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Abstract 
 

Effects of Corticotrophin Releasing Factor on Ventral Tegmental Area Neurons 
 

by 

Joseph Ronald Driscoll 

Doctor of Philosophy in Neuroscience 

University of California, Berkeley 

Professor Howard Fields, co-chair 

Professor Lance Kriegsfeld, co-chair 

 
A major hypothesis in the pathology of addiction is that maladaptive behaviors 

result from a disruption in the homeostatic balance between stress and reward circuitry. 
Several rodent models of stress (i.e. footshock, foot pinch, restraint stress, and social 
defeat stress) increase the activity of ventral tegmental area (VTA) neurons and result in 
an increase in dopamine in midbrain terminal regions. Corticotrophin releasing factor 
(CRF) is released in the VTA during stress and is reported to increase the firing rate of 
dopamine neurons, yet decrease dopamine release in the Nucleus Accumbens (NAc) 
(Wanat et al., 2008; Wanat et al., 2013; Wang et al., 2005). These results suggest that 
CRF differentially modulates discrete VTA circuits. However, the synaptic action of CRF 
on specific VTA circuits and its role in influencing behavior has yet to be characterized.  

We made ex vivo whole cell current clamp recordings to examine the synaptic 
actions of CRF. We measured responses to varying concentrations (100 nM to 1 mM) of 
CRF in both TH(+) and TH(-) neurons from throughout the VTA. To analyze circuit 
specific responses of CRF recordings were made in labeled neurons 7 days after the 
retrograde fluorescent marker DiI was injected into midbrain terminal regions including 
medial prefrontal cortex (mPFC), NAc, and amygdala.  CRF consistently increased the 
firing rate of spontaneously active neurons. However, in quiescent neurons we 
observed both depolarizations and hyperpolarizations. Amygdala-projecting VTA 
neurons were consistently excited by CRF, whether firing spontaneously or quiescent. 
Given the importance of kappa opioids receptor (KOR) activation in the inhibition of 
dopaminergic neurons that project to the amygdala and PFC we also examined the 
possibility that CRF modulates KOR signaling in the VTA (Margolis et al., 2008). We 
used whole cell ex vivo electrophysiology and found that exposure to CRF can uncover 
a novel excitatory response to KOR activation in a subset of VTA neurons. These 
results provide insight into how stress may alter neuronal responses in VTA neuron 
population.
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Chapter 1: Introduction  
 

1.1 Origins of Stress  
The linguistic origin of stress is from the Latin word “stringere,” which means “to 

draw tight.” However, the modern concept of stress is derived from the study of physics, 
where stress refers to the “internal distribution of force exerted on a material resulting in 
strain.” In other words, stress is a force that is exerted on a dynamic system that has 
distributed consequences beyond the point of interaction with the force and the system. 
This definition encompasses changes within the body.  

Scientific experimentation led researchers to further define stress. In 1915, 
Walter B. Cannon coined the term ‘fight or flight’ while studying homeostatic regulation, 
describing an animal’s heightened state of response to perceived threats (Cannon, 
1915). Hans Selye, a 1920s physiologist, was another one of the first scientists to 
characterize stress in a controlled experimental setting. In response to a diverse set of 
chronic stressors, “cold, heat, infection, trauma, hemorrhage [or] nervous irritation”, he 
found that rats exhibited a consistent set of physiological changes, such as peptic 
ulcers, enlarged adrenal glands, and shrunken immune tissue (Seyle, 1975).  These 
studies led Selye to define a stress response as “the nonspecific response to any 
demand made upon [the body].” Selye also explained that the valence of the response 
is immaterial to whether or not something is stressful. Rather, “all that counts is the 
intensity of the demand for readjustment or adaptation.” For example, either intense 
pain or the use of drugs of abuse that produce pleasant or euphoric feelings can also 
push the body out of homeostasis, inducing a physiological stress response.   
 
1.2 Stress as We Understand it 

Every day we come into contact with potential stressors, allowing stress to 
infiltrate all aspects of life. Stressors can be state-dependent and vary in severity or type 
– often categorized as homeostatic/systemic or emotional/psychogenic. Stress can be 
as simple as running a mile or as complex as becoming a parent for the first time. 
Society often puts individuals in close contact, creating interpersonal conflicts of 
motivations and fears, resulting in stress on either side of the social exchange. The 
response to stress is unavoidable, and the act of avoiding a potential stressful situation 
can be equally or more stressful than the actual stress when it occurs. A simple 
example may be delaying a public speaking engagement that you anticipate will be 
stressful, this expectation of an impending stress is itself stressful. Paradoxically, we 
often choose to participate in stressful situations. Observing a high stakes sporting 
event, riding a roller coaster, or reading emotionally charged news stories are a few 
examples of stressors in which we willingly engage. In these emotionally charged 
physical, emotional, and social situations, the ultimate reward is undiminished or even 
enhanced by the stress we experience before and during the event.  

Stress is not just consistent, but also a necessary part of normal physiological 
functioning. Stress allows us to deal with changes or challenges to our environment by 
increasing arousal, mobilizing energy stores, and inhibiting responses to pain. 
Neuroendocrine diseases in which patients lack a normal stress response, such as 
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Addison’s disease or Sheehan’s syndrome, are characterized by constant fatigue, 
fainting, muscle weakness, depression, and anxiety. In this way, the stress response is 
not just the induction of anxiety and dysphoria, but rather a coordinated physiological 
response that can induce both positive and negative motivational states.  

Responses to stress also require a substantial amount of energy, often at the 
expense of reproduction, digestion, cellular repair, and immune responses. Stress-
induced inhibition of these bodily actions is necessary to pay off an immediate energy 
deficit created by what the body may see as a higher priority or more immediate danger. 

A ‘threat’ is difficult to define in modern society, as physical confrontations are 
rare in comparison to psychological and social conflict. Thus, our modern understanding 
of stress places emphasis on the mind, where we can experience strong emotions and 
physiological responses to threatening abstract ideas, like an individual not liking you or 
an impending deadline. These psychological and social challenges may not be life 
threatening. However, as discussed in the next section, the stress response can be 
more damaging than the anticipated harm that elicited it.  
 
1.3 Physiological Response to Stress  

The physiological response to stress includes an increased state of arousal due 
in part to various changes in signaling molecules in three major interconnected systems: 
endocrine, autonomic nervous, and central extra-hypothalamic. The complex structure 
and interaction of these systems allows the body to be forceful and efficient in response 
to challenges, while maintaining the flexibility to respond differently depending on 
physiological state or prior experience.   
 
1.3.1 Endocrine Stress Response 

The endocrine system utilizes hormone effectors to regulate metabolism, growth, 
reproduction, immune response, digestion, and to maintain homeostasis (Nelson, 
2015). The endocrine system refers to a negative feedback loop consisting of three 
components: the hypothalamus, the pituitary, and corresponding peripheral glands. 
Each individual component positively regulates the activity of downstream components. 
The hypothalamus stimulates the pituitary, which in turn stimulates peripheral endocrine 
glands. Activity of downstream components negatively regulates activity of upstream 
components as well. Peripheral gland activity inhibits both the pituitary and 
hypothalamus. Pituitary activity also inhibits the hypothalamus. Several different 
signaling molecules can stimulate different parts of the hypothalamus, thereby inducing 
hormone-specific responses or axis. Each individual axis is specialized for a particular 
physiological function. However, these axes interact, allowing for coordinated 
responses.  

The canonical response to stress is activation of the hypothalamic-pituitary-
adrenal (HPA) axis. During stress, parvocellular neurons in the paraventricular nucleus 
of the hypothalamus (PVN) increase in both frequency of firing and synchrony (Smith 
and Vale, 2006). This results in the pulsatile release of corticotrophin releasing factor 
(CRF) into the portal blood system via the median eminence. CRF then reaches the 
anterior pituitary and regulates the release and production of adrenocorticotrophic 
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hormone (ACTH). After being released into the blood and diffusing broadly throughout 
the body ACTH binds receptors on the adrenal gland and stimulates the release of 
glucocorticoids, such as cortisol, back into the blood stream (in rats the main 
glucocorticoid released is corticosterone). Glucocorticoids are the final common 
mediators of HPA activation, increasing energy delivery to the tissues and feeding back 
onto both the PVN and the anterior pituitary to decrease the production of both CRF and 
ACTH.  

Glucocorticoids also have a broader role in the central nervous system by 
binding glucocorticoid receptors distributed throughout the brain. When glucocorticoids 
bind to their receptors they translocate to the nucleus of the cell and bind glucocorticoid 
response elements (GRE) in promoter regions on a wide range of genes (Bamberger et 
al., 1996). The GRE complex positively or negatively regulates transcription depending 
on the cell and gene (Saklatvala, 2002). Glucocorticoids can also suppress transcription 
factors activator protein 1 (AP1) and nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-𝜅𝜅 B), which are upstream of mitogen-activated protein kinases 
(MAPK) and Toll signaling pathways that regulate synaptic connections between cells 
(Ray and Prefontaine, 1994; Schüle et al., 1990; Yang-Yen et al., 1990).  

Glucocorticoid receptor binding has metabolic consequences including 
increasing blood glucose levels by activation of gluconeogenesis and breaking down 
glycogen stores, increasing fat and protein metabolism, and inhibiting the immune 
system to concentrate energy reserves to the stress response (Smith and Vale, 2006). 
Thus, stimulation of the HPA axis and release of glucocorticoids increases energy 
mobilization, preparing the body for potential threats.  
 
1.3.2 Autonomic Stress Response 

The autonomic nervous system has sympathetic and parasympathetic branches. 
The sympathetic branch runs parallel to the endocrine system, being initiated by the 
PVN and activating the adrenal gland, but utilizes different neuron populations and 
neurotransmitters within each structure. As the endocrine response increases energy 
mobilization, the sympathetic response initiates responses that utilize that energy 
reserve to respond to homeostatic conflict. In addition, through non-endocrine actions, 
the sympathetic nervous system accelerates heart rate, widens bronchial passages, 
decreases gastrointestinal motility, and constricts blood vessels while increasing blood 
pressure to increase blood flow to skeletal muscles. 

As with the endocrine system, homeostatic, physical, or psychological threat 
activates parvocellular neurons in the PVN. Neurons that control the autonomic 
response are a different subpopulation from those that initiate the endocrine response, 
with distinct inputs and projections. Autonomic PVN neurons project along the dorsal 
longitudinal fasciculus directly to preganglionic neurons in the vagus, autonomic relay 
nuclei in the brainstem, and intermediolateral spinal columns. Pre-ganglionic nerve 
fibers project ipsilaterally to the peripheral sympathetic postganglionic neurons whose 
axons project to post-ganglionic neurons in adrenal medulla. Pre-ganglionic fibers 
release acetylcholine, activating nicotinic cholinergic receptors in the sympathetic 
ganglia and adrenal medulla triggering the secretion of epinephrine and norepinephrine 
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peripherally, where it acts on target tissues to initiate the “fight or flight” sympathetic 
response (Gabella, 2001; Martin and Haywood, 1992; Swanson and Sawchenko, 1980). 
 
1.3.3 Central Stress Response 

The central stress response, sometimes referred to as the extra hypothalamic 
stress response, occurs primarily at three sites: proopiomelanocortin (POMC) neurons 
of the arcuate nucleus of the hypothalamus, the amygdala-hippocampal complex, and 
the midbrain dopamine (DA) system. The terminology ‘extra hypothalamic’ can be 
misleading. Though these circuits are distributed across many different brain areas 
outside of the hypothalamus, response and regulation is largely initiated in hypothalamic 
nuclei (PVN, arcuate, dorsal medial hypothalamus, suprachiasmatic nucleus, medial 
preoptic area and the lateral hypothalamus) with extensive recurrent connections 
between extra-hypothalamic and hypothalamic sites. The principal neurotransmitter 
effectors of the central stress response are CRF, arginine vasopressin (AVP), POMC, 
𝛼𝛼-melanocyte-stimulating hormone (α-MSH), β-endorphin, glucocorticoids, 
norepinephrine, and epinephrine. Most of these neurotransmitters are also direct 
regulators of the endocrine and/or autonomic response (Ulrich-Lai and Ryan, 2014). 
 
1.3.4 POMC Neurons of the Arcuate Nucleus 

During stress the PVN releases CRF and AVP into the arcuate, leading to the 
release of the cleaved products of POMC, ACTH, 𝛼𝛼-melanocyte-stimulating hormone 
(𝛼𝛼MSH), 𝛽𝛽-endorphin, and met-enkephalin. POMC neurons project back to the PVN, 
where POMC derived peptides decrease the expression of CRF and AVP (Herman et 
al., 2003; X.-Y. Lu et al., 2003). Cleavage products 𝛼𝛼-MSHs and ACTH bind 
melanocortin receptors (MCRs), which are expressed in the amygdala, nucleus 
accumbens (NAc), hippocampus, locus coeruleus (LC) and subnuclei in the 
hypothalamus (Caruso et al., 2014; Reul and Kloet, 1985). Increased levels of MCR in 
the brain, specifically the basolateral amgydala (BLA), are associated with increased 
sensitivity in the endocrine response (Liu et al., 2007). Hippocampal MCR also 
modulates memory formation during and following stress induction (ter Heegde et al., 
2015). 
 
1.4 Amygdala-hippocampal complex 

The amygdala and hippocampus are both activated during stress by 
glucocorticoids released from the adrenal cortex and catecholamine neurons that 
ascend from the brainstem (Herman et al., 2003). Activation of these areas by sensory 
inputs is the key initiator of the emotional/psychogenic stress response. 

Within the subnuclei of the amygdala, there is a dissociation between the 
physiological stress response and psychological/emotional stress response. The central 
nucleus of the amygdala (CeA) has a larger number of cells that are cFos positive 
following homeostatic somatic stressors, hemorrhage and immune challenge. Neurons 
in the BLA and medial nucleus (MeA) show a preferential increase of cFos activation by 
psychological and CNS mediated stressors, noise, restraint, and forced swim (Cullinan 
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et al., 1995; Davis, 1992; Dayas et al., 1999, 2001; Prewitt and Herman, 1997; 
Sawchenko et al., 1996, 2000; Xu et al., 1999).  

While technically outside the classical amygdalar complex the bed nucleus of the 
stria terminalis (BNST) is part of a continuous population of neurons that includes the 
central nucleus of the amygdala. Stimulation of the anterior subregion of the bed 
nucleus of the stria terminalis (BNST), a part of the extended amygdala, excites the 
HPA axis (Choi et al., 2007; Gray, 1993). The lateral subdivision of the anterior BNST 
has neurons that make CRF and directly project to the PVN (Champagne et al., 1998; 
Dong et al., 2001). Conversely, the posterior subdivision of the BNST inhibits the HPA 
axis in response to stress, and lesioning this area increases basal ACTH and 
glucocorticoid levels (Choi et al., 2007; Gray, 1993).  

The hippocampus, associated with learning and memory, exerts a tonic inhibitory 
gating on the amygdala, PVN, and LC (Herman and Mueller, 2006). Stimulation of the 
hippocampus decreases glucocorticoid secretion, while hippocampal lesions increase 
CRF mRNA expression in the PVN (Dunn and Orr, 1984; Herman et al., 1989; 
Jacobson and Sapolsky, 1991; Rubin et al., 1966). Lesions of the ventral subiculum, the 
most inferior portion of the hippocampus, increase glucocorticoid release following 
psychogenic, but not systemic, stress. The rise in CRF due to decreased activation of 
the hippocampus is likely a result of disinhibition in the PVN (Herman et al., 1995; 
Herman and Mueller, 2006). 
 
1.5 Mesolimbic and Mesocortical Dopamine system 

Most think that the physiological response to stress is mediated primarily by the 
HPA endocrine axis, several other systems adapt to changes in stress hormones, 
including the mesocortical and mesolimbic DA systems. The mesocortical and 
mesolimbic pathways consist of dopaminergic neurons originating in the ventral 
tegmental area (VTA) that project to several cortical (medial prefrontal [mPFC], 
cingulate, and entorhinal) and limbic areas (NAc, amygdala, and hippocampus) (Fields 
et al., 2007). Activation of the mesocortical and mesolimbic pathways is thought to 
mediate motivational and anticipatory behaviors associated with reinforcement and 
avoidance.  

A variety of experimental stressors (footshock, open field, restraint, social defeat, 
and predator odor) increase the activity of dopaminergic neurons in the VTA, leading to 
increases in DA release and DA metabolism in the cortex and NAc (Deutch et al., 1985, 
1991; Fadda et al., 1978; Herman et al., 1982; Inoue et al., 1994; Kalivas and Duffy, 
1995; Roth et al., 1988; Thierry et al., 1976; Tidey and Miczek, 1996).  Stress-induced 
increases in DA in the cortex and NAc occur at the onset and termination of the stressor 
(Imperato et al., 1991). Adrenalectomy does not inhibit stress-induced DA release in the 
cortex or NAc, suggesting that stress-induced increases in DA are independent of 
activation of the HPA axis or autonomic system.   

While stress may stimulate the mesocortical and mesolimbic pathways, the 
projection sites provide a negative feedback loop, helping to regulate the ongoing 
physiological response to stress. Activation of the mPFC is associated with inhibition of 
the stress response and decreases in plasma glucocorticoid levels (Diorio et al., 1993; 
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Feldman and Conforti, 1985). Lesioning the mPFC increases CRF and AVP mRNA in 
PVN (Herman et al., 1989) and plasma glucocorticoid levels in response to restraint 
stress (Diorio et al., 1993). Subregions within the mPFC, including prelimbic, dorsal 
subregion, infralimbic, and ventral subregions, respond to stress differently. Lesions of 
the prelimbic cortex enhance the cFos and CRF mRNA expression in parvocellular 
neurons of the PVN to restraint stress (Gerrits et al., 2003; Radley et al., 2006). While 
lesions of the infralimbic cortex attenuate the normal cFos expression in CRF containing 
PVN neurons in animals that have undergone restraint stress (Frysztak and Neafsey, 
1994; Radley et al., 2006; Resstel et al., 2006; Sullivan and Gratton, 2002).   

Research on the effect of NAc activation on the stress response is limited. The 
role of NAc DA in reward has caused many to speculate that the activation of the NAc 
acts as negative feedback, inhibiting the stress response in order to seek reward. 
Natural rewards can reduce the effect stressors have on the HPA axis, which may help 
to explain why stress can sometimes increase reward seeking (Ulrich-Lai et al., 2010). 
Mild footshock stress increases concentrations of DA metabolites in the NAc shell, 
ablating dopaminergic neurons in the mPFC, using 6-hydroxydopamine (OHDA), results 
in enhanced concentrations of these DA metabolites in the NAc. Such a finding 
suggests that the NAc and mPFC may interact to coordinate a response to stressors 
(King et al., 1997; King and Finlay, 1997). The NAc also has outputs to brain regions 
that project back to the PVN such as the LH, BNST, LPOA, and parabrachial nucleus 
providing the anatomical substrate for regulating the stress response (Nauta et al., 
1978; Swanson and Cwan, 1975; Williams et al., 1977). 
 
