
hypothesize is necessary for the acquisition of cue-reward pairs.

18



19 
 

was glutamatergic or GABAergic by patching from vBNST neurons while optically 

activating IC terminals, and then applying either glutamate, or GABA receptor antagonists 

to characterize light-evoked membrane responses.  

Next, to investigate if the IC-vBNST projection recruits VTA dopamine neurons. 

We used Channelrhodopsin (ChR2)-Assisted Circuit Mapping on VTA-projecting, vBNST 

neurons to determine if the IC was connected either mono- or polysynaptically. Then, to 

further characterize the projection, using the in situ hybridization technique, RNAscope, 

we determined the cell type of the vBNST neurons that receive IC innervation. 

1.4.2—AIM II: (A) To test the reinforcing properties of the IC-vBNST 

projection in vivo. To first examine the valence of the IC-vBNST network. We utilized an 

excitatory opsin to photostimulate IC terminals in various behavioral assays that test the 

valence of the stimulated neurons. We also examined the necessity of dopamine 

neurotransmission, pharmacologically, in expressing rewarding phenotypes associated 

with IC-vBNST terminal activation through dopamine receptor antagonism. This 

determined whether the IC-vBNST pathway recruits the mesolimbic dopamine pathway 

during activation, and if dopamine neurotransmission is necessary for expression of the 

rewarding phenotypes observed with IC-vBNST activation.  

 (B) To test the necessity of the IC-vBNST projection in establishing and 

expressing reward-predictive cues. Previous research in the IC shows that its inactivation 

decreases drug craving and self-administration. Therefore, it is imperative to elucidate the 

role of the IC in establishing reward-cue associations utilizing techniques that can 

specifically alter the circuitry. Our data suggests that the IC-vBNST pathway is necessary 

for learning reward-predictive cues. We further tested this hypothesis with a loss of 
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function experiment utilizing inhibitory opsins that silence the IC-vBNST projection 

during a Pavlovian conditioning paradigm. Mice either received photoinhibition of the 

projection during the acquisition or expression phase of the paradigm.  

 1.4.3—AIM III: To investigate the involvement of IC-vBNST circuitry in binge 

ethanol consumption. Previous research provides a strong argument for the involvement 

of BNST circuitry in ethanol consumption (Pina et al., 2015; Pina & Cunningham, 2017). 

It has also been shown that the IC-dBNST projection is involved in the negative affect that 

drives ethanol consumption in ethanol-dependent individuals (Centanni et al., 2018). 

Therefore, we wanted to investigate the electrophysiological characteristics of vBNST-

projecting neurons in the IC of mice that underwent drinking in the dark (J. S. Rhodes et 

al., 2007; Justin S. Rhodes et al., 2005; Wilcox et al., 2014), the intermittent access model 

used to drive binge ethanol consumption. We also investigated changes to these neurons 

over three different stages of ethanol consumption: (1) Acute Exposure, (2) Prolonged 

exposure, and (3) Withdrawal. 
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Chapter 2: Characterizing the IC-vBNST Projection and its Targets 

2.1—Introduction 

The IC runs along the rostral-caudal axis of the brain and is made up of three layers 

based on their cytoarchitecture: the granular, dysgranular, and agranular subdivisions that 

run throughout the entire IC (Gogolla, 2017). The subregions also have different layered 

structures and are named based on the presence of granular layer 4. The granular IC has a 

six-layered structure, thought to be more classic; then, in the dysgranular subregion, the 

granular layer 4 becomes quite thin; and in the agranular subregion, the granular layer 4 

completely disappears (Gogolla, 2017). The granular cells become denser in the posterior 

IC where thalamic input is highest (Namkung et al., 2017). Therefore, these cells are 

thought to provide the major input to the IC as they receive dense innervation from the 

interoceptive thalamus (Craig, 2010; Namkung et al., 2017). These subregions of the IC 

are also densely interconnected with each other throughout the entire length of the IC 

(Gogolla, 2017). 

The aIC is interconnected with the posterior IC and receives innervation from the 

basolateral amygdala (Livneh et al., 2017), a region critical for learning cue-reward 

associations (Baxter & Murray, 2002; Burgos-Robles et al., 2017; Morrison & Salzman, 

2010; Samuelsen et al., 2012). The IC also projects to the dorsal and ventral BNST 

(Centanni et al., 2018; Reynolds & Zahm, 2005), and projections in the dBNST drive 

behavior associated with alcohol withdrawal (Centanni et al., 2018). The dorsal agranular 

IC projects to the vBNST, (McDonald et al., 1999) a brain region critical in drug-seeking 

behavior (Kash, 2012; Vranjkovic et al., 2017). The vBNST contains the primary output 

cells of the BNST and is interesting in regards to the etiology of drug abuse because it 
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contains two populations of neurons that project to the VTA (Georges & Aston-Jones, 

2002; Jennings, Sparta, et al., 2013), a dopamine brain reward node (Hyman et al., 2006; 

Swanson, 1982). One population contains glutamatergic projections that activate GABA 

terminals on dopamine neurons in the VTA resulting in the inhibition of dopamine neurons 

causing an aversive response (Jennings, Sparta, et al., 2013). The other population contains 

GABAergic projections that also synapse at GABA terminals on dopamine neurons in the 

VTA serving to disinhibit dopamine activity causing a rewarding phenotype (Jennings, 

Sparta, et al., 2013). This allows the BNST to indirectly mediate VTA dopaminergic drive. 

However, the corresponding upstream connections to the VTA-projecting, vBNST neurons 

have yet to be described. We hypothesize that the IC recruits mesolimbic dopamine by 

activating GABAergic, VTA-projecting, vBNST neurons. Here we utilize retrograde 

labeling techniques, ex vivo electrophysiology, and RNAscope to test our hypothesis and 

characterize the IC-vBNST projection. We found that the mid-anterior IC is connected to 

the vBNST via excitatory projections that are both mono- and polysynaptically linked to 

GABAergic, VTA-projecting neurons. 

2.2—Materials & Methods 

2.2.1—Experimental Subjects. Adult (25-35g) female and male C57BL/6J wild 

type mice were group-housed in a temperature-controlled room maintained on a reverse 

12h light cycle (lights off at 8:00AM) with ad libitum access to food and water. Following 

surgery, mice were housed individually. All experiments were conducted in the dark phase 

of the animal’s light cycle. Animal care and experimental procedures conformed to the 

National Institute of Health Guide for the Care and Use of Laboratory Animals and were 
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approved by the Institutional Animal Use and Care Committee at the University of 

Maryland, Baltimore. 

 2.2.2—Surgery and Virus Injections. C57Bl/6J mice were anesthetized with 

isoflurane in O2 (4% induction and 1% maintenance, 2 L/min) and injected with an AAV 

containing either (1) channelrhodopsin (ChR2) virus (pAAV5-CaMKIIa-hChR2(H134R)-

EYFP; UNC Vector Core), (2) the retrograde fluorescent transporter (pAAV-CAG-

tdTomato; Add Gene), (3) a transneuronal CRE (pAAV1-CRE; Add Gene), or (4) 

Lumafluor Retrobeads. For retrograde labeling, histology experiments, 300nL of 

Lumafluor Retrobeads were infused at 100 nL/min to the vBNST (+0.16 AP, ± 0.9 ML, -

4.8DV, mm relative to bregma) for IC-cell body expression. For electrophysiology 

experiments examining light-evoked, and non-light-evoked EPSCs in the vBNST, dBNST, 

and NAcc, mice were injected bilaterally in the insular cortex (-0.8 AP, ± 3.6 ML, -3.5 DV, 

mm relative to bregma) with ChR2 via a Hamilton 7001 1-µL syringe (Hamilton 

Company). For electrophysiology circuit mapping experiments, 500nl of pAAV-CAG-

tdTomato was infused at 100 nL/min in the VTA (7° angle, -3.2 AP, ± 1.0 ML, -4.6 DV, 

mm relative to bregma) of CaMKIIaIC-vBNST::ChR2-expressing mice. For RNAscope 

experiments, 500 nl of the transneuronal CRE, AAV1-CRE, was infused at 100 nL/min 

bilaterally to the IC, and 500nl of pAAV-CAG-tdTomato was infused at 100 nL/min in the 

VTA. The time from virus injection to the start of the experiments was 5-6 weeks for all 

terminal manipulations. 

 2.2.3—Histology, Retrograde Labeling, and Microscopy. For the retrograde 

labeling experiment (n=4), one week after Retrobead injections, mice were anesthetized 

with isoflurane (5%) and transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 
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M sodium phosphate buffer (PB; pH 7.4). For experiments utilizing AAV’s, histology was 

done 4-6 weeks post virus injection. Brains were then removed and submerged in 4% 

paraformaldehyde for 24 hours and transferred to 30% sucrose in PBS for 48 hours. 40 µm 

coronal slices were obtained with a cryostat (Leica) and then incubated for 30 min in PB 

containing 0.1% Triton X-100 (Sigma-Aldrich) and 49,6-diamidino-2-phenylinode (DAPI; 

1:50,000). Images were visualized under a confocal 110 microscope (Olympus Fluoview, 

Shinjuku, Tokyo, Japan) and later analyzed using Fiji, ImageJ software (Schindelin et al., 

2012).  

 2.2.4—Whole Cell Patch Clamp Electrophysiology. Mice expressing AAV5-

CaMKIIa-ChR2-EYFP at the IC terminals in the vBNST (n=18) were anesthetized with 

isoflurane (4%) and perfused transcardially with an NMDG cutting solution that contains 

(in mM): 92 NMDG, 20 HEPES, 25 glucose, 2.5 KCl, 1.2 NaH2PO4, 10 MgSO4, 0.5 CaCl2, 

30 NaHCO3, 5 sodium ascorbate, 3 sodium pyruvate, 2 thiourea. The brain was removed 

rapidly from the skull and placed in the same NMDG solution at ~0°C. Coronal sections 

of the vBNST (250 μm) were then cut on a vibratome (VT-1200, Leica Microsysytems). 

Slices were then placed in a holding chamber at 32qC containing the NMDG cutting 

solution and allowed to recover for at least 5 min before being placed in a separate holding 

chamber at room temperature with aCSF containing (in mM): 92 NaCL, 25 glucose, 30 

NaHCO3, 1.2 NaH2PO4, 2.5 KCl, 5 sodium ascorbate, 3 sodium pyruvate, 2 thiourea, 1 

MgSO4, 2 CaCl2. Once slices incubated for at least an hour, they were transferred to the 

recording chamber and superfused with the holding aCSF saturated with 95% O2 and 5% 

CO2 (at ~32°C). Cells were visualized using infrared differential contrast and fluorescence 

microscopy. For voltage-clamp recordings, patch electrodes (4–6 MΩ) were back-filled 
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with a potassium gluconate internal solution containing the following (in mM): 135 K-

gluconate, 4 KCl, 10 HEPES, 4 MgATP, 0.3 Na3GTP, pH 7.35, ~285 mOsm. Whole-cell 

voltage-clamp of vBNST neurons were made using MultiClamp 700B amplifier 

(Molecular Devices). For all optical stimulations, blue light (1 mW, 473 nm) was delivered 

through a 40x objective via a LED. All data were filtered at 2 kHz, digitized at 5–10 kHz, 

and collected using pClamp10 software (Molecular Devices). For voltage-clamp recording, 

membrane potentials were maintained at -65 mV, and 5 ms light pulses (1mW, 473nm) 

were delivered every 20 s to activate ChR2. Blocking Glutamate Transmission (n=4): 

for postsynaptic currents, following 5–10 min of baseline recording, 15 µM of the 

AMPA/KA receptor antagonist DNQX was bath-applied for 10 min. EPSC amplitudes 

were calculated by measuring the peak current from the average response during baseline 

(ACSF) and during each drug application. 

2.2.5—Mapping IC Terminals Responses in the vBNST, dBNST, and NAcc 

(n=9). Cells within the vBNST, dBNST, and NAcc were tested for their postsynaptic 

response to optical activation of ChR2 expressed in IC terminals. All animals had at least 

one light-evoked response recorded in the vBNST. Both light-evoked, and non-light 

evoked cells were marked to determine the percent connectivity of the IC with the vBNST, 

dBNST, and NAcc. EPSC amplitudes were calculated by measuring the peak current from 

the average light-evoked response. 

2.2.6—Assessing Mono- and Polysynaptic afferents on VTA-projection 

Neurons using ChR2-Assisted Circuit Mapping, CRACM (n=5). VTA-projection 

neurons within the vBNST were fluorescently labeled using a retrograde reporter, pAAV-

CAG-TdTomato, injected into the VTA of CaMKIIaIC-vBNST::ChR2-expressing mice. For 
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optically-evoked EPSCs in fluorescently labeled cells (n=24cells), following 5–10 min of 

baseline recording, 1 µM of the voltage-gated sodium channel blocker, TTX, was bath-

applied for 10 min to remove any network activity. After light-evoked EPSCs were 

abolished by TTX, we bath applied 4-aminopyridine (1mM) with TTX in order to increase 

the input resistance of the cell, allowing for ChR2-specific mediated release from axon 

terminals. If the optically-evoked EPSC returned, we marked this cell as a monosynaptic 

connection. If the optically-evoked EPSC remained abolished, we marked the cell as a 

polysynaptic connection. EPSC amplitudes were calculated by measuring the peak current 

from the average light-evoked response. 

 2.2.7—RNAscope. Mice (n=3) expressing the transneuronal CRE, AAV1-CRE 

(Centanni et al., 2018), in the IC, as well as, the retrograde tracer, pAAV-CAG-tdTomato, 

in the VTA, were anesthetized with isoflurane (5%) before rapid removal of the brain into 

methyl butane on dry ice for rapid freezing. Brains were then covered in a block of cryo-

embedding medium and stored overnight at -80° in an airtight container. The next day, 

brains were equilibriated to -20° in the cryostat for one hour to prevent cracking. Next, 

16Pm sections of the vBNST were cut on the cryostat and dry-mounted onto SuperFrost 

Plus slides in serial order with 3 sections to a slide. After all sections were mounted, they 

were then fixed in fresh 4% PFA chilled at 4°. Next sections were dehydrated in increasing 

amounts of ethanol and stored over night in 100% ethanol at -20°. 

 On the following day, slices were removed and airdried for 5 minutes at RT. Then 

using a hydrophobic pen, a thick barrier was drawn around the slices to keep all probes 

from falling of the sections. Next, sections were pretreated for 30min at RT in order to 

unmask target RNA and permeabilize cells prior to beginning the RNAscope Assay. Then, 
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the sections were saturated in the three target probes: Mm-Slc32a1 (targeting the GABA 

vesicular transporter), CRE-C2, and tdTomato-C3; at 40° to allow for the probes to 

hybridize to their target RNA molecules. After hybridization, RNAscope detection 

reagents are applied to amplify the hybridization signals and again incubated at 40°. Then 

labeled probes containing a fluorescent marker are placed on the sections and incubated at 

40° so as to bind to the amplifier binding sites from the previous step. Last, sections are 

washed in PBS before being stained with 49,6-diamidino-2-phenylinode (DAPI; 1:50,000) 

and then using mounting medium covered with glass cover slips. Images were visualized 

under a confocal 110 microscope (Olympus Fluoview, Shinjuku, Tokyo, Japan) and later 

analyzed using Fiji, ImageJ software (Schindelin et al., 2012).  

 2.2.8—Statistical Analysis. Electrophysiological data was analyzed in ClampFit 

and Prism. For all hypothesis tests, the α level for significance was set to p < 0.05. Mean 

values are accompanied by SEM values. Comparisons were tested using paired or unpaired 

t-tests, two-tailed. Two-way ANOVA tests followed by Bonferroni post-hoc comparisons 

were applied for comparisons with more than two groups. 

2.3—Results 

2.3.1—The IC sends glutamatergic afferents to the vBNST. Previous work has 

shown that the vBNST modulates VTA dopamine neuron activity, and activation of 

vBNST-GABA terminals in the VTA is rewarding (Jennings, Sparta, et al., 2013). 

Additionally, tracing work has demonstrated that the IC projects to the BNST (Reynolds 

& Zahm, 2005) providing a potential circuit by which the IC is able to recruit VTA 

dopamine neurons. To identify the portion of the IC connected to the vBNST we first 

injected Retrobeads, a retrograde tracer, into the vBNST (Fig. 2-1A), and observed a sub- 
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population of cell bodies in the IC projecting to the vBNST (Fig. 2-1B-C). This provided 

a site to target the projecting cell bodies in the IC using an AAV vector with a CaMKIIa 

promoter to express the excitable opsin, channelrhodopsin (ChR2) for expression in IC 

terminals within the vBNST (CaMKIIaIC-vBNST::ChR2). 

Next, we utilized ex vivo slice electrophysiology to characterize the projection 

using whole-cell recordings (Fig. 2-2) and found that photostimulation of ChR2-containing 

fibers originating from the IC produced excitatory postsynaptic currents (EPSCs) in 

vBNST neurons (Fig. 2-2B). Furthermore, to block glutamate transmission, we applied the 

AMPA/KA receptor antagonist, DNQX (15PM). DNQX abolished the optically-evoked 

postsynaptic currents in all light-responsive neurons (Fig. 2-2B-C, n= 6 cells, 4 mice; 

p=0.0001, paired t-test, two-tailed, Mean ± SEM of differences: -80.3 ± 7.408, t=10.84, 

df=5). This confirmed that the IC sends glutamatergic terminals that synapse in the vBNST. 

2.3.2—The IC is densely connected to the vBNST and NAcc. We then 

investigated the connectivity of the IC with the vBNST (Fig. 2-3A;D) compared to the IC 

and other connected downstream structures of interest, the dorsal BNST (Fig. 2-3B;E) and 

nucleus accumbens core (NAcc; Fig. 2-3C;F), to create an anatomical map (Fig. 2-4, 

vBNST: ncells=16/29, nmice=9; dBNST: ncells=2/13, nmice=5; NAcc: ncells=10/12, nmice=4) of 

connected and non-connected cells from the IC to these terminal regions and found no 

significant difference in EPSC amplitude (Fig. 2-3H), or EPSC latency (Fig. 2-3I) in these 

regions, but there was a significant increase in IC connectivity when comparing the IC-

dBNST with the IC-vBNST cohort, as well as between the IC-dBNST and the IC-NAcc 

cohort (Fig. 2-3G, One way ANOVA multiple comparisons, dBNST vs. vBNST, p=0.022; 

dBNST vs. NAcc, p=0.0013). These results demonstrate that the targeted region in the IC 
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ST::ChR2 expressing mouse where an optically evoked postsynaptic current was 

recorded. B) Peak amplitude response to CaMKIIaIC-vBNST::ChR2 stimulation 

before and after application of DNQX (n= 6 cells, 4 mice; p=0.0001, paired t-test, 

two-tailed, Mean ± SEM of differences: -80.3 ± 7.408, t=10.84, df=5). C) Optical-

ly-evoked postsynaptic current trace recorded in a vBNST neuron following CaM-

KIIaIC-vBNST::ChR2 stimulation, before and after application of the AMPA/KA 

receptor antagonist, DNQX. 
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Figure 2-3. Map of light-evoked and non-light-evoked EPSC responses from IC 
terminal photoactivation in the vBNST, dBNST, and NAc. A) 4x magnification 
DIC image of a coronal vBNST slice from a CaMKIIaIC-vBNST::ChR2 expressing mouse 
where an optically evoked EPSC was recorded. B) 4x magnification DIC image of a 
coronal dBNST slice from a CaMKIIaIC-vBNST::ChR2 expressing mouse where an opti-
cally evoked EPSC was recorded. C) 4x magnification DIC image of a coronal NAc 
slice from a CaMKIIaIC-vBNST::ChR2 expressing mouse where an optically evoked 
EPSC was recorded. D) Example trace of optically-evoked EPSC from the vBNST. E) 
Example trace of optically-evoked EPSC from the dBNST. F) Example trace of opti-
cally-evoked EPSC from the NAc. G) IC connectivity with projecting regions: 
dBNST, vBNST, and NAc, number of light-responsive vs non-light responsive cells in 
the region. H) EPSC peak amplitudes versus the connectivity of the IC to either the 
vBNST, dBNST, or NAc, no significant difference between groups. I) EPSC latency to 
peak versus the connectivity of the region, no significant difference between groups.
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 is densely connected to the vBNST and NAcc. However previous research indicates that 

these projections from the IC to the NAcc and vBNST are not collaterals as the collateral 

projection to IC-vBNST is largely IC to the central amygdala, not the NAc (Reynolds & 

Zahm, 2005). Therefore the IC-vBNST projection is largely separate from the IC-NAcc 

projection. 

2.3.3—The IC is mono- and polysynaptically connected to VTA-projecting, 

GABAergic, vBNST neurons. Previous research indicates that the vBNST modulates 

dopamine neurons activity through GABA- and glutamatergic modulation on VTA 

dopamine neurons (Jennings, Sparta, et al., 2013). We hypothesize that the IC may recruit 

the VTA dopamine system by activating VTA-projecting, GABAergic, vBNST neurons, 

thereby disinhibiting dopamine neurotransmission. First, to examine the connectivity of 

the IC-vBNST projection with downstream VTA neurons, we injected a retrograde tracer, 

pAAV-CAG-TdTomato into the VTA of animals expressing CaMKIIaIC-vBNST::ChR2 (Fig. 

2-5A) to fluorescently identify VTA-projecting neurons within the vBNST (Fig. 2-5B) for 

ex vivo electrophysiological experiments. Then, to examine the precise synaptic 

connectivity between the IC and the vBNST, we utilized ChR2-Assisted Circuit Mapping, 

CRACM (Petreanu et al., 2007), to dissect the connection in ex vivo brain slice.  

This circuit-mapping technique utilizes excitatory opsins combined with 

photostimulation and allows researchers to distinguish between a long projection in the 

brain that synapses directly on the neuron of interest (monosynaptic), or if it forms a 

microcircuit resulting in an indirect effect on the recorded neuron (polysynaptic).  In order 

to test if the IC-vBNST projection is mono- or polysynaptic we recorded optically evoked 

EPSCs in the postsynaptic cell under voltage clamp with bath application of tetrodotoxin 
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Figure 2-5. The IC is mono- and polysynaptically connected to VTA-projecting 
vBNST neurons. A) 20x magnification of injected retrograde tracer, pAAV-CAG-Td-
Tomato into the VTA for retrograde labeling of VTA-projection neurons in the vBNST. 
B) 40x magnification of retrograde labeling from a CaMKIIaIC-vBNST::ChR2//CAGVTA-vBN-

ST::Retrograde-tdTomato expressing mouse. C) Two 40x magnification DIC images of 
the same monosynaptic neuron from a CaMKIIaIC-vBNST::ChR2//CAGVTA-vBNST::Retro-
grade-tdTomato expressing mouse under Left: wide-field fluorescent illumination to 
excite tdTomato in VTA expressing neurons; Right: Infared illumination of the neuron. 
D) Peak amplitude response to CaMKIIaIC-vBNST::ChR2 stimulation before and after 
application of 4AP + TTX (n= 6/24 cells, 5 mice; p=0.3217, paired t-test, two-tailed, 
Mean ± SEM: -23.9 ± 21.74 t=1.099, df=5). E) Left: Optically-evoked postsynaptic 
current trace recorded in a VTA-projecting, vBNST neuron following CaMKIIaIC-vBN-

ST::ChR2 stimulation in ACSF, red is the average current with the gray being individual 
traces. Right: Black: in TTX; bottom traces are in 4AP + TTX with red indicating the 
average trace. F) Two 40x magnification DIC images of the same polysynaptic neuron 
from a CaMKIIaIC-vBNST::ChR2//CAGVTA-vBNST::Retrograde-mCherry expressing mouse 
under Left: wide-field fluorescent illumination to excite mCherry in VTA expressing 
neurons; Right: Infared illumination of the neuron. G) Peak amplitude response to CaM-
KIIaIC-vBNST::ChR2 stimulation before and after application of 4AP + TTX (n= 4/24 
cells, 5 mice; p=0.0038, paired t-test, two-tailed, Mean ± SEM: -33.05 ± 4.026, t=8.209, 
df=3). H) Left: Optically-evoked postsynaptic current trace recorded in a VTA-project-
ing, vBNST neuron following CaMKIIaIC-vBNST::ChR2 stimulation in ACSF, red is the 
average current with the gray being individual traces. Right: Black: in TTX; bottom 
traces are in 4AP + TTX with red indicating the average trace.
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(TTX) and then 4-Aminopyridine (4-AP).  First, TTX was applied in order to block 

voltage-gated sodium channels and remove network connectivity allowing for the specific 

targeting of ChR2 expressing terminals. After the abolishment of optically-evoked EPSCs 

from the recorded cell, 4-AP was then applied in order to increase the input resistance of 

the cell and depolarize the resting membrane potential. This enables ChR2-mediated 

release of neurotransmitter in the absence of action potentials brought on by TTX.  Without 

these channels blocked in the presynaptic membrane, shunting inhibition would occur 

during the optically evoked event blocking the spread of ChR2-mediated depolarization, 

which therefore would block the release of neurotransmitter.  Application of 4-AP allows 

for the spread of charge in a direct connection due to the blocked potassium channels 

depolarizing the resting membrane potential; this enables specific neurotransmitter release 

from ChR2-expressing terminals.  

We found that 10/24 VTA-projecting vBNST neurons were connected to the IC. 

We also determined that the IC is connected to VTA-projecting neurons through both 

monosynaptic (Fig. 2-5C-E, n= 6/24 cells, 5 mice; p=0.3217, paired t-test, two-tailed, 

Mean ± SEM: -23.9 ± 21.74 t=1.099, df=5) and polysynaptic projections (Fig. 2-5F-H, n= 

4/24 cells, 5 mice; p=0.0038, paired t-test, two-tailed, Mean ± SEM: -33.05 ± 4.026, 

t=8.209, df=3). Thus, the IC sends glutamatergic projections to the vBNST that synapse on 

VTA-projecting neurons. 

 After confirming that the IC is connected to VTA-projecting, vBNST neurons, we 

then needed to investigate the cell type of these projection neurons. To accomplish this, we 

utilized the in situ hybridization assay, RNAscope, to identify whether these VTA-

projecting neurons that receive IC innervation were GABAergic as we previously 
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hypothesized. Here we used a transneuronal CRE to mark vBNST neurons that received 

IC innervation. Then, in the same animals, we utilized the retrograde tracer, CAG-

TdTomato to mark VTA-projecting vBNST neurons. We then used three probes to target 

(1) tdTomato (Fig. 2-7A.1;3), (2) CRE (Fig. 2-7A.1;4), and (3) the GABA vesicular 

transporter, Mm-Slc32a1 (Fig. 2-7A.1;5) within vBNST sections (Fig. 2-7A). We found 

that the majority of cells that receive IC innervation were VTA-projecting, GABAergic 

neurons (Fig. 2-7B). This demonstrated that the IC sends glutamatergic projections to the 

vBNST that activate VTA-projecting, GABAergic neurons, which have previously been 

show to disinhibit dopamine neuron activity (Jennings, Sparta, et al., 2013). 

2.4—Discussion 

2.4.1—The IC-vBNST projection is an upstream effector of the mesolimbic 

dopamine system. Our data shows that the IC sends excitatory afferents to the vBNST 

(Fig. 2-2), and that some (10/24) synapsed with VTA-projection neurons (Fig. 2-5). The 

BNST contains GABAergic and glutamatergic neurons that project to the VTA (Georges 

& Aston-Jones, 2002; Hyman et al., 2006; Jennings, Sparta, et al., 2013; Swanson, 1982). 

A significant portion of dopamine neurons within the VTA terminate in the ventral striatum 

(Swanson, 1982), and dopamine release in this area facilitates the motivation to work for 

natural and drug rewards (Cameron et al., 2014; Salamone & Correa, 2002). BNST-VTA 

projections modulate dopaminergic activity in the VTA (Jennings, Sparta, et al., 2013), 

and, therefore the BNST is thought to modulate dopamine release in terminal regions.  

Our data supports the hypothesis that activation of IC terminals in the vBNST 

recruits VTA-projecting neurons because in ex vivo slice, retrogradely labeled, VTA-

projecting vBNST neurons receive both mono- and polysynaptic innervation from 
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 CaMKiiAIC-vBNST::ChR2 terminal photostimulation (Fig. 2-5). A possible role for this 

circuit is that the sub-population of VTA-projecting, vBNST neurons receiving input from 

the IC are GABAergic projection neurons, which, in turn, disinhibit dopamine activity. 

However, we found that only a portion of the VTA projecting neurons (10/24) were light-

responsive, suggesting that the IC is not the sole input to these VTA-projection neurons in 

the vBNST. This could also be a sign of insufficient rhodopsin expression in the IC, or 

truncation of dendrites/axons during coronal sectioning to record from vBNST cells.  

We also cannot conclude the possibility that the IC-vBNST pathway only 

innervates VTA-projection neurons in the vBNST. Therefore, we cannot exclude the 

alternative hypothesis that the vBNST connects directly to the NAc and activation results 

in axo-axonic transmitter release on VTA terminals within the NAc (Sesack & Pickel, 

1992; Smith & Kieval, 2000), which would also provide access to dopamine 

neurotransmission. It is also important to note that the vBNST is a critical node in 

homeostatic and hedonic feeding behavior, and manipulations to the vBNST have a 

profound impact on feeding behavior. For example, terminal activation of hypothalamic 

projections to the vBNST results in voracious feeding in satiated mice, but the precise 

targets are unknown (Betley et al., 2013). Furthermore, activation of vBNST terminals in 

the lateral hypothalamus also causes food intake in satiated mice (Jennings, Rizzi, et al., 

2013). Therefore, due to the IC’s role in processing the body’s interoceptive signals, an 

alternative role for the IC-vBNST projection could also serve to affect feeding circuitry. 