1.6 The CRF System 

CRF is a 41-amino acid peptide chain first isolated and characterized from ovine 
hypothalamus in 1981 (Vale et al., 1981). CRF containing neurons are found in the 
PVN, where they regulate the peripheral response to stress (both HPA and autonomic) 
as described previously (Bale and Vale, 2004). The effects of CRF in the central 
nervous system are independent of the HPA and autonomic responses (see central 
stress response) (Bale and Vale, 2004; Koob, 1999; Reul and Holsboer, 2002). Over-
expression of CRF in the brain results in the induction of avoidance behaviors, 
decreased exploration, and a hypersensitivity to stressful stimuli (Dunn and Berridge, 
1990; van Gaalen et al., 2002). Suppression of CRF expression by antisense 
oligonucleotides is anxiolytic, causing increased exploration of the open arms in the 
elevated plus maze (EPM) and decreased avoidance behaviors in defeat stress and 
footshock paradigms (Skutella et al., 1994a, 1994b).  

CRF is synthesized by neurons in many brain areas associated with the 
behavioral response to stress, such as the CeA, MeA, BNST, transition area of the 
medial shell of the NAc, lateral and medial preoptic areas, lateral hypothalamus, 
laterodorsal tegmental nucleus, LC, parabrachial nucleus, and the lateral septum (LS) 
(Heinrichs et al., 1995b; Sawchenko et al., 1993; Swanson et al., 1983). Levels of CRF 
change in response to stress and withdrawal from drugs of abuse, which can be 
considered a systemic stressor. For example, a subset of VTA neurons that normally do 
not express CRF, began synthesizing CRF following withdrawal from nicotine. 
Urocortins (Ucns), a structurally related family of peptides, also act at CRF receptors, 
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with a different pharmacology and distribution of mRNA expression (Hsu and Hsueh, 
2001; Lewis et al., 2001; Reyes et al., 2001; Spina et al., 1996; Vaughan et al., 1995). 

The behavioral response to direct infusion of CRF into the central nervous 
system (CNS) is variable and is dependent on baseline levels of arousal, past history of 
stress, drug use, and dosage of CRF (Koob, 1999). Central CRF administration in 
animals not previously exposed to stress paradigms and in a low arousal state will show 
increases in locomotion, rearing, and grooming (Dunn and Berridge, 1990). Animals 
previously exposed to more stressful environments show suppression of exploration, 
decreased time on the open arms of the elevated plus maze (EPM), food intake, interest 
in sex, and increased defensive burying. At high enough dosages, central CRF will 
always produce conditioned aversion behaviors. 
 
1.6.1 Receptors 

The CRF receptors, CRFR1 and CRFR2, are 7 transmembrane receptors that 
bind CRF and Ucns. Each receptor has a different anatomical distribution and affinity to 
the endogenous ligands. CRFR1 has a higher affinity for CRF and CRFR2 has a higher 
affinity for Ucns, although both peptides act on both receptors. Based on observations 
of the receptor knockout mice, it had been hypothesized that CRFR1 mediates 
anxiogenic behaviors and CRFR2 mediates stress recovery or coping behaviors (Bale 
and Vale, 2004; Fekete and Zorrilla, 2007; Zorrilla and Koob, 2004). However, 
substantial recent evidence has suggested this generalization of function is over 
simplified and functional significance of each receptor is likely dependent on brain area 
and cell type in which the receptor is expressed. 
 
1.6.2 CRF Receptor Type 1 

CRFR1 has high levels of expression in the anterior pituitary, cerebellum, PFC, 
BLA, MeA, medial septum, and BNST; and moderate expression in the NAc, VTA, and 
raphe nucleus (Chalmers et al., 1995; Potter et al., 1994; Van Pett et al., 2000). Animals 
treated with intracerebroventricular (ICV) infusions of the CRFR1 specific antagonist 
antalarmin and mice lacking CRFR1 show reduced anxiety-like behavior as assessed in 
increased exploratory behavior in three separate paradigms – EVP, open-field, and 
light-dark box. (Müller et al., 2003; Smith et al., 1998; Timpl et al., 1998; Zorrilla et al., 
2002). 
 
1.6.3 CRF Receptor Type 2 

CRFR2 expression has minimal overlap with CRFR1 and is localized primarily to 
subcortical areas. The highest levels of CRFR2 expression are found in the LS, the 
ventromedial hypothalamus, and the choroid plexus. Moderate levels are found in the 
olfactory bulb, medial subdivisions of the extended amygdala (MeA and medial BNST), 
hippocampus, PVN, supraoptic nuclei of the hypothalamus, inferior colliculus and raphe 
(Chalmers et al., 1995; Van Pett et al., 2000). Genetic deletion of CRFR2 does not 
produce a clear behavioral phenotype. A few labs report that CRFR2 knockout mice 
display hypersensitivity to stressors, specifically showing an increased endocrine 
response, anxiety like behaviors, and an impaired ability to recover from stress (Bale et 
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al., 2000; Coste et al., 2000; Issler et al., 2014; Kishimoto et al., 2000). Kishimoto et al., 
demonstrated that CRFR2 knockouts spent less time in open arms of the EPM and less 
time exploring in the open field test. However, Coste et al. reported that CRFR2 
knockouts showed no difference from wildtype littermates in the elevated plus maze 
(EPM) or open field test. These differences indicate that more research is needed to 
clarify the relationship between CRFR receptor subtype and function. 
 
1.6.4 CRF Binding Protein 

The distribution of the CRF binding protein (CRFBP) closely follows that of CRF 
itself, with widespread expression in the cortex and the amygdala (Potter et al., 1992; 
Sawchenko et al., 1993). CRFBP has a higher affinity for CRF than either of the CRFR 
subtypes. The functional role of CRFBP in the central nervous system (CNS) is still 
largely unknown. During gestation, CRFBP acts as an antagonist within the placenta, 
binding and sequestering CRF from receptors, thus decreasing the overall 
concentration of active ligand (Linton et al., 1990). In the CNS, many have hypothesized 
that CRFBP acts as a buffer to CRF action, binding and limiting the availability of CRF in 
high stress conditions. As stress wanes, CRFBP can release CRF to act upon receptors. 
Therefore, CRFBP can prevent the degradation of CRF and act as a storage reservoir 
(Behan et al., 1995; Turnbull and Rivier, 1997). An alternative hypothesis is that CRFBP 
could be acting as an inducible factor, forming a ligand binding-protein complex that 
directly interacts with receptors (Kemp et al., 1998). A CRFBP inhibitor infused ICV 
produces a pattern of cFos activation that is different than what would be expected by 
merely freeing sequestered CRF to bind to its receptor (Chan et al., 2000). In the VTA 
the presence of CRFBP is essential for stress-induced reinstatement to cocaine seeking 
(Ungless et al., 2003; Wang et al., 2007). Recent work suggests that this behavior may 
require CRFBP to act as an anchor for CRFR2 locking it to the membrane, allowing for 
CRF to activate receptors that may have been otherwise internalized (Slater et al., 
2016). 
 
1.6.5 Intracellular signaling 

CRFRs are 7 transmembrane domain receptors that principally function through 
Gs G protein signaling. Therefore, stimulation of these receptors activates PKA, 
resulting in elevated of adenylyl cyclase (AC), cyclic adenosine monophosphate levels 
(cAMP), gene transcription, and intracellular Ca++ mobilization (Gutknecht et al., 2009; 
Hauger et al., 2006). In addition to activating Gs signaling, CRFRs can couple to other 
G-proteins, including Gqα, Gi, Go, Gi1/2 and Gz. Stimulation of these other G-proteins 
activates phospholipase C (PLC), extracellular signal-regulated kinase–mitogen-
activated protein kinase (ERK–MAPK) pathways, and increases intracellular Ca2+ 
concentration (Blank et al., 2003; Grammatopoulos et al., 2001).  

After CRF binds its receptor, G-protein receptor kinases (GRKs) phosphorylate 
the receptor, inhibiting further binding of G-proteins and increasing the receptors affinity 
for 𝛽𝛽-arrestins. 𝛽𝛽-arrestins enable internalization, allowing the receptor to be 
dephosphorylated and recycled back to the membrane or marked for degradation 
(Gutknecht et al., 2009; Kelly et al., 2008; Kohout and Lefkowitz, 2003; Markovic et al., 



9 
 

2008). Finally, CRF receptors are modulated by carboxy-terminal PDZ-domain 
interactions by membrane-associated guanylate kinases (MAGUKs), this influences 
receptor localization and anchors CRFRs to larger signaling complexes, which bias 
downstream kinase activation and receptor trafficking (Bender et al., 2015; Dunn et al., 
2016; Magalhaes et al., 2012; Walther et al., 2015) 
 
1.7 CRF in the Amygdala  

Neurons expressing CRF or CRFRs are found throughout the brain. The binding 
of CRF to its receptor does not result in a homogeneous cellular effect. The 
pharmacology, physiology, and behavioral outputs of CRF stimulation vary by brain 
area and neuronal cell type. The following will review CRF’s effect in the amygdalar 
complex and extended amygdala, which has one of the largest populations of CRF 
containing neurons (Sawchenko et al., 1993; Swanson et al., 1983). 
 
1.7.1 Central Nucleus of the Amygdala 

The CeA is the major output nucleus of the amygdala, and is associated with 
conditioned fear behaviors and feeding (Janak and Tye, 2015). The CeA receives inputs 
from both the BLA and BNST, and projects to the BNST, LC, hypothalamus, 
periaqueductal grey (PAG), dorsal raphe (DR), and LS. Each of these projection sites 
contain CRF neurons and/or express the CRFR (Sawchenko et al., 1993; Swanson et 
al., 1983). CeA neurons predominately express CRFR1 with moderate CRFR2 
expression. The physiological effect of CRF in the CeA is varied, as CRF modulates the 
signaling of both glutamate and Gamma-Aminobutyric acid (GABA), causing either 
excitations or inhibitions.  

CRFR1 activation in the CeA acts to suppress activity by inhibiting glutamate via 
a postsynaptic mechanism and enhancing presynaptic release of GABA (Fu and 
Neugebauer, 2008; Gilpin et al., 2008; Liu et al., 2004; Nie et al., 2004, 2009). Other 
studies have shown that stimulation of the CRFR1 in the CeA causes excitation through 
the increased release of glutamate at presynaptic terminals, activation of PKA, and 
postsynaptic increase of NMDA conductance. CRFR1 activation also increases the 
conductance of action potential dependent repolarizing potassium channels, 
accelerating the  return to resting membrane potential at a short latency following an 
action potential and potentially increasing the frequency of firing (Fu and Neugebauer, 
2008; Ji and Neugebauer, 2008; Silberman and Winder, 2013a). Blocking CRFR1 in the 
CeA with antagonist or knocking down the receptor with antisense ogionucleiotides 
does not affect basal anxiety levels in the EPM and open field, but it does reduce 
learned anxiety following exposure to immobilization and social defeat stress (Liebsch 
et al., 1995). 

CRFR2 activation in the CeA increases glutamate signaling by both presynaptic 
and postsynaptic mechanisms. CRFR2 stimulation also increases GABA release from 
presynaptic terminals, resulting in a decrease in firing frequency in single unit 
recordings(Fu and Neugebauer, 2008; Ji and Neugebauer, 2008; Liu et al., 2004; 
Silberman and Winder, 2013a). Experiments looking at the behavioral effects of specific 
CRFR2 agonists or antagonists in the CeA have not been done. 
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1.7.2 Basolateral Amygdala 

The role of the BLA in fear learning and memory is well established (Roozendaal 
et al., 2009). The BLA integrates and helps process the emotional valence of sensory 
information received from the temporal and anterior cingulate cortices. The BLA also 
receives projections from the CeA and the BNST (Swanson et al., 1983; Van 
Bockstaele et al., 1999; Van Pett et al., 2000). The major outputs of the BLA include the 
cortex, ventral hippocampus, nucleus accumbens and lateral septum. In these output 
regions, the cortex expresses CRFR1 and the lateral septum expresses mainly CRFR2, 
the ventral hippocampus has a high density of both CRFR1 and CRFR2.  

Some studies suggest that CRF microinjections in the BLA cause excitation, 
showing an increase in the number of cFos positive/ Ca2+ /calmodulin-dependent 
protein kinase II positive neurons, a decrease in the total number of GAD65 labeled 
cells, and a reduction in the amplitude of the slow after hyperpolarization current 
following action potentials (Rainnie et al., 1992; Rostkowski et al., 2013). Injections of 
either CRF or Ucn (which has a higher affinity for CRFR2) increase avoidance in a 
social interaction test and decrease exploration of the open arms in the EPM (Rainnie et 
al., 1992; Sajdyk et al., 1999).  

CRFR1 activation in the BLA increases fear potentiated startle, impairs 
consolidation of fear learning and memory (Abiri et al., 2014; Bijlsma et al., 2011; 
Hubbard et al., 2007; Roozendaal et al., 2002). Microinjections of Ucn, which binds 
CRFR2 with a higher affinity then CRF, produce a stronger social avoidance compared 
with CRF microinjections (Sajdyk et al., 1999). Interestingly, when a CRFR1 specific 
antagonist is co-infused into the BLA with Ucn, there is a dose dependent reduction in 
the avoidance behavior, indicating that both receptors may contribute to the induction of 
certain anxiety-like behaviors (Gehlert et al., 2005; Spiga et al., 2006). Chronic 
microinjections of Ucn into the BLA induce an anxiety phenotype that persists for up to 5 
weeks, as measured by avoidance in social interaction tests and decreased exploration 
in the EPM (Rainnie et al., 2004). These animals showed a pronounced reduction in 
both spontaneous and evoked IPSPs, indicating increased BLA activity through the loss 
inhibitory tone.  
 
1.7.3 Bed Nucleus of the Stria Terminalis 

The BNST has been implicated in sustained anxiety-like states and is 
hypothesized to be at the intersection of stress and reward circuits. BNST neurons are 
similar to CeA neurons in terms of cell morphology, neurotransmitter content, and 
outputs (Kash et al., 2008; Olucha-Bordonau et al., 2015). However, these two regions 
differ in CRF inputs and the behaviors they regulate. The BNST receives inputs from 
nearly all major CRF producing areas including, the BLA, CeA, lateral septum, and 
PVN. The BNST projects to the lateral hypothalamus, medial preoptic area, 
parabrachial nucleus, VTA, lateral septum, and paraventricular nucleus of the 
hypothalamus (Lebow and Chen, 2016). Although BNST neurons receive dense CRF 
inputs there is evidence that BNST neurons are mainly stimulated by local release of 
CRF (Kash et al., 2008).  
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The BNST projection to the VTA is a major source of CRF release in to the VTA 
(Rodaros et al., 2007). The BNST to VTA projection has been implicated in mediating 
reward and anxiety like states (Jennings et al., 2013). Glutamatergic VTA projecting 
BNST neurons are excited by aversive stimuli and optogenetic activation of these fibers 
causes aversive and anxiogenic behaviors. In contrast BNST GABAergic neurons that 
project the VTA are inhibited by aversive stimuli and photostimulation of these fibers 
results in rewarding and anxiolytic behaviors. Infusions of CRF into the BNST increase 
anxiety-like behaviors such as increased response to the light-enhanced startle task 
and decreased time in the open arm of the EPM. These responses are blocked with 
infusion of a CRFR1 antagonist (Davis, 1998; Sahuque et al., 2006; Tran et al., 2014). 
CRF infusions into the BNST cause a conditioned place aversion that is blocked by 
antagonists to either receptor, indicating that both CRFR1 and CRFR2 in the BNST play 
a significant role in aversive learning (Sahuque et al., 2006). CRFR2 antagonists into 
the anterolateral BNST resulted in a decrease in time in the open arm of the EPM and a 
decrease in the mechanical threshold as measured by von Frey fibers (Tran et al., 
2014). Viral knockdown of BNST CRFR2 results in reduced latency to acoustic startle, 
reduced prepulse inhibition, and increased defensive marble burying. Whereas, over-
expression of CRFR2 resulted in attenuation of freezing in animals that are susceptible 
to anxiety behaviors following a procedure to induce chronic stress (Elharrar et al., 
2013; Lebow et al., 2012).  

CRF causes an increase in presynaptic glutamate release through activation of 
CRFR1. Dopaminergic and adrenergic inputs to the BNST may play a role in CRF-
enhanced glutamate release. These monoaminergic inputs synapse onto CRF positive 
neurons, inducing CRF release, which can lead to the activation of CRFR1 and alter 
glutamate release. The result of this disynaptic excitation of the BNST is thought to be a 
mechanism of reinstatement to drug seeking (Huang et al., 2010; Kash et al., 2008; 
Nobis et al., 2011; Silberman et al., 2013; Silberman and Winder, 2013b).  
 
1.8 The Ventral Tegmental Area 

The VTA is comprised of a heterogeneous population of cells along the midline in 
the tegmentum of the midbrain. The VTA acts as a major functional node in brain 
networks that coordinate motivation and learned appetitive behaviors (Fields et al., 
2007; Morales and Margolis, 2017). Since the VTA is a major source of DA (DA), 
research has largely focused on the behavioral significance of the VTA’s ability to 
influence behavior through alterations in DA signaling (Everitt and Robbins, 2005; 
Kalivas and Volkow, 2005; Schultz, 1998, 2002, Wise, 2002, 2005).  

The VTA also consists of a large number of GABAergic and glutamatergic 
neurons that project both locally, affecting the firing of DA neurons, and release of 
dopamine in VTA target regions such as the NAc, mPFC and amygdala.  In addition, 
some VTA neurons contain multiple neurotransmitters, releasing DA and glutamate or 
glutamate and GABA from the same axonal terminal region, or DA and GABA from the 
same synaptic vesicle (Berrios et al., 2016; Root et al., 2014b; Zhang et al., 2015). 
Understanding where these combinatorial neurons project, their net synaptic action, and 
how activation of these neurons alters behavior is critically important for future research. 
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Neurons that co-express multiple neurotransmitters will not be discussed in detail here 
(see (Morales and Margolis, 2017) for further discussion).  

The activity of VTA neurons is regulated by inputs from a large number of brain 
sites; including the NAc, PFC, amygdala, diagonal band of broca, lateral hypothalamus 
(LH), preoptic area, DR, PAG, and several pontine, cerebellar, and medullary nuclei 
[add one more@Phillipson1979] (Geisler and Zahm, 2005; Phillipson, 1979; Wallace et 
al., 1992). The VTA has dense projections to the NAc core and shell, ventral pallidum, 
lateral habenula, olfactory tubercle,  PFC, amygdala, and LH (Berger et al., 1974; Fuxe 
et al., 1974; Ikemoto, 2007; Lindvall et al., 1974, 1978; Lindvall and Björklund, 1974; 
Ungerstedt, 1971) and modest projections to the hippocampus, entorhinal cortex, and 
lateral septum (Beckstead et al., 1979; Swanson, 1982). Distinct subsets of VTA 
neurons project to each VTA target (Fallon et al., 1984; Margolis et al., 2006b; 
Swanson, 1982). Projection neurons also receive segregated inputs based on projection 
target and neurotransmitter content. An example of this organized input is the excitatory 
afferents from the PFC, which selectively target DA neurons that project back to the 
PFC, but not to the NAc. Similarly, PFC neurons synapse onto GABAergic neurons that 
project to the NAc, but not those projecting back onto the PFC (Carr and Sesack, 2000). 
The diverse cellular composition and highly organized structure allows for the VTA to 
influence a wide array of sensory inputs and behavioral outputs. 
 
1.8.1 Dopamine Neurons of the VTA 

VTA DA neurons have been implicated in a wide variety of cognitive processes 
and behaviors including, positive and negative reinforcement, reward prediction error, 
decision making, working memory, stimulus salience, and aversion (Adcock et al., 2006; 
Berridge, 2007; Brischoux et al., 2009; Bromberg-Martin et al., 2010; Lammel et al., 
2012; Salamone and Correa, 2012; Schultz, 2002). In the 1950s, Olds and Milner 
showed that stimulation of the DA rich medium forebrain bundle, a major VTA output, 
reinforced appetitive behavior in rats (Olds and Milner, 1954; Olds and Olds, 1963, 
1969).  

Single unit recording in awake behaving animals has provided more insight. 
Putative VTA DA neurons (identified with electrophysiological properties) are activated 
in response to unexpected reward and transiently decrease their firing when an 
expected reward is omitted (Cohen et al., 2012; Eshel et al., 2016; Matsumoto and 
Hikosaka, 2009; Schultz et al., 1997; Schultz, 2002, 2007). These neurons also show 
activation at short latency in response to cues that predict reward following learning. 
These results led to the hypothesis that VTA DA neurons encode reward prediction 
error. In other words, the response of DA neurons is scaled to the difference between 
actual reward magnitude and the prior expectation of the reward. For example, DA 
neurons will fire more robustly in response to a reward with greater-than-expected value 
and fire less in response to a reward with lesser-than-expected value. In addition, there 
is evidence that behaviors beyond reward prediction error are encoded by VTA DA 
neurons. In primate, a subset of VTA DA neurons were found that are excited by either 
unexpected rewards or aversive stimuli or cues that predict rewards or aversive 
outcomes, these were proposed to encode salience (Matsumoto and Hikosaka, 2009).  
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In addition, a small subset of DA neurons can be excited by noxious stimuli or by 
exposure to stressful events  (Brischoux et al., 2009; Chaudhury et al., 2013; 
Matsumoto and Hikosaka, 2009; Mileykovskiy and Morales, 2011; Schultz, 2007; Tye et 
al., 2013). 

In the rat VTA, approximately 55% of neurons are dopaminergic (Margolis et al., 
2006b; Swanson, 1982). DA released from neurons in the VTA can act locally at the 
synapse and distally through volume transmission (Bayer and Pickel, 1990; Ford et al., 
2009; Gantz et al., 2013). There are five known subtypes of DA receptors, but each 
receptor can be categorized as D1-like (D1, D5) or D2-like (D2, D3, D4), which activate 
or inhibit the enzyme adenyl cyclase, respectively, upon stimulation (Jaber et al., 1996). 
Thus, dopaminergic release has the potential to excite or inhibit postsynaptic cells 
depending on the expression of D1-like or D2-like receptors. In the VTA, D2 receptors 
are strategically located on neurons in proximity to DA containing vesicles, acting as 
autoreceptors by providing negative feedback on DA release (Pickel et al., 2002). D2 
receptors are also located on GABAergic and glutamatergic neurons within the VTA, 
allowing DA to regulate the activity of non-dopaminergic VTA neurons (Chieng et al., 
2011; Hnasko et al., 2012; Margolis et al., 2012).  

VTA DA neurons receive glutamatergic inputs from the medial PFC, 
pedunculopontine tegmentum (PPTg), laterodorsal tegmental nucleus, LHb, PAG, 
BNST, PAG, VP, LH, and DR (Carr and Sesack, 2000; Charara et al., 1996; Georges 
and Aston-Jones, 2001; Nieh et al., 2015; Omelchenko and Sesack, 2005, 2009; Qi et 
al., 2014). DA neurons receive GABAergic inputs from the rostromedial mesopontine 
tegmental nucleus, PAG, DR, lateral hypothalamus (LH), and ventral pallidum.  

VTA DA neurons target the NAc, amygdala, cortex, hippocampus, ventral 
pallidum, PAG, BNST, lateral septum, olfactory tubercal and LC (Beier et al., 2015; 
Hjelmstad et al., 2013; Jhou et al., 2009; Kaufling et al., 2010; Nieh et al., 2015; 
Omelchenko and Sesack, 2010). In addition to dopamine, each of these projections 
contains a significant percentage of GABA and/or glutamate neurons. From the VTA, 
the NAc has the highest percentage of DA projections (65%-85%), followed by the 
lateral septum (72%), amygdala (53%), entorhinal cortex (46%), PFC (30%-40%), and 
the hippocampus (6%-18%) (Fallon et al., 1984; Gasbarri et al., 1994; Margolis et al., 
2006b; Swanson, 1982). 

Activation of DA neurons in the VTA, especially those projecting to the NAc is 
associated with reward-related behavior, while destruction of the midbrain DA system 
results in motivational deficits [@Ungerstedt1971b] (Ilango et al., 2014; Kim and Lee, 
2012; Tsai et al., 2009; Wise, 2005; Witten et al., 2011). Activation of VTA DA inputs 
into the NAc is rewarding in that optogenetic stimulation of VTA DA fibers in the NAc 
can drive intracranial self-stimulation in rats (Steinberg et al., 2014). Injections of DA 
antagonists, either systemically or into the NAc, can block the acquisition of conditioned 
place preference (CPP) and responding to salient outcome cues (Di Ciano and Everitt, 
2001; Parkinson et al., 2002; Tzschentke, 1998).  

Generally, several inputs have the capacity to activate DA neurons that project 
from the VTA to the NAc, indicating that reward-related behaviors originate from a 
distributed circuit and can be initiated by a broad range of stimuli. For example, 
cholinergic inputs from the laterodorsal tegmental nucleus (LDT) selectively target VTA 
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neurons containing DA, but not those containing GABA. When the LDT is stimulated, 
there is an increase in NAc DA and observed reward related behavior (Forster and 
Blaha, 2000; Lammel et al., 2012; Lodge and Grace, 2006; Omelchenko and Sesack, 
2005; Steidl et al., 2017). Glutamatergic projections from the DR make monosynaptic 
contact preferentially onto DA neurons in the VTA. Activation of a subset of these DA 
neurons projecting to the NAc results in positive reinforcement (Qi et al., 2014). Self-
stimulation is also supported by activation of anterolateral cortical inputs into the VTA; 
this self-stimulation is blocked by microinjections of DA antagonists into the NAc, 
indicating that glutamatergic inputs from the PFC activate DA neurons projecting from 
the VTA to the NAc (Beier et al., 2015). Glutamatergic projections from the PPTg to the 
VTA selectively excite VTA DA neurons and photostimulation of this glutamatergic 
projection induces reinforcement behaviors (Yoo et al., 2017). It is worth noting that 
appetitive learning is not limited to activation of DA neurons projecting from the VTA to 
the NAc. For example, local depletion of DA in the PFC inhibits cocaine self-
administration in the PFC (Goeders and Smith, 1986; McGregor et al., 1996; 
Tzschentke, 2000). 

Although there is overwhelming evidence that DA signaling is sufficient for 
inducing reward-related behaviors, it may not be necessary to induce reinforcement. DA 
antagonists do not block morphine CPP in opioid naive rats and ablation of DA 
terminals in the NAc does not inhibit self-administration of heroin rats (Mackey and van 
der Kooy, 1985; Nader and van der Kooy, 1997; Olmstead and Franklin, 1997; Pettit et 
al., 1984). Similarly, DA depleted mice can develop a CPP to morphine despite a 
complete lack of DA (Hnasko et al., 2005).  

In addition to the extensive work characterizing the role of DA neurons in the 
VTA in reward, recent evidence suggests that DA neurons can also contribute to 
aversive learning. In mice, optogenetic activation of neurons projecting from the LHb to 
the VTA induces a conditioned place aversion (CPA) that is blocked by infusion of a D1 
receptor antagonist into the mPFC. This suggests that glutamatergic neurons projecting 
from the LHb to the VTA synapse onto DA neurons that project to the mPFC and this 
circuit is activated during aversive learning (Lammel et al., 2012).  
 
1.8.2 GABAergic Neurons in the VTA  

A large proportion of VTA neurons (~23%) are GABAergic (Carr and Sesack, 
2000; Margolis et al., 2006b, 2012; Van Bockstaele and Pickel, 1995). These 
GABAergic neurons are heterogeneous, with different subsets having different 
projection targets and co-expressing different peptides (Olson and Nestler, 2007; Wang 
and Morales, 2008). GABAergic neurons in the VTA increase their firing rate in 
response to exposure to reward predictive cues and continue firing through reward 
delivery. A subset of neurons also exhibits an increase in activity in response to 
aversive stimuli (Cohen et al., 2012; Tan et al., 2012). 

GABAergic neurons originating in the VTA send both local and long-range 
projections (Johnson and North, 1992; Omelchenko and Sesack, 2009; Tan et al., 2012; 
van Zessen et al., 2012). Electrophysiology and electron microscopy (EM) studies show 
that VTA GABAergic neurons form specific synaptic connections with cholinergic 
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interneurons of the NAc and glutamate neurons in the LHb (Brown et al., 2012; Root et 
al., 2014a). VTA GABAergic neurons establish symmetric (inhibitory) synapses on local 
dendrites of both DA and non-DA neurons in the VTA (Omelchenko and Sesack, 2009). 
This ultrastructure finding has been confirmed with electrophysiology and optogenetics, 
activation of local GABAergic neurons provide GABAA mediated inhibitory post synaptic 
currents (IPSCs) onto DA neurons (Johnson and North, 1992; Tan et al., 2012; van 
Zessen et al., 2012). This local microcircuitry suggests that GABAergic neurons may 
tightly regulate the firing rate of DA neurons in the VTA, increasing firing through 
disinhibition and decreasing firing through direct inhibition. 

GABAergic neurons receive glutamatergic inputs from the LHb and mPFC (Carr 
and Sesack, 2000; Omelchenko and Sesack, 2005). These neurons also receive direct 
GABAergic inputs from D1 expressing neurons in the NAc (Bocklisch et al., 2013). 
Lastly, GABAergic neurons also receive glutamatergic and GABAergic inputs from the 
PAG, DR, LH, and BNST (Beier et al., 2015; Kudo et al., 2012; Nieh et al., 2015; 
Omelchenko and Sesack, 2010).  

Optogenetic activation of GABAergic neurons in the VTA disrupts consummatory 
licking for 10% sucrose reward, elicits a CPA, and suppresses the activity of DA 
neurons in the VTA which leads to a decrease in DA in the NAc (Tan et al., 2012; van 
Zessen et al., 2012). Inhibition of GABAergic neurons in the VTA, by stimulation of 
GABAergic fibers from the LH, results in disinhibition of DA neurons in the VTA that 
project to the NAc; resulting in CPP (Barbano et al., 2016; Nieh et al., 2016; Stuber and 
Wise, 2016). Independent of DA, a subset of the VTA GABAergic terminals onto the 
NAc can enhance an animal’s ability to discriminate a stimulus associated with an 
aversive outcome through direct inhibition of cholinergic interneurons (Brown et al., 
2012). 
 
1.8.3 Glutamatergic Neurons in the VTA  

Little is known about how glutamatergic neurons in the VTA respond to rewarding 
or aversive stimuli or cues that predict such stimuli, as they have only recently been 
demonstrated and are located along the midline – an area that has been generally 
understudied using electrophysiological (Yamaguchi et al., 2007, 2011, 2015). 

Glutamatergic neurons in the VTA make local intra-VTA connections and project 
to the same VTA terminal regions as DA and GABAergic neurons (Hnasko et al., 2012; 
Swanson, 1982; Taylor et al., 2014). The inputs into the VTA that target glutamatergic 
neurons are unknown. While not confirmed using electrophysiology or EM, histological 
evidence suggests that glutamatergic neurons project broadly to the LHb, PFC, and 
NAc. Electrical stimulation of the VTA can evoke glutamate mediated responses in the 
mPFC (Lavin et al., 2005; Mercuri et al., 1985) and parvalbumin-expressing (PV) 
interneurons in the NAc (Chuhma et al., 2014).  

The behavioral actions of selective optogenetic activation of glutamatergic 
neurons in the VTA depend upon their projection target. Selective optogenetic activation 
of VTA glutamatergic neurons results in a CPP and reinforced instrumental behaviors 
(Wang et al., 2015; Yoo et al., 2016). However, examination of specific glutamatergic 
projections indicates that these neurons have a role in aversive behaviors as well. 
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Optogenetic activation of glutamatergic fibers from the VTA to the NAc causes PV 
interneurons to release GABA onto D1-expressing medium spiny neurons, and results 
in aversion (Qi et al., 2016). Similarly, activation of glutamatergic neurons in the VTA 
projecting onto glutamatergic neurons in the LHb results in a conditioned place aversion 
(Lammel et al., 2015; Root et al., 2014a).  
 
1.9 Stress and Addiction 

In humans, stressful life events are highly correlated with increased drug seeking 
and relapse (Koob and Le Moal, 1997; Shiffman and Wills, 1985). These behavioral 
enhancers of addiction can be recapitulated in the laboratory, where animal models of 
stress (food restriction, tail pinch, footshock, restraint, social aggression, social defeat, 
social competition, social isolation, witnessing stress, and prenatal stress) increase self-
administration and reinstatement to virtually all substances with abuse potential (Piazza 
and Le Moal, 1998; Shaham et al., 2000). Stress is a powerful trigger of the addiction 
cycle, which is comprised of three stages: ‘binge/intoxication', ‘withdrawal/negative 
affect', and ‘preoccupation/anticipation' (craving) (Koob and Volkow, 2010). In fact, a 
larger endocrine and behavioral response to a stressor is predictive of a faster latency 
to self-administer psychostimulants (Piazza et al., 1989; Piazza and Le Moal, 1997). 
Stress can influence drug use at all stages of the addiction cycle (Goeders, 2003; 
Sinha, 2008). However, the reinstatement (or relapse) to drug seeking following 
cessation of drug use, is particularly sensitive to stress (Erb et al., 1996; Weiss et al., 
2001). The theory as to why relapse is preferentially affected by stress is that both 
withdrawal from drug use and stress initiate negative emotional states that motivate 
both laboratory animals and humans alike to self-medicate to relieve the dysphoria 
(Khantzian, 1997; Lowman et al., 1996; Zywiak et al., 1996). 

Not all triggers of reinstatement are sensitive to CRF antagonism, as the 
behavioral effect of drug associated cues and drug primed reinstatement of drug 
seeking are minimally effected by CRF antagonists (Erb et al., 1998; Liu and Weiss, 
2002; Shaham et al., 1997).  However, there is an extensive body of evidence 
implicating the CRF system as a critical link between stress and addiction.  CRF is 
released in response to both stress and drugs of abuse (Heinrichs et al., 1995a; Koob, 
2010). Drug use is physical stressor, as it causes dramatic physiological changes that 
induce homeostatic compensatory mechanisms to return the body to a pre-drug state. 
Stress increases the release of CRF into a variety of extrahypothalamic areas including 
the CeA (Albeck et al., 1997; Shepard et al., 2000), BNST (Funk et al., 2006; Stout et 
al., 2000), and VTA (Wang et al., 2005).  Drugs of abuse acutely activate the HPA axis, 
initiated by elevation of PVN CRF release (Buckingham, 1982; Buckingham and 
Hodges, 1979; Calogero et al., 1989; Rivier et al., 2003; Sarnyai et al., 1992; Swerdlow 
et al., 1993; Weidenfeld et al., 1994). In addition, acute exposure to psychostimulants or 
opiates cause a transient increase in CRF expression in CeA, hypothalamus, PFC, and 
olfactory bulbs (Maj et al., 2003; Zhou et al., 1996), indicating that both endocrine and 
extrahypothalamic stress responses are initiated by acute drug administration. 

The progression to physical dependence on drugs causes repeated activation of 
the CRF system, resulting in adaptive changes in expression and signaling of CRF and 
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CRFRs (Caberlotto et al., 2004; George et al., 2007; Koob and Kreek, 2007; Zhou et al., 
1996, 2003; Zorrilla et al., 2001). Expression levels of CRFRs are  changed with 
extended abstinence, with increases in CRFR1 expression in the BNST, BLA, and NAc 
(Iredale et al., 2000; Sommer et al., 2008). Extracellular release of CRF is increased in 
the CeA and BNST during withdrawal to alcohol, psychostimulants, opiates, 
cannabinoids, or nicotine, as measured by increases in immunoreactivity, mRNA 
expression, and microdialysis of CRF (Caberlotto et al., 2004; Fu et al., 2007; Funk et 
al., 2006; George et al., 2007; Merlo Pich et al., 1995; Olive et al., 2002; Richter and 
Weiss, 1999; Roberto et al., 2010; Rodríguez de Fonseca et al., 1997; Sommer et al., 
2008; Weiss et al., 2001; Wills et al., 2010; Zorrilla et al., 2001). Administration of CRF 
can precipitate many of the somatic and psychological signs of withdrawal, which can 
be attenuated by a CRF antagonist (Basso et al., 1999; Rodríguez de Fonseca et al., 
1997; Sarnyai et al., 1995; Sommer et al., 2008; Tucci et al., 2003; Wills et al., 2010). 

Exposure to stress and infusions of CRF into the brain, or in specific brain 
regions associated with stress and reward, can also  influence drug seeking behavior 
(Sarnyai et al., 2001; Shalev et al., 2006). ICV infusions of CRF can increase self-
administration and reinstate of drug seeking in animals previously exposed to cocaine 
(Blacktop et al., 2011; Z. J. Brown et al., 2012; Erb et al., 2006; Kupferschmidt et al., 
2011, 2012; Mantsch et al., 2008). Injections of CRF directly into the amygdala, BNST, 
VTA, DR and NAc have all been shown to cause either an increase in self-
administration or a reinstatement of drug seeking behaviors to alcohol or cocaine 
(Blacktop et al., 2011; Erb et al., 1998; Lê et al., 2002; Shaham et al., 1997; Wang et 
al., 2005, 2006). 