2.4.2 The IC primarily synapses on GABAergic, VTA-projecting vBNST 

neurons. To further characterize the IC-vBNST projection and describe the cell type 

targets of the IC within the vBNST, we utilized the in situ hybridization assay, RNAscope, 
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to target (1) tdTomato for VTA-projecting cells (Fig. 2-7A.3), (2) CRE for vBNST cells 

that receive IC innervation (Fig. 2-7A.4), and (3) Mm-Slc32a1, the GABA vesicular 

transporter (Fig. 2-7A.5). We found that the majority of CRE expressing cells within the 

vBNST were GABAergic and projected to the VTA (Fig. 2-7B). This data supported our 

hypothesis that the IC-vBNST projection recruits vBNST-VTA, GABAergic projections 

to modulate dopamine neuron activity. We are confident in the selectivity of the targeting 

probes used in RNAscope in situ hybridization because it utilizes a strategy in which two 

independent “Z” probes have to both hybridize to a target sequence (18-25 base sequence 

per probe) in order for signal amplification to occur. This greatly reduces the probability 

of targeting a non-specific sequence. 
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Chapter 3: Activation of the IC-vBNST Projection is Reinforcing & is Necessary for 

Establishing Pavlovian Cue-Reward Pairs, but Not for Their Expression 

3.1—Introduction 

Recognizing external cues that predict a significant outcome, such as those that 

result in nourishment, are critical to an animal’s survival. Those able to determine the 

regularities of their world are better equipped to thrive. Decision-making, specifically in 

regards to nourishment, requires learning two things: to identify cues that predict a food 

reward, and to assess the intrinsic value of those rewards. This process of cue-reward 

encoding becomes treacherous with drugs of abuse where the reward far exceeds the 

expectation. Thus, leading to increased motivation to obtain the drug, outweighing 

motivation for natural reward. This transition between initial illicit drug use and addiction 

significantly alters brain circuitry (Yang et al., 2015). Rectifying these changes and 

transitioning back to sobriety is an arduous task due to persistent cycles of relapse, 

triggered by drug-associated cues that elicit craving and drug-seeking behavior (McLellan 

et al., 2000; Vandaele & Janak, 2018; Yang et al., 2015). Therefore, a broader 

understanding of the circuitry involved in facilitating the acquisition of cue-reward pairs is 

necessary. 

The IC is a neural substrate that is vital for establishing the relationship between 

the interoceptive signals that drive craving, and the development of associative processes 

(Naqvi et al., 2007). IC is involved in processing drug-predictive cues (Contreras et al., 

2007; Naqvi et al., 2007; Tang et al., 2012) as its inhibition decreases the preference for 

drug-associated cues (Contreras et al., 2007; McClernon et al., 2016) drug taking 

(Hollander et al., 2008; Naqvi et al., 2007). IC-cell body activity encodes food-predictive 
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cues when subjects are in a hunger state, but not in a sated-state (Livneh et al., 2017), 

demonstrating its role in linking the internal state of the organism with external cues. 

Previously we determined that the IC sends glutamatergic projections to the vBNST 

that activate GABAergic, VTA-projecting neurons (Chapter 2). These BNST-VTA 

projections have been shown to alter dopaminergic activity in the VTA (Jennings, Sparta, 

et al., 2013), allowing the BNST to indirectly mediate VTA dopaminergic drive.  These 

vBNST-VTA connections have also been implicated in cocaine-associated cue 

presentation (Mahler & Aston-Jones, 2012; Sartor & Aston-Jones, 2012), and 

disconnection of this projection blocks cocaine conditioned place preference (Sartor & 

Aston-Jones, 2012) as well as stress-induced cocaine seeking (Vranjkovic et al., 2014). 

Therefore, the connection between the IC and vBNST suggests that the IC acts on the 

vBNST to mediate dopaminergic encoding of cue-reward associations. To examine this 

hypothesis, we utilized in vivo optogenetics to bidirectionally control the IC-vBNST 

projection in reward seeking and associative processes. We found that in vivo 

photoactivation of these IC terminals resulted in a real-time place preference (RTPP) and 

also sustained intracranial self-stimulation (ICSS) in a dopamine-dependent manner. 

Conversely, silencing IC-vBNST projections impaired acquisition of cue-reward pairs, but 

not the expression of established reward-predictive cues. Thus, the IC-vBNST projection 

may represent a previously undescribed target for addictive substances to usurp the brain’s 

natural reward systems. 

3.2—Materials & Methods 

 3.2.1—Experimental Subjects. Adult (25-35g) female and male C57BL/6J wild 

type mice were group-housed in a temperature-controlled room maintained on a reverse 
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12h light cycle (lights off at 8:00AM) with ad libitum access to food and water, unless 

described below. Following surgery, mice were housed individually. All experiments were 

conducted in the dark phase of the animal’s light cycle. Animal care and experimental 

procedures conformed to the National Institute of Health Guide for the Care and Use of 

Laboratory Animals and were approved by the Institutional Animal Use and Care 

Committee at the University of Maryland, Baltimore. 

 3.2.2—Surgery and Virus Injections. C57Bl/6J mice were anesthetized with 

isoflurane in O2 (4% induction and 1% maintenance, 2 L/min) and injected with an AAV 

containing either (1) channelrhodopsin (ChR2) virus (pAAV5-CaMKIIa-hChR2(H134R)-

EYFP; UNC Vector Core), (2) Arch virus (pAAV5-CaMKIIa-eArch3.0-EYFP; UNC 

Vector Core), or (3) control fluorophore containing eYFP (pAAV5-CaMKIIa-EYFP; UNC 

Vector Core). Animals were injected bilaterally in the insular cortex (-0.8 AP, ± 3.6 ML, -

3.5 DV, mm relative to bregma) via a Hamilton 7001 1-µL syringe (Hamilton Company). 

In addition to bilateral IC AAV injections, mice were bilaterally implanted with an optical 

fiber (Sparta et al., 2012) aimed at the vBNST (+0.16 AP, ± 0.9 ML, -4.8DV, mm relative 

to bregma). For IC-lidocaine inhibition experiments, mice were also bilaterally implanted 

with a 26-gauge cannula just above the site of viral expression (-0.8 AP, ± 3.6 ML, -3.42 

DV, mm relative to bregma). All components were permanently affixed with dental cement 

(Lang Dental Mfg. Co., Inc.). The time from virus injection to the start of the experiments 

was 5-6 weeks for all ChR2 and Arch terminal manipulations. Any animals that did not 

have proper virus expression, optical fibers accurately placed in the vBNST, or cannulas 

placed in the IC, examined postmortem, were removed from the study (Fig. 3-12). All 
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behavioral assays occurred at least 5-6 weeks after virus injection and implantation of 

optical fibers. 

 3.2.3—Histology, and Microscopy. After completion of behavioral experiments, 

mice were anesthetized with isoflurane (5%) and transcardially perfused with 4% 

paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer (PB; pH 7.4). Brains were then 

removed and submerged in 4% paraformaldehyde for 24 hours and transferred to 30% 

sucrose in PBS for 48 hours. Next, 40-50 µm coronal slices were obtained with a cryostat 

(Leica) and then incubated for 30 min in PBS containing 0.1% Triton X-100 (Sigma-

Aldrich) and 49,6-diamidino-2-phenylinode (DAPI; 1:50,000). Images were visualized 

under a confocal 110 microscope (Olympus Fluoview, Shinjuku, Tokyo, Japan) and later 

analyzed using Fiji, ImageJ software (Schindelin et al., 2012). 

 3.2.4—Real Time Place Preference. Photoactivation Group: mice (ChR2 n= 6; 

eYFP n= 6) were placed in a custom made 2-chamber behavioral arena (30 cm x 60 cm) 

for a preference test and then paired with a side for stimulation is an unbiased design. On 

Test day (20 min session), at the beginning of the session, the mouse was placed in the 

center of the arena between the divider of the two chambers. Every time the mouse crossed 

to the stimulation side of the chamber a 20 Hz constant laser stimulation (473 nm, 10 mW) 

was delivered until the mouse crossed back into the non-stimulation side. Percentage of 

time spent on the stimulation-paired and locomotor activity was recorded via a CCD 

camera interfaced with Ethovision software.). Photoinhibition Group: mice (Arch n= 6; 

eYFP n= 7) on test day (20 min session) received constant 532 nm laser inhibition (10 mW) 

until crossing back into the non-stimulation side. Intracranial Infusion of Lidocaine: in 

addition to virus injections to the IC, mice (ChR2 n= 8; eYFP n= 8) were implanted with 
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cannulas to the IC (26 gauge, 10mm length, DV: -3.3mm relative to bregma), and optical 

fiber implantations into the vBNST. Cannula dust covers (33 gauge, 9mm length) were 

used during the virus incubation period. On test day, prior to the start of the session, all 

mice received a 500nl bilateral infusion (100nl/min) of the sodium channel blocker, 

lidocaine (4%, dissolved in PBS) at the beginning of the session, then they were placed in 

the center of the arena between the divider of the two chambers. Every time the mouse 

crossed to the stimulation side of the chamber, a 20 Hz constant laser stimulation (473 nm, 

10 mW) was delivered until the mouse crossed back into the nonstimulation side. IP 

Administration of Flupenthixol: mice (ChR2 n=16; eYFP n=16) underwent RTPP once 

with IP administration of 0.9% saline (vehicle) where their preference for the stimulation 

paired chamber was assessed. After a two-day break, mice received IP administration of 

.15 mg/kg of the dopamine receptor antagonist cis-(z)-flupenthixol dihydrochloride 

(Sigma-Aldrich) 30 min prior to the onset of RTPP. IP Administration of SCH23390: 

naïve mice (ChR2 n=6; eYFP n=4) after their preference test on test day, received IP 

administration of 0.055 mg/kg of the dopamine D1 receptor antagonist SCH23390 (Sigma-

Aldrich) 30 min prior to the start of RTPP. 

3.2.5—Intracranial Self-Stimulation. Mice (ChR2 n=6; eYFP n=6) were food 

restricted to 90% free feeding weight for a week prior to behavioral testing. Mice were then 

placed in a sound attenuated chamber (Med Associates) equipped with a tone generator, 

cue lights, and a left and right nose port. During each behavioral session the bilateral 

chronic optical fibers were connected to a patch cable, interfacing with a FC/PC fiber optic 

rotary joint (Doric Lenses) which then interfaced with a 473 nm solid state laser outside 

the chamber. Mice learned to nosepoke for self-stimulation of the IC-vBNST pathway 
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without any shaping, mice only received 1-2 primes at the start of the first session. Sessions 

were 30 min and an active nosepoke induced a 3 second, 20 Hz optical stimulation 

accompanied with an auditory and visual cue. Active nosepoke, inactive nosepoke, and 

stimulation delivery timestamps were recorded with MED-PC (Med Associates) software 

and analyzed using Prism and Excel (Microsoft). IP administration of flupenthixol: once 

stable responding occurred in mice (ChR2 n=6; eYFP n=6) that learned to nosepoke for 

stimulation of the IC-vBNST pathway (5 sessions), mice received IP administration of .15 

mg/kg flupenthixol 30 min prior to the start of the session. 

3.2.6—Open Field. Photoactivation Group: mice (ChR2 n=6; eYFP n=6) 

locomotor activity was tested in a custom made open-field arena (25 x 25 x 25 cm white 

Plexiglas arena) for 30 min. Center zone was defined as the center 156 cm2 (25% of the 

entire arena). The 30 min session was divided into three bins lasting 10min each. Mice 

received 20 Hz photostimulation of the IC terminals in the vBNST for 10 min during the 

2nd bin in a 3 second on-off pattern. The session was recorded with a CCD camera that was 

interfaced with Ethovision software. Total distance traveled in the open-field apparatus 

was then quantified. Photoinhibition Group: mice (Arch n=6; eYFP n=8) were tested in 

the open-field arena for 21 min. The 21 min session was divided into 7 total bins lasting 3 

m each. Mice received optical inhibition of the IC terminals in the vBNST every other bin 

(off-on-off-on-off-on-off). The session was recorded with a CCD camera that was 

interfaced with Ethovision software. Total distance traveled, time spent in the center of the 

open-field apparatus, and grooming behavior was then quantified. 

3.2.7—Pavlovian Conditioning Assays. 5-6 weeks after either AAV5-CaMKIIa-

eArch3.0-EYFP, or AAV5-CaMKIIa-EYFP virus injection in the IC and optical fiber 
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implantation into the vBNST, mice were food restricted to 90% of their free-feeding 

bodyweight. Behavioral assays were then carried out in sound attenuated mouse chambers 

(Med Associates) equipped with a tone generator, cue lights, and a receptacle for sucrose 

delivery that could detect individual licks. Acquisition with Fixed ITI: mice (Arch n=9; 

eYFP n=8) underwent 20 behavioral sessions once per day that lasted ~40 min. During 

each behavioral session the bilateral chronic optical fibers implanted in the mice were 

connected to a patch cable, interfacing with a FC/PC fiber optic rotary joint (Doric Lenses) 

which then interfaced with a 532 nm solid state laser outside the chamber. Each session 

consisted of 40 trials with a fixed 50s inter-trial interval followed by a 5 s tone/light cue 

presentation that terminated with delivery of 20 μL sucrose solution (10%). During the 

onset of the cue, all mice received constant laser inhibition (10 mW into the brain) that 

terminated 0.5 s prior to the delivery of the reward. Acquisition with Random ITI: a 

subset of mice from the “Acquisition with Fixed ITI” experiments (Arch n=7; eYFP n=6) 

were given a month break and then reused for this experiment. Mice underwent 20 

behavioral sessions once per day that lasted ~40 min. Each session consisted of 40 trials 

with a random 30, 60, or 90 s inter-trial interval followed by a 5 s tone/light cue 

presentation that terminated with delivery of 20 μL sucrose solution (10%). During the 

onset of the cue, all mice received constant laser inhibition (10 mW into the brain) that 

terminated 0.5 s prior to the delivery of the reward. Maintenance with Fixed ITI: naïve 

mice (Arch n=6; eYFP n=8) were trained for one session per day that lasted ~ 40 min. Each 

session consisted of 40 trials with a 50 s fixed ITI followed by a 5 s tone/light cue 

presentation that terminated with delivery of 20 μL sucrose solution (10%). During each 

session mice were tethered and trained for 20 sessions until stable responding was observed 
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to both cue and reward presentation. After training, mice underwent behavioral sessions 

where they received 5 s laser inhibition (10 mW into the brain) starting at the onset of the 

cue. 

 3.2.8—Food Approach. Mice (Arch n=5; eYFP n=5) were food restricted to 90% 

free feeding weight and given access to a small sample of sucrose pellets prior to the food 

approach assay. Mice were then placed in a custom made 2-chamber behavioral arena (30 

cm x 60 cm) that contained in one chamber a food-zone (15cm x 15cm) with a food cup 

containing a large portion of sucrose pellets. The other chamber (in which mice could move 

freely between) contained a similar zone (15cm x 15cm) but instead held a clean, empty 

food cup. Food-zones, and nonfood-zones were counterbalanced between mice. Mice 

received constant optical inhibition of the IC terminals in the vBNST whenever they 

entered the food zone, and the optical inhibition persisted for the entire duration the mice 

were in the food-zone. The session was recorded with a CCD camera that was interfaced 

with Ethovision software. Total time spent in the food-zone, entries into the food zone, and 

percent change in the sucrose pellets before and after the assay was analyzed. 

 3.2.9—Statistical Analysis. For all behavioral assays: cue onset, reward delivery, 

and lick timestamps were recorded with MED-PC (Med Associates) software. Behavioral 

data was analyzed using Neuroexplorer, Microsoft Excel, and Prism. For all hypothesis 

tests, the α level for significance was set to p < 0.05. Mean values are accompanied by 

SEM values. Comparisons were tested using paired or unpaired t-tests, two-tailed. Two-

way ANOVA tests followed by Bonferroni post-hoc comparisons were applied for 

comparisons with more than two groups. 

3.3—Results  
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3.3.1—Photostimulation of the IC terminals in the vBNST results in a real-

time place preference. To examine the role of the IC-vBNST projection in reward-related 

behaviors we used in vivo optogenetics to activate IC terminals within the vBNST during 

various assays that test the subject’s preference for photostimulation of the projection. In 

order to do this, we virally transduced IC cell bodies with ChR2 (Fig. 3-1A) and implanted 

chronic optical fibers in the vBNST for in vivo photostimulation (Sparta et al., 2012, 2013) 

(Fig. 3-1B) during a real-time place preference (RTPP) task. Mice expressing ChR2 had a 

preference for the chamber paired with IC-vBNST photostimulation compared to eYFP 

controls (Fig. 3-2A-B, ChR2, n=6, Mean ± SEM: 40.1 ± 5.742; eYFP, n=6, Mean ± SEM: 

-3.432 ± 4.641; p=0.0002, unpaired t-test, two-tailed, t=5.897, df=10; ChR2 vs eYFP two-

way, repeated measures ANOVA, p=0.0005, virus effect; p<0.0001, time effect; p=0.0007, 

interaction effect;). Photostimulation of IC terminals in the vBNST did not have an 

anxiogenic effect on behavior or result in any locomotor deficits (Fig.3-3) 

Next, to block antidromic spiking activity that may have arisen in IC cell bodies 

due to photostimulation of the axon terminals in the vBNST, we inserted cannulas in the 

IC (Fig. 3-1C) of a cohort of mice expressing CaMKIIaIC-vBNST::ChR2 and optical fibers in 

the vBNST (Fig. 3-1D). We then performed bilateral intracranial infusions of the sodium 

channel blocker, lidocaine (500 nl, 4%; Assini et al., 2009; Contreras et al., 2007) to both 

CaMKIIaIC-vBNST::ChR2 and CaMKIIaIC-vBNST::eYFP cohorts prior to the start of RTPP. 

Blocking IC cell body activity had no effect on the CaMKIIaIC-vBNST::ChR2 cohort’s 

preference for the stimulation paired chamber (Fig. 3-2A-C, ChR2+4%Lidocaine, n=8, 

Mean ± SEM: 35.38 ± 8.363; eYFP+4%Lidocaine, n=8, Mean ± SEM: 2.755 ± 4.764; 

p=0.0044, unpaired t-test, two-tailed, t=3.39, df=14; ChR2+4%Lidocaine vs 
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Figure 3-1. Representative histology from RTPP and ICSS ChR2 photoactivation 
experiments. A) Nissl stain of the ChR2 injection site in the IC of a C57/Bl6J mouse 

(Saggital cartoon: blue portion=IC; purple portion=vBNST. B) Nissl stain of ChR2 

expression in IC terminals and optical fiber terminal site within the vBNST. C) Nissl 

stain of Cannula Site for lidocaine infusions in the IC of a CaMKIIaIC-vBNST::ChR2 

expressing mouse. D) Nissl stain of corresponding ChR2 expression in IC terminals 

and optical fiber terminal site within the vBNST. 
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Figure 3-2. Photostimulation of the IC-vBNST pathway is reinforcing. A) Measured 
percent time spent in stimulus-paired chamber vs. non-stimulus-paired chamber during 
a RTPP task (ChR2, n=6, Mean ± SEM: 40.1 ± 5.742; eYFP, n=6, Mean ± SEM: -3.432 
± 4.641; p=0.0002, unpaired t-test, two-tailed, t=5.897, df=10; ChR2+4%Lidocaine, 
n=8, Mean ± SEM: 35.38 ± 8.363; eYFP+4%Lidocaine, n=8, Mean ± SEM: 2.755 ± 
4.764; p=0.0044, unpaired t-test, two-tailed, t=3.39, df=14). B) Measured time spent in 
stimulus chamber vs. non-stimulus chamber to examine preference for the stimulation 
over time (ChR2 vs eYFP: p=0.0005, virus effect, two-way, repeated measures ANOVA, 
F (1, 10) = 26.2; ChR2+4%Lidocaine vs eYFP+4%Lidocaine: p=0.005, virus effect, 
two-way, repeated measures ANOVA, F (1, 14) = 11.05). C) Heat maps from both a 
CaMKIIaIC-vBNST::eYFP+4%Lidocaine (Left) and a CaMKIIaIC-vBN-
ST::ChR2+4%Lidocaine (Right) expressing subject during RTPP. D) Measured percent 
time subjects spent in the stimulus-paired chamber vs. non-stimulus chamber during 
RTPP, showing as RTPP is blocked with IP administration of the dopamine receptor 
antagonist flupenthixol (Flup). Subjects underwent the test once with IP administration 
of vehicle (Veh), then again after a two-day break with IP administration of .15 mg/kg 
Flupenthixol (ChR2vehicle, n=16, Mean ± SEM: 44.9 ± 6.224; eYFPvehicle, n=16, 
Mean ± SEM: -7.445 ± 5.475; p<0.0001, unpaired t-test, two-tailed, t= 6, df=30; ChR2-
vehicle vs. ChR2Flupenthixol n=16, Mean ± SEM of differences: -35.43 ± 10.32, 
p=0.0037, paired paired t-test, two-tailed, t=3.432, df=15). Then naïve subjects received 
IP administration of 0.055 mg/kg of the dopamine D2-receptor specific antagonist 
SCH23390 30 minutes prior to the start of the test (ChR2, n=6, Mean ± SEM: 5.322 ± 
7.153; eYFP, n=4, Mean ± SEM: 11.4 ± 4.836; p=0.5495, unpaired t-test, two-tailed, 
t=0.6248, df=8).
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Figure 3-3. Photostimulation of the IC-vBNST pathway and IP administration of a 
dopamine receptor antagonist does not alter locomotor activity. A) During a RTPP 
task, measured total distance traveled in the stimulation paired chamber for CaMKIIa-
IC-vBNST::ChR2 expressing mice, that received either no manipulation, 4% Lidocaine to 
the IC, Flupenthixol IP, or SCH23390 IP, no significant difference between groups. B) 
During a RTPP task, measured number of entries into the stimulation paired chamber 
for CaMKIIaIC-vBNST::ChR2 expressing mice for the same groups as in A. C) Measured 
total distance traveled in an open field arena. Mice were placed in the arena for a total 
of 30 minutes that was divided into three, 10 minute bins. Mice received 20 Hz optical 
stimulation for 3 seconds on, then 3 seconds off during the 2nd time bin for 10 minutes 
while locomotor activity was measured. There was no significant difference in total 
distance traveled between CaMKIIaIC-vBNST::eYFP and CaMKIIaIC-vBNST::ChR2 express-
ing mice. D) In the same open field assay, measured time spent in the center of the 
arena, there was no effect of CaMKIIaIC-vBNST::ChR2 stimulation on center time. E) 
Measured total distance traveled during RTPP with IP administration of vehicle vs 
0.15mg/kg Flupenthixol, a D1/D2 receptor antagonist, and vs. 0.055mg/kg SCH23390. 
There was no significant difference in total distance traveled. 
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eYFP+4%Lidocaine: two-way, repeated measures ANOVA, p=0.005, virus effect). These 

results show that terminal activation of CaMKIIaIC-vBNST::ChR2 is sufficient to produce a 

rewarding association between the unconditioned stimulation and the chamber. However, 

the mechanism for this phenomenon remained unclear.  

3.3.2—Dopamine neurotransmission is required for photostimulation of the 

IC-vBNST pathway to result in a rewarding phenotype. To test if dopamine 

neurotransmission was necessary for stimulation of CaMKIIaIC-vBNST::ChR2 RTPP, we 

blocked dopamine neurotransmission through systemic administration of the dopamine 

receptor antagonist, cis-(Z)-flupenthixol dihydrochloride (0.15mg/kg dose, i.p.; Olsen & 

Winder, 2009). First, subjects underwent RTPP with I.P. administration of vehicle to assess 

preference for the stimulation-paired chamber with only saline on board. Animals 

expressing ChR2 in the IC terminals spent significant more time in the stimulation paired 

chamber (Fig. 3-2D, ChR2vehicle, n=16, Mean ± SEM: 44.9 ± 6.224; eYFPvehicle, n=16, Mean 

± SEM: -7.445 ± 5.475; p<0.0001, unpaired t-test, two-tailed, t= 6, df=30). After a break, 

subjects underwent the test again with IP administration of flupenthixol. This significantly 

blunted RTPP without altering locomotor activity (Fig. 3-2D, ChR2vehicle vs. ChR2Flupenthixol 

n=16, Mean ± SEM of differences: -35.43 ± 10.32, p=0.0037, paired t-test, two-tailed, 

t=3.432, df=15; Fig. 3-3E).  

In a separate cohort of naïve mice expressing CaMKIIaIC-vBNST::ChR2 we blocked 

dopamine transmission using the specific D1 receptor antagonist, SCH23390 (0.055mg/kg 

dose, i.p.; Cover et al., 2019), 30 minutes prior to the start of the RTPP task. Specific D1 

receptor antagonism blocked preference for the stimulation-paired chamber without 

altering the subject’s locomotor activity (Fig. 3-2D, ChR2, n=6, Mean ± SEM: 5.322 ± 
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7.153; eYFP, n=4, Mean ± SEM: 11.4 ± 4.836; p=0.5495, unpaired t-test, two-tailed, 

t=0.6248, df=8, Fig 3-3E). Thus, activation of the IC-vBNST pathway is sufficient to elicit 

an RTPP, and this phenotype requires signal transduction at dopamine D1 receptors.  

3.3.3—Photostimulation of the IC-vBNST pathway is reinforcing and sustains 

intracranial self-stimulation. Next, to investigate whether activation of CaMKIIaIC-

vBNST::ChR2 is reinforcing, we trained a separate cohort of mice for ICSS. Mice actively 

nose poked for optical stimulation of CaMKIIaIC-vBNST::ChR2 (Fig. 3-4A & C). Mice 

expressing ChR2 nose poked at significantly higher rates compared to controls (Fig. 3-4B, 

ChR2, n=6; eYFP, n=6; two-way repeated measures ANOVA, p=0.0131, virus effect; 

<0.0001, interaction effect; p=0.0001, time effect; p<0.0001, subjects matching), in a 

dopamine-dependent fashion (Fig. 3-4B) because i.p. administration of a 0.15 mg/kg 

flupenthixol dose resulted in no significant difference between the ChR2 and control 

cohorts. These results show that activation of CaMKIIaIC-vBNST::ChR2sufficiently drives 

the motivated pursuit of reward and engages dopaminergic neural substrates. 

3.3.4—Photoinhibition of the IC-vBNST pathway impairs acquisition of cue-

reward pairs. The IC is involved in processing drug-predictive cues (Contreras et al., 

2007; Hollander et al., 2008; McClernon et al., 2016; Naqvi et al., 2007; Tang et al., 2012). 

Therefore we posited that the insula processes such cues through the recruitment of the 

vBNST to gain access to mesolimbic dopamine, which we have shown is required of 

CaMKIIaIC-vBNST::ChR2 RTPP (Fig. 3-2D). To test the necessity of this pathway in 

Pavlovian associations, we silenced the IC-vBNST projection utilizing the inhibitory opsin, 

Arch 3.0 (Miyawaki et al., 1997; Mukohata et al., 1988) during a classical conditioning 

task. Wildtype mice were injected with Arch in the cell bodies at the IC (Fig. 3-5A-B) and 



Figure 3-4. Photostimulation of the IC-vBNST is reinforcing and supports ICSS. 
A) Intracranial self-stimulation schematic. B) Mice learned to nosepoke for self-stimu-
lation of the IC-vBNST pathway (ChR2, n=6; eYFP, n=6; two-way repeated measures 
ANOVA, virus effect, p=0.0069, F (1, 10) = 11.5; multiple comparisons of group 
PHDQV���S�������S��������2QFH�VWDEOH�UHVSRQGLQJ�RFFXUUHG����VHVVLRQV���DOO�PLFH�
were given IP administration of flupenthixol 30 min prior to the session. Flupenthixol 
reduced active nosepoke responding in the ChR2 group so they were no longer signifi-
FDQWO\�GLIIHUHQW�FRPSDUHG�WR�WKH�FRQWUROV��&��0HDVXUHG�QXPEHU�RI�LQDFWLYH�QRVHSRNHV�
during ICSS for CaMKIIaIC-vBNST::ChR2 expressing mice, CaMKIIaIC-vBN-
ST::ChR2 (Fig. 2J), (two-way repeated measures ANOVA, no virus effect, F (1, 10) = 
�������PXOWLSOH�FRPSDULVRQV�RI�JURXS�PHDQV���S������&K5���Q ���0HDQ��������H<)3��
n=6, Mean: 3.833).
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Figure 3-5. Representative histology from Arch Photoinhibition experiments. A) 
C57/Bl6 mice were infected with the inhibitory opsin, Arch in the IC cell bodies and 
had an optical fiber implant in the vBNST for terminal silencing. Nissl stain of the Arch 
injection site. B) 40x magnification of IC cell bodies expressing Arch. C) Nissl stain of 
Arch expression in IC terminals and optical fiber site within the vBNST. D) 40x magni-
fication of CaMKIIaIC-vBNST::Arch terminals in the vBNST.
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bilaterally implanted with optical fibers into the vBNST (Fig. 3-5C-D) for IC terminal 

inactivation. Once the virus trafficked to the terminals (5-6 weeks), we silenced 

CaMKIIaIC-vBNST::Arch during a conditioning paradigm (Waelti et al., 2001) that utilized a 

10% sucrose solution as a reward. Each session contained 40 trials on a fixed interval 

schedule with optical inhibition applied only during the 5-second auditory and visual cue 

(Fig. 3-6A). Each cue presentation ended with immediate delivery of the reward. We 

examined changes in conditioned responding during cue (Fig. 3-6B) and reward (Fig. 3-

6C) delivery across all sessions. Conditioned responding was operationally defined as the 

change in the rate of licks during the conditioned stimulus (CS) subtracted from the 5 

second Pre-CS. We observed that inhibition of CaMKIIaIC-vBNST::Arch prevented 

conditioned responding to the cue (Fig. 3-6B, Arch, n=9; eYFP, n=8; two-way repeated 

measures ANOVA, p<0.0001, virus effect; p<0.0001, time effect; p<0.0001, interaction 

effect; Fig. 3-6C, two-way repeated measures ANOVA, p=0.0158, virus effect; p=0.0003, 

time effect; p=0.0246, subjects matching). We also found that inhibition of CaMKIIaIC-

vBNST::Arch reduced the overall total number of licks in a session (Fig 3-9A).  

To further examine the effect of photoinhibition during the cue, we compared the 

average frequency of licks during a naïve session in the acquisition phase (Session 2, Fig. 

3-6D) versus an experienced session when control animals display steady responding to 

the cue and reward (referred to as the expression phase; Session 19, Fig. 3-6E). Animals 

receiving inhibition of CaMKIIaIC-vBNST::Arch showed a complete absence of anticipatory 

licking towards the cue (Fig. 3-6E, two-way repeated measures ANOVA, p<0.0013, virus 

effect; p<0.0001, time effect; p<0.0001, interaction effect; p<0.0001, subjects matching). 