Conversely, CRF antagonists administered ICV can block footshock induced 
relapse to cocaine (Erb et al., 1998). CRFR1 antagonists administered systemically 
cross the blood brain barrier and block stress-induced reinstatement to opioids, cocaine, 
nicotine, and methamphetamine seeking (Bruijnzeel et al., 2009; Lê et al., 2000; Liu and 
Weiss, 2002; Lu et al., 2000a; Nawata et al., 2012; Shaham et al., 1997, 1998). CRF 
antagonists injected directly into the BNST, VTA, median raphe, and amygdala can also 
block stress induced-reinstatement to psychostimulants and alcohol (Erb and Stewart, 
1999; Lê et al., 2002; Nawata et al., 2012; Wang et al., 2005, 2007, 2006). 

Although stress and CRF can both precipitate the reinstatement to drug use, 
withdrawal itself is a strong enough physiological stressor to initiate relapse. ICV 
injections of CRFR1 antagonist reduce withdrawal-associated elevations in alcohol self-
administration an effect that is similar to CRFR1 antagonists effect on stress induced 
reinstatement (Chu et al., 2007; Funk and Koob, 2007; Gehlert et al., 2007; Gilpin et al., 
2008; Richardson et al., 2008; Sabino et al., 2006).  

The effects of CRF on withdrawal-induced reinstatement are brain region 
specific. CRFR antagonists administered into the CeA block a CPA to an environment 
previously paired with a naloxone-induced morphine withdrawal (Heinrichs et al., 
1995b). CRFR antagonists administered into the BNST or VTA, but not the amygdala or 
NAc, reduce reinstatement to drug seeking (L. Lu et al., 2003; Shaham et al., 2003).  

Similar to their roles in the regulation of stress or anxiety-like behaviors, the roles 
of CRFR1 and CRFR2 in the regulation of the addiction cycle, is complex and brain area 
specific (see Section 1.6 CRF Receptors). CRFR1 is strongly implicated in the aversive 
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motivational properties of withdrawal that lead to stress induced reinstatement 
behaviors (Basso et al., 1999; Rodríguez de Fonseca et al., 1997; Sarnyai et al., 1995; 
Tucci et al., 2003). CRFR1 antagonists attenuate footshock-induced reinstatement to 
alcohol, cocaine, and heroin (Blacktop et al., 2011; Gehlert et al., 2007; Lê et al., 2000; 
Shaham et al., 1998). CRFR1 knockout mice are resistant to repeated forced swim 
stress induced or dependence induced escalation of alcohol intake (Chu et al., 2007; 
Pastor et al., 2011). CRFR1 gene deletion also results in a loss of the conditioned place 
aversion of a context previously paired with opioid withdrawal but may also enhance the 
peripheral signs of opioid withdrawal (Papaleo et al., 2007). The role for CRFR2 in drug 
abuse behaviors is more complicated. A selective CRFR2 agonist administered ICV 
reduces the negative anxiogenic behavioral state associated with withdrawal as well as 
the escalation of alcohol intake (Lowery et al., 2010; Sharpe and Phillips, 2009; Valdez 
et al., 2004). Specific activation of CRFR2 in the central nucleus of the amygdala 
reduces alcohol self-administration in dependent rats while increasing alcohol self-
administration in non-dependent rats (Funk and Koob, 2007). Thus far ICV 
administration of CRFR2 antagonists seem to have little effect on withdrawal induced 
reinstatement behaviors (Lu et al., 2000b; Overstreet et al., 2004). However, direct 
infusion of CRFR2 antagonists into the VTA can reduce the footshock induced 
reinstatement to cocaine seeking (Wang et al., 2007). 

Converging lines of evidence suggest that initiation of stress-induced relapse 
may involve the interaction between CRF and the kappa opioid receptor (KOR) system. 
Similar to CRF, dynorphin, the endogenous ligand for the KOR, is released in response 
to stress (McLaughlin et al., 2003; Shirayama et al., 2004). Dynorphin mRNA 
expression is also found in the same brain areas as CRF (Meister et al., 1990; Reyes et 
al., 2008). CRF causes the release of dynorphin in ex vivo hypothalamic slices as well 
as in the CeA (Lam and Gianoulakis, 2011; Nikolarakis et al., 1986). Conversely, 
dynorphin administration to ex vivo hypothalamic slices results in CRF release (Yajima 
et al., 1986).  

Both stress and ICV CRF injections increase phosphorylation of KORs, indicating 
activation, in brain structures previously demonstrated to be involved in the stress 
response (DR, BLA, hippocampus, ventral pallidum, VTA, NAc, and BNST (Bruchas et 
al., 2007; Land et al., 2008). KOR antagonists block stress-induced potentiation of CPP 
to cocaine and alcohol, (McLaughlin et al., 2006a; Sperling et al., 2010), reinstatement 
of CPP to cocaine (Beardsley et al., 2010; Redila and Chavkin, 2008) and nicotine 
(Jackson et al., 2013), and stress-induced reinstatement of lever pressing for cocaine 
(Beardsley et al., 2005) and heroin (Zhou et al., 2013). KOR antagonists block CRF-
induced CPA and CRF-induced anxiety-like behaviors (Bruchas et al., 2009; Land et al., 
2008). Together, these findings suggest that the aversive physiological state induced by 
stress may be initiated by CRFs activation of the KOR system.   
 
1.9.1 CRF, VTA, and Addiction 

Stressful stimuli such as footshock, nociceptive tail flick testing, and social defeat 
stress increase DA concentrations in VTA target structures  (Deutch et al., 1985, 1991; 
Deutch and Roth, 1990; Fadda et al., 1978; Herman et al., 1982; Imperato et al., 1991; 
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Inglis and Moghaddam, 1999; Inoue et al., 1994; Kalivas and Duffy, 1995; Lavicky and 
Dunn, 1993; McFarland et al., 2004; Roth et al., 1988; Thierry et al., 1976; Tidey and 
Miczek, 1996). During stress, inputs from the BNST, CeA, and PVN release CRF into 
the VTA resulting in the rise of glutamate and DA within the VTA of cocaine experienced 
animals (Rodaros et al., 2007; Wang et al., 2005).  

When injected in the VTA of drug naive animals, CRF increases locomotor 
activity. This motor stimulatory effect seems to be independent of DA, as nonspecific 
DA antagonists do not block the increase in locomotion (Kalivas et al., 1987). Although 
dopamine is not a factor in CRF mediated increase motor activity, the ability of CRF to 
simulate DA release seems to be critical in the promotion of drug abuse behaviors. 
Infusions of CRF in the VTA of cocaine experienced animals have an effect similar to 
that of footshock stress increasing local glutamate and dopamine levels and 
reinstatement of drug seeking behaviors (Wang et al., 2005). Foot shock or CRF 
induced drug seeking behavior and rises in dopamine could be blocked by CRF or 
glutamate antagonists. Later work identified the requirement of CRFR2 and CRF binding 
protein activation in the VTA for footshock and CRF induced reinstatement to cocaine 
seeking and dopamine increases (Wang et al., 2007). Infusions of CRF in to the VTA 
also decrease the motivation to work for a food reward (Wanat et al., 2013). In addition, 
specific CRFR1 antagonists in the VTA block social defeat stress induced escalation of 
cocaine self-administration as well as decrease the aversive effects of nicotine 
withdrawal (Boyson et al., 2011, 2014; Grieder et al., 2014). 
 
1.9.2 Synaptic Actions of CRF in the VTA 

Understanding the synaptic actions of CRF on VTA neurons is clearly critical in 
order to understand at a mechanistic level how stress alters drug abuse behaviors, such 
as reinstatement and escalation of drug intake. 

Using immunohistochemistry, in situ studies of gene expression, and electron 
microscopy (EM), CRF containing axons and vesicles have been shown to synapse 
directly on VTA neurons (Swanson et al., 1983; Tagliaferro and Morales, 2008). In the 
VTA, CRF containing axon terminals make asymmetric (i.e. presumably excitatory) 
synapses that co-express the glutamatergic marker VGLU2 and symmetric synapses 
co-expressing GAD, a marker of GABAergic synapses. CRF terminals synapse directly 
on both dopaminergic and non-dopaminergic neurons in the VTA. Of the CRF synaptic 
connections onto dopaminergic neurons, most (83%) are asymmetric. Using in situ 
hydridization, it was revealed that within the VTA mRNA for CRFR1 and CRF binding 
protein but not CRFR2 are found within a population of VTA neurons (Van Pett et al., 
2000; Wise and Morales, 2010). However, there is evidence using RT-PCR, that CRFR2 
mRNA is expressed in putative DA neurons in drug naive mice (Ungless et al., 2003). In 
addition to this, there are reports that a subset of neurons in the VTA can begin to 
produce CRF mRNA in animals following withdrawal from nicotine (Grieder et al., 2014). 
CRF causes an increase in the firing of in putative midbrain dopamine neurons through 
CRFR1 enhancement of the hyperpolarized activated cyclicnucliotide gated cation 
current, Ih (Korotkova et al., 2006; Wanat et al., 2008). CRF has also been shown to 
potentiate excitatory synapses in drug naive animals by facilitation of N-methyl-D-
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aspartate (NMDA) receptor mediated currents in a subpopulation of putative DA 
neurons, this occurs through the activation of CRFR2 and requires the presence of CRF 
binding protein (Ungless et al., 2003). In cocaine exposed animals, glutamatergic α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) signaling is potentiated 
through the activation of CRFR1 (Hahn et al., 2009). 

CRF produces dose dependent effects on glutamatergic excitatory postsynaptic 
current (EPSC) amplitudes at low concentrations (3-100nM) causing increases in EPSC 
amplitude and high doses (>300nM) decreases in EPSC amplitude (Williams et al., 
2014). This dose dependent effect was determined to be a function of a difference in the 
dose response curves of the two CRF receptor subtypes. At low doses CRFR1 was 
activated causing presynaptic facilitation of glutamate release.  At high doses CRFR2 
was activated causing the presynaptic facilitation of GABA release and ultimate 
activation of GABAB receptors on glutamatergic terminals and inhibition of glutamate 
release. CRF has also been implicated in the potentiation of metabotropic glutamate 
receptor mediated inhibitory post synaptic currents (IPSC) through a CRFR2 
mechanism. As well CRF can affect inhibitory signaling of g-protein coupled inwardly 
rectifying potassium (GIRK) inhibitory currents, increasing the amplitude of D2 and 
GABAB IPSCs through a CRFR1 mechanism (Beckstead et al., 2009; Riegel and 
Williams, 2008). 

Thus, far the reported synaptic effects of CRF activation on VTA neurons has 
been inconsistent. The majority of studies have focused on a small population of 
presumed DA neurons in the lateral aspect of the VTA, an area that borders the 
substantia nigra. Limiting experiments to a small subregion of the VTA makes 
interpretation of results uncertain, as the anatomical findings suggest that CRF acts 
throughout the VTA. Furthermore, CRF seemingly elicits multiple responses in the VTA, 
with different studies reporting either excitatory or inhibitory effects mediated by a 
variety of physiological mechanisms.  A more systematic study of VTA neurons is 
clearly necessary. 
 
1.10 Introduction Summary 

A central theme of this dissertation is to explore the interplay of stress and 
reward systems and to understand how certain stressors can induce motivational 
states. From the perspective of evolution, the concept that stress and reward have 
overlapping neural circuitry seems logical, as both lead to motivational states that can 
either compete or act synergistically. If a cue that predicts a reward is observed, an 
animal will anticipate the reward and approach to gain access to the reward. When the 
reward is obtained, the behaviors and cues that preceded the reward are reinforced 
(positive reinforcement). When a cue that predicts, a threat is observed, an animal will 
activate an escape or avoid response in anticipation of harm. When the danger is 
avoided, stress behaviors are reinforced, as a potential negative outcome is prevented 
(negative reinforcement). Like the reinforcement of better than expected outcomes, the 
negative reinforcement of avoiding harm allows the avoidance response to initiate 
earlier when a similar cue is presented providing a higher probability of avoiding the 
harm. The constant evaluation of the significance of stimuli and anticipation future 
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outcomes is a common feature of both reward and punishment. These similarities 
suggest overlapping mental processes and neural circuitry, investigations of which may 
lead to improved therapeutic interventions. 
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Chapter 2: Effects of CRF on VTA Neurons 
 

2.1 Introduction 
Stress is associated with an increase in behaviors contributing to addiction, such 

as reinstatement to drug seeking and self-administration of drugs of abuse (Piazza and 
Le Moal, 1998). VTA neuronal activity is thought to promote such  behaviors (Fields et 
al., 2007). For example, when a stressor is experienced, CRF is released in the VTA, 
causing a local increase in glutamate and DA; these changes correlate with 
reinstatement to cocaine seeking in rats. The stress induced reinstatement behaviors as 
well as the increases in DA and glutamate concentrations, are blocked by CRFR2 
antagonists (Wang et al., 2005, 2007).   

CRF is released into the VTA from the PVN, BNST, and CeA (Rodaros et al., 
2007). Ultrastructural data suggests that CRF containing terminals in the VTA synapse 
onto both DA and nonDA neurons (Tagliaferro and Morales, 2008). In addition, CRF 
containing terminals form both asymmetric (putatively excitatory) and symmetric 
(putatively inhibitory) synapses, suggesting CRF is co-released from both glutamatergic 
and GABAergic terminals. In situ hybridization indicates that CRFR1 and CRF binding 
protein are expressed in VTA DA neurons, although also seen in GABA neurons (Wang 
and Morales, 2008; Wise and Morales, 2010). In situ data has indicated that little to no 
CRFR2 mRNA is found in VTA neurons, however some studies have found expression 
using single cell PCR, in putative DA neurons (Ungless et al., 2003).  

To date, study of synaptic effects of CRF on VTA DA neurons has been 
confusing and at times paradoxical. Specifically, CRF has been shown to increase the 
firing rate of DA neurons by enhancement of hyperpolarization activated cyclic-
nucleotide gated (HCN) channels (Wanat et al., 2008). When activated by 
hyperpolarization, HCN channels open resulting in inward current that depolarizes cells 
and increases excitability (Biel et al., 2009).  In putative DA neurons, CRF also 
potentiates AMPA receptor currents in animals exposed to repeated cocaine treatments 
and NMDA currents in naive animals (Hahn et al., 2009; Ungless et al., 2003). Acting 
presynaptically, CRF at low concentrations  increases presynaptic release of glutamate, 
but decreases it at high concentrations (Williams et al., 2014). Postsynaptically, CRF 
increases GIRK mediated inhibitory currents following activation of D2 or GABAB 
receptors (Beckstead et al., 2009).  

While these physiological studies have focused on putative DA neurons, recent 
research is beginning to shed light on the behavioral significance of nonDA neurons in 
the VTA (Morales and Margolis, 2017). VTA glutamatergic neurons projecting to the 
LHb or the NAc drive aversive behaviors, independent of DA neuron activation (Qi et al., 
2016; Root et al., 2014a). VTA GABA neurons also broadly project to areas associated 
with VTA DA release. Specifically, GABA neurons can synapse onto cholinergic 
interneurons in the NAc and glutamate neurons in the LHb.  Stimulation of these 
pathways underlies appetitive and avoidance learning (Brown et al., 2012; Stamatakis 
et al., 2013).  It is important to point out that in spite of the behavioral contribution of 
these nonDA neurons most research on the synaptic effects of CRF in the VTA has 
been limited to a small subset of extremely lateral putative DA neurons. Thus, it is 
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critical to systematically study the whole population of VTA neurons in order to make 
progress toward an accurate understanding of how CRF in this site contributes to 
addictive behaviors.  

Here we investigated CRF’s effect on a variety of neuron types within the VTA. 
We used ex vivo whole cell current clamp recordings and conducted post hoc 
immunohistochemistry to identify DA neurons by expression of tyrosine hydroxylase 
(TH). We measured changes in firing rate or membrane potential (Vm) in response to 
CRF (100 nM to 1 mM) in both TH(+) and TH(-) neurons systematically sampled 
throughout the anatomical extent of the VTA. The effect of CRF on VTA neurons is 
heterogeneous and depends on the state of the neuron. Cells that are firing 
spontaneously consistently increase their firing in response to CRF. However, in 
neurons that are not firing, CRF effects vary in different subsets of VTA.  
 
2.2 Methods 

Electrophysiology: Male Sprague Dawley rats, 20–36 d old, were anesthetized 
with isoflurane, and the brains were removed. Horizontal brain slices (150-200 m thick) 
containing the VTA were prepared using a Vibratome (Leica Instruments, Nussloch, 
Germany). Slices were submerged in Ringer’s solution containing (in mM): 119 NaCl, 
2.5 KCl, 1.3 MgSO4, 1.0 NaH2PO4, 2.5 CaCl2, 26.2 NaHCO3, and 11 glucose 
saturated with 95% O2–5% CO2 and allowed to recover at 35°C for at least 1 hr. 

Individual slices were visualized under an Olympus BX50WI microscope 
(Olympus Life Science Solutions, Waltham, Massachusetts) or Zeiss Axioskop FS 2 
plus (Carl Zeiss Microscopy, Jena Germany), with differential interference contrast 
optics and infrared illumination, using an Andor xIon+ camera, and Andor Solis imaging 
software (Andor Technology Ltd, Belfast, Northern Ireland) or Zeiss Axiocam MRm and 
Axiovision 4, respectfully. Whole-cell patch-clamp recordings were made at 33°C using 
2.5– 4M pipettes containing (in mM): 123 K-gluconate, 10 HEPES, 0.2 EGTA, 8 NaCl, 2 
MgATP, and 0.3 Na3GTP, pH 7.2, osmolarity adjusted to 275 milliosmoles. Biocytin 
(0.1%) was added to the internal solution for post hoc identification of tyrosine 
hydroxylase (TH) content. Recordings were made using an Axopatch 1-D (Axon 
Instruments, Union City, CA), filtered at 2 kHz, and collected at 20 kHz using IGOR Pro 
(Wavemetrics, Lake Oswego, OR). Liquid junction potentials were not corrected during 
recordings. Hyperpolarization-activated cation current (Ih) currents were recorded by 
voltage clamping cells and stepping from -60 to -40, -50, -70, -80, -90, -100, -110, and -
120 mV. The Ih magnitude was measured as the difference between the initial 
capacitive response to the voltage step and the final current. Series resistance was 
monitored online by measuring the peak of the capacitance transient in response to a 
−4 mV voltage step applied at the onset of each sweep. 

Cells were recorded in current-clamp mode (I = 0) for experiments measuring 
firing rates and/or changes in membrane voltage (Vm). Upon breaking into the cell, 
approximately 10 mins was allowed for the cell to stabilize and for the pipette internal 
solution to dialyze into the cell. All drugs were applied via bath perfusion at a flow rate of 
2 mL/min.  
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CRF (50 nM to 1 µM) (5-7 mins) was bath applied only after a 5-min stable 
baseline was achieved. To test the requirement of HCN channels on CRF mediated 
excitations, the selective blocker ZD7288 (30 𝜇𝜇M) was applied for 10 mins before CRF 
effects were assessed. This incubation period ensured a saturation of HCN channel 
blockade so that any CRF effects observed were independent of HCN channel 
modulation. Electrophysiology recordings with ZD7288 were conducted in both the VTA 
and substantia nigra compact (SNc), a continuously adjacent structure also rich in DA 
neurons.  

During assessment of excitatory postsynaptic currents (EPSCs), cells were 
recorded in voltage-clamp mode (Vholding = −60 mV). All EPSCs were measured in the 
presence of a GABAA antagonist, picrotoxin (100 𝜇𝜇M) or SR-95531 (10 𝜇𝜇M). Stimulating 
electrodes were placed 60–150 μm from the patched cell. In neurons where paired 
pulses were administered, two pulses 50 ms apart were delivered once every 10 s. The 
EPSC amplitude was calculated by comparing a 2-ms period around the peak to a 2-ms 
interval just before stimulation.  

Stock solutions of drugs are made in advance and stored at -20c and diluted into 
ACSF immediately before application. CRF was obtained from American Peptide 
(Sunnyvale, CA) and diluted to a 500 𝜇𝜇M stock solution in ddH20, a small amount of 
NaOH (1 𝜇𝜇L of 10%NaOH, less than 0.0003% of final volume) was added to improve 
solubility. ZD7288 was obtained from Sigma (St. Louis, MO) and diluted in DMSO 
(30mM). Picrotoxin and SR-95531, were obtained from either Sigma Chemical or Tocris 
(Ballwin, MO) and diluted in DMSO (100mM) and dH2O (10mM) respectively. 

Immunohistochemistry: Slices were pre-blocked for 2 h at room temperature in 
PBS with 0.2% BSA and 5% normal goat serum, then incubated at 4°C with a rabbit 
anti-TH polyclonal antibody (1:100). Slices were then washed thoroughly in PBS with 
0.2% BSA before being agitated overnight at 4°C with Cy5 anti-rabbit secondary 
antibody (1:100) and FITC streptavidin (6.5 l/ml). Sections were rinsed and mounted on 
slides using Bio-Rad Fluoroguard Antifade Reagent mounting media and visualized with 
an Axioskop FS2 Plus microscope with an Axiocam MRm running Neurolucida (MBF 
Biosciences). Neurons were only considered TH(−) if there was no colocalization of 
biocytin with TH signal and the somata were found in the same focal plane as other 
neurons that were  TH(+). Primary antibodies were obtained from Millipore Bioscience 
Research Reagents or Millipore, secondary antibodies were obtained from Jackson 
ImmunoResearch Laboratories, and all other reagents were obtained from Sigma 
Chemical. 

Data Analysis: For electrophysiology, effects were statistically evaluated in each 
neuron by binning data into 30 s data points and comparing the last eight baseline data 
points to the last eight data points during drug application using Student’s unpaired t 
test. P < 0.05 was required for significance in all analyses. Time course analyses are 
averages of the firing rate (Hz) trace for all cells time locked to the start of drug 
application. Results are presented as mean and standard error of the mean (SEM) 
where appropriate. Differences in effect sizes between two neuron populations were 
tested using permutations analysis of changes unless otherwise indicated.  
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2.3 Results 
Half of the neurons tested were spontaneously firing action potentials at baseline 

(20/40). In current clamp mode (I = 0), we observed an increase in the spontaneous 
action potential frequency following bath application of CRF (100nM to 1𝜇𝜇M) in neurons 
that were spontaneously firing at baseline (Figure 1 and 2). Among these neurons, the 
mean increase in firing rate was 1.287829 Hz (n = 20, p < 0.0001). An increase in firing 
rate in response to bath application with CRF was observed in both TH(+) (n = 6) and 
TH(-) neurons (n = 4) (TH data could not be recovered for some cells (n = 10)). There 
was no significant difference between the increased firing rate in TH(+) cells and TH(-) 
cells (0.312181 Hz, p > 0.05). 

 

 
Figure 5 Individual (A) and mean (n = 20 neurons) (B) response to CRF in spontaneously active neurons. Neurons 
were consistently excited when cells were firing at baseline. Half of all neurons tested (20/40) were spontaneously 
active. Drug applications were approximately 5 to 7 mins long and washout of drug effect was confirmed following 
drug application. 
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Figure 6 Comparison of change in firing rates of TH(+) and TH(-) spontaneously active neurons. (A) Comparison of 
baseline firing rates to firing rates following CRF. (B) CRF effects on change in firing rates as percentage change 
from baseline (log scaled). Blue = TH(+) n=6, Yellow = TH(-) n=4.  

 
When neurons were quiescent (not firing action potentials) at baseline the 

response to CRF was variable, with both depolarizations and hyperpolarizations 
observed. CRF caused a depolarization from baseline membrane potential in 40% of 
neurons tested (8/20 neurons). Conversely, a hyperpolarization was observed in 35% of 
neurons tested (7/20 neurons), and there was no effect in 25% of neurons (5/20) 
(Figure 3). The change in Vm in response to CRF did not depend on TH content, as 
there was excitation and inhibition in both TH(+) and TH(-) neurons (Figure 4). There 
was an inverse correlation between initial baseline Vm and effect of CRF (r2 = -0.27, 
p<0.05, with an intercept of -52.8 mV) (Figure 5). Cells that were depolarized at 
baseline tended to hyperpolarize in response to CRF, while cells that were 
hyperpolarized at baseline tended to depolarize in response to CRF. This correlation 
suggests that neurons with a baseline Vm greater than -52.8 mV tended to 
hyperpolarize in response to CRF, and neurons with a baseline Vm less than -52.8 mV 
tended to respond to CRF with a depolarization.  
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Figure 7 CRF effects on Vm in quiescent neurons. Hyperpolarizations (cyan) in membrane potential were observed in 
35% (7/20) of neurons. Depolarizations (Red) were observed in 40% (8/20) of neurons. CRF effects are confirmed by 
binning data in to 30 second bins and then comparing the first 8 data points (4mins) before CRF application with the 
last 8 data points of the CRF application. Significance is assessed as p < 0.05 in a Student’s unpaired t test. 

 

 
Figure 8 Comparison of change in Vm in response to CRF in TH(+), blue and TH(-), yellow neurons. Change is 
assess as the mean difference between first 8 data points (4mins) before CRF application with the last 8 data points 
of the CRF application.  
 



28 
 

 
Figure 9 Regression analysis comparing baseline Vm to change in Vm following CRF. An inverse correlation between 
initial baseline Vm and effect of CRF was observed (r2 = -0.27, p<0.05, intercept of -52.8 mV). 

 
Previous work showed that the increase in firing rate produced by CRF in DA 

neurons is mediated by an enhancement of HCN channels resulting in an increase in Ih 
(Wanat et al., 2008). In Wanat et al. CRF increases in firing rate were prevented by pre-
incubation of the HCN channel blocker, ZD7288 (30𝜇𝜇M). We tested to see if (an 
unbiased population of) VTA neurons were similarly affected by HCN channel block, 
repeating the experiments in Wanat et al. but sampling the entire extent of the VTA.  

We observed that CRF-induced excitations persisted, increasing the firing rate in 
all VTA neurons tested (3/3) (Figure 6). In quiescent neurons, the presence of ZD7288 
did not prevent depolarizations in Vm. However, in contrast to VTA neurons, ZD7288 did 
prevent the increase in firing rate to CRF application in SNc neurons (0/3). We also did 
not observe a change in Vm in response to CRF in the presence of ZD7288 in the 
quiescent SNc neurons we tested (0/2).  Therefore, while Ih is required for CRF actions 
in SNc neurons, the effects in VTA neurons are independent of Ih. 
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Figure 10 Effect of HCN channel blocker (ZD7288) on CRF excitations. Effects are measured as percent change of 
CRF compared to baseline. Both measurements are taken in the presence of ZD7288. Open diamonds indicate 
quiescent neurons (VTA = 5 neurons, SNc = 2 neurons) and measuring the change in Vm. Closed diamonds indicate 
spontaneously active neurons (VTA = 3 neurons, SNc = 3 neurons) and collected data is firing rate. Green diamonds 
are experiments conducted in VTA. Purple diamonds indicate control experiments conducted in SNc.  
 

Next using voltage clamp (Vholding = -60), we examined if CRF application 
modulated electrically evoked glutamatergic EPSCs.  Nearly half (48%, 14/29) of 
neurons tested with CRF responded with inhibition of evoked glutamatergic ESPC 
amplitude (Figure 7). The probability of an increase or decrease in EPSC amplitude did 
not to change with dose. Inhibitions were seen in response to a range of CRF doses. In 
38% of neurons (11/29), CRF caused a significant increase in the amplitude of evoked 
glutamatergic EPSCs. Similar to the observed inhibitions, CRF increased the EPSC 
amplitude at a range of doses. No change in evoked EPSC amplitude was observed in 
14% (4/29) of neurons.  
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Figure 11 CRF dose response on evoked glutamatergic EPSCs: (A) Increases and (B) Decreases evoked EPSCs. 
Each dose was tested only once per cell with CRF applications lasting between 5 to 7 mins. Effects are represented 
as percent change from baseline. Effects are gathered by comparing the average of the last 8 EPSCs before 
application of CRF with the average of the last 8 EPSCs in drug window. 
 
2.4 Discussion 

Here we show that CRF caused excitations or inhibitions in both DA and nonDA 
neurons in the VTA. Neurons that were firing spontaneously when CRF was 
administered always increased their firing rate. Neurons that were quiescent at 
baseline, responded to CRF with either a depolarization or hyperpolarization. Similar to 
that of quiescent neurons, CRF yielded increases and decreases in evoked 
glutamatergic EPSCs. Lastly, in the VTA, excitations to CRF were not dependent on 
HCN channels. But in the SNc, a structure that borders the VTA, CRF-induced 
excitations are blocked by the HCN channel blocker, ZD7288. 

Our findings that CRF can increase the firing rate of neurons and cause both 
excitations and inhibitions are consistent with what has previously been observed in 
VTA neurons. Wanat et al. demonstrated that CRF causes an increase in the firing rate 
of DA neurons (Wanat et al., 2008). We do observe an increase in firing rate of 
identified VTA DA neurons, but we also observe that CRF increases the firing rate of 
nonDA neurons when they are spontaneously active at prior to CRF application. We 
also observe hyperpolarizations in the Vm of some DA neurons that are not firing prior 
to CRF application. Wanat et al. did not observe inhibitions of DA neurons to CRF, but 
only recorded from neurons that were spontaneously firing.  

Similar to our findings that CRF can cause both excitations and inhibitions in 
quiescent neurons and in evoked EPSC amplitude, Williams et al. reported both 
increases and decreases in EPSC amplitude in response to CRF (Williams et al., 2014). 
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However, Williams et al. reported that the increase or decrease in glutamatergic EPSC 
amplitude was dependent on CRF dose, with low doses (5 to 100 nM) causing 
increases in EPSC amplitude and higher doses (>300 nM) resulting in decreases in 
EPSC amplitude. This appears inconsistent with our finding that excitations or 
inhibitions of evoked EPSCs were observed at high and low doses of CRF. It is 
important to note that the selection criteria for neurons in the Williams et al. study 
included neurons that surround the medial terminal nucleus of the accessory optic tract 
(MT), including the anterior, posterior, and lateral aspects. In our experiments, these 
areas were classified as being in the SNc, and were not recorded from. In both the 
Wanat et al. and Williams et al. results discussed above the authors attempted to limit 
recordings to putative DA neurons by selecting neurons based on location (only 
recording from a small population of neurons in close proximity to the MT, and 
electrophysiological properties (long action potential duration, pacemaker firing 
properties, and large Ih) (Wanat et al., 2008; Williams et al., 2014). Although the region 
close to the MT is rich in DA neurons, the use of electrophysiological properties to 
identify DA neurons may be unreliable in predicting neuron TH content, as assessed by 
post hoc immunohistochemistry in rats (Margolis et al., 2006b). In limiting recordings 
based on electrophysiological properties, previous studies do not test quiescent 
neurons, classifying such neurons as nonDAergic and excluded from analysis. 
Excluding a population of DA neurons, likely limited the ability to observe that CRF can 
cause hyperpolarizations in DA neurons. We also observed CRF induced increases in 
the firing rates of VTA neurons identified as non-dopaminergic, an observation that 
could also not be detected by defining DA neurons based on electrophysiological 
properties. These findings make it difficult to be confident in the interpretation of results 
gathered using electrophysiological properties to identify DA neurons.   

Also in contrast to Wanat et al., CRF excitations in VTA neurons were not 
dependent on HCN channel activation (Wanat et al., 2008), as CRF continued to excite 
neurons in the presence of the HCN channel blocker ZD7288. This difference could be 
due to a sampling difference based on the location of recordings, as we were able to 
replicate HCN-dependent CRF effects in DA neurons in the SNc (Figure 6). Another 
possibility is that we used a much lower concentration of CRF (50nM) in our 
experiments compared to Wanat et al. (1𝜇𝜇M). Furthermore, unlike our study, recordings 
in Wanat et al. were conducted in the presence of the GABAA receptor antagonist 
picrotoxin. Lastly, Wanat et al. used mice, while the current results were obtained from 
studies in rats.  

In taking an unbiased approach to the selection of neurons, our experiments 
suffer from a different set of limitations then those discussed in the previous studies. 
Increasing our selection population results in a much more variable sample population. 
With the low yield of whole cell slice experiments and the wide range of effects we 
observe, we can only be statistically confident with large effect sizes. In other words, 
without limiting the variability in our sample population we are only observing the most 
obvious effects and are overlooking effects of smaller magnitude which may still be 
physiologically important. In order to find meaning among the variable responses we 
need to make constrained hypotheses that limit variability in our sample.  For example, 
do we observe differences in glutamatergic and GABAergic neurons in the non DAergic 
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population of experiments? Future studies should aim to shed light on how CRFR 
subtype plays a role in mediating excitation or inhibition of DA and nonDA neurons in 
the VTA. 

The finding that CRF consistently increases the firing rate of neurons that are 
spontaneously active at baseline, while neurons that are quiescent at baseline show 
variable responses, is an interesting dissociation that requires further study. One 
potential mechanism may be through inhibition of small conductance calcium activated 
potassium channels (SK). SK channels normally limit the excitability of cells by 
prolonging hyperpolarization after an action potential (Adelman et al., 2012). By 
reducing this current, cells could reduce the interval between action potentials and 
increase the frequency of firing. SK channels are expressed in both VTA and SN 
neurons (Deignan et al., 2012; Sailer et al., 2004; Soden et al., 2013; Stocker and 
Pedarzani, 2000; Wolfart et al., 2001). Although SK channel expression in the VTA 
seems to be lower than that of the SN (Wolfart et al., 2001), impairment of SK channels 
in the VTA has been shown to be involved in the regulation of synaptic excitability 
following exposure to cocaine (Creed et al., 2016). In addition, suppression of SK 
channels in midbrain DA neurons results in the potentiation of NMDA receptor-mediated 
synaptic transmission, which is also observed in response to CRF (Soden et al., 2013; 
Ungless et al., 2003). Finally, CRF in the VTA can cause an increase in intracellular 
calcium release and inhibition of SK channel currents in DA neurons, although it is 
unclear if CRF inhibition of SK channels can have an immediate effect on the firing rate 
(Riegel and Williams, 2008). As SK channels regulate the hyperpolarization phase of a 
neurons action potential and are not active when cells are quiescent, inhibition of SK 
provides an excitatory mechanism that is solely present when cells are firing and has no 
effect when cells are quiescent. 

The range of effects observed in response to CRF in quiescent neurons also 
requires future study. A hypothesis for the differential responses to CRF is that effects 
of CRF are distinctly based on VTA inputs or outputs. There is evidence for this type of 
circuit based segregation, as kappa opioid receptor agonists cause hyperpolarizations 
in VTA DA neurons that project to the PFC and the amygdala, but have no effect on 
neurons that project to the NAc (Margolis et al., 2006a, 2008). Recent evidence also 
suggests that CRF may be differentially effecting neurons in a circuit specific manner. 
Stimulation of the BNST and the PPTg both result in an increase in dopamine release in 
the NAc. However, infusions of CRF in to the VTA differentially affects the release of 
dopamine in each case. In the case of BNST stimulation, infusions of CRF into the VTA 
causes an increase in the release of DA in the NAc. In the case of the PPTg, infusions 
of CRF into the VTA causes an attenuation of the stimulated DA release in the NAc 
(M.J. Wanat et al., 2013). This suggests that CRF in the VTA is differentially modulating 
circuits within the VTA that control DA release in the NAc. 

The VTA is heterogeneous structure that is vitally important for the expression of 
appetitive behaviors and relapse to drug abuse. In order to understand how the VTA 
affects behaviors we need to know how neuropeptide systems, such as CRF, affect the 
entire population of cells within the VTA. Here we observe and interesting activity 
dependent mechanism, where neurons that are active have an enhancement of their 
baseline firing rate. A speculative idea that requires further study, is that state 
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dependent activation by CRF could be acting to strengthen the current state of VTA 
networks. Given the VTAs significant role in arousal and prediction error coding, the 
result of activity dependent circuit enhancement could be a correlate of arousal based 
memory, increasing the excitability of neurons that responded to stimuli, cues and 
context, at the time of the stressor. In more rigorously and systematically studying how 
CRF modulates VTA neurons at the synapse, we can better assess the significance of 
circuit activation and more accurately predict the effectiveness of future therapeutics.  
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Chapter 3: Circuit Specific Modulation by Corticotrophin Releasing 
Factor in Ventral Tegmental Neurons 
 
3.1 Introduction 

A major hypothesis of the pathology to addiction is that maladaptive behaviors 
result from a disruption in the interaction between stress and reward circuitry (Koob and 
Le Moal, 2005; Koob, 2015). Several models of stress (footshock, foot pinch, restraint 
stress, and social defeat stress) are associated with increased activity of neurons in the 
VTA and increased DA release in midbrain terminal regions associated with addictive 
behaviors, including the NAc, mPFC, and amygdala (Abercrombie et al., 1989; Anstrom 
and Woodward, 2005; Horger et al., 1996; Inglis and Moghaddam, 1999; McFarland et 
al., 2004; Tidey and Miczek, 1996). CRF released during stress increases the firing rate 
of DA neurons and the concentration of DA in the VTA (Korotkova et al., 2006; Wanat et 
al., 2008; Wang et al., 2005). ICV or intraperitoneal administration of CRF causes an 
increase in DA concentrations in the mPFC (Lavicky and Dunn, 1993). Intra-VTA 
infusions of CRF can enhance the increase in NAc DA release seen with stimulation of 
the BnST (Wanat et al., 2013). Whereas, intra-VTA CRF decreases NAc DA release in 
response to stimulation of the pedunculo-pontine tegmental nucleus. Together, these 
results suggest that CRF in the VTA differentially modulates specific circuits. However, 
more research is required to understand the synaptic action of CRF on specific VTA 
projection neurons. 

To investigate whether CRF in the VTA causes circuit specific modulation, we 
made ex vivo whole cell current clamp (I = 0) and voltage clamp recordings in VTA 
neurons retrogradely labeled from the NAc, medial mPFC and amygdala Amy. In 
current clamp mode, we measured changes in firing rate and membrane potential to 
applications of CRF. Our findings suggest that the response to CRF in neurons 
projecting to the mPFC and NAc is mixed; while neurons projecting to the amygdala 
consistently depolarized in response to CRF. 
 