We found that inactivation of CaMKIIaIC-vBNST::Arch during the cue resulted in impaired  



Figure 3-6. Silencing the IC-vBNST pathway inhibits the acquisition of a cue-re-
ward pairing in a Pavlovian conditioning paradigm. A) Subjects underwent a 
Pavlovian conditioning paradigm with sucrose reward. B) Change in conditioned 
responding across all sessions (Arch, n=9; eYFP, n=8; two-way repeated measures 
ANOVA, virus effect, p<0.0001, F (1, 15) = 44.84; multiple comparisons of group 
PHDQV��VLJQLILFDQW�GDWD�SRLQWV��S�������DUH�EROGHG��XQ�ILOOHG�FLUFOHV�LQ�WKH�JUDSK���,QVHW��
magnification of behavioral effect resulting from Arch inhibition. C) Change in the 
conditioned responding during reward delivery across all sessions (two-way repeated 
measures ANOVA, virus effect, p=0.0158, F (1, 15) = 7.406). D) Average lick frequen-
cy before and after cue delivery in naive session (session 2) across all subjects. E) Aver-
age lick frequency before and after cue delivery in experienced session (session 19) 
across all subjects (two-way repeated measures ANOVA, virus effect, p<0.0001, F (1, 
���� ��������PXOWLSOH�FRPSDULVRQV�RI�JURXS�PHDQV��VLJQLILFDQW�GDWD�SRLQWV��S�������DUH�
bolded, un-filled circles in the graph). 
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acquisition of cue-reward pairings as demonstrated by the complete abolishment of 

anticipatory licks to the reward-predictive cue.  

3.3.5—IC-vBNST is necessary for the acquisition of reward-predictive cues, 

but not their expression. Next, we utilized CaMKIIaIC-vBNST::Arch to test whether the 

pathway is necessary for the expression, of conditioned responding to cue-reward pairs. 

We first trained naïve mice on the same Pavlovian conditioning paradigm, but without 

optical inhibition until stable responding was observed (Fig. 3-7A). No deficits in 

conditioned responding to the cue (Fig. 3-7B, two-way repeated measures ANOVA, 

p=0.0016, time effect) or reward (Fig. 3-7C, two-way repeated measures ANOVA, 

p<0.0001, time effect; p<0.0001, subjects matching) were observed. We then examined the 

average frequency of licks before, after, and during cue delivery for CaMKIIaIC-vBNST::Arch 

expressing mice and compared expression sessions without optical inhibition to expression 

sessions where mice received optical inhibition during the cue (Fig. 3-7D, two-way 

repeated measures ANOVA, p<0.0001, time effect; p<0.0001, subjects matching). Optical 

inhibition also did not have an effect on total licks throughout the session (Fig. 3-9B), as 

observed previously in the acquisition cohort (Fig. 3-9A). We found that the IC to VBNST 

pathway is not necessary for the expression of conditioned responding to reward-predictive 

cues.  

3.3.6—Photoinhibition of IC-vBNST reduces hedonic responding to a reward. 

We then evaluated the role of CaMKIIaIC-vBNST::Arch in the acquisition of conditioned 

responding to reward-predictive cues when cue onset is no longer predictable using a 

random inter-trial interval (ITI) (Fig. 3-8A). There were no effects on conditioned 

responding to the cue between Arch and control mice (Fig. 3-8B, two-way repeated  



Figure 3-7. Silencing the IC-vBNST pathway doesn’t affect the expression of 
learned cue-reward associations. A) Subjects were initially trained on a Pavlovian 
conditioning paradigm (schematic). Once stable responding occurred, optical inhibi-
tion began during the cue and immediately ended with the delivery of reward (ARCH, 
n=6; eYFP, n=8). B) Change in conditioned responding during the CS across all 
sessions. No significant difference between groups. C) Change in conditioned respond-
ing during reward delivery across all sessions. No significant difference between 
groups. D) Average lick frequency for CaMKIIaIC-vBNST::Arch expressing subjects 
without and with photoinhibition during the cue. 
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Figure 3-8. Photoinhibition of IC-vBNST reduces hedonic responding towards 
sucrose reward. A) Silencing CaMKIIaIC-vBNST::Arch during acquisition reduces 

anticipatory licks in a Pavlovian conditioning paradigm with a random ITI (schematic). 

Subjects expressing Arch in the IC with optical fibers in the vBNST underwent a 

Pavlovian conditioning paradigm with sucrose reward. Optical inhibition occurred 

during the 5 second auditory CS and each CS presentation immediately ended with the 

delivery of sucrose reward (eYFP, n=6; ARCH, n=7). B) Change in conditioned 

responding during the CS across all sessions. No significant difference. C) Change in 

conditioned responding during reward delivery across all sessions (two-way repeated 

measures ANOVA, virus effect, p=0.0007, F (1, 11) = 21.9; multiple comparisons of 

JURXS�PHDQV��VLJQLILFDQW�GDWD�SRLQWV��S�������DUH�EROGHG��XQ�ILOOHG�FLUFOHV�LQ�WKH�JUDSK���
D) Average lick frequency in a naïve session (session 2) across all subjects. E) Average 

lick frequency in an experienced (session 19) session across all subjects (two-way 

repeated measures ANOVA, virus effect, p=0.0027, F (1, 11) = 14.87; multiple compar-

LVRQV�RI�JURXS�PHDQV��VLJQLILFDQW�GDWD�SRLQWV��S�������DUH�EROGHG��XQ�ILOOHG�FLUFOHV�LQ�
the graph). F) Average lick frequency for experimental subjects in a naïve vs. experi-

enced session.

B.
ARCH
eYFP

C.

D.

-5 0 10

ARCH
eYFP

Cue
+

Inhibition

Naive Session
E.

-5 0 10

Cue
+

Inhibition

Experienced Session
F.

-5 0 10

Cue
+

Inhibition

Naive vs. Experienced Session

A.
Pavlovian Conditioning Paradigm

Aquisition with Random ITI

30, 60, or 90s
Random ITI

5s Cue

Sucrose
Reward

X 40 Trials
ARCH

**

Reward
Delivery

Time (s)

Reward
Delivery

Time (s)

Reward
Delivery

Time (s)

20 Sessions of:

0 2 4 6 8 10 12 14 16 18 20
Session Number

0.2

0.4

0.6

0.8

1.0

0.0N
or

m
al

iz
ed

 C
R

 to
 th

e 
C

ue

0 2 4 6 8 10 12 14 16 18 20
Session Number

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

0.2

0.4

0.6

0.8

1.0

0.2

0.4

0.6

0.8

1.0

Arch-Late
Arch-Early

*

****

*

N
or

m
al

iz
ed

 L
ic

k 
Fr

eq
.

N
or

m
al

iz
ed

 L
ic

k 
Fr

eq
.

N
or

m
al

iz
ed

 L
ic

k 
Fr

eq
.

R
ew

ar
d

N
or

m
al

iz
ed

 C
R

 to
 th

e

84



Figure 3-9. Photoinhibition of the IC-vBNST pathway during cue acquisition 
reduces hedonic licking towards sucrose reward. A) Measured total number of licks 
during a Pavlovian conditioning paradigm with a fixed ITI in mice expressing either 
CaMKIIaIC-vBNST::eYFP, or CaMKIIaIC-vBNST::ARCH. There was a significant 
reduction in the total number of licks for mice expressing CaMKIIaIC-vBNST::ARCH 
during experienced sessions when compared to the eYFP cohort (ARCH, n=9, Mean ± 
SEM: 474.1 ± 91.18; eYFP, n=8, Mean ± SEM: 2239 ± 290.6; p<0.0001, unpaired 
t-test, two-tailed, t=6.093, df=15) and when compared to their own: ARCH, naive 
sessions (p=0.0149, paired t-test, Mean ± SEM: -393.1 ± 127.3, two-tailed, t=3.089, 
df=8). B) Measured total number of licks during a Pavlovian conditioning paradigm 
with a random ITI in CaMKIIaIC-vBNST::eYFP and CaMKIIaIC-vBNST::ARCH 
expressing mice. There was a significant reduction in the total number of licks for mice 
expressing CaMKIIaIC-vBNST::ARCH during experienced sessions when compared 
to the eYFP cohort (ARCH, n=7, Mean ± SEM: 938.4 ± 130; eYFP, n=6, Mean ± SEM: 
1532 ± 132.9; p=0.0088, unpaired t-test, two-tailed, t=3.177, df=11). C) Measured total 
number of licks in trained animals without and with photoinhibition of IC terminals in 
the vBNST. There was no difference in total licks with mice expressing ARCH receiv-
ing photoinhibition during the cue. 
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measures ANOVA, p<0.0013, subjects matching, no other significant effects), which 

supports the unpredictability of cue presentation. However, there was a significant 

difference in consummatory licking behavior during reward delivery between groups (Fig. 

3-8C, two-way repeated measures ANOVA, p=0.0023, virus effect; p=0.0002, time effect; 

p<0.0001, subjects matching). When analyzing the changes in lick frequency from a naïve 

session (Session 2, Fig. 3-8D) to an experienced one (Session 19, Fig. 3-8E), we observed 

an effect only between groups in an experienced session during reward delivery (Fig. 3-

8E, two-way repeated measures ANOVA, p=0.0027, virus effect; p<0.0001, time effect; 

p<0.0001, interaction effect; p<0.0001). To further examine this difference, we compared 

naïve versus experienced sessions within the CaMKIIaIC-vBNST::Arch cohort and found no 

differences within the groups (Fig. 3-8F, two-way repeated measures ANOVA, p=0.004, 

time effect). These results demonstrate that inhibition of CaMKIIaIC-vBNST::Arch during the 

reward-predictive cue prevents an increase in hedonic responding towards sucrose 

consumption that is observed in the control cohort. CaMKIIaIC-vBNST::Arch-expressing 

mice also licked significantly less overall during the experienced sessions when compared 

to the eYFP cohort (Fig. 3-9C, Arch, n=7, Mean ± SEM: 938.4 ± 130; eYFP, n=6, Mean ± 

SEM: 1532 ± 132.9; p=0.0088, unpaired t-test, two-tailed, t=3.177, df=11). However, total 

licks in trained mice with and without photoinhibition did not significantly differ (Fig. 3-

9B). Therefore, we determined that silencing of CaMKIIaIC-vBNST::Arch results in a 

selective reduction of hedonic licking behavior, without affecting homeostatic feeding 

behavior as every CaMKIIaIC-vBNST::Arch-expressing subject consumed 100% of the 

sucrose delivered during all sessions in both the fixed interval and random interval groups, 

but did not display increased bouts of licking during palatable reward delivery. 
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3.3.7—Photoinhibition of the IC-vBNST pathway is anxiogenic, but does not 

affect motor behavior. In order to control for possible motor or other behavioral deficits 

that may result from inhibition, we utilized an open field assay and measured the average 

distance traveled in animals with and without photoinhibition at the terminals. We did not 

observe a significant difference in locomotor activity when the mice underwent 

photoinhibition (Fig. 3-10A, Arch, n=6, Mean ± SEM of differences: -490.3 ± 334.4; 

p=0.2025, not significant, paired t-test, two-tailed, t=1.466, df=5). We then assessed time 

spent in the center of the open field as a proxy for anxiety-like behavior and found that 

Arch-expressing mice spent significantly less time in the center of the open field when 

photoinhibition was applied (Fig. 3-10B, Arch, n=6; Mean ± SEM of differences: -15.27 ± 

5.843; p=0.0475, paired t-test, two-tailed, t=2.613, df=5), however, there was no significant 

effect on grooming behavior from photoinhibition (Fig. 3-10C, Arch, n=6; eYFP, n=8; Two 

way, repeated measures ANOVA, not significant, p=0.3761, F(1,12)= 0.8451), which is 

considered a phenotype of anxiety-like behavior (Salam, 2009). These results demonstrate 

that silencing IC terminals in the vBNST has the potential for anxiogenesis. Therefore, to 

further investigate this effect, we assessed the subject’s preference, or aversion to 

photoinhibition by utilizing RTPP (Fig. 3-10D, Arch, n=6, Mean ± SEM: -24.37 ± 12.48; 

eYFP, n=7, Mean ± SEM: 1.914 ± 9.613; not significant, p=0.1183, unpaired t-test, two-

tailed, t=1.694, df=11). Mice expressing CaMKIIaIC-vBNST::Arch did not show a significant 

behavioral effect (Fig. 3-10E-F). However, future testing is required to precisely determine 

the level of anxiogenesis induced by silencing IC terminals within the vBNST. 

3.3.8—Photoinhibition of the IC-vBNST pathway does not affect uncued 

consumption of sucrose pellets. Mice that received photoinhibition of CaMKIIaIC- 



Figure 3-10. Photoinhibition of the IC-vBNST pathway may have an anxiogenic 
effect on behavior. A) Open field assay measuring total distance traveled in CaMKIIa-
IC-vBNST::Arch expressing subjects with and without optical inhibition (ARCH, n=6, 
Mean ± SEM of differences: -490.3 ± 334.4; p=0.2025, not significant, paired t-test, 
two-tailed, t=1.466, df=5). B) Open field assay examining anxiety-like behavior by 
measuring total time subjects spent in the center of the open field with and without opti-
cal inhibition (ARCH, n=6; Mean ± SEM of differences: -15.27 ± 5.843; p=0.0475, 
paired t-test, two-tailed, t=2.613, df=5). C) Measured time grooming during an open 
field assay in 3 minute bins to examine anxiety-like behavior (Arch, n=6; eYFP, n=8; 
Two way, repeated measures ANOVA, not significant, p=0.3761, F(1,12)= 0.8451). D) 
Measured percent time spent in inhibition-paired chamber vs. non-inhibition-paired 
chamber in a real-time place preference task (Arch, n=6, Mean ± SEM: -24.37 ± 12.48; 
eYFP, n=7, Mean ± SEM: 1.914 ± 9.613; not significant, p=0.1183, unpaired t-test, 
two-tailed, t=1.694, df=11). E) During a RTPP task, measured number of entries into 
the stimulation paired chamber for CaMKIIaIC-vBNST::ARCH expressing mice, n=6, 
versus CaMKIIaIC-vBNST::eYFP, expressing mice, n=7, no significant difference 
between groups. F) During a RTPP task, measured distance traveled in the stimulation 
paired chamber for CaMKIIaIC-vBNST::ARCH expressing mice, n=6, versus CaMKI-
IaIC-vBNST::eYFP, expressing mice, n=7, no significant difference between groups.
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vBNST::Arch during acquisition of a Pavlovian conditioning task showed abolished 

conditioned responding towards the reward-predictive cue, as well as a smaller total 

number of licks throughout the session. Therefore, it was necessary to test whether 

photoinhibition of the IC-vBNST projection affected cue-associated consumption of a 

reward, or if inhibition also affected consumption of an uncued reward, which could be 

interpreted as merely decreasing the animal’s interoceptive drive. To do this, we utilized a 

food approach assay where Arch and eYFP expressing mice could move freely for 15 

minutes between two chambers (Fig. 3-11D-E). One chamber contained a “food-zone” that 

encompassed a cup filled with sucrose pellets. The other chamber contained a “nonfood-

zone” that encompassed a clean and empty cup. When mice entered the food-zone they 

received constant inhibition of IC terminals in the vBNST, which persisted for the entire 

duration the mouse was in the food zone. We found no difference between the eYFP, and 

Arch cohort in their percent time spent in the food-zone (Fig. 3-11A; Arch, n=5, Mean ± 

SEM: 61.64 ± 7.248; eYFP, n=5, Mean ± SEM: 61.64 ± 7.248; not significant, p=0.1715, 

unpaired t-test, two-tailed, t=1.502, df=8), total number of entries into the food-zone (Fig. 

3-11B; Arch, n=5, Mean ± SEM: 26.4 ± 6.86; eYFP, n=5, Mean ± SEM: 29.2 ± 4.831; not 

significant, p=0.7472, unpaired t-test, two-tailed, t-0.3337, df=8), or in the amount of food 

they consumed during the 15 minute assay (Fig. 3-11C; Arch, n=5, -17.32 ± 2.152; eYFP, 

n=5, Mean ± SEM: -18.77 ± 1.574; not significant, p=0.6018, unpaired t-test, two-tailed, 

t-0.5431, df=8). These results demonstrate that photoinhibition of CaMKIIaIC-vBNST::Arch 

does not affect uncued consumption of sucrose pellets, but specifically is involved in 

processing cue-reward pairs. 

 



Figure 3-11. IC-vBNST photoinhibition with Arch does not affect consummatory 
behavior. A) In a food approach task, percent time subjects spent in the food zone was 
measured in a 15 minute free feeding task in a two-chamber arena. Mice received 
constant vBNST photoinhibition in the food zone that contained a cup filled with 
sucrose pellets. There was no difference between control mice and mice expressing 
Arch in the IC-vBNST pathway. B) Measured total number of entries in the food zone 
and found no difference between groups. C) Measure % change in food before and after 
the food approach task and found no difference between groups. D) Example heat map 
of eYFP-expressing mouse during the food approach task. The red box outlines the 
food zone that also contained the cup filled with sucrose pellets, and the white box 
outlines the zone containing a clean, empty food cup. E) Example heat map of Arch-ex-
pressing mouse during the food approach task.
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Figure 3-12. Cartography Maps for Optical Fiber Placement sites and Cannula 
Placement site. A) Cartography map of optical fiber placements, Fig. 3-1B, in CaMKII-
aIC-vBNST::ChR2 & eYFP expressing mice (ChR2, n=6 and eYFP, n=6). B) Cartogra-
phy map of optical fiber placements, Fig. 3-1D, in CaMKIIaIC-vBNST::ChR2 & eYFP  
expressing mice with cannulas in the IC (ChR2, n=8 and eYFP, n=8). C) Cartography 
map of cannula placements, Fig. 3-1C, in CaMKIIaIC-vBNST::ChR2 & eYFP express-
ing mice with cannulas in the IC (ChR2, n=8 and eYFP, n=8). D) Cartography map of 
optical fiber placements in CaMKIIaIC-vBNST::ChR2 & eYFP expressing mice that 
received IP SCH23390, (ChR2, n=6 and eYFP, n=4). E) Cartography map of optical 
fiber placements in CaMKIIaIC-vBNST::ChR2 & eYFP expressing mice that received 
IP Flupenthixol, (ChR2, n=16 and eYFP, n=16). F) Cartography map of optical fiber 
placements in CaMKIIaIC-vBNST::Arch & eYFP expressing mice that underwent 
Fixed and Random ITI Pavlovian assays, Fig. 3-5C (Arch, n=9 and eYFP, n=8). G) 
Cartography map of optical fiber placements in CaMKIIaIC-vBNST::Arch & eYFP 
expressing mice, Fig.3-7, (Arch, n=6 and eYFP, n=8). *Red Dots represent experimental 
mice, White Dots represent control mice.
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3.4—Discussion 

3.4.1—Activation of the IC-vBNST projection is reinforcing in a dopamine 

dependent manner. Previously we found that the IC sends glutamatergic projections to 

the vBNST that are both directly and indirectly connected to VTA-projecting, GABAergic 

neurons. We hypothesize that the projection provides the IC with access to mesolimbic 

dopamine and therefore activation of this pathway should result in dopamine 

neurotransmission. Here we utilized optogenetics to test in vivo if photostimulation of IC 

terminals expressing the excitatory opsin, ChR2, resulted in reward-related behavior. To 

asses reward-related behavior we used two different behavioral assays: RTPP, and ICSS 

that have been previously used to gauge the valence of the stimulated network (Nader, 

2016; Venniro et al., 2016). Our data supports the hypothesis that activation of IC terminals 

in the vBNST recruits the mesolimbic dopamine system, since photostimulation of IC 

terminals within the vBNST results in reinforcing behavior that is blocked by a dopamine 

receptor antagonist. 

3.4.2—The IC-vBNST projection is required for establishing reward-

predictive cues. The IC is a necessary substrate that integrates incoming interoceptive 

signals, such as hunger or craving, with sensory cues associated with the outcomes by 

which an organism’s needs are met ((Bud) Craig, 2009; A. D. Craig, 2002; A. D. (Bud) 

Craig, 2010; Naqvi et al., 2007). Addictive substances usurp this mechanism as 

interoceptive signals become associated with the drug-taking experience accompanied by 

persistent drug use through activation of the posterior IC (Kühn & Gallinat, 2011; Naqvi 

et al., 2014), which then transmits the information to the anterior IC where association of 

drug-predictive cues and incoming interoceptive signals are processed (Janes et al., 2010; 
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Naqvi et al., 2014; Schacht et al., 2013). Inactivation of IC disrupts cue-induced drug 

seeking and drug self-administration (Contreras et al., 2007; Hollander et al., 2008; 

McClernon et al., 2016; Naqvi et al., 2007), leading to the hypothesis that addiction is 

accompanied by IC sensitization. However, human neuroimaging studies examining 

subjects diagnosed with substance-use disorders reveal decreased IC grey matter volumes 

(Ersche et al., 2011; Gardini & Venneri, 2012; Mackey & Paulus, 2013; Morales et al., 

2014) as well as a reduction in IC activity during decision-making tasks (Nestor et al., 

2010; Stewart, Connolly, et al., 2014; Stewart, May, et al., 2014), suggesting that long-

term substance abuse may lead, instead, to desensitization of IC. These contradictory 

findings have given rise to a re-interpreted role of IC as a “tuning mechanism” that modifies 

the reward value of a stimulus to optimize an animal’s attention to the most valuable 

external stimuli, thereby increasing the associative strength (Droutman et al., 2015; Naqvi 

et al., 2014; Naqvi & Bechara, 2010; Paulus & Stewart, 2014). Yet, the precise mechanisms 

by which IC accomplishes this task is unknown. 

Our data suggests that IC recruits vBNST-VTA circuitry, thereby activating the 

mesolimbic reward system. This is likely a mechanism by which IC modulates the reward 

value of an external stimulus to facilitate the acquisition of a cue-reward pair. We further 

confirmed this hypothesis by silencing the IC-vBNST circuit during acquisition of a 

Pavlovian conditioning paradigm. Learning is traditionally examined utilizing Pavlovian 

tasks where a predicted event is followed by a fixed amount of time bridged by a cue 

(Gallistel et al., 2001). After extensive pairing of a cue with reward, presentation of the 

reward eventually ceases to evoke an increase in dopaminergic activity, but elicits a shift 

to its earliest predictor (Clark et al., 2013; Covey & Cheer, 2019; Day et al., 2007; Flagel 
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et al., 2011; Schultz et al., 1997). This translates to a shift in the subject’s behavioral 

responding from the reward to the cue. Therefore, using a Pavlovian conditioning task we 

assessed the necessity of the IC-vBNST projection in the acquisition of cue-reward pairs, 

and found that the pathway is necessary for the acquisition of conditioned responding to 

reward-predictive cues, but not for their expression (Fig. 3-6,7). Thus, without IC drive on 

vBNST neurons during initial delivery of reward-predictive cues, the unconditioned 

behavioral response cannot transfer from reward delivery to the CS (Fig. 3-6B-C). We 

believe this supports the hypothesis that IC works as a “tuning mechanism”, increasing the 

associative strength between external stimuli and the experienced reward.  

3.4.3—Photoinhibition of the IC-vBNST projection during acquisition reduces 

hedonic responding towards food reward. To further examine the role of the IC-vBNST 

projection during cue delivery in a Pavlovian conditioning paradigm, we silenced IC 

terminals in the vBNST during the cue from acquisition, but modified the paradigm using 

random instead of a fixed ITI. We found that Arch-expressing mice showed no increase in 

conditioned responding towards the reward (Fig. 3-8), but consumed all sucrose delivered 

throughout the session, indicating that mice were engaging in homeostatic feeding. 

However, terminal inhibition suppressed responding attributed to hedonic feeding; e.g., 

food consumption driven by sensory pleasure and not to maintain homeostasis (Betley & 

Sternson, 2015; Rossi & Stuber, 2018). This was also shown in the reduction of total licks 

in Arch-expressing mice when compared to either naïve sessions, or the eYFP cohort (Fig. 

3-9). Interestingly, the circuitry underlying these two types of feeding behaviors is highly 

interconnected and often hijacked by drugs of abuse (Rossi & Stuber, 2018). The vBNST 

is a critical node within this complex circuit, and manipulations at this level have a 
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profound impact on feeding behavior. For example, terminal activation from hypothalamic 

projections results in voracious feeding in satiated mice, but the precise targets are 

unknown (Betley et al., 2013). Furthermore, activation of vBNST terminals in the lateral 

hypothalamus also causes food intake in satiated mice (Jennings, Rizzi, et al., 2013). It is 

also possible that the anxiogenic effect observed during photoinhibition in open field (Fig. 

3-10B) could be causing the reduction in licks. This is unlikely, however, because 

photoinhibition does not affect conditioned responding (Fig. 3-7B-C), total licks in trained 

animals (Fig. 3-9B), or uncued consummatory behavior (Fig. 3-11). Therefore, the 

observation that inhibition of the IC-vBNST circuit suppresses hedonic feeding behavior 

further demonstrates the importance of this circuit in reward-related associations. 
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Chapter 4: Acute and Repeated Ethanol Consumption Increases Excitatory Drive 

on vBNST-Projecting, IC Neurons and Alters Postsynaptic Receptor Expression 

after Binge Drinking and into Withdrawal 

4.1—Introduction 

 Alcohol use disorder (AUD) is a condition recognized by the DSM-5, and is one of 

the most prevalent mental disorders world-wide (Dawson et al., 2009; Grant et al., 2004, 

2015; Kessler et al., 2005; Rehm et al., 2010; Wittchen et al., 2011). AUDs have a high 

morbidity with numerous other physical and psychiatric disorders (Cargiulo, 2007; Hasin 

et al., 2007; Rehm, 2011). They also have a significant impact on global morbidity and 

mortality rates (Lozano et al., 2012; Murray et al., 2012). Overall, AUDs negatively impact 

our society through financial burden, violent crimes (Rehm et al., 2009), and motor vehicle 

crashes (Hingson et al., 2009). There are a variety of factors that contribute to the escalation 

of controlled drinking to the dependent level of drinking characterized by an AUD. 

Transition back to sobriety is difficult and fraught with events of relapse due to the 

persistent environmental contexts and cues that drive alcohol craving (Yang et al., 2015). 

Therefore, it is imperative to better understand the circuitry involved in transitioning 

between early, or acute ethanol use, and prolonged, repeated exposure, which drives binge 

drinking behavior (J. S. Rhodes et al., 2007; Justin S. Rhodes et al., 2005). 

 There is a consensus that the behavioral consequences associated with binge 

ethanol drinking are mediated by long-term alterations in brain-stress circuits residing 

within the extended amygdala (G. F. Koob, 1999; George F. Koob, 2003, 2009; George F. 

Koob & Le Moal, 2008). The BNST, a portion of the extended amygdala, is a critical 

structure involved in ethanol consumption (Pati, Marcinkiewcz, et al., 2019; Pati, Pina, et 
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al., 2019; Pina et al., 2015; Pina & Cunningham, 2017). Previous research demonstrates 

that BNST inhibition caused a reduction in ethanol self-administration (Eiler et al., 2003). 

In addition, acute and chronic ethanol exposure can induce persistent changes within BNST 

circuitry (Kash et al., 2008, 2009; Pleil et al., 2015), and, chronic intermittent ethanol 

exposure, ethanol exposure using vapor chambers, dysregulates the BNST GABAergic 

microcircuitry resulting in increased excitability of BNST-CRF neurons (Pati, 

Marcinkiewcz, et al., 2019; Rinker et al., 2017). However, more research is needed that 

examines in detail the consumption of ethanol in early to late stage drinkers as well as the 

effects of ethanol on BNST input. 

The IC plays a prominent role in AUD (Alexander et al., 2012; Claus et al., 2011; 

Karch et al., 2015; Tiwari et al., 2014), as well as sends projections to the dBNST, which 

drive negative affect (Centanni et al., 2018), a syndrome that often leads to relapse during 

ethanol abstinence (Kelly et al., 2010). Thus, using the drinking in the dark (DID) paradigm 

in combination with slice electrophysiology, we examined the functional properties of 

vBNST-projecting, IC neurons in mice that have undergone ethanol consumption under 3 

different time points: (1) acute exposure A/E, (2) repeated exposure R/E, (3) early 

withdrawal E/W, and (4) prolonged withdrawal P/W. We found that A/E to ethanol 

consumption increased the frequency ratio of spontaneous excitatory event onto vBNST-

projecting, IC neurons that persisted through R/E. A/E to ethanol also caused a reduction 

in the amplitude of spontaneous excitatory events 48 hours post drinking, indicating a 

change in the postsynaptic receptor expression. We then observed that this effect on the 

frequency ratio of excitatory events returned to baseline in P/W ethanol mice, where we 

then saw an increase in the amplitude of spontaneous excitatory events on recorded 
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vBNST-projecting, IC neurons. We also observed a reduction in the AMPA/NMDA ration 

of R/E mice indicating changes in the postsynaptic receptor expression. These data indicate 

that ethanol exposure increases spontaneous excitatory drive on vBNST-projecting, IC 

neurons and when repeatedly exposed to ethanol, affects the expression of membrane 

glutamate receptors and produces long-term changes (2 weeks) during withdrawal from 

ethanol. 

4.2—Materials & Methods 

4.2.1—Experimental Subjects. Adult (25-35g) female and male C57BL/6J wild 

type mice were group-housed in a temperature-controlled room maintained on a reverse 

12h light cycle (lights off at 8:00AM) with ad libitum access to food and water. Following 

surgery, mice were group housed in pairs. All experiments were conducted in the dark 

phase of the animal’s light cycle. Animal care and experimental procedures conformed to 

the National Institute of Health Guide for the Care and Use of Laboratory Animals and 

were approved by the Institutional Animal Use and Care Committee at the University of 

Maryland, Baltimore. 

 4.2.2—Surgery and Virus Injections. C57Bl/6J mice were anesthetized with 

isoflurane in O2 (4% induction and 1% maintenance, 2 L/min) and injected with an AAV 

containing the retrograde fluorescent transporter (pAAV-CAG-GFP; Add Gene). 500nl of 

pAAV-CAG-GFP was infused at 100 nL/min to the vBNST (+0.16 AP, ± 0.9 ML, -4.8DV, 

mm relative to bregma) for IC-cell body expression. The time from virus injection to the 

start of slice electrophysiology experiments was 4-5 weeks for all subjects. 
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 4.2.3—Histology and Microscopy (n=3). For histology example images showing 

retrograde expression of pAAV-CAG-GFP in the IC and the vBNST injection site, mice 

were anesthetized and perfused 4-5 weeks post virus injection. Brains were then removed 

and submerged in 4% paraformaldehyde for 24 hours and transferred to 30% sucrose in 

PBS for 48 hours. 40 µm coronal slices were obtained with a cryostat (Leica) and then 

incubated for 30 min in PB containing 0.1% Triton X-100 (Sigma-Aldrich) and 49,6-

diamidino-2-phenylinode (DAPI; 1:50,000). Images were visualized under a confocal 110 

microscope (Olympus Fluoview, Shinjuku, Tokyo, Japan) and later analyzed using Fiji, 

ImageJ software (Schindelin et al., 2012).  

 4.2.4—Ethanol Consumption Protocol. Mice (n=48) underwent several weeks of 

a modified version of the drinking-in-the-dark (DID) protocol (J. S. Rhodes et al., 2007; 

Justin S. Rhodes et al., 2005) performed in a cage identical to their home cage. Mice either 

underwent DID with 20% ethanol consumption, or underwent DID with water as a control. 

Mice were housed in pairs containing both a control and experimental animal with a right 

ear hole punch denoting the ethanol-exposed animal. Three hours into the dark phase of 

their light-cycle, mice were placed into a housing cage identical to their home cage with a 

leak-proof, water bottle filled with 20% ethanol (in filtered tap water) if an experimental 

mouse, and just water for control mice, and food. Mice remained in the chamber for 4 hours 

and the amount of ethanol consumed was recorded by measuring the weight of the liquid 

before and after the paradigm in combination with the individual weights of the animal. 

Then the following two equations were used to determine the g/kg of ethanol consumed: 

(1) Vc=((Wi-Wf)-Wavg)/δ      and     (2) I=(Vc x δe)/Wm 
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In this first equation, Vc is the volume consumed, Wi is the bottle weight at the beginning 

of the ethanol or water session, Wf is the bottle weight at the end of the session, Wavg is 

the average solution that is lost to leak, and δ is the density for 20% ethanol solution 

(0.97336 g/ml) at room temperature. Then, using the second equation, we determined I, 

which is ethanol intake in g/kg. Here Vc is the volume consumed of 20% ethanol, δe is the 

density of ethanol (0.789 g/ml), and Wm is the weight of the mouse in kg. The ethanol 

intake in g/kg was calculated according to Mice received 4 consecutive sessions of DID 

over four days followed by 3 days of abstinence.  

Mice were then further divided into three groups to examine acute exposure A/E, 

repeated exposure R/E, early withdrawal E/W, and prolonged withdrawal P/W from 

ethanol consumption. A/E mice underwent DID for four sessions (1 week) prior to 

undergoing slice electrophysiology experiments either immediately after the 4th session 

time point 0 (A/E 0), or during acute withdrawal 48 hours later (A/E 48). R/E mice 

underwent DID for four weeks, 16 sessions, prior to undergoing slice electrophysiology 

experiments immediately after the 4th session, time point 0 (R/E 0), or during acute 

withdrawal 48 hours later (R/E 48). E/W mice underwent DID for four weeks, 16 sessions, 

and then 1 week of forced withdrawal prior to undergoing slice electrophysiology 

experiments. P/W mice underwent DID for four weeks, 16 sessions, and then 2 weeks of 

forced withdrawal prior to undergoing slice electrophysiology experiments. All groups had 

a water control on the same drinking schedule. 

 4.2.5—Whole Cell Patch Clamp Electrophysiology. Mice expressing pAAV-

CAG-GFP in IC cell bodies (n=45), denoting vBNST-projecting cells, were anesthetized 

with isoflurane (4%) and perfused transcardially with an NMDG cutting solution that 
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contains (in mM): 92 NMDG, 20 HEPES, 25 glucose, 2.5 KCl, 1.2 NaH2PO4, 10 MgSO4, 

0.5 CaCl2, 30 NaHCO3, 5 sodium ascorbate, 3 sodium pyruvate, 2 thiourea. The brain was 

removed rapidly from the skull and placed in the same NMDG solution at ~0°C. Coronal 

sections of the IC (250 μm) were then cut on a vibratome (VT-1200, Leica Microsysytems). 

Slices were then placed in a holding chamber at 32qC containing the NMDG cutting 

solution and allowed to recover for at least 5 min before being placed in a separate holding 

chamber at room temperature. The aCSF used for holding slices before recording was 

identical to the cutting solution, except it contained 1 mM MgCl2, 2 mM CaCl2 and 92 mM 

NaCl instead of NMDG. Once slices incubated for at least an hour, they were transferred 

to the recording chamber and superfused with the holding aCSF saturated with 95% O2 

and 5% CO2 (at ~32°C). Cells were visualized using infrared differential contrast and 

fluorescence microscopy. vBNST-projecting neurons in the IC were identified using 

orange light delivered through a 40x objective via a LED to excite the GFP (excitation: 

488O; emission: 509O) being expressed in the cell membranes.  

Whole-cell recordings of vBNST-projecting, IC neurons were made using 

MultiClamp 700B amplifier (Molecular Devices). Whole-cell patch clamp recordings were 

performed using micropipettes pulled from a borosilicate glass capillary tube pulled with 

an electrode tip resistance between 4-6 MΩ. Data were sampled at 10 kHz, low-pass 

filtered at 3 kHz, and analyzed in pClamp 10.6 (Molecular Devices, Sunnyvale, CA). 

Access resistance was continuously monitored and changes greater than 20% from the 

initial value were excluded from data analyses. 2-4 cells were recorded from each animal 

per set of experiments. 
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4.2.6—Current Clamp Experiments. For neuronal excitability experiments, 

recordings were performed in current clamp mode using a K-gluconate based internal 

solution (in mM: 135 K-gluconate, 5 NaCl, 2 MgCl2, 0.6 EGTA, 4 Na2ATP, 0.4 Na2GTP, 

and 10 HEPES, pH adjusted to 7.3 using KOH and volume adjusted to 285–290 mOsm). 

Cells were allowed to stabilize injecting current to hold the voltage at -70 mV.  The intrinsic 

excitability properties of cells were detected performing spike frequency experiments. The 

rheobase (minimum amount of current needed to elicit an action potential) and the number 

of action potentials fired in response to depolarizing current steps of 40pA (0-200pA) were 

measured.  

4.2.7— Voltage Clamp Experiments. For experiments to assess spontaneous 

synaptic activity, miniature synaptic activity, and evoked currents, a cesium methane 

sulfonate-based intracellular solution (in mM: 135 cesium methanesulfonate, 10 KCl, 1 

MgCl2, 0.2 EGTA, 4 MgATP, 0.3 Na2GTP, pH 7.3, 285-290 mOsm with 1mg/ml QX-314) 

was used. Cells were voltage clamped at -70mV for examining spontaneous excitatory 

postsynaptic currents (sEPSCs), and, held at +10mV to isolate spontaneous inhibitory 

postsynaptic currents (sIPSCs). For experiments that required miniature synaptic activity 

in the slice, ACSF was supplemented with tetrodotoxin (TTX; 500 nM), to block voltage-

gated sodium channels and remove any chance of action potential-driven events due to 

intrinsic properties of presynaptic cell and network activity.  

In order to asses paired pulse ratio (PPR), the AMPA/NMDA ratio, and V-I plot 

with evoked currents, a concentric bipolar (FHC) microelectrode was placed in the IC 

lateral to the recorded neurons. EPSCs were evoked at 0.167 Hz for 100-150 microseconds 

using a concentric bipolar microelectrode controlled by a stimulus isolation unit (Model # 
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SIU-102; Warner Instruments, Hamden, CTS88X grass stimulators). For AMPA/NMDA 

ration, cells were held at -70 mV to record AMPA receptor-mediated currents and held at 

+40 mV to record NMDA receptor-mediated currents. The NMDA current at +40 mV was 

measured 50-60ms after the onset of an evoked response to avoid contamination with 

AMPA current. To examine any effect of ethanol consumption on presynaptic release 

probability, the paired-pulse ratio (amplitude of EPSC2/ EPSC1) was recorded. The 

electrical pulses were delivered with a 50ms inter-stimulus interval and cells were voltage 

clamped at -70 mV. To create a V-I plot with evoked currents we also delivered a single 

electrical pulse while the neuron’s voltage was clamped at 0mV.  

 4.2.8—Statistical Analysis. Electrophysiological data was analyzed in ClampFit 

and Prism. For all hypothesis tests, the α level for significance was set to p < 0.05. Mean 

values are accompanied by SEM values. Comparisons were tested using paired or unpaired 

t-tests, two-tailed. Two-way ANOVA tests followed by Bonferroni post-hoc comparisons 

were applied for comparisons with more than two groups. 

4.3—Results 

4.3.1—Mice escalate binge drinking during repeated sessions of DID. Previous 

research indicates a role for both the IC and the BNST in the modulation of addictive like 

behaviors. Chronic intermittent ethanol exposure increases NMDA receptor efficacy in the 

BNST. This in turn enhances the induction of long term potentiation (LTP) (Kash et al., 

2009; Wills et al., 2012). In rats, excitatory IC activity on NAc neurons is required for 

expression of aversion-resistant ethanol consumption (Gogolla, 2017). Therefore, we 

hypothesized that ethanol exposure would recruit the IC-vBNST projection and to examine 

this, mice underwent drinking using the DID paradigm (Fig. 4-1A-B, unpaired t-test, two- 



A.

Figure 4-1. Repeated DID sessions leads to modest escalation in binge drinking. 
Mice underwent the drinking in the dark (DID) paradigm and were either exposed to 
water or ethanol during their 4 hour drinking session. The paradigm consisted of 4 days 
of DID with a 3 day break for 4 weeks (20 sessions) unless otherwise stated. A) We mea-
sured the consumption of either water or ethanol (g/kg) for each session over the 4 
weeks. B) We examined whether ethanol mice increased drinking from session 1 to 16. 
We found a significant increase in ethanol consumption in mice with repeated exposure 
to DID. C) 20x Nissl stain of the injected retrograde CAG-GFP in the vBNST of a 
C57/Bl6 mouse (top) and a 20x nissl stain of the IC indicating labeled GFP containing 
cell bodies (below). D) Two 40x magnification DIC images of the same IC neuron from 
a CAGvBNST-IC::Retrograde-GFP expressing mouse under Left: wide-field fluorescent 
illumination to excite GFP in IC expressing neurons; Right: Infared illumination of the 
same neuron.
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tailed, p=0.0036, t=3.117 df=35). Here mice were divided into the following groups seen 

in Table 4-1. All mice expressed a retrograde fluorescent label in vBNST-projecting, IC 

neurons (Fig. 4-1C) to target in slice (Fig. 4-1D). For repeated exposure groups, mice 

underwent 4 weeks of DID (16 session) and then were either recorded from immediately 

after DID (time point 0hr), or 48 hours posts DID. Acute exposure mice only received four 

sessions of DID (1 week) before being recorded from at time point 0hr, or 48hr. Then 

another group of mice, the withdrawal cohort, underwent 4 weeks of DID and then forced 

abstinence for either 1 week or 2 weeks after their last DID session to examine the vBNST-

projecting IC neurons in withdrawal.  

4.3.2—Repeat binge ethanol drinking increases excitatory drive onto vBNST-

projecting, IC neurons. First, to examine repeat exposure’s (R/E) effect on presynaptic 

input onto the vBNST-projecting, IC neurons. Mice (nwater=10; nethanol=10) underwent four 

weeks of DID prior to being sacrificed for ex vivo patch-clamp electrophysiology 

recordings either immediately after (R/E 0) or in acute withdrawal, 48 hours later (R/E 48). 

Recordings were performed in the IC in retrogradely labeled cells projecting to the vBNST 

(Fig. 4-1D). Previous work demonstrates that ethanol-induced Pavlovian conditioning can 

affect excitatory drive on vBNST neurons by altering synaptic transmission (Pati, Pina, et 

al., 2019). Therefore, we investigated the excitatory and inhibitory spontaneous input on 

the vBNST projecting, IC neurons. To evaluate this, we used a Cs-methanesulfonate 

internal solution to measure both spontaneous excitatory post synaptic currents (sEPSCs) 

when voltage was clamped at -65mV, and spontaneous inhibitory postsynaptic currents 

(sIPSCs) when voltage was clamped at +10mV (Fig. 4-2). This approach then allowed us 

to measure in cells, where we recorded both the sEPSCs, and sIPSCS within the same  
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Group Repeated Exposure R/E Acute Exposure A/E 

Drink Water EtOH Water EtOH 

Time Point R/E 0 R/E 48 R/E 0 R/E 48 A/E 0 A/E 48 A/E 0 A/E 48 

Group Withdrawal W   
  

Withdrawal 

Week 

Early E/W 

(1wk) 

Prolonged P/W 

(2wks) 
  

  
Drink Water EtOH Water EtOH   

  
   

Table 4-1. Drinking in the Dark ethanol and water groups. 



A. B.

Figure 4-2. Repeat exposure to ethanol consumption increases spontaneous excit-
atory postsynaptic currents on vBNST-projecting IC neurons and reduces their 
amplitude. A) Representative traces of spontaneous excitatory postsynaptic currents 
(sEPSCs) from mice (WaterTime 0=5; WaterTime 48=5; EtOHTime 0=5; EtOHTime 48=5) that 
underwent four weeks of the drinking in the dark (DID) paradigm and were prepared for 
slice electrophysiology post DID. The top trace is from a control mouse that drank water 
during DID, the middle trace is from a repeated exposure, R/E, ethanol mouse, and the 
bottom trace is from a R/E 48 ethanol mouse. B) Comparison of sEPSC frequencies. 
Ethanol groups have a higher sEPSC frequency than the water groups. C) Comparison 
of sEPSC amplitudes across groups, Ethanol groups have reduced sEPSC amplitude 
compared to water groups. D) Representative traces of spontaneous inhibitory postsyn-
aptic currents (sIPSCs) from mice (Water=5, collapsed time 0 and time 48 water groups; 
EtOHTime 0=3; EtOHTime 48=3) that underwent four weeks of the drinking in the dark (DID) 
paradigm and were prepared for slice electrophysiology post DID. The top trace is from 
a control mouse that drank water during DID, the middle trace is from a repeated expo-
sure, R/E, ethanol mouse, and the bottom trace is from a R/E 48 ethanol mouse. E) Com-
parison of sIPSC frequencies. R/E 48 ethanol mice had a larger IPSC frequency than the 
water controls. F) Comparison of IPSC amplitudes across groups, there were no differ-
ences in sIPSC amplitude. G) Measured within cells  the ratio of excitatory to inhibitory 
drive. R/E 0 ethanol mice had a stronger excitatory drive than the water controls.
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neurons, the excitation/inhibition frequency ratio, the sEPSC frequency divided by the 

sIPSC frequency, on the cell being recorded.  

R/E ethanol mice showed significant increase in the frequency of sEPSCs on 

vBNST-projecting, IC neurons directly after their final DID session (session 16), which 

was sustained in the R/E 48 groups (Fig. 4-2B, R/E 0ethanol vs. R/E 0water unpaired t-test, 

two-tailed, p=0.0018, t=3.648 df=18; R/E 48ethanol vs. R/E 48water unpaired t-test, two-tailed, 

p=0.0016, t=3.889 df=23). We also found that both R/E 0 and 48 ethanol mice had 

significantly reduced sEPSC amplitudes (Fig. 4-2C, R/E 0ethanol vs. R/E 0water unpaired t-

test, two-tailed, p=0.0027, t=3.475 df=18; R/E 48ethanol vs. R/E 48water unpaired t-test, two-

tailed, p=0.0194, t=3.889 df=23). This indicates an increase in presynaptic release onto 

vBNST-projecting, IC neurons, as well as a change in the post-synaptic receptor 

expression. Next, when examining sIPSC frequency and amplitude, R/E 48 ethanol mice 

showed an increase in sIPSC frequency, without alterations to sIPSC amplitude indicating 

an increase in presynaptic sIPSC activity in acute withdrawal (Fig. 4-2E; R/E 48ethanol vs. 

R/E 48water unpaired t-test, two-tailed, p=0.0308, t=2.81 df=5). Due to the nonspecific 

increase in sPSC frequencies observed in R/E 48 ethanol mice, we measured within cells 

the ratio of excitation to inhibition. We found that R/E 0 ethanol mice had a transient 

increase in the frequency ratio of excitation/inhibition sPSC responses on vBNST-

projecting, IC neurons that returned to baseline in R/E 48 ethanol mice (Fig. 4-2G; R/E 

0ethanol vs. R/E 0water unpaired t-test, two-tailed, p=0.0477, t=2.336 df=8). This observed 

effect suggests that repeated exposure to ethanol increases excitatory drive on the IC-

vBNST projection. 
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Next, to investigate the role of activity-independent transmission in repeated 

exposure to ethanol on vBNST-projecting, IC neurons, we bath applied TTX (500nM) to 

isolate action potential-independent miniature postsynaptic currents (mPSC). We found a 

significant increase in the mEPSC frequency in R/E 0 ethanol mice when compared to both 

the water and R/E 48 ethanol group (Fig. 4-3A; R/E 0ethanol vs. water unpaired t-test, two-

tailed, p<0.0001, t=12.25 df=8; R/E 0ethanol vs. R/E 48ethanol unpaired t-test, two-tailed, 

p=0.0054, t=5.494 df=4) suggesting that the increase in the sEPSC frequency observed 

previously is only activity dependent in acute withdrawal. We found no differences in the 

mEPSC amplitude (Fig. 4-3B), however more recorded cells are necessary to examine 

binge drinking’s effect on mEPSC amplitude. We did however find a significant increase 

in the mIPSC frequency in R/E 48 ethanol mice when compared to both the water and R/E 

0 ethanol groups (Fig. 4-3C; R/E 48ethanol vs. water unpaired t-test, two-tailed, p=0.0144, 

t=2.954 df=10; R/E 48ethanol vs. R/E 0ethanol unpaired t-test, two-tailed, p=0.0361, t=2.689 

df=6) implying that the increase in sIPSC frequency is not dependent on network activity. 

We found no differences in mIPSC amplitude across groups (Fig. 4-3D). 

Our previous results suggest that there may be an increase in the presynaptic 

excitatory drive on vBNST-projecting, IC neurons in mice with repeated exposure to 

ethanol (Fig. 4-2G), and that R/E to ethanol may affect postsynaptic receptor expression, 

observed as a decrease in sEPSC amplitude (Fig. 4-2C). To examine this further, we 

performed electrically evoked synaptic recordings (Fig. 4-4) from vBNST-projecting, IC 

neurons. In order to confirm whether this observed change in synaptic transmission is 

presynaptically expressed, we utilized paired-pulse ratio (PPR), a measurement where pairs 

of excitatory postsynaptic currents are delivered with a set time in between, by electrical  



A.

Figure 4-3. Repeat exposure to ethanol increased miniature IPSC frequency. Slices 
were bath applied with tetrodotoxin, ttx, to block network connectivity and action poten-
tial events. A) Comparison of mEPSC frequencies from water,  R/E 0 ethanol, and R/E 
48 ethanol mice. R/E 0 ethnaol mice has significantly greater mEPSC frequencies when 
compared to water and R/E 48 ethnaol groups. B) Comparison of mEPSC amplitudes 
across groups, there were no differences in mEPSC amplitude. C) Comparison of 
mIPSC frequencies from water,  R/E 0 ethanol, and R/E 48 ethanol mice. R/E 48 ethanol 
mice had a larger mIPSC frequency than water and R/E 0 ethanol groups. D) Compari-
son of mIPSC amplitudes across groups, there were no differences in mIPSC amplitude. 
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A. B.

Figure 4-4. Repeat exposure to ethanol increased probability of presynaptic release 
in R/E 0 ethanol mice while also reducing the AMPA/NMDA ratio in both R/E 0 and 
48 ethanol mice. A) Representative traces paired pulse ratio (PPR) recording from mice 

(Water
ime 0

=5; Water
ime 48

=5; EtOH
ime 0

=5; EtOH
ime 48

=5) that underwent four weeks of the 

drinking in the dark (DID) paradigm and were prepared for slice electrophysiology 0 

hours post DID. The left trace is from a control mouse that drank water during DID, the 

right trace is an animal that drank ethanol. B) Comparison of PPR from groups that were 

patched from at either time point 0, directly after DID; or at time point 48, two days post 

DID. Ethanol groups at time point 0 had a smaller PPR than the water group. C) Compar-

ison of AMPA/NMDA ratio across groups. Mice that underwent DID with ethanol had a 

smaller AMPA/NMDA ratio than the water groups. D) IV plot in mice examing current 

response to electrical stim at 3 differnt voltages (-70mV, 0mV, and 40mV). Mice that 

underwent DID with ethanol and then were patched at time point 48hrs posts DID 

showed reduced peak inward current at -70mV voltage. E) To examine neuronal excit-

ability, in current clamp cells were injected with a step protocol of increased current steps 

RI���S$���ௗPV��/HIW�LV�DQ�H[DPSOH�WUDFH�RI�VSLNLQJ�DFWLYLW\�IURP�D�ZDWHU�FRQWURO�DQLPDO��
Right is an example trace of spiking activity from an R/E 0 ethanol mouse. F) There was 

a significant interaction between the number of spikes in response to a graded current 

LQMHFWLRQ� DQG� HWKDQRO� �Qௗ ௗ��ௗFHOOV��+���� Qௗ ௗ�ௗFHOOV��(W2+�7LPH ��� Q ��� FHOOV��(W2+�
Time=48). G) Measured the resting membrane potential of neurons in current clamp 

across groups and found no differences. H) The minimum current required to fire an 

action potential (rheobase) was unaffected by alcohol consumption.
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stimulation. Then the PPR, amplitude of pulse 2/amplitude of pulse 1, is assessed. Changes 

in the PPR represent a change in the probability of vesicle release from the presynaptic 

terminal onto the vBNST-projecting, IC neurons being recorded. We found that R/E 0 

ethanol mice showed a decreased PPR, which returned back to baseline in R/E 48 ethanol 

mice (Fig. 4-4B; R/E 0ethanol vs. R/E 0water unpaired t-test, two-tailed, p=0.0089, t=3.005 

df=15). This suggests that repeated exposure to ethanol may increase the probability of 

release onto vBNST-projecting IC neurons immediately after ethanol consumption. 

To examine any potential postsynaptic changes in the functional expression of 

membrane glutamate receptors on vBNST-projecting, IC neurons, we measured the 

AMPA/NMDA ratio. We found that repeated exposure to ethanol significantly decreased 

the AMPA/NMDA ratio in vBNST-projecting, IC neurons immediately after the final DID 

session, which remained attenuated for 2 days post DID (Fig. 4-4C; R/E 0ethanol vs. R/E 

0water unpaired t-test, two-tailed, p=0.0190, t=2.794 df=10; R/E 48ethanol vs. R/E 48water 

unpaired t-test, two-tailed, p=0.0130, t=2.913 df=12). These data indicated that repeat 

exposure to ethanol caused an acute reduction in the postsynaptic receptor expression of 

AMPA and NMDA receptors. We then created a voltage-current response plot with evoked 

potentials in order to asses any effect of ethanol on conductance when the voltage is 

clamped at either -70mV, 0mV, or +40M=mV. We found that R/E 48 ethanol mice showed 

a significant reduction in the peak amplitude of -70 evoked potentials when compared to 

R/E water and R/E 0 ethanol mice (Fig. 4-4D). We also found a significant interaction 

effect between the acute withdrawal and the voltage step held for the evoked current (Two-

way ANOVA, Interaction effect p=0.0226; multiple comparisons, EtOHTime 0 vs. 
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EtOHTime48, p=0.0049). This suggests that mice in acute withdrawal from ethanol exposure 

may have impaired ion conductance at hyperpolarized membrane potentials. 

Since we previously found that ethanol enhanced excitatory drive onto vBNST-

projecting, IC neurons, we next examine ethanol’s effect on the intrinsic excitability of 

these neurons. Here, we utilized a potassium gluconate internal solution in current clamp 

with a ramp protocol of 5, 40pA current injections to measure the number of action 

potentials fired across the range of current steps. We found that R/E 0 ethanol mice had 

increased spike frequency across increasing current injections (Fig. 4-4E,F; Two-way 

repeated measures ANOVA, interaction effect p=0.0270). We found no differences in the 

resting membrane potential (RMP) across groups (Fig. 4-4G). Next we assessed the 

rheobase (the minimum current required to elicit an action potential) and found no 

differences across groups. 

4.3.3—Early withdrawal from repeated exposure to ethanol has long lasting 

effects on vBNST-projecting, IC neurons. Previous results indicate repeated exposure to 

ethanol results in increased excitatory drive onto vBNST-projecting, IC neurons (Fig. 4-

2). Next we wanted to assess if this increased drive persisted into early withdrawal E/W, 

and prolonged withdrawal P/W. To accomplish this, mice (nwater=6; nethanol=6) underwent 

four weeks of DID prior to being sacrificed for ex vivo patch-clamp electrophysiology 

recordings either one week into withdrawal (E/W), or two weeks into withdrawal (P/W; 

Fig.4-5). Recordings were performed in the IC in retrogradely labeled cells projecting to 

the vBNST (Fig. 4-1D).  

We found that E/W ethanol mice had a significant increase in sEPSCs on vBNST-

projecting, IC neurons, which returned back to baseline in P/W ethanol (Fig. 4-5B;  
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Figure 4-5. Prolonged Withdrawal from ethanol consumption alters postsynaptic 
membrane receptor expression in vBNST-projecting IC neurons. A) Representative 
traces of spontaneous excitatory postsynaptic currents (sEPSCs) from mice (Water1 

Week=3; Water2 Week=3; EtOH1 Week=3; EtOH2 Week=3) that underwent four weeks of the 
drinking in the dark (DID) paradigm and then obstained from alcohol for either one or 
two weeks prior to slice preparation. The top trace is from a control mouse and is 1 week 
post DID, the middle trace is an animal that drank ethanol and is 1 week post DID, early 
withdrawal (E/W). Bottom trace is an ethanol mouse 2 weeks post DID (P/W). B) Com-
parison of sEPSC frequencies from groups that were patched from either 1 week or 2 
weeks post DID. Mice that drank ethanol and were patched 1 week into withdrawal had 
a higher sEPSC frequency than the water controls. C) Comparison of sEPSC amplitudes 
across groups. Mice that were into withdrawal for two weeks post DID had a significant-
ly larger sEPSC amplitude. D) Representative traces of spontaneous inhibitory postsyn-
aptic currents (sIPSCs). The top trace is from a control mouse and is 1 week post DID, 
the middle trace is an E/W ethanol mouse. Bottom trace is from a P/W ethanol mouse.  
E) Comparison of sIPSC frequencies. Both E/W and P/W ethanol mice had a larger 
sIPSC frequency than the water controls. F) Comparison of IPSC amplitudes across 
groups. We found no difference across groups. G) Measured within cells the ratio of 
excitatory to inhibitory drive. We found no differences between groups.

Prolonged Withdrawal

B. sEPSC Frequency sEPSC Amplitude

sIPSC AmplitudesIPSC Frequency

C.

E. F. G. E/I Ratio

*

***

*

0

1

2

3

4

Sp
on

ta
ne

ou
s

EP
SC

Fr
eq

ue
nc

y
(s

pi
ke

s/
se

c)

1 Week
Break

Water
Ethanol

0

20

40

60

Sp
on

ta
ne

ou
s

EP
SC

Am
pl

itu
de

(p
A)

0

1

2

3

E/
IR

at
io

(F
re

qu
en

cy
)

H2O EtOH
1wk

EtOH
2wk

0

2

4

6

8

Sp
on

ta
ne

ou
s

IP
SC

Fr
eq

ue
nc

y
(s

pi
ke

s/
se

c)

H2O EtOH
1wk

EtOH
2wk

0

20

40

60

Sp
on

ta
ne

ou
s

IP
SC

Am
pl

itu
de

 (p
A)

H2O EtOH
1wk

EtOH
2wk

***

2 Week
Break

1 Week
Break

2 Week
Break

Prolonged Withdrawal

122



123 
 

E/Wethanol vs. E/Wwater unpaired t-test, two-tailed, p=0.0360, t=2.234 df=22). We also found 

that in P/W ethanol mice there was a significant increase in the sEPSC amplitude when 

compared to water controls and E/W ethanol mice (Fig. 4-5C; P/Wethanol vs. P/Wwater 

unpaired t-test, two-tailed, p=0.0133, t=2.782 df=16). This indicates alterations in the 

postsynaptic receptor expression due to withdrawal from repeated exposure to ethanol. 

Then when examining sIPSC frequency and amplitude, we observed that E/W and P/W 

ethanol mice showed an increase in frequency without changes to amplitude (Fig. 4-5E-F; 

Frequency: E/Wethanol vs. Water unpaired t-test, two-tailed, p=0.0070, t=3.304 df=11; 

Amplitude: P/Wethanol vs. Waterunpaired t-test, two-tailed, p=0.0112, t=3.044 df=11). Next, 

because we observed a nonspecific increase in both the excitatory and inhibitory sPSC 

frequencies in E/W ethanol mice, we measured within cells the ratio of excitation to 

inhibition. We found no difference between groups on the excitation/inhibition frequency 

ratio on vBNST-projecting, IC neurons (Fig. 4-5G).  

To investigate the role of activity-independent transmission during withdrawal 

from ethanol on vBNST-projecting, IC neurons, we bath applied TTX (500nM) to isolate 

action potential-independent mPSC. We found no difference across groups in the 

frequency of mEPSCs (Fig. 4-6A). However we did find a significant increase in the 

amplitude of mEPSCs in both E/W and P/W ethanol mice (Fig. 4-5C; E/Wethanol vs. Water 

unpaired t-test, two-tailed, p=0.0113, t=3.098 df=10; P/Wethanol vs. Water unpaired t-test, 

two-tailed, p=0.0063, t=3.367 df=10) demonstrating that the sEPSC amplitude increase 

observed previously in P/W mice (Fig. 4-6B) is activity-independent, and therefore further 

supports changes in the postsynaptic receptor expression of vBNST-projecting, IC neurons. 

We also found a significant increase in in the mIPSC frequency in both E/W and P/W  



A.