3.2 Methods 

Retrograde Tracer Injections: Male Sprague Dawley rats (21–26 d) were 
anesthetized with isoflurane. A glass pipette (30- to 50-μm tip) connected to a Nanoject 
II/Nanoliter 2000 microinjector (Drummond Scientific Co. or WPI Inc.) was 
stereotaxically placed in the PFC (from bregma [in mm]: anteroposterior [AP], +2.6; 
mediolateral [ML], ±0.8; ventral [DV], −4.0 from skull surface), the NAc (AP, +1.5; ML, ± 
0.8; V, −6.7), or AMYG (AP, −1.0; ML, ±4.5; DV, −8.0). Neuro-DiI (7% in ethanol; 
Biotium) was slowly injected, 50.6 nl per side. After recordings, all injection sites were 
histologically confirmed. Animals with improper injection placements or significant 
diffusion outside of the target regions were rejected. 

Electrophysiology: Male Sprague Dawley rats previously injected with a 
retrograde tracer, 30–40 d old, were anesthetized with isoflurane, and the brains were 
removed. Horizontal brain slices (150-200 m thick) containing the VTA were prepared 
using a Vibratome (Leica Instruments, Nussloch, Germany). Slices were submerged in 
Ringer’s solution containing (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO4, 1.0 NaH2PO4, 2.5 
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CaCl2, 26.2 NaHCO3, and 11 glucose saturated with 95% O2–5% CO2 and allowed to 
recover at 35°C for at least 1 hr. 

Individual slices were visualized under an Olympus BX50WI microscope 
(Olympus Life Science Solutions, Waltham, Massachusetts) or Zeiss Axioskop FS 2 
plus (Carl Zeiss Microscopy, Jena Germany), with differential interference contrast 
optics and infrared illumination, using an Andor xIon+ camera, and Andor Solis imaging 
software (Andor Technology Ltd, Belfast, Northern Ireland) or Zeiss Axiocam MRm and 
Axiovision 4, respectfully. Neurons were identified for recording using differential 
interference contrast optics and infrared illumination neurons were also confirmed as 
projecting neurons with epifluorescent illumination to visualize DiI. Whole-cell patch-
clamp recordings were made at 33°C using 2.5– 4M pipettes containing (in mM): 123 K-
gluconate, 10 HEPES, 0.2 EGTA, 8 NaCl, 2 MgATP, and 0.3 Na3GTP, pH 7.2, 
osmolality adjusted to 275. Biocytin (0.1%) was added to the internal solution for post 
hoc identification of tyrosine hydroxylase (TH) content.  

Recordings were made using an Axopatch 1-D (Axon Instruments, Union City, 
CA), filtered at 2 kHz, and collected at 5 kHz using IGOR Pro (Wavemetrics, Lake 
Oswego, OR). Liquid junction potentials were not corrected during recordings. 
Hyperpolarization-activated cation current (Ih) currents were recorded by voltage 
clamping cells and stepping from -60 to -40, -50, -70, -80, -90, -100, -110, and -120 mV. 
The Ih magnitude was measured as the difference between the initial capacitive 
response to the voltage step and the final current. Series resistance was monitored 
online by measuring the peak of the capacitance transient in response to a −4 mV 
voltage step applied at the onset of each sweep. 

Cells were recorded in current-clamp mode (I = 0) for experiments measuring 
spontaneous firing rates and/or changes in membrane voltage. Upon breaking into the 
cell, approximately 10 mins was allowed for the cell to stabilize and for the pipette 
internal solution to dialyze into the cell. Bath application of CRF (50 nM to 250 nM) (5-7 
mins) was applied only after a 5-min stable baseline was achieved. All drugs were 
applied via bath perfusion at a flow rate of 2 mL/min. Stock solutions of drugs are made 
in advance and stored at -20c and diluted into ACSF immediately before application. 
CRF was obtained from American Peptide (Sunnyvale, CA) and diluted to a 500 M 
stock solution in dH20, a small amount of NaOH (less than 0.0003% of final volume) 
was added to improve solubility. 

For experiments where EPSCs were measured, cells were recorded in voltage-
clamp mode (V = −60 mV). All EPSCs were measured in the presence of a GABAA 
antagonist, picrotoxin (100 μM) or SR-95531 (10 𝜇𝜇M). Stimulating electrodes were 
placed 60–150 μm from the patched cell and CRF (50 to 100nM) was applied after a 
5min stable baseline of evoked EPSC amplitude was established. Picrotoxin and SR-
95531, were obtained from either Sigma Chemical or Tocris (Ballwin, MO) and diluted in 
DMSO (100mM) and dH2O (10mM) respectively.  

While testing evoked EPSCs in voltage clamp mode, we concurrently monitored 
spontaneous EPSCs (sEPSC) to assess synaptic site of action. Spontaneous events 
were identified by searching the smoothed first derivative of the data trace for values 
that exceeded a set threshold, and these events were visually confirmed. Experiments 
with baseline spontaneous EPSC frequencies 0.25 Hz were excluded from drug effect 
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analyses because too few events were detected to reliably measure changes in 
frequency. A change in spontaneous EPSC amplitude correlates with a change in 
AMPA mediated currents and suggests a post synaptic mechanism. In contrast, a 
change in spontaneous EPSC frequency reflects an increase in the probability of 
vesicular release, suggesting a pre-synaptic mechanism of action.  

We also analyzed changes in paired pulse ratio (PPR) which is correlated with a 
change in the probability of release and a presynaptic mechanism (Manabe et al., 
1993). In neurons where paired pulses were administered, two pulses 50 ms apart were 
delivered once every 10 s. The EPSC amplitude was calculated by comparing a 2-ms 
period around the peak to a 2-ms interval just before stimulation. The paired-pulse ratio 
(PPR) was calculated by dividing the amplitude of the second EPSC by that of the first, 
trial by trial, and averaging across trials.  

Immunohistochemistry: Slices were fixed immediately after recording in 4% 
formaldehyde and then stored at 4°C in PBS. Slices were preblocked for 2 h at room 
temperature in PBS plus 0.2% BSA and 5% normal goat serum, then incubated at 4°C 
with a rabbit anti-tyrosine hydroxylase (TH) polyclonal antibody (1:100). Slices were 
then washed thoroughly in PBS with 0.2% BSA before being agitated overnight at 4°C 
with Cy5 anti-rabbit secondary antibody (1:100) and FITC streptavidin (6.5 𝜇𝜇l/ml). 
Sections were rinsed and mounted on slides using Bio-Rad Fluoroguard Antifade 
Reagent mounting media and visualized under a Axioskop FS2 Plus with an Axiocam 
MRm running Neurolucida (MBF Biosciences). Primary antibodies were obtained from 
Millipore Bioscience Research Reagents, secondary antibodies from Jackson 
ImmunoResearch Laboratories, and all other reagents from Sigma. 

Data Analysis: For slice work, effects were statistically evaluated in each neuron 
by binning data into 30 s data points and comparing the last eight baseline data points 
to the last eight data points during drug application using Student’s unpaired t test. P < 
0.05 was required for significance in all analyses. Differences in effect sizes between 
neuron populations were tested using a permutation analysis unless otherwise 
indicated.  
 
3.3 Results 

Medial Prefrontal Cortex: Similar to findings from VTA neurons with unknown 
projection targets described in chapter one, mPFC projecting neurons in the VTA 
showed either inhibition or excitation in response to CRF in current clamp mode (I = 0) 
(Figure 8). One identified neuron that was spontaneously firing, responded to CRF with 
an increase in the action potential frequency (1/1, TH[+]). Neurons that were quiescent 
at baseline (not firing action potentials), responded to CRF application with either a 
depolarization or hyperpolarization. CRF caused a depolarization from baseline Vm in 
62% (8/13) of neurons tested; a hyperpolarization from baseline Vm was observed in 
15% (2/13) of neurons. Lastly, no response to CRF was observed in 23% (3/13) of 
neurons (for completeness all non-responding neurons are included in the figures).  

The direction of response to CRF did not seem to depend on TH content, as we 
observed a depolarization (1/3), hyperpolarizations (1/3), and no effect (1/3) in TH(+) 
neurons. Two of three tested TH(-) neurons had a significant response to CRF both 
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responded with a depolarization. TH data was not recovered from 7 neurons; among 
these neurons we observed depolarizations (5/7), a hyperpolarization (1/7), and no 
response to CRF. In chapter one, we observed a correlation between initial Vm and the 
direction of the CRF effect in quiescent neurons. We did not see a similar result in the 
mPFC projecting neurons (r2 = 0.07, p > 0.05, intercept = -58.99; only significant effects 
were included in this analysis). 

In examining evoked glutamatergic EPSCs, neurons responded to CRF with 
either excitations or inhibitions in EPSC amplitude (N.S. mean difference = -48.923 pA, 
p > 0.05). In TH(+) neurons, there were only decreases in EPSC amplitude (3/3). 
Whereas, in TH(-) neurons we observed both excitations (4/7) and inhibitions (2/7). 

 

 
Figure 12 Effects of CRF on mPFC projecting neurons.  (A) Diagram of methods. The retrograde tracer DiI was 
injected into the mPFC and allowed to backfill to the cell bodies of neurons. Cells that were fluorescent were patched 
and recorded in current clamp and voltage clamp experiments. Experiments were conducted once per cell, thus 
current clamp and voltage clamp experiments are separate populations (B) Current clamp experiments. Cells that 
were firing (open diamonds) and quiescent (closed circles) were assessed before and after CRF application. (C) 
Evoked glutamatergic EPSCs. Cells were tested in picrotoxin or GABAzine to isolate evoked glutamatergic EPSCs. 
Baseline and CRF effects are the average last of 8 traces before CRF is applied and the last 8 traces of the drug 
application. Blue symbols indicate cell was tested post hoc for TH content and was positive. Yellow indicates TH 
negative.  
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Nucleus Accumbens: Similar to neurons projecting to the mPFC, neurons in the 
VTA retrogradely labeled from the NAc also showed variable responses to CRF 
application (Figure 9). As with unidentified VTA neurons, NAc projecting neurons firing 
at baseline consistently increased their firing rate to CRF application (5/5 neurons; 2 
TH[+], 1 TH[-], 2 do not have TH data). Neurons that were quiescent at baseline 
responded with either a depolarization (5/11) or hyperpolarization (4/11).  

Quiescent TH(+) neurons responded to CRF with depolarization (2/5), a 
hyperpolarization (1/5), and no response (2/5). TH(-) neurons responded with either 
depolarization (2/3) or hyperpolarization (1/3). We were unable to recover TH data from 
3 neurons; among these neurons we observed both depolarization (1/3) and 
hyperpolarizations (2/3). Similar to the neurons that project to the mPFC, we did not 
observe a correlation between the initial baseline Vm and corresponding change from 
baseline in response to CRF (r2 = -0.04, p > 0.1, intercept of -53.87 mV). 

We observed both excitations and inhibitions of evoked glutamatergic EPSC in 
VTA neurons projecting to the NAc. EPSC amplitude was decreased in response to 
CRF in 70% (7/10) of the neurons tested, and the remaining 30% (3/10) responded with 
an increase in EPSC amplitude. The net overall change in EPSC amplitude was not 
significant (N.S. mean difference = 2.768 pA, p >0.05). No data was collected from TH(-
) neurons. Among the TH(+) neurons, there were mainly decreases (7/8) in EPSC 
amplitude, with only one TH(-) neuron responding with an increase in EPSC amplitude. 
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Figure 13 Effects of CRF on NAc projecting neurons. A) Diagram of methods. The retrograde tracer DiI was injected 
into the NAc and allowed to backfill to the cell bodies of neurons in the VTA. Cells that were fluorescent were patched 
and recorded in current clamp and voltage clamp experiments. One experiment was conducted per cell, thus current 
clamp and voltage clamp experiments are separate populations (B) Current clamp experiments. Cells that were firing 
(open diamonds) and quiescent (closed circles) were assessed before and after CRF application. (C) Evoked 
glutamatergic EPSCs. Cells were tested in picrotoxin or GABAzine to isolate evoked glutamatergic EPSCs. Baseline 
and CRF effects are the average last of 8 traces before CRF is applied and the last 8 traces of the drug application. 
Blue symbols indicate cell was tested post hoc for TH content and was positive. Yellow indicates TH negative.  

 
Amygdala: VTA neurons that project to the amygdala were consistently excited in 

response to application of CRF. Of the 5 neurons tested in current clamp mode, 1 
responded to CRF with a significant increase in firing rate and 4 demonstrated 
depolarization from baseline Vm. Excitations were observed irrespective of TH content 
(TH[+], n = 1; TH[-], n = 1) or initial baseline Vm (r2 = -0.04, p > 0.1, intercept = -56.72). 

The amplitude of evoked glutamatergic EPSCs were also increased in response 
to CRF. All neurons tested (6/6) responded with a significant increase (mean change 
from baseline, 291%) in EPSC amplitude (mean difference = -112.49 pA, two-tail p < 
0.05). Both TH(+) (n = 2) and TH(-)(n = 3) neurons responded to CRF with an increase 
in EPSC amplitude. 
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Figure 14 Effects of CRF on amygdala projecting neurons. A) Diagram of methods. The retrograde tracer DiI was 
injected into the amygdala and allowed to backfill to the cell bodies of neurons in the VTA. Cells that were fluorescent 
were patched and recorded in current clamp and voltage clamp experiments. One experiment was conducted per 
cell, thus current clamp and voltage clamp experiments are separate populations (B) Current clamp experiments. 
Cells that were firing (open diamonds) and quiescent (closed circles) were assessed before and after CRF 
application. (C) Evoked glutamatergic EPSCs. Cells were tested in picrotoxin or GABAzine to isolate evoked 
glutamatergic EPSCs. Baseline and CRF effects are the average last of 8 traces before CRF is applied and the last 8 
traces of the drug application. Blue symbols indicate cell was tested post hoc for TH content and was positive. Yellow 
indicates TH negative.  

 
Spontaneous Events: Neither spontaneous EPSC amplitude nor frequency in 

mPFC and NAc projecting neurons showed a consistent pattern that would suggest a 
pre or post synaptic mechanism of action (Figure 11). The change in PPR in the mPFC 
and NAc were also non-conclusive. There was an increase in spontaneous EPSC 
amplitude in VTA neurons that projected to the amygdala (mean difference = -5.21pA, p 
> 0.05) as well as no change in spontaneous EPSC frequency in these neurons (true 
mean difference = 0.06 Hz, p > 0.05), which suggests a primarily post-synaptic 
mechanism for CRF in the amygdala projection. There was no significant change in the 
PPR (-0.25, p > 0.05) which is also indicative of CRF acting at a post synaptic receptor 
to excite Amy projecting neurons. 
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Figure 15 Analysis of spontaneous EPSC and PPR in projecting neurons. Open bars indicate the mean at baseline 
of spontaneous EPSC amplitude (green, left paired bars), spontaneous EPSC frequency (red, middle paired bars), 
and PPR (blue, right paired bars). Closed bars indicate the mean CRF effect for spontaneous EPSC amplitude, 
frequency and the PPR. (A) mPFC projecting neurons (B) NAc projecting neurons (C) Amygdala projecting neurons. 
Amplitude of spontanous events (left, green bars) were measured as an average of the spontaneous events over the 
time period by which evoked EPSC measurements were taken. Spontaneous EPSC frequency was the mean 
frequency of spontaneous events over the time period in which the evoked EPSC measurements were taken (middle, 
red). PPR measured as R2/R1 of the paired evoked EPSCs. 
 
3.4 Discussion 

Here we show that when VTA neurons are firing spontaneously, CRF increases 
their firing frequency and this is true in both dopamine and non-dopaminergic neurons 
regardless of projection target.  Inhibitions of spontaneous firing were not observed.  
Importantly, and in contrast to the mixed effects in NAc and mPFC projecting VTA 
neurons, amygdala-projecting VTA neurons are consistently excited by CRF, regardless 
of whether these neurons are firing spontaneously or quiescent prior to CRF application 
(n = 5/5). We also observed an increase in the amplitude of evoked glutamatergic 
EPSCs in response to CRF in amygdala-projecting VTA neurons (n = 6/6, 232.18% 
mean increase in evoked ESPC amplitude). The increase in evoked EPSC amplitude 
corresponded to an increase in spontaneous EPSCs amplitude, with no change in the 
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frequency of spontaneous EPSCs. Such findings suggest that CRF is acting at a post-
synaptic receptor to excite amygdala-projecting neurons.  

To date, the effect of CRF on VTA circuit modulation has mainly been inferred 
through measurements of DA release in VTA terminal regions following exposure to a 
stressor or ICV CRF administration; DA increases in the mPFC, NAc, and amygdala in 
response to stress. Our finding that CRF consistently excites neurons projecting to the 
amygdala fits with these previous microdialysis studies. The amygdala is involved in the 
regulation of motivational and emotional states, as well as the processing of fear and 
reward stimuli (Janak and Tye, 2015). The activation of VTA neurons that project to the 
amygdala by CRF may be acting to increase arousal and pair environmental cues with 
emotional significance. In addition, given the role stress plays in the reinstatement to 
drug seeking behaviors, it stands to reason that the activation of amygdala projecting 
VTA neurons may be driving a pro-motivational state that enhances the animal’s 
appetitive drive for a drug of abuse. 

We did not observe consistent excitation in VTA neurons projecting from the 
mPFC or NAc. One explanation for the inconsistencies between our findings and 
previous microdialysis studies is differences in the kinetics of DA release.  Following 
stress, DA release in the amygdala occurs at a faster latency and with a higher peak 
increase over baseline compared with DA kinetics in the mPFC and NAc (Inglis and 
Moghaddam, 1999).  The kinetic differences among these regions may be due to 
contrasting circuitry. For example, lesions of the amygdala prevent the characteristic 
increase in DA release in the mPFC in response to stress, suggesting that stress 
induced mPFC DA release is regulated by broader circuit mechanisms than direct 
activation of VTA DA neurons (Davis et al., 1994; Goldstein et al., 1996).   

The observed variability may also be due to retrograde tracer injection site within 
the mPFC and the NAc. The mPFC is divided into a dorsal prelimbic (PL) and ventral 
infralimbic (IL) cortex. The PL and IL have distinct afferent and efferent connections that 
may differentially modulate stress related behavior and reinstatement (Frysztak and 
Neafsey, 1994; Gerrits et al., 2003; Radley et al., 2006; Resstel et al., 2006; Sullivan 
and Gratton, 2002; Vertes, 2004; West et al., 2014). The PL is involved in the initiation 
of cue-induced drug seeking, whereas the IL plays a role in the inhibition of drug 
seeking during extinction (Gourley and Taylor, 2016; Moorman et al., 2015). The 
retrograde tracer injection site targeted the middle of the mPFC, the border of the PL 
and IL subdivision. It is possible that we have recorded from a mixed population of 
mPFC neurons projecting to either the IL or the PL. Given that these two regions can 
have opposing circuit and behavioral actions, a systematic study of this issue is in order.  
Similarly, the NAc is diverse structure that consists of a core nucleus and a surrounding 
shell region that have dissociable roles in learning and motivation (Di Ciano et al., 2008; 
Di Ciano and Everitt, 2001). In recent years, the shell has been further divided into 
medial, lateral, rostral, and caudal divisions, which play different roles in appetitive and 
aversive learning (Castro and Berridge, 2014; Lammel et al., 2012; Reynolds and 
Berridge, 2001; Richard et al., 2013). In order to minimize spread to outside adjacent 
brain areas we targeted our NAc injections for the core/shell boundary, and therefore 
cannot distinguish between the two regions in our recording. There may be distinct 
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differences in how NAc or mPFC neurons respond to CRF when specifically targeting 
these more precise regional differences. 

Given the clear microdialysis results observed in response to stress or ICV CRF 
on DA release in the mPFC and NAc, we would have expected to see more consistent 
responses among cells that project to either location. The variability within these two 
projections may be due the need for a longer latency of CRF exposure in neurons that 
project to the mPFC or NAc. Future studies can build upon our understanding of how 
CRF may alter VTA circuitry with longer CRF applications, repeated applications of 
CRF, or bath application of CRF in animals that have been acutely or chronically 
stressed. Given the robust response to CRF in neurons that project to the amygdala, it 
will be important to characterize how specific activation of this circuit effects 
reinforcement and avoidance behaviors. 

Although our results give a rough sketch as to how CRF effects circuit specific 
signaling in the VTA. This type of analysis will always suffer from a relative lack of 
statistical power because of the limited throughput of ex vivo whole cell 
electrophysiology and the large diverse population of VTA neurons. Neurons can be 
divided by: origin of a synaptic input, neurotransmitters released from that synaptic 
input, neurotransmitter content of the neuron, projection target, and neurotransmitter 
content of the post synaptic neuron. To be confident in how CRF modulates VTA 
circuits and alters behavior, we need a large enough sample of neurons where all 
variables are accounted for.  

Our results provide only a partial viewpoint on how CRF may be affecting 
behaviorally relevant circuits in the VTA. More work is needed to determine if there are 
differences in neurons that project to subregions within the mPFC and NAc. In addition, 
the VTA sends projections to other brain areas, like the LHb, that may be important for 
regulating responses to CRF. Recent work has suggested that non-DA VTA projections 
to the LHb are important for aversive behaviors. The LHb can also regulate the firing of 
VTA DA neurons that project to the NAc through a disynaptic connection to GABA 
neurons in the rostral medial tegmental nucleus. Given its role in relevant behaviors and 
anatomical connections, the effect of CRF on LHb projecting neurons should be a future 
area of study.  

The adjustment of neural circuits in response to stimuli is the principal way in 
which the brain enacts changes in behavior. Our work provides a necessary insight into 
one possible circuit mechanism by which CRF alters VTA signaling in response to 
stress and may mediate changes in behavior. Profiling the synaptic changes that occur 
in response to CRF is critical for understanding the development and treatment of stress 
induced relapse. 

 
 
  



44 
 

Chapter 4: Corticotrophin Releasing Factor Alters Kappa Opioid 
Receptor Function in the Ventral Tegmental Area 
 
4.1 Introduction 

Stress is a complex behavioral response that can have either reinforcing or 
aversive properties. One key mediator of stress is corticotrophin releasing factor (CRF), 
which regulates the extra-hypothalamic stress response (Dunn, 1988; Heinrichs et al., 
1995a). Different subsets of ventral tegmental area (VTA) neurons have been 
implicated in generating aversive and appetitive states. CRF is released into the ventral 
tegmental area during stress (Wang et al., 2005); potentially contributing to its hedonic 
and motivational consequences.   

There is limited evidence on CRF’s synaptic effects on VTA neurons. As 
described in chapters 1 and 2, CRF causes both excitations and inhibitions in a mixed 
population of VTA neurons as measured by membrane potential. CRF has also been 
shown to increase neuronal excitability by increasing the presynaptic release of 
glutamate and by increasing both N-methyl-D-aspartate (NMDA) receptor (Ungless et 
al., 2003) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor 
currents in post-synaptic cells (Hahn et al., 2009). As discussed in chapter 1, CRF 
consistently excites cells that are spontaneously firing in the VTA. However, CRF can 
also inhibit neurons by increasing the presynaptic release of gamma-aminobutyric acid 
(GABA) (Williams et al., 2014) and by enhancing inhibitory post-synaptic currents 
(IPSCs) mediated by metabotropic glutamate (mGluR), dopamine 2 (D2), and GABAB 
receptors (Beckstead et al., 2009; Williams et al., 2014). Such changes in firing rate in 
the VTA are accompanied by changes in dopamine (DA), both locally in the VTA and at 
projections sites (Lavicky and Dunn, 1993; Wanat et al., 2013; Wang et al., 2005). 

Until recently, increases in DA in the mesolimbic system have been assumed to 
elicit positive motivational states, such as reward and reinforcement (McClure et al., 
2003; Schultz, 2002; Wise, 2004). Infusions of CRF into the VTA or imposed stress lead 
to increases in DA in VTA and its terminal regions, nucleus accumbens (NAc), pre-
frontal cortex (PCF), and amygdala (Abercrombie et al., 1989; Anstrom and Woodward, 
2005; Dunn, 1988; Horger et al., 1996; Inglis and Moghaddam, 1999; Kalivas and Duffy, 
1995; Lavicky and Dunn, 1993; McFarland et al., 2004; Thierry et al., 1976; Tidey and 
Miczek, 1996). This CRF-induced rise in DA is at odds with our basic understanding of 
the subjective consequences of stress, typically characterized as an aversive emotional 
state (Koob, 2008). One possible mechanism for the dissociation between CRF-induced 
increases in DA and induction of aversive motivational states is that in addition to CRF, 
stress is also associated with the activation of the kappa opioid receptor (KOR) system, 
which typically induces an aversive/dysphoric state (Pfeiffer et al., 1986). 

Several inputs into the VTA including the nucleus accumbens (NAc), amygdala, 
and hypothalamus, areas involved in motivation and stress behaviors, contain 
dynorphin – an endogenous opioid peptide that activates KORs (Fallon et al., 1985; 
Meredith, 1999). Dynorphin positive axons synapse onto DA dendrites in the VTA 
(Pickel et al., 1993). Activation of KORs in the VTA causes inhibition that is selective for 
a subset of DA neurons, specifically neurons that project to either the prefrontal cortex 
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(PFC) or amygdala, but not those that project to the NAc (Margolis et al., 2003, 2006b, 
2008). Non-dopamine VTA neurons are not hyperpolarized by KOR, though their 
glutamatergic and GABAergic inputs can be inhibited by KOR selective agonists 
(Margolis et al., 2003, 2005, 2006a, 2008; Polter et al., 2014).  The direct postsynaptic 
KOR inhibition is mediated through the activation of G protein-coupled inwardly-
rectifying potassium (GIRK) channels. Infusion of the KOR agonist, U50,488H, into the 
VTA induces a conditioned place aversion in drug naïve animals (Bals-Kubik et al., 
1993) that is attenuated by the D1 antagonist SCH-23390 in the NAc (Shippenberg et 
al., 1993). In animals exposed to cocaine, KOR signaling is required for stress induced 
reinstatement (Beardsley et al., 2005; Carey et al., 2007; Redila and Chavkin, 2008; 
Valdez et al., 2007) and stress induced potentiation of conditioned place preference to 
cocaine (McLaughlin et al., 2003, 2006a, 2006b). Furthermore, a single dose of cocaine 
enhances the conditioned place aversion induced by the KOR selective agonist 
U69593; an effect blocked by NMDA receptor blockade in the VTA (Kim et al., 2004). 
Together, these studies indicate that KOR activation is associated with aversive 
behavioral states through an effect on dopamine neurons. 

Consistent with this concept, recent work suggests that the aversive properties of 
stress are mediated through CRF’s interaction with KORs and dynorphin (Land et al., 
2008; Bruchas et al., 2009). Exposure to stress increases the release of dynorphin at 
multiple sites in the CNS (McLaughlin et al., 2003; Nabeshima et al., 1992; Shirayama 
et al., 2004). Exposure to CRF causes the release of dynorphin in ex vivo hypothalamic 
slices and in vivo in the CeA (Lam and Gianoulakis, 2011; Nikolarakis et al., 1986). Both 
exposure to a stressor and CRF increase phosphorylation, and thereby activation, of 
KORs at ser369 (KORp-ir) in brain regions associated with the stress response 
including: the dorsal raphe, basolateral amygdala (BLA), hippocampus, ventral pallidum, 
NAc, bed nucleus of the stria terminalis, and VTA (Bruchas et al., 2007; Land et al., 
2008). CRF-induced conditioned place aversion was blocked by intracerebroventricular 
(i.c.v.) antisauvigine-30 (a CRFR2 antagonist), systemic norBNI (a KOR antagonist), 
and was absent in KOR knockout mice (Land et al., 2008). Infusions of norBNI into the 
BLA inhibited i.c.v. CRF-induced anxiety-type behavior as assessed by the elevated 
plus maze (Bruchas et al., 2009). Lastly, blocking the CRF 2 receptor (CRFR2) with 
antisauvigine-30 had no effect on KOR agonist-induced conditioned place aversion 
(Land et al., 2008). These studies suggest that CRF-induced aversion or avoidance is 
dependent upon activation of KORs. However, there is also evidence that CRF 
activation is necessary for KOR’s influence in stress-related behavior. Blocking CRF 
receptor 1 (CRFR1) with the selective antagonist CP154,526 prevented KOR agonist-
induced (spiradoline) reinstatement to cocaine seeking in squirrel monkeys (Valdez et 
al., 2007). Differences in these two findings could be due variations in receptor agonists 
(U50,488H vs spiradoline), CRF receptor antagonists (CRFR2 vs CRFR1), species 
(mouse vs squire monkey), or to the difference in behaviors themselves (conditioned 
place aversion vs cocaine reinstatement). Together, these findings suggest that the 
interaction of CRF and KOR contributes to the aversive properties of stress. Despite 
evidence that both CRF and KOR independently effect VTA firing and DA release, more 
information is needed to understand how these two peptide systems interact within the 
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VTA. Here we test the hypothesis that CRF modulates the response of VTA DA neurons 
to the KOR agonist, U69593.  
 
4.2 Methods 

Slice preparation and electrophysiology: Male Sprague Dawley rats, 20–36 d old, 
were anesthetized with isoflurane, and the brains were removed. Horizontal brain slices 
(150-200 𝜇𝜇m thick) containing the VTA were prepared using a Vibratome (Leica 
Instruments, Nussloch, Germany). Slices were submerged in Ringer’s solution 
containing (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO4, 1.0 NaH2PO4, 2.5 CaCl2, 26.2 
NaHCO3, and 11 glucose saturated with 95% O2–5% CO2 and allowed to recover at 
35°C for at least 1 hr. 

Individual slices were visualized under an Olympus BX50WI microscope 
(Olympus Life Science Solutions, Waltham, Massachusetts) or Zeiss Axioskop FS 2 
plus (Carl Zeiss Microscopy, Jena Germany), with differential interference contrast 
optics and infrared illumination, using an Andor xIon+ camera, and Andor Solis imaging 
software (Andor Technology Ltd, Belfast, Northern Ireland) or Zeiss Axiocam MRm and 
Axiovision 4, respectfully. Whole-cell patch-clamp recordings were made at 33°C using 
2.5– 4M𝛺𝛺 pipettes containing (in mM): 123 K-gluconate, 10 HEPES, 0.2 EGTA, 8 NaCl, 
2 MgATP, and 0.3 Na3GTP, pH 7.2, osmolality adjusted to 275. Biocytin (0.1%) was 
added to the internal solution for post hoc identification of tyrosine hydroxylase (TH) 
content. Recordings were made using an Axopatch 1-D (Axon Instruments, Union City, 
CA), filtered at 2 kHz, and collected at 5 kHz using IGOR Pro (Wavemetrics, Lake 
Oswego, OR). Liquid junction potentials were not corrected during recordings. 
Hyperpolarization-activated cation current (Ih) currents were recorded by voltage 
clamping cells and stepping from -60 to -40, -50, -70, -80, -90, -100, -110, and -120 mV. 
The Ih magnitude was measured as the difference between the initial capacitive 
response to the voltage step and the final current. Series resistance was monitored 
online by measuring the peak of the capacitance transient in response to a −4 mV 
voltage step applied at the onset of each sweep. 

Cells were recorded in current-clamp mode (I=0) for experiments measuring 
spontaneous firing rates and/or changes in membrane voltage (Vm). Upon breaking into 
the cell approximately 10 mins was allowed for the cell to stabilize Vm or firing rate and 
for the pipette internal solution to dialyze into the cell. Bath applications of U69593 (1 
µM) or CRF (50 to 250 ηM) (5-7 mins) were applied only after a 5-min stable baseline 
was achieved. Each drug application was only initiated after the Vm or firing rate had 
stabilized and a 5-minute baseline had been achieved. All drugs were applied via bath 
perfusion at a flow rate of 2 mL/min. Stock solutions of drugs are made in advance and 
stored at -20°c and diluted into ACSF immediately before application. CRF was 
obtained from American Peptide (Sunnyvale, CA) and diluted to a 500 𝜇𝜇M stock solution 
in dH20, a small amount of NaOH (less than 0.0003% of final volume) was added to 
improve solubility. U69593 was obtained from Sigma (St. Louis, MO) and was diluted in 
50% EtOH to a concentration of 1mM. 

Unbiased Sampling: In current clamp, cells were randomly sampled and CRF 
was applied, followed by U69593.  
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Biased Sampling: In current clamp, cells were randomly sampled and U69593 
was applied. Following assessment, KOR-responsive cells were then tested with CRF 
followed by U69593 again to measure how the response had changed following 
exposure to CRF. 

Control Sampling: To be sure that any CRF induced changes were not due to 
double application of U69593, potentially causing desensitization of KORs, we 
compared the response of multiple applications of U69593 with our biased sample 
population. In current clamp, cells were randomly sampled and U69593 was applied. 
Following assessment, KOR-responsive cells were then tested with U69593 again.  

Time Course Analysis: To observe the kinetics of CRF-induced changes to KOR 
responses, confirmed excitations were averaged together time locked to the start of the 
U69593 application. Each individual response was normalized to zero, where the mean 
of the first 4 minutes of baseline was subtracted from the whole trace. 

Immunohistochemistry: Slices were pre-blocked for 2 h at room temperature in 
PBS with 0.2% BSA and 5% normal goat serum, then incubated at 4°C with a rabbit 
anti-TH polyclonal antibody (1:100). Slices were then washed thoroughly in PBS with 
0.2% BSA before being agitated overnight at 4°C with Cy5 anti-rabbit secondary 
antibody (1:100) and FITC streptavidin (6.5 l/ml). Sections were rinsed and mounted on 
slides using Bio-Rad Fluoroguard Antifade Reagent mounting media and visualized with 
an Axioskop FS2 Plus microscope with an Axiocam MRm running Neurolucida (MBF 
Biosciences). Neurons were only considered TH(−) if they were in the same focal plane 
as other TH(+) neurons. Primary antibodies were obtained from Millipore Bioscience 
Research Reagents or Millipore, secondary antibodies were obtained from Jackson 
ImmunoResearch Laboratories, and all other reagents were obtained from Sigma 
Chemical.  

Data Analysis: Drug effects were statistically evaluated in each neuron by binning 
data into 30 s data points and comparing the last eight baseline data points to the last 
eight data points during drug application using Student’s unpaired t test. P < 0.05 was 
required for significance in all analyses. Time course analyses are averages of the 
membrane potential (Vm) trace for all cells time locked to the start of drug application. 
Results are presented as mean ± SEM where appropriate. Differences in effect sizes 
between two neuron populations were tested using permutations analysis of changes 
unless otherwise indicated.  

 
4.3 Results 

Biased vs Unbiased Sampling: A significant number of VTA neurons were either 
excited or inhibited in the biased and unbiased sampling populations (Figure 12). In the 
biased sampling population, 42.1% (8/19) of cells that initially responded to U69593 with 
an inhibition, were excited by the second application of U69593 following CRF 
exposure. The remaining 57.9% (11/19) of cells in the biased sampling population 
responded to the second application of U69593 with a hyperpolarization that was 
equivalent to their initial response to U69593. In the unbiased sampling population, 
28.5% (8/28) of cells demonstrated excitation, 42.8% (12/28) of cells demonstrated 
inhibition, and 28.5% (8/28) of cells had no response to U69593. However, if we remove 
the U69593-nonresponsive cells, the ratio of excitatory to inhibitory response to U69593 
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was similar to the biased sampling approach: 40% (8/20) excitation and 60% (12/20) 
inhibition. 

 

 
Figure 16 Percentages of effects in the three sample populations.  
Unbaised cells were not previously tested for a U69 effect before testing effects of CRF on KOR activation in VTA 
neurons. Biased cells were first tested with U69593 to confirm KOR hyperpolarizations, after a 5 to 7 min application 
of CRF cells were tested for response to KOR activaiton. Control cells were tested in  U69593 to confirm KOR 
hyperpolarizations, cells were then tested with U69593 to confirm that CRF was needed to invoke the KOR medated 
excitations.  
 

Control vs Biased Sampling: U69593 had no effect on subsequent applications of 
U69593. Without CRF application, the first and second response to U69593 was not 
statistically different (application 1 = mean -3.39 mV ± SEM 1.19 mV; Application 2 = -
2.02 mV ± 0.75mV; mean difference = 1.520376 mV, p > 0.05) (Figure 13). With CRF 
application, there was a shift in the mean response to U69593 (application 1 = -2.77 mV 
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± 0.45 mV; application 2 = 0.91 mV ± 1.25 mV). However, the response to the second 
application of U69593 following CRF in the biased sampling population was significantly 
more positive than the first response to U69593 (mean difference = 2.801194 mV, p < 
0.01). Figure 14 compares the responses of the second application of U69593 in the 
biased and control sampling populations, with and without exposure to CRF, 
respectively. The distribution of U69593 responses in cells exposed to CRF is shifted 
right and broader than the responses elicited from the second application of U69593 in 
cells not exposed CRF. 
 

 
Figure 17 Effects of U69593 on KOR activation in VTA neurons.  
Comparison of control (Red), U69593 only, experiments were U69593 was applied twice (App1, App2) and the 
biased population (Blue), treatment with CRF, were U69593 is applied twice (App1, App2) but treated with CRF in 
between the two U69593 applications. Data points are changes of from baseline for each drug application of U69593. 
Diagrams of drug applications at bottom of the figure, control is boxed in red and biased is boxed in blue.  
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Figure 18 Histogram of App 2 U69593 effects.  
Red bars indicate effects of the second application of U69593 in control U69593 only experiments. Blue bars indicate 
effect of second U69593 application in neurons tested with CRF between the two applications of U69593. Diagrams 
at the bottom of the figure represent the methods for drug applications in control (red box) and biased (blue box) 
populations. 