Figure 4-6. Both early and prolonged withdrawal from ethanol increased miniature 
EPSC and IPSC frequencies. Slices were bath applied with ttx to block network 
connectivity and action potential events. A) Comparison of mEPSC frequencies from 
groups that were patched either one or two weeks into withdaral from DID. We found no 
differences across groups in mEPSC frequency. B) Comparison of mEPSC amplitudes 
across groups. Both early and prolonged withdrawal mice had significanlty larger 
mEPSC amplitude than the water controls. C) Comparison of mIPSC frequencies across 
groups. Withdrawal significantly increased mIPSC frequency for up to two weeks post 
DID. D) Comparison of mIPSC amplitudes across groups, there were no differences in 
mIPSC amplitude. 
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ethanol mice (Fig. 4-6C; E/Wethanol vs. Water unpaired t-test, two-tailed, p=0.0243, t=2.575 

df=12; E/Wethanol vs. Water unpaired t-test, two-tailed, p=0.0243, t=2.575 df=12). We 

found no differences in mIPSC amplitude across groups (Fig. 4-6D). 

4.3.4—Acute exposure to ethanol consumption increases excitatory drive on 

vBNST-projecting, IC neurons. Previous results indicate repeated exposure to ethanol 

results in increased excitatory drive onto vBNST-projecting, IC neurons (Fig. 4-2), that is 

sustained into early withdrawal (Fig. 4-5). Therefore, we wanted to examine acute exposure 

(A/E) to ethanol’s effect on presynaptic input onto the vBNST-projecting, IC neurons. Here 

mice (nwater=6; nethanol=7) underwent one week of DID (4 sessions) prior to being sacrificed 

for ex vivo patch-clamp electrophysiology recordings either immediately after DID, time 

point 0 (A/E 0), or into acute withdrawal, 48 hours post DID (A/E 48). Recordings were 

performed in the IC in retrogradely labeled cells projecting to the vBNST (Fig. 4-1D). We 

first investigated the excitatory and inhibitory spontaneous input on the vBNST projecting, 

IC neurons (Fig. 4-7).  

We observed that A/E 0 ethanol mice had a significant increase in sEPSCs on 

vBNST-projecting, IC neurons, which was sustained in A/E 48 ethanol mice (Fig. 4-7B; 

A/E 0ethanol vs. A/E 0water unpaired t-test, two-tailed, p<0.0001, t=5.466 df=18; A/E 48ethanol 

vs. A/E 48water unpaired t-test, two-tailed, p<0.0001, t=4.833 df=17). We also found a 

significant decrease in the sEPSC amplitude in A/E 48 ethanol mice, but the effect in A/E 

0 ethanol mice is not significant (Fig. 4-7C; A/E 48ethanol vs. A/EWater; unpaired t-test, two-

tailed, p=0.0370, t=2.263 df=17). These results indicate an acute effect on presynaptic 

release as well as changes in the postsynaptic receptor expression of recorded neurons 

immediately after DID. Then when examining sIPSC frequency and amplitude, we found  



A.

Figure 4-7. Early ethanol consumption increases excitatory drive on vBNST-pro-
jecting, IC neurons. A) Representative traces of spontaneous excitatory postsynaptic 

currents (sEPSCs) from mice (Water=5; EtOH
Time 0

=3; EtOH
Time 48

=3) that underwent one 

week of the drinking in the dark (DID) paradigm and were prepared for slice electro-

physiology 0 hours post DID. The top trace is from a control mouse that drank water 

during DID, the middle trace is from a acute exposure 0, A/E, ethanol mouse, and the 

bottom trace is from a A/E 48 ethanol mouse. B) Comparison of sEPSC frequencies. 

Ethanol groups have a higher sEPSC frequency than the water groups. C) Comparison 

of sEPSC amplitudes across groups. Mice that underwent one week of DID and were 

patched in acute withdrawal (time 48) had a smaller sEPSC amplitude than the water 

controls. D) Representative traces of sIPSCs from mice that underwent one week of 

DID. The top trace is from a control mouse that drank water during DID, the middle 

trace is from a A/E 0 ethanol mouse, and the bottom trace is from a A/E 48 ethanol 

mouse. E) Comparison of sIPSC frequencies. We found no differences across groups. F) 

Comparison of IPSC amplitudes across groups, there were no differences in sIPSC 

amplitude. G) Measured within cells  the ratio of excitatory to inhibitory drive. Mice that 

underwent one week of DID had a stronger excitatory drive than the water controls.
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no differences between groups (Fig. 4-2E-F). Therefore, because acute ethanol exposure 

did not cause increased sIPSC frequency activity in A/E 0 and 48 ethanol mice, we 

observed in A/E 0 ethanol mice an increase in the excitation/inhibition frequency ratio, 

which remained elevated in A/E 48 ethanol mice (Fig. 4-7G; A/E 0ethanol vs. A/E 0water 

unpaired t-test, two-tailed, p=0.0132, t=2.788 df=16; A/E 48ethanol vs. A/E 48water unpaired 

t-test, two-tailed, p=0.0049, t=3.334 df=14). 

Next, to investigate the role of action potential transmission in repeated exposure 

to ethanol on vBNST-projecting, IC neurons, we bath applied TTX (500nM) to isolate 

action potential-independent mPSCs. We found no difference in the frequency of mEPSCs 

across groups (Fig. 4-8A). We did find a significant reduction in the amplitude of mEPSCs 

in both A/E 0 and 48 ethanol mice (Fig. 4-8B; A/E 0ethanol vs. Water unpaired t-test, two-

tailed, p=0.0042, t=3.799 df=9; A/E 48ethanol vs. Water unpaired t-test, two-tailed, 

p=0.0114, t=3.168 df=9). We found no differences in the frequency or amplitude of 

mIPSCs across groups (Fig. 4-8B-C). This indicates that the changes in excitatory drive 

observed previously were activity dependent, and that acute ethanol exposure causes a 

reduction in postsynaptic receptor activity into acute withdrawal.  

Previous results suggest that there may be presynaptic excitatory drive on vBNST-

projecting, IC neurons in mice with acute exposure to ethanol (Fig. 4-7G) that is dependent 

on synaptic activity (Fig. 4-8). To examine this further, we performed electrically evoked 

synaptic recordings (Fig. 4-9) from vBNST-projecting, IC neurons. First, we evaluated 

PPR and found no effect between groups (Fig. 4-9B). This result suggests A/E to ethanol 

does not affect presynaptic release probability. Then to examine potential changes in the 

synaptic strength of vBNST-projecting, IC neurons, we measured the AMPA/NMDA ratio.  



A.

Figure 4-8. Acute exposure to ethanol had no effect on miniature PSCs. Slices were 
bath applied with ttx to block network connectivity and action potential events. A) Com-
parison of mEPSC frequencies from water, A/E 0, and A/E 48 ethanol mice. We found 
no differences between groups. B) Comparison of mEPSC amplitudes across groups. 
We found a significant reduction in the mEPSC amplitude in both A/E 0 and 48 ethanol 
mice. C) Comparison of mIPSC frequencies across group. There were no differences 
between groups. D) Comparison of mIPSC amplitudes across groups, there were no 
differences across groups.
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A.

Figure 4-9. Acute Exposure to ethanol increases spontaneous excitatory drive with-
out any change in the presynaptic release and postsynaptic plasticity. A) Represen-
tative traces of paired pulse ratio (PPR) recording from mice (Water=5; EtOHTime 0=3; 
EtOHTime 48=3) that underwent one week of the drinking in the dark (DID) paradigm and 
were prepared for slice electrophysiology 0 hours post DID. The top trace is from a 
control mouse that drank water during DID, the bottom trace is an animal that drank 
ethanol. B) Comparison of PPR from groups that were patched from at either time point 
0, directly after DID; or at time point 48, two days post DID. There were no differences 
between groups C) Comparison of AMPA/NMDA ratio across groups. There were no 
differences between groups. D) IV plot in mice examing current response to electrical 
stim at 3 differnt voltages (-70mV, 0mV, and 40mV). Mice that underwent one week of 
DID with ethanol and then were patched at time point 0hrs posts DID showed reduced 
outward current at +40mV voltage. E)  Left is an example trace of spiking activity from 
a water control animal, Right is an example trace of spiking activity from an A/E 0 etha-
nol mouse. To examine neuronal excitability, in current clamp cells were injected with a 
VWHS� SURWRFRO� RI� LQFUHDVHG� FXUUHQW� VWHSV� RI� ��S$���ௗPV�� :H� IRXQG� QR� GLIIHUHQFHV�
between groups. F) Measured the resting membrane potential of neurons in current 
clamp across groups and found no differences. G) The minimum current required to fire 
an action potential (rheobase) was also unaffected by acute ethanol consumption.
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We found no effect on AMPA/NMDA ratio from acute exposure to ethanol (Fig. 4-8C). 

We then created a voltage-current response plot with evoked potentials to assess effect on 

ion channel conductance across clamped voltages. Acute ethanol exposure had no effect 

across groups (Fig. 4-9D). 

Then, to investigate the intrinsic excitability of vBNST-projecting, IC neurons, we 

utilized a potassium gluconate internal solution in current clamp with a ramp protocol of 

5, 40pA current injections to measure the number of action potentials fired across the range 

of current steps. We found no differences in spike number, RMP, or rheobase across groups 

(Fig. 4-9E-H). This implies that, acute ethanol exposure does not affect the intrinsic 

excitability of vBNST-projecting, IC neurons.  

4.4—Discussion 

 4.4.1—Repeated DID sessions leads to modest escalation in binge drinking. 

Here we utilized a modified version of a mouse model of intermittent ethanol access, DID 

(J. S. Rhodes et al., 2007; Justin S. Rhodes et al., 2005; Wilcox et al., 2014). The original 

DID protocol gives three, 2-hour sessions followed by a fourth, 4-hour session of access to 

ethanol, however we increased access to allow for greater ethanol consumption and 

increased binge drinking behavior. Our modified DID paradigm gives ethanol access to 

subjects 4 days in a row for four hours each session with a three-day break in between. 

Most important in this paradigm is that ethanol access begins 3 hours into night cycle. This 

takes advantage of the nocturnal behavior that is innate to mice, when the highest levels of 

consumption and physical activity are displayed (J. S. Rhodes et al., 2007; Justin S. Rhodes 

et al., 2005; Wilcox et al., 2014). It is a proven paradigm to achieve blood ethanol 

concentrations (BEC) higher than 80mg/dl (reported level of intoxication for binge 
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drinking, NIAAA, (Wilcox et al., 2014), as well as produce behavioral deficits linked with 

ethanol intoxication (J. S. Rhodes et al., 2007; Justin S. Rhodes et al., 2005; Wilcox et al., 

2014). Studies utilizing DID to promote ethanol consumption, have demonstrated that mice 

that have undergone the paradigm for 3-4 weeks can achieve BECs greater than or equal 

to 80mg/dl (Wilcox et al., 2014). These mice have an average consumption of 5g/kg over 

a four-hour session on the fourth day. Our mice that have had 4 weeks of DID (R/E and 

withdrawal groups) showed an average ethanol consumption greater than 5g/kg on their 

final DID session. Therefore, we are confident that our mice consumed enough ethanol to 

elicit intoxication. 

4.4.2—Acute, and repeated exposure to ethanol consumption increases 

excitatory drive on vBNST-projecting, IC neurons, which persists through early 

withdrawal. The insula is a vital region for driving drug-seeking behaviors as it delivers 

interoceptive cues through neuronal projections to cortical and subcortical brain regions, 

including the vBNST as we previously described (Chapter 2). It functions to guide future 

decisions by incorporating together the internal state of the organism, the external stimuli, 

and the memories of previous experiences in order to predict the outcome of a potential 

behavior (Craig, 2010; Droutman et al., 2015; Gogolla, 2017; Naqvi et al., 2007, 2014; 

Naqvi & Bechara, 2010). Previous work demonstrates the IC-dBNST projection drives 

negative affect and mimics behavior associated with forced abstinence from ethanol 

(Centanni et al., 2018). We have also shown that the IC-vBNST projection is necessary for 

the acquisition of cue-reward pairs (Chapter 3) and targets primarily VTA-projecting, 

vBNST neurons (Chapter 2), shown to modulate dopamine neuron activity (F. Georges & 

Aston-Jones, 2001; François Georges & Aston-Jones, 2002; Jennings et al., 2013). The 
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BNST also is a critical modulator in behaviors associated with drug and ethanol seeking 

(Kash et al., 2008; Pati, Marcinkiewcz, et al., 2019; Pina et al., 2015; Pina & Cunningham, 

2017). Therefore, we examined ethanol’s effect on presynaptic input to the IC-vBNST 

projection. 

We found that ethanol consumption resulted in an increased frequency ratio of 

excitatory and inhibitory sPSCs in vBNST-projecting, IC neurons from acute and repeated 

exposures to ethanol. We also found that this increase in the sEPSC frequency was action 

potential dependent except when the mice were in early withdrawal. This demonstrates that 

acute and repeated exposure to ethanol increased network driven excitation of the IC-

vBNST projection, but the effect of early withdrawal from ethanol may cause an increase 

in readily releasable neurotransmitter pool of presynaptic terminals as E/W mice showed 

increased sEPSC and mEPSC frequencies. We also found in R/E 0 ethanol mice an increase 

in the probability of vesicle release from the presynaptic terminals. This was not surprising 

as we R/E 0 ethanol mice were the group with the highest concentrations of ethanol on 

board and ethanol itself increases network activity (Chefer et al., 2011; Ding et al., 2012; 

Korkotian et al., 2013). These data together suggest that acute, repeated and withdrawal 

from ethanol exposure increased excitatory drive and overall increased spontaneous 

activity (as the sIPSC frequency was also significantly greater than water groups) on 

vBNST-projecting, IC neurons. 

 4.4.3—Repeated exposure, Acute withdrawal and prolonged withdrawal from 

ethanol consumption alters the postsynaptic receptor expression of vBNST-projecting 

IC neurons. Previously we found presynaptic effects of ethanol exposure on vBNST-

projecting, IC neurons. We also found an effect on the sEPSC amplitude in A/E 48, R/E 0, 
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R/E 48, and withdrawal ethanol mice signifying changes in the postsynaptic receptor 

expression. Therefore, we also assessed the functional expression of the glutamate 

receptors, AMPA and NMDA by calculating the AMPA/NMDA ration, which is an 

assessment of the short-term plasticity of the synapse and the synaptic strength, we utilized 

electrical stimulation to evoke EPSCs while the voltage was clamped at either -70mV, the 

peak of which is AMPAr mediated, or +40mV, the height of the response measured at 

~60ms from the peak is NMDAr mediated. We found a reduction in the AMPA/NMDA 

ratio in R/E 0 and R/E 48 ethanol mice, both of which had significantly reduced sEPSC 

amplitudes supporting a change in postsynaptic receptor expression. This effect was not 

observed in mice acutely exposed to ethanol consumption, however A/E 48 ethanol mice, 

who had a significant reduction in the sEPSC amplitude, showed a trend towards a 

significant reduction in the AMPA/NMDA ratio and currently only have an n of 3 cells. 

Therefore, an increase in the number of recorded cells examining AMPA/NMDA ratio in 

the A/E 48 ethanol mice could shed light on any acute effects ethanol may have on the 

postsynaptic receptor expression. We believe this reduction in the AMPA/NMDA ratio and 

the sEPSC amplitude in R/E ethanol mice was due to a decrease in the synaptic strength of 

the circuit from prolonged excitatory drive on vBNST-projecting, IC neurons (Abrahao et 

al., 2013; Brady et al., 2013; Fischer et al., 2003; Pitchers et al., 2012).  

Previous research indicates that chronic ethanol consumption leads to elevated 

levels of extracellular glutamate, which contributes to alterations in the expression and 

localization of various glutamate receptors (Alhaddad et al., 2014; Chen et al., 2010; Ding 

et al., 2012; Griffin Iii et al., 2014). This phenomenon can then lead to the formation of 

what is known as a silent synapse, a postsynaptic membrane containing functional NMDA 
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receptors, but cannot be excited due to the insufficient amount of AMPA receptors to 

depolarize the membrane enough to remove the magnesium block from NMDA receptors 

allowing them to open (Isaac et al., 1997). NMDA receptor activity is typically associated 

with increased calcium influx which can then trigger secondary messenger systems leading 

to alterations in protein expression of the cell. Therefore, increased glutamatergic drive, 

which we observe in acute and repeated exposure to ethanol, could lead to decreased 

AMPA receptor trafficking to the postsynaptic membrane, or due to increased endocytosis 

of AMPA receptors (Atwood & Wojtowicz, 1999; Isaac et al., 1997; Liao et al., 1995; 

Moulder et al., 2006). More work is necessary to tease out ethanol’s effect on AMPA 

receptor expression in the postsynaptic membrane of vBNST-projecting, IC neurons in 

acute and dependent ethanol mice. 
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Chapter 5: General Discussion 

5.1—The IC recruits VTA-projecting, vBNST GABA neurons 

 Using two different approaches, patch clamp electrophysiology in slice and in situ 

hybridization, we determined that the IC sends a glutamatergic projection to the vBNST 

that synapses onto VTA-projecting, GABA neurons. According to the literature, we believe 

this circuit provides access for the IC to the VTA through a known reward processing 

center, the BNST (Pina et al., 2015; Stamatakis et al., 2014; Vranjkovic et al., 2017). When 

testing whether insular input onto VTA-projecting neurons was direct or indirect utilizing 

CRACM (Petreanu et al., 2007), we found 6 monosynaptic responses and 4 polysynaptic 

out of the 33 cells patched that projected to the VTA. However, when we utilized in situ 

hybridization to examine colocalization of vBNST neurons that (1) project to the VTA, (2) 

receive IC terminal monosynaptic innervation, and (3) express the GABA vesicular 

transporter Slc32a1, very few IC-innervated cells were found (4/111) that did not project 

to the VTA. This demonstrates the majority of IC projections directly synapse onto VTA-

projecting, vBNST GABA neurons. We also found cells that projected to the VTA but 

were not innervated by the IC. However, this could have been due to a lack of viral 

expression from utilizing a transneuronal CRE combined with a CRE probe to identify 

vBNST neurons innervated by the IC. Future work is necessary to test the functional 

connectivity of the entire circuit and to examine whether IC-vBNST innervation results in 

increased VTA-dopamine activity due to the disinhibition of dopamine release. 

 5.1.1—IC-vBNST is required for acquisition of cue-reward pairs. Our initial 

test on the IC-vBNST circuit was to examine the valence of the associated network, and 

we found that activation of the IC-vBNST pathway was reinforcing in a dopamine 
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dependent fashion. We found mice would self-stimulate for activation of the IC-vBNST 

pathway which is typically considered a dopamine dependent assay (Nader, 2016; Venniro 

et al., 2016), and systemic dopamine receptor antagonism resulted in attenuation of ICSS 

and a reduction in RTPP for the stimulation paired chamber. These data, in combination 

with published research describing the insula’s role in processing reward-predictive cues 

(Contreras et al., 2007; Hollander et al., 2008; Livneh et al., 2017; McClernon et al., 2016), 

led us to test the necessity of the IC-vBNST projection in Pavlovian cue-reward 

associations. We observed that the IC-vBNST projection was necessary for the acquisition 

of cue reward pairs, but not their expression; and, inhibition resulted in decreased hedonic 

responding to the reward. From these results alone, we found it challenging to disentangle 

our observed effects and interpretations with just affecting the overall interoceptive drive 

of the animal. Meaning, does inhibition of the IC-vBNST projection result in specific 

disruption of external cue learning, or does inhibition decrease the overall drive for any 

food reward even in a 90% food restricted animal? Therefore, we examined this question 

with an uncued food approach test in food restricted animals. We found, IC-vBNST 

inhibition had no effect on uncued food approach, or feeding behavior, leading us to believe 

that our original hypothesis, backed up by other researcher’s work examining IC’s role in 

cue processing (Contreras et al., 2007; Hollander et al., 2008; Livneh et al., 2017; 

McClernon et al., 2016; Naqvi et al., 2007), could explain the connection between two 

integration stations, both of which, are critical for natural and drug reward processing 

(Droutman et al., 2015; Gogolla, 2017; Naqvi et al., 2014; Naqvi & Bechara, 2010; 

Stamatakis et al., 2014; Vranjkovic et al., 2017). This connection that the IC-vBNST 
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projection serves to recruit VTA-projecting, vBNST neurons during learning of external 

cues that predict reward. 

5.2—Ethanol’s effect on the IC-vBNST circuit 

The BNST is a critical regulator of ethanol consumption (Pati et al., 2019; Pina et 

al., 2015; Pina & Cunningham, 2017; Wills et al., 2012). All forms of inhibition to the 

BNST, electrolytic lesions, pharmacological inhibition, and activation of inhibitory g-

coupled protein receptors, results in the disruption of ethanol drinking (Pina et al., 2015). 

Previously we determined that the IC is connected with VTA-projecting, vBNST neurons 

(Chapter 2), and disruption of this circuit hinders conditioned responding toward cues that 

signal sucrose reward (Chapter 3). Therefore, we sought out to investigate if this IC-

vBNST circuit was affected by ethanol consumption and how that effect may be altered 

depending on the stage of drinking. To do this we divided mice into three groups (Table 1) 

and using patch-clamp electrophysiology we assessed ethanol’s effect on vBNST-

projecting, IC neurons. 

5.2.1—Using Drinking in the Dark to drive binge drinking behavior. To 

examine ethanol’s effect on the IC-vBNST circuit we utilized the drinking in the dark 

paradigm (J. S. Rhodes et al., 2007; Justin S. Rhodes et al., 2005; Wilcox et al., 2014). This 

mouse intermittent access model takes advantage of the innate nocturnal behavior mice 

have because in the model, mice are provided access to ethanol three hours into their dark 

cycle. It is during this time mice are thought to be most active in exploratory, feeding, and 

drinking behavior (Wilcox et al., 2014), and therefore ethanol access during this period 

drives binge drinking behavior, defined as greater that 5 drinks/occasion yielding BECs 

greater that 80 mg/dl (NIAAA Publications, n.d.). We therefore modified this paradigm to 
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increase access time to ethanol. This gave mice four, 4-hour sessions instead of the original 

three, 2 hours sessions followed by a fourth, 4-hour session. We did this to decrease the 

time it took for mice to reach baseline drinking behavior because ultimately, they were 

going to be used for ex vivo slice electrophysiology. This technique provides its own 

challenges that worsen as the age of mice increase and therefore, because we were testing 

ethanol exposure in adult mice, we wanted to limit the time to acquire binge-like drinking 

behavior to four weeks. Our mice showed stable ethanol drinking by their fourth week (Fig. 

4-1A). 

It is also important to note that we did not directly test BEC levels in our mice post 

4 weeks of DID drinking. Instead we assessed their binge drinking rates by measuring their 

consumption (g/kg) using two calculations that take into account the density of ethanol, the 

weight of the amount consumed, and the weight of the animal.  Researchers then tested this 

hypothesis by comparing the g/kg consumption using the two equations with the BEC 

levels of the drinking mice (Wilcox et al., 2014). They found that mice undergoing DID 

for 4 weeks showed BEC levels higher than 80mg/dl and displayed behaviors associated 

with ethanol intoxication (J. S. Rhodes et al., 2007; Justin S. Rhodes et al., 2005; Wilcox 

et al., 2014). They also found that the average g/kg consumed in mice that displayed these 

high BEC levels was 4.5-5g/kg. We found our mice consumed on average 5.87g/kg of 

ethanol on their 16th session of DID. Therefore, we are confident that ethanol mice drank 

to the point of intoxication. 

5.2.2—Ethanol exposure over time modulates presynaptic input onto vBNST-

projecting, IC neurons. When we examined the presynaptic input onto vBNST-

projecting, IC neurons, measured by recording the frequency of spontaneous event while 
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the recorded cell was held at -65mV, we found an interesting pattern emerged over time 

from acute exposure to ethanol through repeated exposures and into withdrawal. We found 

that acute exposure to ethanol resulted in increased excitatory drive onto the IC-vBNST 

projection that was activity dependent. This increased excitatory drive then remains 

elevated through repeated exposure to ethanol, and all the way into one week of withdrawal 

from binge ethanol drinking. However only in the R/E 0 group did we observe activity-

independent increases in miniature excitatory postsynaptic events. This is also the only 

period when we saw an increase in the number of spikes from ethanol exposure. Therefore, 

we determined that early and repeated binge drinking sessions increases the glutamatergic 

input onto IC neurons that synapse in the vBNST. However the identity of these inputs 

remain elusive, but due to the architecture of the IC, one probable input from inter insula 

projection originating from a more posterior IC region. This information could be updating 

relayed information about the internal state of the organism as intoxication from ethanol is 

approached. Based off of our previous work findings, we believe that this ethanol-induced, 

interoceptive input then recruits the mesolimbic dopamine system through its vBNST-VTA 

connections.  

Another possibility is that the BLA-IC projections could be generating the ethanol-

induced increase in excitatory drive on the vBNST-projecting, IC neurons. Ethanol’s 

actions in the BLA is thought to be responsible for driving the reinforcing properties of 

ethanol consumption (Chung, 2012). Previous research demonstrates that the BLA projects 

to the IC and this projection encodes food predictive cues in hunger states (Livneh et al., 

2017). It has also been shown that synapses in the BLA have increased synaptic strength 

in ethanol dependent subjects (Floyd et al., 2003; Murray et al., 2012)., and that BLA-NAc 
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projections have enhance glutamate activity after acute ethanol exposure in socially 

isolated rats (Karkhanis et al., 2015). However it is important to note that many studies 

also found reductions in BLA-glutamate output, and instead observed increases in BLA-

GABAergic output (Calton et al., 1998; Gean, 1992; Läck et al., 2008; Perra et al., 2008; 

Silberman et al., 2008; Zhu & Lovinger, 2006). Therefore it was critical to also examine 

any inhibitory drive on the vBNST-projecting, IC neurons. We measured the inhibitory 

presynaptic input by recording the frequency of spontaneous events while the recorded cell 

was held at +10mV, we observed that the inhibitory drive first became elevated during 

acute withdrawal (48hrs) after 4 weeks of DID, and remain elevated into prolonged 

withdrawal (2 weeks post DID). This increase in inhibitory presynaptic input was also 

activity independent demonstrating a greater pool of readily releasable vesicles. It is 

possible that this inhibitory drive could be coming from interneuronal IC activity in 

response to the overactive glutamatergic input caused by repeated binge ethanol drinking 

sessions. It is also possible that the vBNST-IC projecting neurons could be receiving 

inhibitory input from other projecting brain regions such as the BLA, the amygdalopiriform 

transition area, or the CeA (Gehrlach et al., 2020). We also believe that the reinforcing 

properties of alcohol are not occurring due to the influence of one projection, or even a 

single brain substrate, but instead due to the combined symphony of neuronal activity 

induced by ethanol exposure. 

5.2.3—Repeated binge drinking results in hypoactive IC-BNST drive, while 

withdrawal from binge drinking may sensitize the IC-vBNST projection and result in 

a hyperactive insula. We also found that ethanol had an effect on the  excitatory receptor 

expression in the postsynaptic membrane of vBNST-projecting, IC neurons. We assessed 
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this by measuring changes in the spontaneous and miniature EPSC amplitudes, as changes 

in frequency are associated with a presynaptic effect, and changes in amplitude are 

interpreted as a difference in the expression, or organization of membrane receptors. We 

also specifically assed alterations to membrane glutamate receptor function by measuring 

the AMPA/NMDA ratio. We observed a reduction in the sEPSC amplitude beginning in 

mice that experienced repeated binge ethanol drinking through acute withdrawal (48 hours 

post DID) demonstrating a change in the receptor expression of the postsynaptic 

membrane. We also found during these time points a significant reduction in the 

AMPA/NMDA ratio suggesting long term effects of ethanol that weaken the strength of 

the synapse. We speculate that this reduction in the AMPA/NMDA ratio is due to increased 

levels of glutamate in the IC from ethanol exposure, as we also observed an increase in the 

excitatory drive on the vBNST-projecting, IC neurons (Alhaddad et al., 2014; Chen et al., 

2010; Ding et al., 2012; Griffin Iii et al., 2014). We believe this is a valid hypothesis 

because other work has shown that ethanol decreases the synaptic strength of cortical 

circuits as well as high circulating levels of glutamate (Abrahao et al., 2013; Atwood & 

Wojtowicz, 1999; Brady et al., 2013; Calton et al., 1998; Fischer et al., 2003; Gean, 1992; 

Läck et al., 2008; Liao et al., 1995; Perra et al., 2008; Pitchers et al., 2012). These observed 

effects imply perhaps a state of hypoactivity of the IC-vBNST projection, which could 

potentially signify a discounting of risk representation (Centanni et al., 2018; Naqvi et al., 

2014; Naqvi & Bechara, 2010; Wagels et al., 2017).  

Finally, we found a significant increase in the amplitude of spontaneous and 

miniature EPSCs in animals experiencing prolonged withdrawal (2 weeks post 16th session 

of DID).  This was the only cohort of animals that demonstrated an increase in the 
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amplitude of EPSCs. These results demonstrate that prolonged withdrawal from binge 

ethanol drinking increases the expression of Glutamate receptors at the membrane of 

vBNST-projecting IC neurons. This was not surprising as previous work shows that 

prolonged withdrawal from repeated ethanol exposure results in hyperactivity of the 

BNST, which the IC significantly contributes to (Centanni et al., 2018). Therefore, it is 

likely that during withdrawal excitatory receptors on vBNST-projecting IC neurons are 

sensitized and therefore may contribute to the increased BNST activity observed in ethanol 

withdrawal (Centanni et al., 2018). It is also important to note that an overactive insula 

could mean a magnification of incentive representation and heightened internal awareness 

which could lead to a negative affective state, which is shown to drive ethanol-seeking 

behavior. However, more work is necessary to understand how these postsynaptic changes 

alter ethanol drinking, and ethanol seeking behavior. 

5.3—Future Directions. 

 We have determined that the IC-vBNST projection functionally synapses onto 

VTA-projecting neurons within the vBNST, and that the rewarding phenotype associated 

with IC-vBNST activation is dopamine dependent. However, we can only speculate that 

this connection activates VTA dopamine neurons based off of previous literature (Georges 

& Aston-Jones, 2002; Jalabert et al., 2009; Jennings et al., 2013). Therefore, future steps 

are necessary to examine whether VTA dopamine neurons are activated by the IC-vBNST 

circuit, and if this activation is sufficient to result in dopamine neurotransmission in the 

NAc, as we originally hypothesized. To do this, work is being performed to first examine 

changes in VTA dopamine neuron activity after activation of the IC terminals in the 

vBNST. This is achieved by using fluorescent dopamine sensors in combination with in 
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vivo fiber photometry. We expect to see an increase in the bulk fluorescence time locked 

with IC terminal activation.  

 We also observed that the IC-vBNST circuit was necessary for acquiring cue-

reward pairs, but not for the expression of learned pairs, or for free feeding behavior. 

However, we only tested IC terminal inhibition in the vBNST’s effect on highly palatable 

foods (10% sucrose solution, and sucrose pellets). Therefore, to better understand the IC-

vBNST circuitry’s involvement in hedonic and homeostatic feeding we plan to repeat 

uncued food approach using standard chow within the same group of animals. Therefore, 

if we still find that Arch inhibition does not affect feeding or approach behavior then we 

can more confidently claim that the IC-vBNST projection is encoding cue-reward 

combinations. 

 Finally, additional work is necessary to understand what role the IC-vBNST-VTA 

circuitry plays in binge ethanol drinking. We found changes to the vBNST-projecting IC 

neurons from ethanol binge drinking over time and into withdrawal. To better understand 

the mechanism that underlies the observed synaptic weakening during ethanol exposure, 

and the sensitization observed in withdrawal, we plan to perform long term depression and 

potentiation experiments to further examine effects on the strength of the circuit. Previous 

work has shown that potassium channel activity can alter action potential kinetics and 

modulate intrinsic excitability. Therefore, in addition to increasing the number of recorded 

cells in the A/E and withdrawal groups, we also plan to assess any changes in potassium 

channel activity in the vBNST-projecting, IC neurons. Then we want to examine any 

changes onto the vBNST neurons that receive IC input in slice during acute exposure, 

repeat exposure, and withdrawal from ethanol consumption. Ultimately, it would be 
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valuable to examine the activity of vBNST-projecting IC neurons in vivo using single 

photon calcium imaging. This technique would allow one to observe the innate IC-vBNST 

activity in an ethanol consumption behavior, however, the cost (parts and time) per animal 

would be greater. 

5.4—Summary 

 The IC is a necessary substrate that integrates incoming interoceptive signals, such 

as hunger or craving, with sensory cues in the environment associated with the outcomes 

by which an organism’s needs are met ((Bud) Craig, 2009; A. D. Craig, 2002; A. D. (Bud) 

Craig, 2010; Frank et al., 2013; Naqvi et al., 2014). Addictive substances, such as ethanol, 

usurp this mechanism as interoceptive signals become associated with the drug-taking 

experience accompanied by persistent drug use through activation of the posterior IC 

(Kühn & Gallinat, 2011; Naqvi et al., 2014), which then transmits the information to the 

anterior IC where association of drug-predictive cues and incoming interoceptive signals 

are processed (Janes et al., 2010; Naqvi et al., 2014; Schacht et al., 2013). Inactivation of 

the IC disrupts cue-induced drug seeking and drug self-administration (Contreras et al., 

2007; Hollander et al., 2008; McClernon et al., 2016; Naqvi et al., 2007) leading to the 

hypothesis that addiction is accompanied by IC sensitization. However, human 

neuroimaging studies examining subjects diagnosed with substance-use disorders reveal 

decreased IC grey matter volumes (Ersche et al., 2011; Gardini & Venneri, 2012; Mackey 

& Paulus, 2013; Morales et al., 2014) as well as a reduction in IC activity during decision-

making tasks (Nestor et al., 2010; Stewart, Connolly, et al., 2014; Stewart, May, et al., 

2014), suggesting that long-term substance abuse may lead instead to desensitization of the 

IC. An overactive insula may contribute to the magnification of incentive representation 
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and heightened internal awareness, which could lead to a negative affective state and drive 

drug-seeking behavior (Centanni et al., 2018; Yang et al., 2015). A hypoactive insula could 

lead to a discounting of risk representation. Both outcomes are detrimental to individuals 

suffering from an AUD and contribute to an impaired ability to control ethanol seeking 

despite facing a high probability of unwanted consequences.  

Utilizing a combination of in vivo and ex vivo manipulations we characterized 

glutamatergic projections from the IC that synapse on GABAergic, VTA-projection 

neurons within the vBNST. Photoactivation of these terminals caused reinforcing behavior 

that was dopamine-dependent thereby supporting our hypothesis that activation of the IC-

vBNST projection results in the recruitment of reward circuitry. Current theory poses that 

the IC works as a “tuning mechanism” adjusting the reward value of a given external 

stimulus in order to optimize reward pursuit (Droutman et al., 2015; Naqvi et al., 2014; 

Naqvi & Bechara, 2010; Stewart, Connolly, et al., 2014). Our data supports this theory 

because IC-vBNST projections are necessary for acquisition of cue-reward pairs, but not 

their expression demonstrating the importance of this circuit in establishing external stimuli 

as important reward-predictive cues. We also observed that addictive substances, ethanol 

in our experiments, modulated the activity of the IC-vBNST projection overtime. Clearly, 

future experiments are necessary to further deconstruct this pathway, but our data provide 

evidence for a mechanism by which the IC modifies the associative value of exteroceptive 

stimuli that are predictive of rewards and demonstrate that the IC-vBNST projection 

supports reinforcement and is necessary for the acquisition of reward-predictive cues. 

5.5—References 



157 
 

Abrahao, K. P., Ariwodola, O. J., Butler, T. R., Rau, A. R., Skelly, M. J., Carter, E., 

Alexander, N. P., McCool, B. A., Souza-Formigoni, M. L. O., & Weiner, J. L. 

(2013). Locomotor Sensitization to Ethanol Impairs NMDA Receptor-Dependent 

Synaptic Plasticity in the Nucleus Accumbens and Increases Ethanol Self-

Administration. Journal of Neuroscience, 33(11), 4834–4842. 

https://doi.org/10.1523/JNEUROSCI.5839-11.2013 

Alhaddad, H., Kim, N. T., Aal-Aaboda, M., Althobaiti, Y. S., Leighton, J., Boddu, S. H. 

S., Wei, Y., & Sari, Y. (2014). Effects of MS-153 on chronic ethanol 

consumption and GLT1 modulation of glutamate levels in male alcohol-preferring 

rats. Frontiers in Behavioral Neuroscience, 8. 

https://doi.org/10.3389/fnbeh.2014.00366 

Atwood, H. L., & Wojtowicz, J. M. (1999). Silent Synapses in Neural Plasticity: Current 

Evidence. Learning & Memory, 6(6), 542–571. 

Brady, M. L., Diaz, M. R., Iuso, A., Everett, J. C., Valenzuela, C. F., & Caldwell, K. K. 

(2013). Moderate Prenatal Alcohol Exposure Reduces Plasticity and Alters 

NMDA Receptor Subunit Composition in the Dentate Gyrus. Journal of 

Neuroscience, 33(3), 1062–1067. https://doi.org/10.1523/JNEUROSCI.1217-

12.2013 

(Bud) Craig, A. D. (2009). How do you feel — now? The anterior insula and human 

awareness. Nature Reviews Neuroscience, 10(1), 59–70. 

https://doi.org/10.1038/nrn2555 



158 
 

Calton, J. L., Wilson, W. A., & Moore, S. D. (1998). Magnesium-dependent inhibition of 

N-methyl-D-aspartate receptor-mediated synaptic transmission by ethanol. The 

Journal of Pharmacology and Experimental Therapeutics, 287(3), 1015–1019. 

Centanni, S. W., Morris, B. D., Luchsinger, J. R., Bedse, G., Fetterly, T. L., Patel, S., & 

Winder, D. G. (2018). Endocannabinoid control of the insular-bed nucleus of the 

stria terminalis circuit regulates negative affective behavior associated with 

alcohol abstinence. Neuropsychopharmacology, 1. 

https://doi.org/10.1038/s41386-018-0257-8 

Chen, J., Nam, H. W., Lee, M. R., Hinton, D. J., Choi, S., Kim, T., Kawamura, T., Janak, 

P. H., & Choi, D.-S. (2010). Altered glutamatergic neurotransmission in the 

striatum regulates ethanol sensitivity and intake in mice lacking ENT1. 

Behavioural Brain Research, 208(2), 636–642. 

https://doi.org/10.1016/j.bbr.2010.01.011 

Chung, L. (2012). Modulation of Neural Circuit Actvity by Ethanol in Basolateral 

Amygdala. Development & Reproduction, 16(4), 265–270. 

https://doi.org/10.12717/DR.2012.16.4.265 

Contreras, M., Ceric, F., & Torrealba, F. (2007). Inactivation of the Interoceptive Insula 

Disrupts Drug Craving and Malaise Induced by Lithium. Science, 318(5850), 

655–658. https://doi.org/10.1126/science.1145590 

Craig, A. D. (2002). How do you feel? Interoception: the sense of the physiological 

condition of the body. Nature Reviews Neuroscience, 3(8), 655–666. 

https://doi.org/10.1038/nrn894 



159 
 

Craig, A. D. (Bud). (2010). The sentient self. Brain Structure and Function, 214(5), 563–

577. https://doi.org/10.1007/s00429-010-0248-y 

Ding, Z.-M., Engleman, E. A., Rodd, Z. A., & McBride, W. J. (2012). Ethanol Increases 

Glutamate Neurotransmission in the Posterior Ventral Tegmental Area of Female 

Wistar Rats. Alcoholism: Clinical and Experimental Research, 36(4), 633–640. 

https://doi.org/10.1111/j.1530-0277.2011.01665.x 

Droutman, V., Read, S. J., & Bechara, A. (2015). Revisiting the role of the insula in 

addiction. Trends in Cognitive Sciences, 19(7), 414–420. 

https://doi.org/10.1016/j.tics.2015.05.005 

Ersche, K. D., Barnes, A., Simon Jones, P., Morein-Zamir, S., Robbins, T. W., & 

Bullmore, E. T. (2011). Abnormal structure of frontostriatal brain systems is 

associated with aspects of impulsivity and compulsivity in cocaine dependence. 

Brain, 134(7), 2013–2024. https://doi.org/10.1093/brain/awr138 

Fischer, W., Franke, H., & Illes, P. (2003). EFFECTS OF ACUTE ETHANOL ON THE 

Ca2+ RESPONSE TO AMPA IN CULTURED RAT CORTICAL GABAergic 

NONPYRAMIDAL NEURONS. Alcohol and Alcoholism, 38(5), 394–399. 

https://doi.org/10.1093/alcalc/agg108 

Floyd, D. W., Jung, K.-Y., & McCool, B. A. (2003). Chronic Ethanol Ingestion 

Facilitates N-Methyl-d-aspartate Receptor Function and Expression in Rat 

Lateral/Basolateral Amygdala Neurons. Journal of Pharmacology and 

Experimental Therapeutics, 307(3), 1020–1029. 

https://doi.org/10.1124/jpet.103.057505 



160 
 

Frank, S., Kullmann, S., & Veit, R. (2013). Food related processes in the insular cortex. 

Frontiers in Human Neuroscience, 7. https://doi.org/10.3389/fnhum.2013.00499 

Gardini, S., & Venneri, A. (2012). Reduced grey matter in the posterior insula as a 

structural vulnerability or diathesis to addiction. Brain Research Bulletin, 87(2), 

205–211. https://doi.org/10.1016/j.brainresbull.2011.11.021 

Gean, P. W. (1992). Ethanol inhibits epileptiform activity and NMDA receptor-mediated 

synaptic transmission in rat amygdaloid slices. Brain Research Bulletin, 28(3), 

417–421. https://doi.org/10.1016/0361-9230(92)90041-u 

Gehrlach, D. A., Gaitanos, T. N., Klein, A. S., Weiand, C., Hennrich, A. A., Conzelmann, 

K.-K., & Gogolla, N. (2020). A whole-brain connectivity map of mouse insular 

cortex. BioRxiv, 2020.02.10.941518. https://doi.org/10.1101/2020.02.10.941518 

Georges, F., & Aston-Jones, G. (2002). Activation of ventral tegmental area cells by the 

bed nucleus of the stria terminalis: A novel excitatory amino acid input to 

midbrain dopamine neurons. The Journal of Neuroscience: The Official Journal 

of the Society for Neuroscience, 22(12), 5173–5187. 

Gogolla, N. (2017). The insular cortex. Current Biology, 27(12), R580–R586. 

https://doi.org/10.1016/j.cub.2017.05.010 

Griffin Iii, W. C., Haun, H. L., Hazelbaker, C. L., Ramachandra, V. S., & Becker, H. C. 

(2014). Increased Extracellular Glutamate In the Nucleus Accumbens Promotes 

Excessive Ethanol Drinking in Ethanol Dependent Mice. 

Neuropsychopharmacology, 39(3), 707–717. 

https://doi.org/10.1038/npp.2013.256 



161 
 

Hollander, J. A., Lu, Q., Cameron, M. D., Kamenecka, T. M., & Kenny, P. J. (2008). 

Insular hypocretin transmission regulates nicotine reward. Proceedings of the 

National Academy of Sciences of the United States of America, 105(49), 19480–

19485. https://doi.org/10.1073/pnas.0808023105 

Jalabert, M., Aston-Jones, G., Herzog, E., Manzoni, O., & Georges, F. (2009). Role of 

the bed nucleus of the stria terminalis in the control of ventral tegmental area 

dopamine neurons. Progress in Neuro-Psychopharmacology & Biological 

Psychiatry, 33(8), 1336–1346. https://doi.org/10.1016/j.pnpbp.2009.07.010 

Janes, A. C., Pizzagalli, D. A., Richardt, S., Frederick, B. deB., Chuzi, S., Pachas, G., 

Culhane, M. A., Holmes, A. J., Fava, M., Evins, A. E., & Kaufman, M. J. (2010). 

Brain Reactivity to Smoking Cues Prior to Smoking Cessation Predicts Ability to 

Maintain Tobacco Abstinence. Biological Psychiatry, 67(8), 722–729. 

https://doi.org/10.1016/j.biopsych.2009.12.034 

Jennings, J. H., Sparta, D. R., Stamatakis, A. M., Ung, R. L., Pleil, K. E., Kash, T. L., & 

Stuber, G. D. (2013). Distinct extended amygdala circuits for divergent 

motivational states. Nature, 496(7444), 224–228. 

https://doi.org/10.1038/nature12041 

Karkhanis, A. N., Alexander, N. J., McCool, B. A., Weiner, J. L., & Jones, S. R. (2015). 

Chronic social isolation during adolescence augments catecholamine response to 

acute ethanol in the basolateral amygdala. Synapse, 69(8), 385–395. 

https://doi.org/10.1002/syn.21826 

Kühn, S., & Gallinat, J. (2011). Common biology of craving across legal and illegal 

drugs—A quantitative meta-analysis of cue-reactivity brain response. The 



162 
 

European Journal of Neuroscience, 33(7), 1318–1326. 

https://doi.org/10.1111/j.1460-9568.2010.07590.x 

Läck, A. K., Ariwodola, O. J., Chappell, A. M., Weiner, J. L., & McCool, B. A. (2008).  

Ethanol inhibition of kainite receptor-mediated excitatory neurotransmission in 

the rat basolateral nucleus of the amygdala. Neuropharmacology, 55(5), 661–668. 

https://doi.org/10.1016/j.neuropharm.2008.05.026 

Liao, D., Hessler, N. A., & Malinow, R. (1995). Activation of postsynaptically silent 

synapses during pairing-induced LTP in CA1 region of hippocampal slice. 

Nature, 375(6530), 400–404. https://doi.org/10.1038/375400a0 

Livneh, Y., Ramesh, R. N., Burgess, C. R., Levandowski, K. M., Madara, J. C., Fenselau, 

H., Goldey, G. J., Diaz, V. E., Jikomes, N., Resch, J. M., Lowell, B. B., & 

Andermann, M. L. (2017). Homeostatic circuits selectively gate food cue 

responses in insular cortex. Nature, 546(7660), 611–616. 

https://doi.org/10.1038/nature22375 

Mackey, S., & Paulus, M. (2013). Are there Volumetric Brain Differences Associated 

with the Use of Cocaine and Amphetamine-Type Stimulants? Neuroscience and 

Biobehavioral Reviews, 37(3), 300–316. 

https://doi.org/10.1016/j.neubiorev.2012.12.003 

McClernon, F. J., Conklin, C. A., Kozink, R. V., Adcock, R. A., Sweitzer, M. M., 

Addicott, M. A., Chou, Y., Chen, N., Hallyburton, M. B., & DeVito, A. M. 

(2016). Hippocampal and Insular Response to Smoking-Related Environments: 

Neuroimaging Evidence for Drug-Context Effects in Nicotine Dependence. 



163 
 

Neuropsychopharmacology, 41(3), 877–885. 

https://doi.org/10.1038/npp.2015.214 

Morales, A. M., Ghahremani, D., Kohno, M., Hellemann, G. S., & London, E. D. (2014). 

Cigarette Exposure, Dependence, and Craving Are Related to Insula Thickness in 

Young Adult Smokers. Neuropsychopharmacology, 39(8), 1816–1822. 

https://doi.org/10.1038/npp.2014.48 

Murray, C. J. L., Vos, T., Lozano, R., Naghavi, M., Flaxman, A. D., Michaud, C., Ezzati, 

M., Shibuya, K., Salomon, J. A., Abdalla, S., Aboyans, V., Abraham, J., 

Ackerman, I., Aggarwal, R., Ahn, S. Y., Ali, M. K., Alvarado, M., Anderson, H. 

R., Anderson, L. M., … Memish, Z. A. (2012). Disability-adjusted life years 

(DALYs) for 291 diseases and injuries in 21 regions, 1990-2010: A systematic 

analysis for the Global Burden of Disease Study 2010. Lancet (London, England), 

380(9859), 2197–2223. https://doi.org/10.1016/S0140-6736(12)61689-4 

Nader, M. A. (2016). Animal models for addiction medicine: From vulnerable 

phenotypes to addicted individuals. Progress in Brain Research, 224, 3–24. 

https://doi.org/10.1016/bs.pbr.2015.07.012 

Naqvi, N. H., & Bechara, A. (2010). The insula and drug addiction: An interoceptive 

view of pleasure, urges, and decision-making. Brain Structure & Function, 

214(0), 435–450. https://doi.org/10.1007/s00429-010-0268-7 

Naqvi, N. H., Gaznick, N., Tranel, D., & Bechara, A. (2014). The insula: A critical neural 

substrate for craving and drug seeking under conflict and risk. Annals of the New 

York Academy of Sciences, 1316, 53–70. https://doi.org/10.1111/nyas.12415 



164 
 

Naqvi, N. H., Rudrauf, D., Damasio, H., & Bechara, A. (2007). Damage to the Insula 

Disrupts Addiction to Cigarette Smoking. Science (New York, N.Y.), 315(5811), 

531–534. https://doi.org/10.1126/science.1135926 

Nestor, L., Hester, R., & Garavan, H. (2010). Increased ventral striatal BOLD activity 

during non-drug reward anticipation in cannabis users. NeuroImage, 49(1), 1133–

1143. https://doi.org/10.1016/j.neuroimage.2009.07.022 

NIAAA Publications. (n.d.). Retrieved February 6, 2020, from 

https://pubs.niaaa.nih.gov/publications/NESARC_DRM2/NESARC2DRM.htm 

Pati, D., Marcinkiewcz, C. A., DiBerto, J. F., Cogan, E. S., McElligott, Z. A., & Kash, T. 

L. (2019). Chronic intermittent ethanol exposure dysregulates a GABAergic 

microcircuit in the bed nucleus of the stria terminalis. Neuropharmacology, 

107759. https://doi.org/10.1016/j.neuropharm.2019.107759 

Perra, S., Pillolla, G., Luchicchi, A., & Pistis, M. (2008). Alcohol Inhibits Spontaneous 

Activity of Basolateral Amygdala Projection Neurons in the Rat: Involvement of 

the Endocannabinoid System. Alcoholism: Clinical and Experimental Research, 

32(3), 443–449. https://doi.org/10.1111/j.1530-0277.2007.00588.x 

Petreanu, L., Huber, D., Sobczyk, A., & Svoboda, K. (2007). Channelrhodopsin-2-

assisted circuit mapping of long-range callosal projections. Nature Neuroscience, 

10(5), 663–668. https://doi.org/10.1038/nn1891 

Pina, M. M., & Cunningham, C. L. (2017). Ethanol-seeking behavior is expressed 

directly through an extended amygdala to midbrain neural circuit. Neurobiology 

of Learning and Memory, 137, 83–91. https://doi.org/10.1016/j.nlm.2016.11.013 



165 
 

Pina, M. M., Young, E. A., Ryabinin, A. E., & Cunningham, C. L. (2015). The bed 

nucleus of the stria terminalis regulates ethanol-seeking behavior in mice. 

Neuropharmacology, 99, 627–638. 

https://doi.org/10.1016/j.neuropharm.2015.08.033 

Pitchers, K. K., Schmid, S., Di Sebastiano, A. R., Wang, X., Laviolette, S. R., Lehman, 

M. N., & Coolen, L. M. (2012). Natural Reward Experience Alters AMPA and 

NMDA Receptor Distribution and Function in the Nucleus Accumbens. PLoS 

ONE, 7(4). https://doi.org/10.1371/journal.pone.0034700 

Rhodes, J. S., Ford, M. M., Yu, C.-H., Brown, L. L., Finn, D. A., Garland, T., & Crabbe, 

J. C. (2007). Mouse inbred strain differences in ethanol drinking to intoxication. 

Genes, Brain and Behavior, 6(1), 1–18. https://doi.org/10.1111/j.1601-

183X.2006.00210.x 

Rhodes, Justin S., Best, K., Belknap, J. K., Finn, D. A., & Crabbe, J. C. (2005). 

Evaluation of a simple model of ethanol drinking to intoxication in C57BL/6J 

mice. Physiology & Behavior, 84(1), 53–63. 

https://doi.org/10.1016/j.physbeh.2004.10.007 

Schacht, J. P., Anton, R. F., & Myrick, H. (2013). Functional neuroimaging studies of 

alcohol cue reactivity: A quantitative meta-analysis and systematic review. 

Addiction Biology, 18(1), 121–133. https://doi.org/10.1111/j.1369-

1600.2012.00464.x 

Silberman, Y., Shi, L., Brunso-Bechtold, J. K., & Weiner, J. L. (2008). Distinct 

mechanisms of ethanol potentiation of local and paracapsular GABAergic 

synapses in the rat basolateral amygdala. The Journal of Pharmacology and 



166 
 

Experimental Therapeutics, 324(1), 251–260. 

https://doi.org/10.1124/jpet.107.128728 

Stamatakis, A. M., Sparta, D. R., Jennings, J. H., McElligott, Z. A., Decot, H., & Stuber, 

G. D. (2014). Amygdala and bed nucleus of the stria terminalis circuitry: 

Implications for addiction-related behaviors. Neuropharmacology, 76 Pt B, 320–

328. https://doi.org/10.1016/j.neuropharm.2013.05.046 

Stewart, J. L., Connolly, C. G., May, A. C., Tapert, S. F., Wittmann, M., & Paulus, M. P. 

(2014). Striatum and Insula Dysfunction during Reinforcement Learning 

Differentiates Abstinent and Relapsed Methamphetamine Dependent Individuals. 

Addiction (Abingdon, England), 109(3), 460–471. 

https://doi.org/10.1111/add.12403 

Stewart, J. L., May, A. C., Poppa, T., Davenport, P. W., Tapert, S. F., & Paulus, M. P. 

(2014). You Are the Danger: Attenuated Insula Response in Methamphetamine 

Users During Aversive Interoceptive Decision-Making. Drug and Alcohol 

Dependence, 0, 110–119. https://doi.org/10.1016/j.drugalcdep.2014.06.003 

Venniro, M., Caprioli, D., & Shaham, Y. (2016). Animal models of drug relapse and 

craving: From drug priming-induced reinstatement to incubation of craving after 

voluntary abstinence. Progress in Brain Research, 224, 25–52. 

https://doi.org/10.1016/bs.pbr.2015.08.004 

Vranjkovic, O., Pina, M., Kash, T. L., & Winder, D. G. (2017). The bed nucleus of the 

stria terminalis in drug-associated behavior and affect: A circuit-based 

perspective. Neuropharmacology, 122, 100–106. 

https://doi.org/10.1016/j.neuropharm.2017.03.028 



167 
 

Wagels, L., Votinov, M., Radke, S., Clemens, B., Montag, C., Jung, S., & Habel, U. 

(2017). Blunted insula activation reflects increased risk and reward seeking as an 

interaction of testosterone administration and the MAOA polymorphism. Human 

Brain Mapping, 38(9), 4574–4593. https://doi.org/10.1002/hbm.23685 

Wilcox, M. V., Cuzon Carlson, V. C., Sherazee, N., Sprow, G. M., Bock, R., Thiele, T. 

E., Lovinger, D. M., & Alvarez, V. A. (2014). Repeated binge-like ethanol 

drinking alters ethanol drinking patterns and depresses striatal GABAergic 

transmission. Neuropsychopharmacology: Official Publication of the American 

College of Neuropsychopharmacology, 39(3), 579–594. 

https://doi.org/10.1038/npp.2013.230 

Wills, T. A., Klug, J. R., Silberman, Y., Baucum, A. J., Weitlauf, C., Colbran, R. J., 

Delpire, E., & Winder, D. G. (2012). GluN2B subunit deletion reveals key role in 

acute and chronic ethanol sensitivity of glutamate synapses in bed nucleus of the 

stria terminalis. Proceedings of the National Academy of Sciences, 109(5), E278–

E287. https://doi.org/10.1073/pnas.1113820109 

Yang, M., Mamy, J., Gao, P., & Xiao, S. (2015). From Abstinence to Relapse: A 

Preliminary Qualitative Study of Drug Users in a Compulsory Drug 

Rehabilitation Center in Changsha, China. PLoS ONE, 10(6). 

https://doi.org/10.1371/journal.pone.0130711 

Zhu, P. J., & Lovinger, D. M. (2006). Ethanol potentiates GABAergic synaptic 

transmission in a postsynaptic neuron/synaptic bouton preparation from 

basolateral amygdala. Journal of Neurophysiology, 96(1), 433–441. 

https://doi.org/10.1152/jn.01380.2005 



168 
 

References 

Abrahao, K. P., Ariwodola, O. J., Butler, T. R., Rau, A. R., Skelly, M. J., Carter, E., 
Alexander, N. P., McCool, B. A., Souza-Formigoni, M. L. O., & Weiner, J. L. 
(2013). Locomotor Sensitization to Ethanol Impairs NMDA Receptor-Dependent 
Synaptic Plasticity in the Nucleus Accumbens and Increases Ethanol Self-
Administration. Journal of Neuroscience, 33(11), 4834–4842. 
https://doi.org/10.1523/JNEUROSCI.5839-11.2013 

Alexander, G. M., Graef, J. D., Hammarback, J. A., Nordskog, B. K., Burnett, E. J., 
Daunais, J. B., Bennett, A. J., Friedman, D. P., Suomi, S. J., & Godwin, D. W. 
(2012). Disruptions in serotonergic regulation of cortical glutamate release in 
primate insular cortex in response to chronic ethanol and nursery rearing. 
Neuroscience, 207, 167–181. https://doi.org/10.1016/j.neuroscience.2012.01.027 

Alhaddad, H., Kim, N. T., Aal-Aaboda, M., Althobaiti, Y. S., Leighton, J., Boddu, S. H. 
S., Wei, Y., & Sari, Y. (2014). Effects of MS-153 on chronic ethanol consumption 
and GLT1 modulation of glutamate levels in male alcohol-preferring rats. Frontiers 
in Behavioral Neuroscience, 8. https://doi.org/10.3389/fnbeh.2014.00366 

Allen, G. V., Saper, C. B., Hurley, K. M., & Cechetto, D. F. (1991). Organization of 
visceral and limbic connections in the insular cortex of the rat. Journal of 
Comparative Neurology, 311(1), 1–16. https://doi.org/10.1002/cne.903110102 

Anand, B. K., & Brobeck, J. R. (1951). Hypothalamic control of food intake in rats and 
cats. The Yale Journal of Biology and Medicine, 24(2), 123–140. 

Assini, F. L., Duzzioni, M., & Takahashi, R. N. (2009). Object location memory in mice: 
Pharmacological validation and further evidence of hippocampal CA1 
participation. Behavioural Brain Research, 204(1), 206–211. 
https://doi.org/10.1016/j.bbr.2009.06.005 

Aston-Jones, G., & Harris, G. C. (2004). Brain substrates for increased drug seeking during 
protracted withdrawal. Neuropharmacology, 47 Suppl 1, 167–179. 
https://doi.org/10.1016/j.neuropharm.2004.06.020 

Atwood, H. L., & Wojtowicz, J. M. (1999). Silent Synapses in Neural Plasticity: Current 
Evidence. Learning & Memory, 6(6), 542–571. 

Augustine, R. (1996). Circuitry and fimctional aspects of the insular lobe in primates 
including humans. Brain Research Reviews, 16. 