 
Time Course Analysis: In cells that exhibited a significant excitation to the second 

application of U69593 following CRF application, the excitation onset took 
approximately 4 minutes before reaching a peak (Figure 15).  
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Figure 19 Time Course of U69593 Excitations in biased sample population. 
Only U69593 excitations are used in this analysis (n=8). Traces for all U69593 excitations are baseline subtracted 
and time locked to the start of the drug application. Dark line is mean Vm of all the traces and filled lines are standard 
error of the mean.  
 
4.4 Discussion  

Here we report that a subset of VTA neurons are excited by the KOR agonist 
U69593 following application of CRF. Excitations were seen in 42.1% of neurons that 
were confirmed as having a U69593 inhibition before application of CRF. A second 
application of U69593 never produced an excitation unless there was a prior application 
of CRF. With random sampling of VTA neurons, CRF application prior to KOR 
application resulted in excitation in 28.5% of neurons, inhibition in 42.8% of neurons, 
and no response in 28.5% of neurons.  

The finding that CRF can shift responses to KOR stimulation from inhibitory to 
excitatory in a large percentage of VTA neurons was unexpected. A majority of papers 
report only inhibitory responses to opioid stimulation (citations needs). However, a few 
studies highlight excitation in response to stimulation with opioids in a variety of brain 
regions. For example, ex vivo infusion of DAMGO, a 𝜇𝜇-opioid receptor (MOR) agonist, 
into the cerebellar slices results in depolarization of Purkinje cells via Cav2.1 channel 
activation (Iegorova et al., 2010). DAMGO can also induce post-synaptic excitations in a 
subset of VTA neurons. These excitations are independent of GABAA, seen in the 
presence of tetrodotoxin (TTX), accompanied by a decrease in input resistance, and 
blocked by cadmium and 𝜔𝜔 agotoxin – all of which demonstrate that opioid excitation 
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can be mediated by the opening of P-type Cav2.1 channels (Margolis et al., 2014). 
Morphine can also increase the excitatory signaling molecule adenylyl cyclase (AC) in 
the corpus striatum and olfactory bulb (Onali and Olianas, 1991; Puri et al., 1975).  

To understand how CRF can promote excitatory responses to KOR stimulation, it 
is important to consider potential changes occurring at the receptor. A growing body of 
evidence suggests that G-coupled protein receptors (GPCRs) have variability, initiating 
different intracellular cascades based on different agonist induced changes in receptor 
conformation (Urban et al., 2007; Violin and Lefkowitz, 2007). The canonical response 
of KOR activation is stimulation of Gi signaling, leading to a decrease in AC and calcium 
channel conductance and an increase in conductance of G-protein coupled inward 
rectifying potassium channels (GIRK) (Dhawan et al., 1996; Ma et al., 1995). However, 
KOR agonists can also activate the mitogen-activated protein kinases/Ras-Raf-MEK-
ERK (MAPK/ERK) signal transduction pathway (Belcheva et al., 1998, 2005, Bruchas et 
al., 2006, 2007; McLennan et al., 2008). Activation of the MAPK pathway has been 
linked to increases in AMPA receptor insertion, dendritic spine growth, and synapse 
stabilization in CA1 pyramidal cells (Sweatt, 2004; Thomas and Huganir, 2004). Also, 
activation of p38𝛼𝛼MAPK is dependent upon phosphorylation of the KOR (Bruchas et al., 
2007; Bruchas and Chavkin, 2010; Al-Hasani and Bruchas, 2011), and results in the 
phosphorylation of GIRK channels, which ultimately decreases potassium conductance 
(Ippolito et al., 2002, 2005). p38 MAPK has also been shown to phosphorylate sodium 
channels increasing current density in activated neurons (Hudmon et al., 2008). KORs 
influence in MAPK/ERK signaling offers one mechanism for which KOR stimulation can 
result in excitation in the VTA.  

Excitation of the MAPK/ERK pathway may be two-fold, as CRF also stimulates 
activation of this pathway (Brar et al., 2004). The activation of common signaling 
pathways may provide a mechanism by which CRF activation occludes the inhibitory 
GIRK response when KOR is activated. This mechanism is already observed in the VTA 
with post-synaptic MORs, where blocking GIRK-mediated inhibition with barium chloride 
uncovers Ca++ mediated excitations (Margolis et al., 2014). A mechanism for KOR-
mediated increases in neuronal excitability has been proposed to occur in dorsal horn 
neurons, where p38-MAPK-Src activation leads to reduced inward potassium current 
(desensitization of the GIRK response) and increased basal excitability through a 
decrease in overall conductance (Clayton et al., 2009). Similarly, KOR-mediated GIRK 
currents are inhibited in animals exposed to forced swim stress, and this attenuation of 
GIRK currents is blocked when p38𝛼𝛼MAPK is knocked out in dorsal raphe neurons 
(Lemos et al., 2012b). 

Another hypothesis to explain the observed KOR-mediated excitations could be 
disinhibition of DA neurons by inhibition of GABA release onto VTA DA neurons. KOR 
activation does inhibit GABAergic IPSCs in the majority of VTA neurons by presynaptic 
inhibition of release (Margolis, unpublished data). Furthermore, Ford et al. showed KOR 
activation inhibited GABAergic IPSCs in the midbrain, but only in neurons that project to 
the BLA (Ford et al., 2006). However, when the same lab used ChR2 to evoke 
GABAergic IPSCs from specific inputs (interneurons, NAc, and rostromedial tegmental 
area) no effect of KOR activation was reported (Matsui et al., 2014).  
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As discussed in chapter 1, CRF also potentiates glutamatergic EPSCs (Williams 
et al., 2014). In a normal system inhibition of both glutamate and GABA terminals work 
to regulate a homeostatic response to KOR activation. Therefore, CRF could potentially 
counteract the KOR-mediated inhibition of glutamatergic signaling, leaving KOR-
mediated inhibition of GABAergic signaling to dominate a response to U69593. 
(Margolis et al., 2005). The result would be an increase in excitation.  

These synaptic mechanisms while compelling, do not account for the post-
synaptic effects of KOR on dopamine neurons. Post-synaptic activation of GIRK 
channels would most likely reduce an excitatory effect of inhibiting GABA by moving Vm 
closer to the chloride equilibrium potential. Also, we do not observe a correlation 
between the magnitude or valence of the CRF effect and whether or not there is a 
resulting KOR excitation. As each proposed synaptic mechanism would require a 
specific action of CRF to achieve an excitation we would expect to see some sorting of 
CRF response with KOR mediated excitation. Finally, these proposed synaptic 
mechanisms require prolonged potentiation of either glutamate or GABA in order to 
disinhibit VTA neurons, in each experiment the CRF effect was allowed to washout 10 
to 30 mins before U69593 was applied suggesting that the contribution of direct CRF 
synaptic effects independent of KOR to the observed shift in KOR response following 
CRF exposure was likely minimal. 

Our results are limited by the pharmacology of the drugs used in these 
experiments. CRF activates both CRFR1 and CRFR2, in order to understand how CRF 
interacts with KOR to mediate an excitatory response isolating the receptor of action is 
needed. Throughout the slice experiments we used U69593 to simulate KORs, many 
other labs have used other specific KOR agonist such as U50,488H and spiradoline, 
and the probable endogenous ligand for KORs is dynorphin. It remains a question as to 
whether the excitatory effects we observe after application of CRF are specific to the 
agonist used, U69593, or a more universal property of the KOR itself. Finally, it is critical 
that these excitations are tested in TTX and/or blockers to signaling cascades in order 
to determine whether the effect is mediated by a presynaptic or postsynaptic 
mechanism.  

In summary, we report excitatory responses to KOR activation in a subset of VTA 
DA neurons when pre-exposed to CRF. The relationship between CRF and KORs has 
been of particular interest of late because of the interplay of the two in certain stress-
mediated behaviors. The presented findings provide a novel mechanism by which 
stress and the KOR system could interact and influence behaviors. More work is 
needed to identify the behavioral significance of KOR mediated excitations and the 
mechanism of CRF-induced changes in KOR signaling. Understanding how these 
systems interact to produce excitations in VTA DA neurons and influence behavior has 
significant therapeutic implications. 
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Chapter 5: Conclusion 
  
In times of distress and anxiety, many seek out rewards as a way of coping with 

negative experience. While counterintuitive, this idea suggests that our response to 
stress can result in a positive motivational state, driving behavior to improve the overall 
physiological state. This positive motivational state, usually accompanied by increases 
in DA in the mesolimbic reward pathway, can counteract the consequences of 
physiological stress and reinforce reward-seeking behavior in response to future 
stressors. There is an extensive literature demonstrating that increases in DA in the 
mesolimbic reward pathway shift from receipt of a reward to cues that predict reward 
(Schultz, 1998). The body’s stress response is initiated by CRF, a peptide that is 
broadly expressed throughout the brain, including neural pathways associated with 
reward. Perhaps the increase in DA in the mesolimbic reward pathway in response to 
CRF is learned, occurring after an animal has repeatedly experienced reward after a 
stressor (Wang et al., 2005). This pattern may be easily observed in addiction. During 
drug use, an animal experiences physiological stress from processing a foreign 
substance that is followed by the pleasurable consequences of the drug. This thesis 
provides insight into the synaptic mechanisms by which CRF, a peptide unregulated 
during stress, may signal positive motivational states. 

In chapter one, we set out to explore how CRF effected the response properties 
of both TH(+) and TH(-) VTA neurons. We showed that VTA neurons responded to CRF 
with both excitations and inhibitions. Neurons that were firing at baseline responded 
with an increase in firing rate. Neurons that were not firing at baseline responded with 
an equal number of depolarizations and hyperpolarizations in Vm. TH(+) and TH(-) 
neurons were equally as likely to respond with a depolarization or hyperpolarization. 
Similar to the variable responses observed in quiescent neurons, evoked glutamatergic 
EPSCs responded to CRF with either an increase or decrease in the ESPC amplitude. 

Our results are consistent with what has been observed in experiments exploring 
the effects of CRF in VTA putative DA neurons. In line with Wanat et al., CRF 
consistently increased the firing rate of DA neurons that were firing at baseline (Wanat 
et al., 2008). Similar to previous studies, we observed both excitatory and inhibitory 
effects of CRF in putative DA neurons (Beckstead et al., 2009; Hahn et al., 2009; Riegel 
and Williams, 2008; Ungless et al., 2003; Williams et al., 2014).  

While our findings in DA neurons were consistent with the literature, we also 
observed responses to CRF that were not reported in previous studies. For instance, 
CRF’s ability to increase the firing rate of neurons was not limited to DA neurons as 
reported in Wanat et al. In addition, we observed inhibitions of DA neurons in the VTA in 
neurons that were quiescent at baseline. These differences may be a function of the 
neuronal populations selected for recording; neurons in our studies were selected 
throughout the VTA in a random unbiased design and Wanat et al. limited recordings to 
a smaller subset of DA neurons identified based on location to the MT and 
electrophysiological properties. 

Following up on our findings in Chapter one, the experiments in Chapter two 
investigated if response to CRF was associated with projection to a specific VTA 
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terminal region – mPFC, NAc, or amygdala. CRF consistently excited neurons that 
projected to the amygdala, causing increases in firing rate, depolarizations in Vm, and 
increases in evoked EPSC amplitude. An increase in evoked EPSC amplitude 
corresponded to an increase in spontaneous EPSC amplitude. There were no changes 
in the frequency of spontaneous EPSCs. These results indicate that CRF excites 
amygdala-projecting neurons through a post-synaptic mechanism. Neurons that 
projected to the mPFC and the NAc responded to CRF with increases in firing rate 
when neurons were spontaneously active.  However, neurons projecting to the mPFC 
and NAc that were quiescent at baseline showed variable responses.  

Research on how CRF may alter neurons in the VTA that project to different 
target regions is limited. However, reports of increases in DA concentration in VTA 
terminal regions following exposures to stress correspond with our cellular findings. 
Inglis et al. found that following exposure to stress, DA is increased in the amygdala, 
NAc, and mPFC. The increase in DA concentration in the amygdala occurred at the 
fastest latency and had the largest peak concentration above baseline (Inglis and 
Moghaddam, 1999). This observation suggests our results may be only capturing the 
immediate response to CRF, with later adaptive changes occurring in mPFC and NAc 
projecting neurons that may occur outside our recording window.  

Another potential reason for the variability in response to CRF among neurons 
that project to the mPFC and NAc is our retrograde tracer may be filling multiple 
functional subregions within the mPFC and NAc. The mPFC is made up of a dorsal 
prelimbic and a ventral infralimbic areas that have opposing roles in influencing 
reinstatement behaviors. Regional differences in the NAc are also becoming more 
apparent, with medial, lateral, rostral, and caudal divisions, which respond differently to 
rewarding and aversive cues (Castro and Berridge, 2014; Lammel et al., 2012; 
Reynolds and Berridge, 2001; Richard et al., 2013). Our retrograde tracer injections are 
often centered in the middle of the mPFC or NAc, and as a result are capturing a 
combination of these areas. In the future, it will be important to look at differences in 
projections to these subregional structures. 

Recent evidence suggests that the aversive and dysphoric properties of stress 
and CRF are a result of CRF-induced release of dynorphin and activation of KORs in 
the BLA. We further investigated the relationship between CRF and KORs in the VTA. 
Under normal circumstances, VTA DA neurons respond to KOR activation with the 
opening of GIRK channels and subsequent hyperpolarization. Surprisingly, we found 
that exposure to CRF caused a subset of VTA neurons to respond with KOR activation 
and depolarization. KOR excitations are a novel finding and suggest a mechanism by 
which stress can fundamentally change how the VTA processes stressful stimuli. 

Opioid receptor mediated excitations have been previously observed with MOR, 
setting a precedent for our findings that KOR activity underlies depolarization in 
response to CRF application. Similar to KORs, MOR activation normally responds with 
the opening of GIRK channels. Recent studies have shown that MORs can respond 
bidirectionally, causing depolarizations in a subset of neurons through the activation of 
Cav2.1 P-type calcium channels (Iegorova et al., 2010; Margolis et al., 2014). A 
mechanism for KOR-mediated excitations have also been previously discussed in the 
literature. In dorsal horn neurons, KOR activation of MAPK/ERK signaling results in a 
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desensitization of the GIRK response and increased basal excitability through a 
decrease in overall conductance (Clayton et al., 2009). In line with this finding, animals 
that are exposed to forced swim stress show a MAPK/ERK dependent inhibition of 
KOR-mediated GIRK currents (Lemos et al., 2012a). With occlusion of the GIRK 
response during KOR activation, secondary responses such as an increase in P-type 
calcium channel conductance has more control over the Vm of the neuron, essentially 
leading to excitation. 

In chapter one, we found that CRF responded differently in neurons that were 
already firing action potentials as compared to neurons that were quiescent at baseline. 
Future directions should explore the mechanisms by which CRF alters neurons that are 
firing vs quiescent at baseline. One proposed mechanism could be the inhibition of SK 
channels in VTA neurons. As SK channels act to regulate the hyperpolarization phase 
of an action potential, they provide a mechanism by which CRF could only effect 
neurons when they are firing. SK channels inhibition has implicated in the regulation of 
synaptic excitability in the VTA following exposure to cocaine (Creed et al., 2016).  CRF 
in the VTA can cause increases in intracellular calcium release leading to inhibition of 
SK channel currents in DA neurons (Riegel and Williams, 2008). 

In chapter two, we identified that CRF consistently activates neurons that project 
to the amygdala. Future studies should explore the other potential VTA projection 
targets that may be specifically modulated by CRF. For example, the LHb is a site that 
is responsive to negative stimuli and receives direct inputs from the VTA that have been 
shown to be aversive with optogenetic stimulation (Lammel et al., 2015; Root et al., 
2014a). At some synapses, CRF in the VTA acts by regulating the pre-synaptic release 
of glutamate (Williams et al., 2014). Future work is needed to explore if CRF has 
differential effects on specific glutamatergic inputs into the VTA. 

Finally, more work is needed to determine the cellular and molecular basis for 
KOR mediated excitations follow exposure to CRF. Work from our lab, as well as other 
labs, has implicated the activation of P-type calcium channels in the related MOR 
(Iegorova et al., 2010; Margolis et al., 2014). The question remains – are KOR 
excitations working through a similar mechanism as MOR excitations? 

Overall, this thesis highlights possible mechanisms by which stress my signal 
alterations in DA signaling, thereby inducing a positive motivational state. More 
research is needed to understand how these synaptic changes alter behavior. 

The ability for CRF to strengthen ongoing network activity by increasing the firing 
rate of active VTA neurons may have broader implications for enhancing state 
dependent memory to salient stimuli. With recent advances in Cre-lox genetic tools, 
where Cre is expressed in ‘active’ Fos expressing cells, it may be possible to test the 
significance of CRF’s ability to increase firing rates. Fos is an immediate early gene that 
correlates with activity level of the cell. Fos has been shown to be elevated in neurons 
that fire action potentials (Kawashima et al., 2014). The Cre-lox system would allow us 
to express Cre recombinase in neurons that are firing at a particular time point, for 
example a time window when CRF is applied and firing rates of active neurons are 
increased. The expression of Cre recombinase would then allow us to have specific 
control of these CRF activated neurons by using either inhibitory or excitatory 
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rhodopsins. Animals would then be evaluated in behavioral tasks that measure positive 
and negative reinforcement as well as approach and avoidance behavior. 

The behavioral significance of the projection from the VTA to the amygdala 
should be explored as well. As we saw specific excitation of this projection with 
exposure to CRF, it may well be the case that activation of this projection is necessary 
for the reinstatement of drug seeking following stress. 

Chapter three findings raise the possibility that the dysphoria often associated 
with stress may be a function of CRF’s ability to modulate KOR signaling, independent 
of CRF’s ability to induce a positive motivational state. Future studies should examine 
whether CRF can induce reinstatement to drug seeking in the presence of a KOR 
antagonist. In addition, modeling the drug application used in slice electrophysiology to 
induce KOR excitations in an in vivo system will be important for establishing if there is 
functional significance to these excitations. This could be examined by comparing 
approach and avoidance behaviors in animals that get infusions of the KOR agonist 
U69593 with animals that get infusions of CRF and U69593.  

Stress and reward recruit similar circuitry, suggesting that these physiological 
states can impact one another. The results presented in this thesis provide a synaptic 
and circuit based perspective for understanding on how stressful stimuli may lead to 
relapse. CRF’s ability to alter the firing of DA neurons that express KORs provides 
insight into how the brain can change with chronic stress. Understanding these changes 
are incredibly important for therapeutic development aiming to help patients in recovery 
from drug use. 
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