169 
 

Baldo, B. A., Daniel, R. A., Berridge, C. W., & Kelley, A. E. (2003). Overlapping 
distributions of orexin/hypocretin- and dopamine-beta-hydroxylase 
immunoreactive fibers in rat brain regions mediating arousal, motivation, and 
stress. The Journal of Comparative Neurology, 464(2), 220–237. 
https://doi.org/10.1002/cne.10783 

Barker, D. J., Striano, B. M., Coffey, K. C., Root, D. H., Pawlak, A. P., Kim, O. A., Kulik, 
J., Fabbricatore, A. T., & West, M. O. (2015). Sensitivity to self-administered 
cocaine within the lateral preoptic-rostral lateral hypothalamic continuum. Brain 
Structure & Function, 220(3), 1841–1854. https://doi.org/10.1007/s00429-014-
0736-6 

Baxter, M. G., & Murray, E. A. (2002). The amygdala and reward. Nature Reviews. 
Neuroscience, 3(7), 563–573. https://doi.org/10.1038/nrn875 

Betley, J. N., Cao, Z. F. H., Ritola, K. D., & Sternson, S. M. (2013). Parallel, redundant 
circuit organization for homeostatic control of feeding behavior. Cell, 155(6), 
1337–1350. https://doi.org/10.1016/j.cell.2013.11.002 

Betley, J. N., & Sternson, S. M. (2015). Applying the Brakes: When to Stop Eating. 
Neuron, 88(3), 440–441. https://doi.org/10.1016/j.neuron.2015.10.034 

Brady, M. L., Diaz, M. R., Iuso, A., Everett, J. C., Valenzuela, C. F., & Caldwell, K. K. 
(2013). Moderate Prenatal Alcohol Exposure Reduces Plasticity and Alters NMDA 
Receptor Subunit Composition in the Dentate Gyrus. Journal of Neuroscience, 
33(3), 1062–1067. https://doi.org/10.1523/JNEUROSCI.1217-12.2013 

Briand, L. A., Vassoler, F. M., Pierce, R. C., Valentino, R. J., & Blendy, J. A. (2010). 
Ventral tegmental afferents in stress-induced reinstatement: The role of cAMP 
response element-binding protein. The Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience, 30(48), 16149–16159. 
https://doi.org/10.1523/JNEUROSCI.2827-10.2010 

Bruchas, M. R., Land, B. B., Lemos, J. C., & Chavkin, C. (2009). CRF1-R activation of 
the dynorphin/kappa opioid system in the mouse basolateral amygdala mediates 
anxiety-like behavior. PloS One, 4(12), e8528. 
https://doi.org/10.1371/journal.pone.0008528 

(Bud) Craig, A. D. (2009). How do you feel — now? The anterior insula and human 
awareness. Nature Reviews Neuroscience, 10(1), 59–70. 
https://doi.org/10.1038/nrn2555 



170 
 

Burgos-Robles, A., Kimchi, E. Y., Izadmehr, E. M., Porzenheim, M. J., Ramos-Guasp, W. 
A., Nieh, E. H., Felix-Ortiz, A. C., Namburi, P., Leppla, C. A., Presbrey, K. N., 
Anandalingam, K. K., Pagan-Rivera, P. A., Anahtar, M., Beyeler, A., & Tye, K. M. 
(2017). Amygdala inputs to prefrontal cortex guide behavior amid conflicting cues 
of reward and punishment. Nature Neuroscience, 20(6), 824. 
https://doi.org/10.1038/nn.4553 

Calton, J. L., Wilson, W. A., & Moore, S. D. (1998). Magnesium-dependent inhibition of 
N-methyl-D-aspartate receptor-mediated synaptic transmission by ethanol. The 
Journal of Pharmacology and Experimental Therapeutics, 287(3), 1015–1019. 

Cameron, C. M., Wightman, R. M., & Carelli, R. M. (2014). Dynamics of rapid dopamine 
release in the nucleus accumbens during goal-directed behaviors for cocaine versus 
natural rewards. Neuropharmacology, 86, 319–328. 
https://doi.org/10.1016/j.neuropharm.2014.08.006 

Carboni, E., Silvagni, A., Rolando, M. T., & Di Chiara, G. (2000). Stimulation of in vivo 
dopamine transmission in the bed nucleus of stria terminalis by reinforcing drugs. 
The Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 
20(20), RC102. 

Cargiulo, T. (2007). Understanding the health impact of alcohol dependence. American 
Journal of Health-System Pharmacy: AJHP: Official Journal of the American 
Society of Health-System Pharmacists, 64(5 Suppl 3), S5-11. 
https://doi.org/10.2146/ajhp060647 

Carr, K. D., & Simon, E. J. (1984). Potentiation of reward by hunger is opioid mediated. 
Brain Research, 297(2), 369–373. https://doi.org/10.1016/0006-8993(84)90578-x 

Centanni, S. W., Morris, B. D., Luchsinger, J. R., Bedse, G., Fetterly, T. L., Patel, S., & 
Winder, D. G. (2018). Endocannabinoid control of the insular-bed nucleus of the 
stria terminalis circuit regulates negative affective behavior associated with alcohol 
abstinence. Neuropsychopharmacology, 1. https://doi.org/10.1038/s41386-018-
0257-8 

Chefer, V., Meis, J., Wang, G., Kuzmin, A., Bakalkin, G., & Shippenberg, T. (2011). 
Repeated exposure to moderate doses of ethanol augments hippocampal glutamate 
neurotransmission by increasing release. Addiction Biology, 16(2), 229–237. 
https://doi.org/10.1111/j.1369-1600.2010.00272.x 

Chen, J., Nam, H. W., Lee, M. R., Hinton, D. J., Choi, S., Kim, T., Kawamura, T., Janak, 
P. H., & Choi, D.-S. (2010). Altered glutamatergic neurotransmission in the 



171 
 

striatum regulates ethanol sensitivity and intake in mice lacking ENT1. Behavioural 
Brain Research, 208(2), 636–642. https://doi.org/10.1016/j.bbr.2010.01.011 

Chung, S., Kim, H. J., Kim, H. J., Choi, S. H., Cho, J. H., Cho, Y. H., Kim, D.-H., & Shin, 
K. H. (2014). Desipramine and citalopram attenuate pretest swim-induced increases 
in prodynorphin immunoreactivity in the dorsal bed nucleus of the stria terminalis 
and the lateral division of the central nucleus of the amygdala in the forced 
swimming test. Neuropeptides, 48(5), 273–280. 
https://doi.org/10.1016/j.npep.2014.07.001 

Clark, J. J., Collins, A. L., Sanford, C. A., & Phillips, P. E. M. (2013). Dopamine encoding 
of Pavlovian incentive stimuli diminishes with extended training. The Journal of 
Neuroscience: The Official Journal of the Society for Neuroscience, 33(8), 3526–
3532. https://doi.org/10.1523/JNEUROSCI.5119-12.2013 

Claus, E. D., Kiehl, K. A., & Hutchison, K. E. (2011). Neural and Behavioral Mechanisms 
of Impulsive Choice in Alcohol Use Disorder. Alcoholism: Clinical and 
Experimental Research, 35(7), 1209–1219. https://doi.org/10.1111/j.1530-
0277.2011.01455.x 

Commons, K. G., Connolley, K. R., & Valentino, R. J. (2003). A neurochemically distinct 
dorsal raphe-limbic circuit with a potential role in affective disorders. 
Neuropsychopharmacology: Official Publication of the American College of 
Neuropsychopharmacology, 28(2), 206–215. 
https://doi.org/10.1038/sj.npp.1300045 

Contreras, M., Ceric, F., & Torrealba, F. (2007). Inactivation of the Interoceptive Insula 
Disrupts Drug Craving and Malaise Induced by Lithium. Science, 318(5850), 655–
658. https://doi.org/10.1126/science.1145590 

Cover, K. K., Gyawali, U., Kerkhoff, W. G., Patton, M. H., Mu, C., White, M. G., 
Marquardt, A. E., Roberts, B. M., Cheer, J. F., & Mathur, B. N. (2019). Activation 
of the Rostral Intralaminar Thalamus Drives Reinforcement through Striatal 
Dopamine Release. Cell Reports, 26(6), 1389-1398.e3. 
https://doi.org/10.1016/j.celrep.2019.01.044 

Covey, D. P., & Cheer, J. F. (2019). Accumbal Dopamine Release Tracks the Expectation 
of Dopamine Neuron-Mediated Reinforcement. Cell Reports, 27(2), 481-490.e3. 
https://doi.org/10.1016/j.celrep.2019.03.055 



172 
 

Craig, A. D. (2002). How do you feel? Interoception: the sense of the physiological 
condition of the body. Nature Reviews Neuroscience, 3(8), 655–666. 
https://doi.org/10.1038/nrn894 

Craig, A. D. (Bud). (2010). The sentient self. Brain Structure and Function, 214(5), 563–
577. https://doi.org/10.1007/s00429-010-0248-y 

Craig, W. (1917). Appetites and Aversions as Constituents of Instincts. Proceedings of the 
National Academy of Sciences of the United States of America, 3(12), 685–688. 

Cullinan, W. E., Herman, J. P., & Watson, S. J. (1993). Ventral subicular interaction with 
the hypothalamic paraventricular nucleus: Evidence for a relay in the bed nucleus 
of the stria terminalis. The Journal of Comparative Neurology, 332(1), 1–20. 
https://doi.org/10.1002/cne.903320102 

Davis, M., Walker, D. L., Miles, L., & Grillon, C. (2010). Phasic vs Sustained Fear in Rats 
and Humans: Role of the Extended Amygdala in Fear vs Anxiety. 
Neuropsychopharmacology, 35(1), 105–135. https://doi.org/10.1038/npp.2009.109 

Dawson, D. A., Li, T.-K., Chou, S. P., & Grant, B. F. (2009). Transitions in and out of 
alcohol use disorders: Their associations with conditional changes in quality of life 
over a 3-year follow-up interval. Alcohol and Alcoholism (Oxford, Oxfordshire), 
44(1), 84–92. https://doi.org/10.1093/alcalc/agn094 

Day, J. J., Roitman, M. F., Wightman, R. M., & Carelli, R. M. (2007). Associative learning 
mediates dynamic shifts in dopamine signaling in the nucleus accumbens. Nature 
Neuroscience, 10(8), 1020–1028. https://doi.org/10.1038/nn1923 

Ding, Z.-M., Engleman, E. A., Rodd, Z. A., & McBride, W. J. (2012). Ethanol Increases 
Glutamate Neurotransmission in the Posterior Ventral Tegmental Area of Female 
Wistar Rats. Alcoholism: Clinical and Experimental Research, 36(4), 633–640. 
https://doi.org/10.1111/j.1530-0277.2011.01665.x 

Dong, C.-Y., Koenig, K., & So, P. (2003). Characterizing point spread functions of two-
photon fluorescence microscopy in turbid medium. Journal of Biomedical Optics, 
8(3), 450–459. https://doi.org/10.1117/1.1578644 

Dong, H.-W., & Swanson, L. W. (2004). Projections from bed nuclei of the stria terminalis, 
posterior division: Implications for cerebral hemisphere regulation of defensive and 
reproductive behaviors. The Journal of Comparative Neurology, 471(4), 396–433. 
https://doi.org/10.1002/cne.20002 



173 
 

Dong, H.-W., & Swanson, L. W. (2006a). Projections from bed nuclei of the stria 
terminalis, anteromedial area: Cerebral hemisphere integration of neuroendocrine, 
autonomic, and behavioral aspects of energy balance. The Journal of Comparative 
Neurology, 494(1), 142–178. https://doi.org/10.1002/cne.20788 

Dong, H.-W., & Swanson, L. W. (2006b). Projections from bed nuclei of the stria 
terminalis, dorsomedial nucleus: Implications for cerebral hemisphere integration 
of neuroendocrine, autonomic, and drinking responses. The Journal of 
Comparative Neurology, 494(1), 75–107. https://doi.org/10.1002/cne.20790 

Droutman, V., Read, S. J., & Bechara, A. (2015). Revisiting the role of the insula in 
addiction. Trends in Cognitive Sciences, 19(7), 414–420. 
https://doi.org/10.1016/j.tics.2015.05.005 

Eiler, W. J. A., Seyoum, R., Foster, K. L., Mailey, C., & June, H. L. (2003). D1 dopamine 
receptor regulates alcohol-motivated behaviors in the bed nucleus of the stria 
terminalis in alcohol-preferring (P) rats. Synapse (New York, N.Y.), 48(1), 45–56. 
https://doi.org/10.1002/syn.10181 

Elias, C. F., Aschkenasi, C., Lee, C., Kelly, J., Ahima, R. S., Bjorbaek, C., Flier, J. S., 
Saper, C. B., & Elmquist, J. K. (1999). Leptin differentially regulates NPY and 
POMC neurons projecting to the lateral hypothalamic area. Neuron, 23(4), 775–
786. https://doi.org/10.1016/s0896-6273(01)80035-0 

Ersche, K. D., Barnes, A., Simon Jones, P., Morein-Zamir, S., Robbins, T. W., & Bullmore, 
E. T. (2011). Abnormal structure of frontostriatal brain systems is associated with 
aspects of impulsivity and compulsivity in cocaine dependence. Brain, 134(7), 
2013–2024. https://doi.org/10.1093/brain/awr138 

Esclapez, M., Tillakaratne, N. J., Tobin, A. J., & Houser, C. R. (1993). Comparative 
localization of mRNAs encoding two forms of glutamic acid decarboxylase with 
nonradioactive in situ hybridization methods. The Journal of Comparative 
Neurology, 331(3), 339–362. https://doi.org/10.1002/cne.903310305 

Fischer, W., Franke, H., & Illes, P. (2003). EFFECTS OF ACUTE ETHANOL ON THE 
Ca2+ RESPONSE TO AMPA IN CULTURED RAT CORTICAL GABAergic 
NONPYRAMIDAL NEURONS. Alcohol and Alcoholism, 38(5), 394–399. 
https://doi.org/10.1093/alcalc/agg108 

Flagel, S. B., Clark, J. J., Robinson, T. E., Mayo, L., Czuj, A., Willuhn, I., Akers, C. A., 
Clinton, S. M., Phillips, P. E. M., & Akil, H. (2011). A selective role for dopamine 



174 
 

in stimulus-reward learning. Nature, 469(7328), 53–57. 
https://doi.org/10.1038/nature09588 

Floyd, D. W., Jung, K.-Y., & McCool, B. A. (2003). Chronic Ethanol Ingestion Facilitates 
N-Methyl-d-aspartate Receptor Function and Expression in Rat Lateral/Basolateral 
Amygdala Neurons. Journal of Pharmacology and Experimental Therapeutics, 
307(3), 1020–1029. https://doi.org/10.1124/jpet.103.057505 

Forray, M. I., & Gysling, K. (2004). Role of noradrenergic projections to the bed nucleus 
of the stria terminalis in the regulation of the hypothalamic-pituitary-adrenal axis. 
Brain Research. Brain Research Reviews, 47(1–3), 145–160. 
https://doi.org/10.1016/j.brainresrev.2004.07.011 

Fox, J. H., Hammack, S. E., & Falls, W. A. (2008). Exercise is associated with reduction 
in the anxiogenic effect of mCPP on acoustic startle. Behavioral Neuroscience, 
122(4), 943–948. https://doi.org/10.1037/0735-7044.122.4.943 

Frank, S., Kullmann, S., & Veit, R. (2013). Food related processes in the insular cortex. 
Frontiers in Human Neuroscience, 7. https://doi.org/10.3389/fnhum.2013.00499 

Gallistel, C. R., Mark, T. A., King, A. P., & Latham, P. E. (2001). The rat approximates an 
ideal detector of changes in rates of reward: Implications for the law of effect. 
Journal of Experimental Psychology: Animal Behavior Processes, 27(4), 354–372. 
https://doi.org/10.1037/0097-7403.27.4.354 

Gardini, S., & Venneri, A. (2012). Reduced grey matter in the posterior insula as a 
structural vulnerability or diathesis to addiction. Brain Research Bulletin, 87(2), 
205–211. https://doi.org/10.1016/j.brainresbull.2011.11.021 

Gean, P. W. (1992). Ethanol inhibits epileptiform activity and NMDA receptor-mediated 
synaptic transmission in rat amygdaloid slices. Brain Research Bulletin, 28(3), 
417–421. https://doi.org/10.1016/0361-9230(92)90041-u 

Gehrlach, D. A., Gaitanos, T. N., Klein, A. S., Weiand, C., Hennrich, A. A., Conzelmann, 
K.-K., & Gogolla, N. (2020). A whole-brain connectivity map of mouse insular 
cortex. BioRxiv, 2020.02.10.941518. https://doi.org/10.1101/2020.02.10.941518 

Georges, F., & Aston-Jones, G. (2001). Potent regulation of midbrain dopamine neurons 
by the bed nucleus of the stria terminalis. The Journal of Neuroscience: The Official 
Journal of the Society for Neuroscience, 21(16), RC160. 

Georges, François, & Aston-Jones, G. (2002). Activation of ventral tegmental area cells by 
the bed nucleus of the stria terminalis: A novel excitatory amino acid input to 



175 
 

midbrain dopamine neurons. The Journal of Neuroscience: The Official Journal of 
the Society for Neuroscience, 22(12), 5173–5187. 

Georgescu, D., Zachariou, V., Barrot, M., Mieda, M., Willie, J. T., Eisch, A. J., 
Yanagisawa, M., Nestler, E. J., & DiLeone, R. J. (2003). Involvement of the lateral 
hypothalamic peptide orexin in morphine dependence and withdrawal. The Journal 
of Neuroscience: The Official Journal of the Society for Neuroscience, 23(8), 3106–
3111. 

Gogolla, N. (2017). The insular cortex. Current Biology, 27(12), R580–R586. 
https://doi.org/10.1016/j.cub.2017.05.010 

Goode, T. D., & Maren, S. (2017). Role of the bed nucleus of the stria terminalis in aversive 
learning and memory. Learning & Memory, 24(9), 480–491. 
https://doi.org/10.1101/lm.044206.116 

Gorka, S. M., Nelson, B. D., Phan, K. L., & Shankman, S. A. (2016). Intolerance of 
uncertainty and insula activation during uncertain reward. Cognitive, Affective & 
Behavioral Neuroscience, 16(5), 929–939. https://doi.org/10.3758/s13415-016-
0443-2 

Grant, B. F., Goldstein, R. B., Saha, T. D., Chou, S. P., Jung, J., Zhang, H., Pickering, R. 
P., Ruan, W. J., Smith, S. M., Huang, B., & Hasin, D. S. (2015). Epidemiology of 
DSM-5 Alcohol Use Disorder: Results From the National Epidemiologic Survey 
on Alcohol and Related Conditions III. JAMA Psychiatry, 72(8), 757–766. 
https://doi.org/10.1001/jamapsychiatry.2015.0584 

Grant, B. F., Stinson, F. S., Dawson, D. A., Chou, S. P., Dufour, M. C., Compton, W., 
Pickering, R. P., & Kaplan, K. (2004). Prevalence and co-occurrence of substance 
use disorders and independent mood and anxiety disorders: Results from the 
National Epidemiologic Survey on Alcohol and Related Conditions. Archives of 
General Psychiatry, 61(8), 807–816. https://doi.org/10.1001/archpsyc.61.8.807 

Griffin Iii, W. C., Haun, H. L., Hazelbaker, C. L., Ramachandra, V. S., & Becker, H. C. 
(2014). Increased Extracellular Glutamate In the Nucleus Accumbens Promotes 
Excessive Ethanol Drinking in Ethanol Dependent Mice. 
Neuropsychopharmacology, 39(3), 707–717. https://doi.org/10.1038/npp.2013.256 

Gungor, N. Z., & Paré, D. (2016). Functional Heterogeneity in the Bed Nucleus of the Stria 
Terminalis. The Journal of Neuroscience: The Official Journal of the Society for 
Neuroscience, 36(31), 8038–8049. https://doi.org/10.1523/JNEUROSCI.0856-
16.2016 



176 
 

Guo, J.-D., Hammack, S. E., Hazra, R., Levita, L., & Rainnie, D. G. (2009). Bi-directional 
modulation of bed nucleus of stria terminalis neurons by 5-HT: Molecular 
expression and functional properties of excitatory 5-HT receptor subtypes. 
Neuroscience, 164(4), 1776–1793. 
https://doi.org/10.1016/j.neuroscience.2009.09.028 

Harris, G. C., Wimmer, M., Randall-Thompson, J. F., & Aston-Jones, G. (2007). Lateral 
hypothalamic orexin neurons are critically involved in learning to associate an 
environment with morphine reward. Behavioural Brain Research, 183(1), 43–51. 
https://doi.org/10.1016/j.bbr.2007.05.025 

Hasin, D. S., Stinson, F. S., Ogburn, E., & Grant, B. F. (2007). Prevalence, correlates, 
disability, and comorbidity of DSM-IV alcohol abuse and dependence in the United 
States: Results from the National Epidemiologic Survey on Alcohol and Related 
Conditions. Archives of General Psychiatry, 64(7), 830–842. 
https://doi.org/10.1001/archpsyc.64.7.830 

Hazra, R., Guo, J. D., Dabrowska, J., & Rainnie, D. G. (2012). Differential distribution of 
serotonin receptor subtypes in BNST(ALG) neurons: Modulation by unpredictable 
shock stress. Neuroscience, 225, 9–21. 
https://doi.org/10.1016/j.neuroscience.2012.08.014 

Hingson, R. W., Zha, W., & Weitzman, E. R. (2009). Magnitude of and Trends in Alcohol-
Related Mortality and Morbidity Among U.S. College Students Ages 18-24, 1998-
2005. Journal of Studies on Alcohol and Drugs. Supplement, 16, 12–20. 

Hoebel, B. G., & Teitelbaum, P. (1962). Hypothalamic control of feeding and self-
stimulation. Science (New York, N.Y.), 135(3501), 375–377. 

Hollander, J. A., Lu, Q., Cameron, M. D., Kamenecka, T. M., & Kenny, P. J. (2008). 
Insular hypocretin transmission regulates nicotine reward. Proceedings of the 
National Academy of Sciences of the United States of America, 105(49), 19480–
19485. https://doi.org/10.1073/pnas.0808023105 

Hurley, K. M., Herbert, H., Moga, M. M., & Saper, C. B. (1991). Efferent projections of 
the infralimbic cortex of the rat. The Journal of Comparative Neurology, 308(2), 
249–276. https://doi.org/10.1002/cne.903080210 

Hyman, S. E., Malenka, R. C., & Nestler, E. J. (2006). Neural mechanisms of addiction: 
The role of reward-related learning and memory. Annual Review of Neuroscience, 
29, 565–598. https://doi.org/10.1146/annurev.neuro.29.051605.113009 



177 
 

Isaac, J. T., Crair, M. C., Nicoll, R. A., & Malenka, R. C. (1997). Silent synapses during 
development of thalamocortical inputs. Neuron, 18(2), 269–280. 
https://doi.org/10.1016/s0896-6273(00)80267-6 

Ishizaki, K., Honma, S., Katsuno, Y., Abe, H., Masubuchi, S., Namihira, M., & Honma, 
K. (2003). Gene expression of neuropeptide Y in the nucleus of the solitary tract is 
activated in rats under restricted daily feeding but not under 48-h food deprivation. 
The European Journal of Neuroscience, 17(10), 2097–2105. 
https://doi.org/10.1046/j.1460-9568.2003.02672.x 

Jalabert, M., Aston-Jones, G., Herzog, E., Manzoni, O., & Georges, F. (2009). Role of the 
bed nucleus of the stria terminalis in the control of ventral tegmental area dopamine 
neurons. Progress in Neuro-Psychopharmacology & Biological Psychiatry, 33(8), 
1336–1346. https://doi.org/10.1016/j.pnpbp.2009.07.010 

Janes, A. C., Pizzagalli, D. A., Richardt, S., Frederick, B. deB., Chuzi, S., Pachas, G., 
Culhane, M. A., Holmes, A. J., Fava, M., Evins, A. E., & Kaufman, M. J. (2010). 
Brain Reactivity to Smoking Cues Prior to Smoking Cessation Predicts Ability to 
Maintain Tobacco Abstinence. Biological Psychiatry, 67(8), 722–729. 
https://doi.org/10.1016/j.biopsych.2009.12.034 

Jennings, J. H., Rizzi, G., Stamatakis, A. M., Ung, R. L., & Stuber, G. D. (2013). The 
Inhibitory Circuit Architecture of the Lateral Hypothalamus Orchestrates Feeding. 
Science (New York, N.Y.), 341(6153), 1517–1521. 
https://doi.org/10.1126/science.1241812 

Jennings, J. H., Sparta, D. R., Stamatakis, A. M., Ung, R. L., Pleil, K. E., Kash, T. L., & 
Stuber, G. D. (2013). Distinct extended amygdala circuits for divergent 
motivational states. Nature, 496(7444), 224–228. 
https://doi.org/10.1038/nature12041 

Jo, S., & Jung, M. W. (2016). Differential coding of uncertain reward in rat insular and 
orbitofrontal cortex. Scientific Reports, 6(1), 1–13. 
https://doi.org/10.1038/srep24085 

Ju, G., Swanson, L. W., & Simerly, R. B. (1989). Studies on the cellular architecture of the 
bed nuclei of the stria terminalis in the rat: II. chemoarchitecture. Journal of 
Comparative Neurology, 280(4), 603–621. https://doi.org/10.1002/cne.902800410 

Karch, S., Keeser, D., Hümmer, S., Paolini, M., Kirsch, V., Karali, T., Kupka, M., 
Rauchmann, B.-S., Chrobok, A., Blautzik, J., Koller, G., Ertl-Wagner, B., & 
Pogarell, O. (2015). Modulation of Craving Related Brain Responses Using Real-



178 
 

Time fMRI in Patients with Alcohol Use Disorder. PLoS ONE, 10(7). 
https://doi.org/10.1371/journal.pone.0133034 

Karkhanis, A. N., Alexander, N. J., McCool, B. A., Weiner, J. L., & Jones, S. R. (2015). 
Chronic social isolation during adolescence augments catecholamine response to 
acute ethanol in the basolateral amygdala. Synapse, 69(8), 385–395. 
https://doi.org/10.1002/syn.21826 

Kash, T. L. (2012). The role of biogenic amine signaling in the bed nucleus of the stria 
terminals in alcohol abuse. Alcohol (Fayetteville, N.Y.), 46(4), 303–308. 
https://doi.org/10.1016/j.alcohol.2011.12.004 

Kash, T. L., Baucum, A. J., Conrad, K. L., Colbran, R. J., & Winder, D. G. (2009). Alcohol 
Exposure Alters NMDAR Function in the Bed Nucleus of the Stria Terminalis. 
Neuropsychopharmacology, 34(11), 2420–2429. 
https://doi.org/10.1038/npp.2009.69 

Kash, T. L., Matthews, R. T., & Winder, D. G. (2008). Alcohol Inhibits NR2B-Containing 
NMDA Receptors in the Ventral Bed Nucleus of the Stria Terminalis. 
Neuropsychopharmacology, 33(6), 1379–1390. 
https://doi.org/10.1038/sj.npp.1301504 

Kash, T. L., Pleil, K. E., Marcinkiewcz, C. A., Lowery-Gionta, E. G., Crowley, N., 
Mazzone, C., Sugam, J., Hardaway, J. A., & McElligott, Z. A. (2015). 
Neuropeptide Regulation of Signaling and Behavior in the BNST. Molecules and 
Cells, 38(1), 1–13. https://doi.org/10.14348/molcells.2015.2261 

Kash, T. L., & Winder, D. G. (2006). Neuropeptide Y and corticotropin-releasing factor 
bi-directionally modulate inhibitory synaptic transmission in the bed nucleus of the 
stria terminalis. Neuropharmacology, 51(5), 1013–1022. 
https://doi.org/10.1016/j.neuropharm.2006.06.011 

Kelly, J. F., Stout, R. L., Tonigan, J. S., Magill, M., & Pagano, M. E. (2010). Negative 
Affect, Relapse, and Alcoholics Anonymous (AA): Does AA Work by Reducing 
Anger? Journal of Studies on Alcohol and Drugs, 71(3), 434–444. 

Kessler, R. C., Chiu, W. T., Demler, O., Merikangas, K. R., & Walters, E. E. (2005). 
Prevalence, severity, and comorbidity of 12-month DSM-IV disorders in the 
National Comorbidity Survey Replication. Archives of General Psychiatry, 62(6), 
617–627. https://doi.org/10.1001/archpsyc.62.6.617 

Kim, S.-Y., Adhikari, A., Lee, S. Y., Marshel, J. H., Kim, C. K., Mallory, C. S., Lo, M., 
Pak, S., Mattis, J., Lim, B. K., Malenka, R. C., Warden, M. R., Neve, R., Tye, K. 



179 
 

M., & Deisseroth, K. (2013). Diverging neural pathways assemble a behavioural 
state from separable features in anxiety. Nature, 496(7444), 219–223. 
https://doi.org/10.1038/nature12018 

Koob, G. F. (1999). The role of the striatopallidal and extended amygdala systems in drug 
addiction. Annals of the New York Academy of Sciences, 877, 445–460. 

Koob, George F. (2003). Neuroadaptive mechanisms of addiction: Studies on the extended 
amygdala. European Neuropsychopharmacology: The Journal of the European 
College of Neuropsychopharmacology, 13(6), 442–452. 

Koob, G. F. (2009). Neurobiological substrates for the dark side of compulsivity in 
addiction. Neuropharmacology, 56, Supplement 1, 18–31. 
https://doi.org/10.1016/j.neuropharm.2008.07.043 

Koob, George F., & Le Moal, M. (2008). Review. Neurobiological mechanisms for 
opponent motivational processes in addiction. Philosophical Transactions of the 
Royal Society of London. Series B, Biological Sciences, 363(1507), 3113–3123. 
https://doi.org/10.1098/rstb.2008.0094 

Korkotian, E., Bombela, T., Odegova, T., Zubov, P., & Segal, M. (2013). Ethanol Affects 
Network Activity in Cultured Rat Hippocampus: Mediation by Potassium 
Channels. PLoS ONE, 8(11). https://doi.org/10.1371/journal.pone.0075988 

Kudo, T., Uchigashima, M., Miyazaki, T., Konno, K., Yamasaki, M., Yanagawa, Y., 
Minami, M., & Watanabe, M. (2012). Three types of neurochemical projection 
from the bed nucleus of the stria terminalis to the ventral tegmental area in adult 
mice. The Journal of Neuroscience: The Official Journal of the Society for 
Neuroscience, 32(50), 18035–18046. https://doi.org/10.1523/JNEUROSCI.4057-
12.2012 

Kühn, S., & Gallinat, J. (2011). Common biology of craving across legal and illegal 
drugs—A quantitative meta-analysis of cue-reactivity brain response. The 
European Journal of Neuroscience, 33(7), 1318–1326. 
https://doi.org/10.1111/j.1460-9568.2010.07590.x 

Läck, A. K., Ariwodola, O. J., Chappell, A. M., Weiner, J. L., & McCool, B. A. (2008). 
Ethanol inhibition of kainite receptor-mediated excitatory neurotransmission in the 
rat basolateral nucleus of the amygdala. Neuropharmacology, 55(5), 661–668. 
https://doi.org/10.1016/j.neuropharm.2008.05.026 

Levita, L., Hammack, S. E., Mania, I., Li, X.-Y., Davis, M., & Rainnie, D. G. (2004). 5-
hydroxytryptamine1A-like receptor activation in the bed nucleus of the stria 



180 
 

terminalis: Electrophysiological and behavioral studies. Neuroscience, 128(3), 
583–596. https://doi.org/10.1016/j.neuroscience.2004.06.037 

Li, C., Pleil, K. E., Stamatakis, A. M., Busan, S., Vong, L., Lowell, B. B., Stuber, G. D., 
& Kash, T. L. (2012). Presynaptic inhibition of gamma-aminobutyric acid release 
in the bed nucleus of the stria terminalis by kappa opioid receptor signaling. 
Biological Psychiatry, 71(8), 725–732. 
https://doi.org/10.1016/j.biopsych.2011.11.015 

Liao, D., Hessler, N. A., & Malinow, R. (1995). Activation of postsynaptically silent 
synapses during pairing-induced LTP in CA1 region of hippocampal slice. Nature, 
375(6530), 400–404. https://doi.org/10.1038/375400a0 

Livneh, Y., Ramesh, R. N., Burgess, C. R., Levandowski, K. M., Madara, J. C., Fenselau, 
H., Goldey, G. J., Diaz, V. E., Jikomes, N., Resch, J. M., Lowell, B. B., & 
Andermann, M. L. (2017). Homeostatic circuits selectively gate food cue responses 
in insular cortex. Nature, 546(7660), 611–616. 
https://doi.org/10.1038/nature22375 

Lowry, C. A., Hale, M. W., Evans, A. K., Heerkens, J., Staub, D. R., Gasser, P. J., & 
Shekhar, A. (2008). Serotonergic systems, anxiety, and affective disorder: Focus 
on the dorsomedial part of the dorsal raphe nucleus. Annals of the New York 
Academy of Sciences, 1148, 86–94. https://doi.org/10.1196/annals.1410.004 

Lozano, R., Naghavi, M., Foreman, K., Lim, S., Shibuya, K., Aboyans, V., Abraham, J., 
Adair, T., Aggarwal, R., Ahn, S. Y., Alvarado, M., Anderson, H. R., Anderson, L. 
M., Andrews, K. G., Atkinson, C., Baddour, L. M., Barker-Collo, S., Bartels, D. 
H., Bell, M. L., … Memish, Z. A. (2012). Global and regional mortality from 235 
causes of death for 20 age groups in 1990 and 2010: A systematic analysis for the 
Global Burden of Disease Study 2010. Lancet (London, England), 380(9859), 
2095–2128. https://doi.org/10.1016/S0140-6736(12)61728-0 

Lungwitz, E. A., Molosh, A., Johnson, P. L., Harvey, B. P., Dirks, R. C., Dietrich, A., 
Minick, P., Shekhar, A., & Truitt, W. A. (2012). Orexin-A induces anxiety-like 
behavior through interactions with glutamatergic receptors in the bed nucleus of the 
stria terminalis of rats. Physiology & Behavior, 107(5), 726–732. 
https://doi.org/10.1016/j.physbeh.2012.05.019 

Mackey, S., & Paulus, M. (2013). Are there Volumetric Brain Differences Associated with 
the Use of Cocaine and Amphetamine-Type Stimulants? Neuroscience and 
Biobehavioral Reviews, 37(3), 300–316. 
https://doi.org/10.1016/j.neubiorev.2012.12.003 



181 
 

Mahler, S. V., & Aston-Jones, G. S. (2012). Fos Activation of Selective Afferents to 
Ventral Tegmental Area during Cue-Induced Reinstatement of Cocaine Seeking in 
Rats. Journal of Neuroscience, 32(38), 13309–13325. 
https://doi.org/10.1523/JNEUROSCI.2277-12.2012 

Mantsch, J. R., Baker, D. A., Funk, D., Lê, A. D., & Shaham, Y. (2016). Stress-Induced 
Reinstatement of Drug Seeking: 20 Years of Progress. Neuropsychopharmacology, 
41(1), 335–356. https://doi.org/10.1038/npp.2015.142 

Marchant, N. J., Densmore, V. S., & Osborne, P. B. (2007). Coexpression of prodynorphin 
and corticotrophin-releasing hormone in the rat central amygdala: Evidence of two 
distinct endogenous opioid systems in the lateral division. The Journal of 
Comparative Neurology, 504(6), 702–715. https://doi.org/10.1002/cne.21464 

Marcinkiewcz, C. A., Mazzone, C. M., D’Agostino, G., Halladay, L. R., Hardaway, J. A., 
DiBerto, J. F., Navarro, M., Burnham, N., Cristiano, C., Dorrier, C. E., Tipton, G. 
J., Ramakrishnan, C., Kozicz, T., Deisseroth, K., Thiele, T. E., McElligott, Z. A., 
Holmes, A., Heisler, L. K., & Kash, T. L. (2016). Serotonin engages an anxiety and 
fear-promoting circuit in the extended amygdala. Nature, 537(7618), 97–101. 
https://doi.org/10.1038/nature19318 

Margules, D. L., & Olds, J. (1962). Identical “feeding” and “rewarding” systems in the 
lateral hypothalamus of rats. Science (New York, N.Y.), 135(3501), 374–375. 
https://doi.org/10.1126/science.135.3501.374 

McClernon, F. J., Conklin, C. A., Kozink, R. V., Adcock, R. A., Sweitzer, M. M., Addicott, 
M. A., Chou, Y., Chen, N., Hallyburton, M. B., & DeVito, A. M. (2016). 
Hippocampal and Insular Response to Smoking-Related Environments: 
Neuroimaging Evidence for Drug-Context Effects in Nicotine Dependence. 
Neuropsychopharmacology, 41(3), 877–885. https://doi.org/10.1038/npp.2015.214 

McDonald, A. J. (1998). Cortical pathways to the mammalian amygdala. Progress in 
Neurobiology, 55(3), 257–332. https://doi.org/10.1016/s0301-0082(98)00003-3 

McDonald, A. J., Shammah‐Lagnado, S. J., Shi, C., & Davis, M. (1999). Cortical Afferents 
to the Extended Amygdala. Annals of the New York Academy of Sciences, 877(1), 
309–338. https://doi.org/10.1111/j.1749-6632.1999.tb09275.x 

McLellan, A. T., Lewis, D. C., O’Brien, C. P., & Kleber, H. D. (2000). Drug Dependence, 
a Chronic Medical Illness: Implications for Treatment, Insurance, and Outcomes 
Evaluation. JAMA, 284(13), 1689–1695. https://doi.org/10.1001/jama.284.13.1689 



182 
 

Meloni, E. G., Gerety, L. P., Knoll, A. T., Cohen, B. M., & Carlezon, W. A. (2006). 
Behavioral and anatomical interactions between dopamine and corticotropin-
releasing factor in the rat. The Journal of Neuroscience: The Official Journal of the 
Society for Neuroscience, 26(14), 3855–3863. 
https://doi.org/10.1523/JNEUROSCI.4957-05.2006 

Miyawaki, A., Llopis, J., Heim, R., McCaffery, J. M., Adams, J. A., Ikura, M., & Tsien, R. 
Y. (1997). Fluorescent indicators for Ca2+ based on green fluorescent proteins and 
calmodulin. Nature, 388(6645), 882–887. https://doi.org/10.1038/42264 

Moraga-Amaro, R., & Stehberg, J. (2012). The Insular Cortex and the Amygdala: Shared 
Functions and Interactions. https://doi.org/10.5772/48495 

Morales, A. M., Ghahremani, D., Kohno, M., Hellemann, G. S., & London, E. D. (2014). 
Cigarette Exposure, Dependence, and Craving Are Related to Insula Thickness in 
Young Adult Smokers. Neuropsychopharmacology, 39(8), 1816–1822. 
https://doi.org/10.1038/npp.2014.48 

Morrison, S. E., & Salzman, C. D. (2010). Re-valuing the amygdala. Current Opinion in 
Neurobiology, 20(2), 221–230. https://doi.org/10.1016/j.conb.2010.02.007 

Moulder, K. L., Meeks, J. P., & Mennerick, S. (2006). Homeostatic Regulation of 
Glutamate Release in Response to Depolarization. Molecular Neurobiology, 33(2), 
133–154. https://doi.org/10.1385/MN:33:2:133 

Mukohata, Y., Sugiyama, Y., Ihara, K., & Yoshida, M. (1988). An Australian 
halobacterium contains a novel proton pump retinal protein: Archaerhodopsin. 
Biochemical and Biophysical Research Communications, 151(3), 1339–1345. 

Murray, C. J. L., Vos, T., Lozano, R., Naghavi, M., Flaxman, A. D., Michaud, C., Ezzati, 
M., Shibuya, K., Salomon, J. A., Abdalla, S., Aboyans, V., Abraham, J., Ackerman, 
I., Aggarwal, R., Ahn, S. Y., Ali, M. K., Alvarado, M., Anderson, H. R., Anderson, 
L. M., … Memish, Z. A. (2012). Disability-adjusted life years (DALYs) for 291 
diseases and injuries in 21 regions, 1990-2010: A systematic analysis for the Global 
Burden of Disease Study 2010. Lancet (London, England), 380(9859), 2197–2223. 
https://doi.org/10.1016/S0140-6736(12)61689-4 

Nader, M. A. (2016). Animal models for addiction medicine: From vulnerable phenotypes 
to addicted individuals. Progress in Brain Research, 224, 3–24. 
https://doi.org/10.1016/bs.pbr.2015.07.012 



183 
 

Namkung, H., Kim, S.-H., & Sawa, A. (2017). The Insula: An Underestimated Brain Area 
in Clinical Neuroscience, Psychiatry, and Neurology. Trends in Neurosciences, 
40(4), 200–207. https://doi.org/10.1016/j.tins.2017.02.002 

Naqvi, N. H., & Bechara, A. (2010). The insula and drug addiction: An interoceptive view 
of pleasure, urges, and decision-making. Brain Structure & Function, 214(0), 435–
450. https://doi.org/10.1007/s00429-010-0268-7 

Naqvi, N. H., Gaznick, N., Tranel, D., & Bechara, A. (2014). The insula: A critical neural 
substrate for craving and drug seeking under conflict and risk. Annals of the New 
York Academy of Sciences, 1316, 53–70. https://doi.org/10.1111/nyas.12415 

Naqvi, N. H., Rudrauf, D., Damasio, H., & Bechara, A. (2007). Damage to the Insula 
Disrupts Addiction to Cigarette Smoking. Science (New York, N.Y.), 315(5811), 
531–534. https://doi.org/10.1126/science.1135926 

Nestor, L., Hester, R., & Garavan, H. (2010). Increased ventral striatal BOLD activity 
during non-drug reward anticipation in cannabis users. NeuroImage, 49(1), 1133–
1143. https://doi.org/10.1016/j.neuroimage.2009.07.022 

NIAAA Publications. (n.d.). Retrieved February 6, 2020, from 
https://pubs.niaaa.nih.gov/publications/NESARC_DRM2/NESARC2DRM.htm 

Olsen, C. M., & Winder, D. G. (2009). Operant sensation seeking engages similar neural 
substrates to operant drug seeking in C57 mice. Neuropsychopharmacology: 
Official Publication of the American College of Neuropsychopharmacology, 34(7), 
1685–1694. https://doi.org/10.1038/npp.2008.226 

Park, J., Bucher, E. S., Fontillas, K., Owesson-White, C., Ariansen, J. L., Carelli, R. M., & 
Wightman, R. M. (2013). Opposing catecholamine changes in the bed nucleus of 
the stria terminalis during intracranial self-stimulation and its extinction. Biological 
Psychiatry, 74(1), 69–76. https://doi.org/10.1016/j.biopsych.2012.11.008 

Park, J., Wheeler, R. A., Fontillas, K., Keithley, R. B., Carelli, R. M., & Wightman, R. M. 
(2012). Catecholamines in the Bed Nucleus of the Stria Terminalis Reciprocally 
Respond to Reward and Aversion. Biological Psychiatry, 71(4), 327–334. 
https://doi.org/10.1016/j.biopsych.2011.10.017 

Pati, D., Marcinkiewcz, C. A., DiBerto, J. F., Cogan, E. S., McElligott, Z. A., & Kash, T. 
L. (2019). Chronic intermittent ethanol exposure dysregulates a GABAergic 
microcircuit in the bed nucleus of the stria terminalis. Neuropharmacology, 
107759. https://doi.org/10.1016/j.neuropharm.2019.107759 



184 
 

Pati, D., Pina, M. M., & Kash, T. L. (2019). Ethanol-induced conditioned place preference 
and aversion differentially alter plasticity in the bed nucleus of stria terminalis. 
Neuropsychopharmacology, 44(11), 1843–1854. https://doi.org/10.1038/s41386-
019-0349-0 

Paulus, M. P., & Stewart, J. L. (2014). Interoception and Drug Addiction. 
Neuropharmacology, 76(0 0). https://doi.org/10.1016/j.neuropharm.2013.07.002 

Perra, S., Pillolla, G., Luchicchi, A., & Pistis, M. (2008). Alcohol Inhibits Spontaneous 
Activity of Basolateral Amygdala Projection Neurons in the Rat: Involvement of 
the Endocannabinoid System. Alcoholism: Clinical and Experimental Research, 
32(3), 443–449. https://doi.org/10.1111/j.1530-0277.2007.00588.x 

Petreanu, L., Huber, D., Sobczyk, A., & Svoboda, K. (2007). Channelrhodopsin-2-assisted 
circuit mapping of long-range callosal projections. Nature Neuroscience, 10(5), 
663–668. https://doi.org/10.1038/nn1891 

Phelix, C. F., Liposits, Z., & Paull, W. K. (1992). Monoamine innervation of bed nucleus 
of stria terminalis: An electron microscopic investigation. Brain Research Bulletin, 
28(6), 949–965. https://doi.org/10.1016/0361-9230(92)90218-m 

Pina, M. M., & Cunningham, C. L. (2017). Ethanol-seeking behavior is expressed directly 
through an extended amygdala to midbrain neural circuit. Neurobiology of 
Learning and Memory, 137, 83–91. https://doi.org/10.1016/j.nlm.2016.11.013 

Pina, M. M., Young, E. A., Ryabinin, A. E., & Cunningham, C. L. (2015). The bed nucleus 
of the stria terminalis regulates ethanol-seeking behavior in mice. 
Neuropharmacology, 99, 627–638. 
https://doi.org/10.1016/j.neuropharm.2015.08.033 

Pitchers, K. K., Schmid, S., Di Sebastiano, A. R., Wang, X., Laviolette, S. R., Lehman, M. 
N., & Coolen, L. M. (2012). Natural Reward Experience Alters AMPA and NMDA 
Receptor Distribution and Function in the Nucleus Accumbens. PLoS ONE, 7(4). 
https://doi.org/10.1371/journal.pone.0034700 

Pleil, K. E., Lowery-Gionta, E. G., Crowley, N. A., Li, C., Marcinkiewcz, C. A., Rose, J. 
H., McCall, N. M., Maldonado-Devincci, A. M., Morrow, A. L., Jones, S. R., & 
Kash, T. L. (2015). Effects of chronic ethanol exposure on neuronal function in the 
prefrontal cortex and extended amygdala. Neuropharmacology, 99, 735–749. 
https://doi.org/10.1016/j.neuropharm.2015.06.017 

Poulin, J.-F., Arbour, D., Laforest, S., & Drolet, G. (2009). Neuroanatomical 
characterization of endogenous opioids in the bed nucleus of the stria terminalis. 



185 
 

Progress in Neuro-Psychopharmacology & Biological Psychiatry, 33(8), 1356–
1365. https://doi.org/10.1016/j.pnpbp.2009.06.021 

Rehm, J. (2011). The risks associated with alcohol use and alcoholism. Alcohol Research 
& Health: The Journal of the National Institute on Alcohol Abuse and Alcoholism, 
34(2), 135–143. 

Rehm, J., Baliunas, D., Borges, G. L. G., Graham, K., Irving, H., Kehoe, T., Parry, C. D., 
Patra, J., Popova, S., Poznyak, V., Roerecke, M., Room, R., Samokhvalov, A. V., 
& Taylor, B. (2010). The relation between different dimensions of alcohol 
consumption and burden of disease: An overview. Addiction (Abingdon, England), 
105(5), 817–843. https://doi.org/10.1111/j.1360-0443.2010.02899.x 

Rehm, J., Mathers, C., Popova, S., Thavorncharoensap, M., Teerawattananon, Y., & Patra, 
J. (2009). Global burden of disease and injury and economic cost attributable to 
alcohol use and alcohol-use disorders. Lancet (London, England), 373(9682), 
2223–2233. https://doi.org/10.1016/S0140-6736(09)60746-7 

Reynolds, S. M., & Zahm, D. S. (2005). Specificity in the projections of prefrontal and 
insular cortex to ventral striatopallidum and the extended amygdala. The Journal 
of Neuroscience: The Official Journal of the Society for Neuroscience, 25(50), 
11757–11767. https://doi.org/10.1523/JNEUROSCI.3432-05.2005 

Rhodes, J. S., Ford, M. M., Yu, C.-H., Brown, L. L., Finn, D. A., Garland, T., & Crabbe, 
J. C. (2007). Mouse inbred strain differences in ethanol drinking to intoxication. 
Genes, Brain and Behavior, 6(1), 1–18. https://doi.org/10.1111/j.1601-
183X.2006.00210.x 

Rhodes, Justin S., Best, K., Belknap, J. K., Finn, D. A., & Crabbe, J. C. (2005). Evaluation 
of a simple model of ethanol drinking to intoxication in C57BL/6J mice. Physiology 
& Behavior, 84(1), 53–63. https://doi.org/10.1016/j.physbeh.2004.10.007 

Rinker, J. A., Marshall, S. A., Mazzone, C. M., Lowery-Gionta, E. G., Gulati, V., Pleil, K. 
E., Kash, T. L., Navarro, M., & Thiele, T. E. (2017). Extended Amygdala to Ventral 
Tegmental Area Corticotropin-Releasing Factor Circuit Controls Binge Ethanol 
Intake. Biological Psychiatry, 81(11), 930–940. 
https://doi.org/10.1016/j.biopsych.2016.02.029 

Rossi, M. A., & Stuber, G. D. (2018). Overlapping Brain Circuits for Homeostatic and 
Hedonic Feeding. Cell Metabolism, 27(1), 42–56. 
https://doi.org/10.1016/j.cmet.2017.09.021 



186 
 

Sakanaka, M., Shibasaki, T., & Lederis, K. (1986). Distribution and efferent projections of 
corticotropin-releasing factor-like immunoreactivity in the rat amygdaloid 
complex. Brain Research, 382(2), 213–238. https://doi.org/10.1016/0006-
8993(86)91332-6 

Salamone, J. D., & Correa, M. (2002). Motivational views of reinforcement: Implications 
for understanding the behavioral functions of nucleus accumbens dopamine. 
Behavioural Brain Research, 137(1–2), 3–25. 

Samuelsen, C. L., Gardner, M. P. H., & Fontanini, A. (2012). Effects of cue-triggered 
expectation on cortical processing of taste. Neuron, 74(2), 410–422. 
https://doi.org/10.1016/j.neuron.2012.02.031 

Sartor, G. C., & Aston-Jones, G. S. (2012). A Septal-Hypothalamic Pathway Drives Orexin 
Neurons, Which Is Necessary for Conditioned Cocaine Preference. Journal of 
Neuroscience, 32(13), 4623–4631. https://doi.org/10.1523/JNEUROSCI.4561-
11.2012 

Schacht, J. P., Anton, R. F., & Myrick, H. (2013). Functional neuroimaging studies of 
alcohol cue reactivity: A quantitative meta-analysis and systematic review. 
Addiction Biology, 18(1), 121–133. https://doi.org/10.1111/j.1369-
1600.2012.00464.x 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., 
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D. J., 
Hartenstein, V., Eliceiri, K., Tomancak, P., & Cardona, A. (2012). Fiji: An open-
source platform for biological-image analysis. Nature Methods, 9(7), 676–682. 
https://doi.org/10.1038/nmeth.2019 

Schultz, W., Dayan, P., & Montague, P. R. (1997). A neural substrate of prediction and 
reward. Science (New York, N.Y.), 275(5306), 1593–1599. 

Sesack, S. R., & Pickel, V. M. (1992). Dual ultrastructural localization of enkephalin and 
tyrosine hydroxylase immunoreactivity in the rat ventral tegmental area: Multiple 
substrates for opiate-dopamine interactions. Journal of Neuroscience, 12(4), 1335–
1350. https://doi.org/10.1523/JNEUROSCI.12-04-01335.1992 

Shepard, J. D., Schulkin, J., & Myers, D. A. (2006). Chronically elevated corticosterone in 
the amygdala increases corticotropin releasing factor mRNA in the dorsolateral bed 
nucleus of stria terminalis following duress. Behavioural Brain Research, 174(1), 
193–196. https://doi.org/10.1016/j.bbr.2006.07.019 



187 
 

Silberman, Y., Shi, L., Brunso-Bechtold, J. K., & Weiner, J. L. (2008). Distinct 
mechanisms of ethanol potentiation of local and paracapsular GABAergic synapses 
in the rat basolateral amygdala. The Journal of Pharmacology and Experimental 
Therapeutics, 324(1), 251–260. https://doi.org/10.1124/jpet.107.128728 

Singer, T., Critchley, H. D., & Preuschoff, K. (2009). A common role of insula in feelings, 
empathy and uncertainty. Trends in Cognitive Sciences, 13(8), 334–340. 
https://doi.org/10.1016/j.tics.2009.05.001 

Smith, Y., & Kieval, J. Z. (2000). Anatomy of the dopamine system in the basal ganglia. 
Trends in Neurosciences, 23(10 Suppl), S28-33. 

Sparta, D. R., Jennings, J. H., Ung, R. L., & Stuber, G. D. (2013). Optogenetic strategies 
to investigate neural circuitry engaged by stress. Behavioural Brain Research, 255, 
19–25. https://doi.org/10.1016/j.bbr.2013.05.007 

Sparta, D. R., Stamatakis, A. M., Phillips, J. L., Hovelsø, N., van Zessen, R., & Stuber, G. 
D. (2012). Construction of implantable optical fibers for long-term optogenetic 
manipulation of neural circuits. Nature Protocols, 7(1), 12–23. 
https://doi.org/10.1038/nprot.2011.413 

Stamatakis, A. M., Sparta, D. R., Jennings, J. H., McElligott, Z. A., Decot, H., & Stuber, 
G. D. (2014). Amygdala and bed nucleus of the stria terminalis circuitry: 
Implications for addiction-related behaviors. Neuropharmacology, 76 Pt B, 320–
328. https://doi.org/10.1016/j.neuropharm.2013.05.046 

Stein, M. B., & Steckler, T. (2010). Behavioral Neurobiology of Anxiety and Its Treatment. 
Springer Science & Business Media. 

Stewart, J. L., Connolly, C. G., May, A. C., Tapert, S. F., Wittmann, M., & Paulus, M. P. 
(2014). Striatum and Insula Dysfunction during Reinforcement Learning 
Differentiates Abstinent and Relapsed Methamphetamine Dependent Individuals. 
Addiction (Abingdon, England), 109(3), 460–471. 
https://doi.org/10.1111/add.12403 

Stewart, J. L., May, A. C., Poppa, T., Davenport, P. W., Tapert, S. F., & Paulus, M. P. 
(2014). You Are the Danger: Attenuated Insula Response in Methamphetamine 
Users During Aversive Interoceptive Decision-Making. Drug and Alcohol 
Dependence, 0, 110–119. https://doi.org/10.1016/j.drugalcdep.2014.06.003 

Stuber, G. D., & Wise, R. A. (2016). Lateral hypothalamic circuits for feeding and reward. 
Nature Neuroscience, 19(2), 198–205. https://doi.org/10.1038/nn.4220 



188 
 

Swanson, L. W. (1982). The projections of the ventral tegmental area and adjacent regions: 
A combined fluorescent retrograde tracer and immunofluorescence study in the rat. 
Brain Research Bulletin, 9(1–6), 321–353. 

Takagishi, M., & Chiba, T. (1991). Efferent projections of the infralimbic (area 25) region 
of the medial prefrontal cortex in the rat: An anterograde tracer PHA-L study. Brain 
Research, 566(1–2), 26–39. https://doi.org/10.1016/0006-8993(91)91677-s 

Tang, D. W., Fellows, L. K., Small, D. M., & Dagher, A. (2012). Food and drug cues 
activate similar brain regions: A meta-analysis of functional MRI studies. 
Physiology & Behavior, 106(3), 317–324. 
https://doi.org/10.1016/j.physbeh.2012.03.009 

Tiwari, V., Veeraiah, P., Subramaniam, V., & Patel, A. B. (2014). Differential effects of 
ethanol on regional glutamatergic and GABAergic neurotransmitter pathways in 
mouse brain. Journal of Neurochemistry, 128(5), 628–640. 
https://doi.org/10.1111/jnc.12508 

Uddin, L. Q., Nomi, J. S., Hebert-Seropian, B., Ghaziri, J., & Boucher, O. (2017). Structure 
and function of the human insula. Journal of Clinical Neurophysiology : Official 
Publication of the American Electroencephalographic Society, 34(4), 300–306. 
https://doi.org/10.1097/WNP.0000000000000377 

Vandaele, Y., & Janak, P. H. (2018). Defining the place of habit in substance use disorders. 
Progress in Neuro-Psychopharmacology & Biological Psychiatry, 87(Pt A), 22–
32. https://doi.org/10.1016/j.pnpbp.2017.06.029 

Venniro, M., Caprioli, D., & Shaham, Y. (2016). Animal models of drug relapse and 
craving: From drug priming-induced reinstatement to incubation of craving after 
voluntary abstinence. Progress in Brain Research, 224, 25–52. 
https://doi.org/10.1016/bs.pbr.2015.08.004 

Vertes, R. P. (2004). Differential projections of the infralimbic and prelimbic cortex in the 
rat. Synapse (New York, N.Y.), 51(1), 32–58. https://doi.org/10.1002/syn.10279 

Vranjkovic, O., Gasser, P. J., Gerndt, C. H., Baker, D. A., & Mantsch, J. R. (2014). Stress-
Induced Cocaine Seeking Requires a Beta-2 Adrenergic Receptor-Regulated 
Pathway from the Ventral Bed Nucleus of the Stria Terminalis That Regulates CRF 
Actions in the Ventral Tegmental Area. The Journal of Neuroscience, 34(37), 
12504–12514. https://doi.org/10.1523/JNEUROSCI.0680-14.2014 

Vranjkovic, O., Pina, M., Kash, T. L., & Winder, D. G. (2017). The bed nucleus of the stria 
terminalis in drug-associated behavior and affect: A circuit-based perspective. 



189 
 

Neuropharmacology, 122, 100–106. 
https://doi.org/10.1016/j.neuropharm.2017.03.028 

Waelti, P., Dickinson, A., & Schultz, W. (2001). Dopamine responses comply with basic 
assumptions of formal learning theory. Nature, 412(6842), 43–48. 
https://doi.org/10.1038/35083500 

Wagels, L., Votinov, M., Radke, S., Clemens, B., Montag, C., Jung, S., & Habel, U. (2017). 
Blunted insula activation reflects increased risk and reward seeking as an 
interaction of testosterone administration and the MAOA polymorphism. Human 
Brain Mapping, 38(9), 4574–4593. https://doi.org/10.1002/hbm.23685 

Walter, A., Mai, J. K., Lanta, L., & Görcs, T. (1991). Differential distribution of 
immunohistochemical markers in the bed nucleus of the stria terminalis in the 
human brain. Journal of Chemical Neuroanatomy, 4(4), 281–298. 
https://doi.org/10.1016/0891-0618(91)90019-9 

Wang, D., He, X., Zhao, Z., Feng, Q., Lin, R., Sun, Y., Ding, T., Xu, F., Luo, M., & Zhan, 
C. (2015). Whole-brain mapping of the direct inputs and axonal projections of 
POMC and AgRP neurons. Frontiers in Neuroanatomy, 9, 40. 
https://doi.org/10.3389/fnana.2015.00040 

Wang, X., Cen, X., & Lu, L. (2001). Noradrenaline in the bed nucleus of the stria terminalis 
is critical for stress-induced reactivation of morphine-conditioned place preference 
in rats. European Journal of Pharmacology, 432(2–3), 153–161. 
https://doi.org/10.1016/s0014-2999(01)01487-x 

Wilcox, M. V., Cuzon Carlson, V. C., Sherazee, N., Sprow, G. M., Bock, R., Thiele, T. E., 
Lovinger, D. M., & Alvarez, V. A. (2014). Repeated binge-like ethanol drinking 
alters ethanol drinking patterns and depresses striatal GABAergic transmission. 
Neuropsychopharmacology: Official Publication of the American College of 
Neuropsychopharmacology, 39(3), 579–594. https://doi.org/10.1038/npp.2013.230 

Wills, T. A., Klug, J. R., Silberman, Y., Baucum, A. J., Weitlauf, C., Colbran, R. J., 
Delpire, E., & Winder, D. G. (2012). GluN2B subunit deletion reveals key role in 
acute and chronic ethanol sensitivity of glutamate synapses in bed nucleus of the 
stria terminalis. Proceedings of the National Academy of Sciences, 109(5), E278–
E287. https://doi.org/10.1073/pnas.1113820109 

Wittchen, H. U., Jacobi, F., Rehm, J., Gustavsson, A., Svensson, M., Jönsson, B., Olesen, 
J., Allgulander, C., Alonso, J., Faravelli, C., Fratiglioni, L., Jennum, P., Lieb, R., 
Maercker, A., van Os, J., Preisig, M., Salvador-Carulla, L., Simon, R., & 



190 
 

Steinhausen, H.-C. (2011). The size and burden of mental disorders and other 
disorders of the brain in Europe 2010. European Neuropsychopharmacology: The 
Journal of the European College of Neuropsychopharmacology, 21(9), 655–679. 
https://doi.org/10.1016/j.euroneuro.2011.07.018 

Yang, M., Mamy, J., Gao, P., & Xiao, S. (2015). From Abstinence to Relapse: A 
Preliminary Qualitative Study of Drug Users in a Compulsory Drug Rehabilitation 
Center in Changsha, China. PLoS ONE, 10(6). 
https://doi.org/10.1371/journal.pone.0130711 

Zhu, P. J., & Lovinger, D. M. (2006). Ethanol potentiates GABAergic synaptic 
transmission in a postsynaptic neuron/synaptic bouton preparation from basolateral 
amygdala. Journal of Neurophysiology, 96(1), 433–441. 
https://doi.org/10.1152/jn.01380.2005 


