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Abstract 

Kappa opioid receptor (KOR) signaling has been shown to be involved in the production 

of negative affective states. We hypothesized that KOR signaling in the brain may also be 

important in promoting pain states in the absence of injury, such as in functional pain 

syndromes (FPS), which are difficult to study in rodents due to our current lack of 

understanding of the etiology underlying these disorders. In order to study FPS we 

developed an injury-free hyperalgesic priming model that utilizes a loss of diffuse 

noxious inhibitory controls (DNIC), an endogenous mechanism of pain modulation that is 

diminished in patients with FPS, as the output measure. After establishing the model we 

used it to study the contribution of KOR signaling to the loss of DNIC and found that 

blocking endogenous KOR signaling with a KOR antagonist was sufficient to restore the 

DNIC response when the KOR antagonist was administered either subcutaneously or 

directly into the right central nucleus of the amygdala (right CeA), but not when given 

into the left central nucleus of the amygdala (left CeA) or into the rostral ventromedial 

medulla (RVM). The loss of DNIC was accompanied by elevated levels of dynorphin, the 

endogenous KOR agonist, in the left and right CeA, reaching significance only in the 

right. 

Further experiments designed to study the contribution of signaling from KOR-

expressing cells in various brain regions to the production of pain in the absence of an 

injury were performed using KOR-Cre mice and Cre-dependent designer receptors 

exclusively activated by designer drugs (DREADDs). When Gi-coupled DREADDs were 

activated in the KOR-expressing cells in the right CeA a loss of DNIC was observed in 

male and female mice and this was accompanied by decreases in static pain thresholds in 
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female mice. Activation of Gi-coupled DREADDs in KOR-expressing cells in the 

anterior cingulate cortex (ACC) produced conditioned place aversion, suggesting a 

negative affective state that is relevant to pain conditions, and this aversion was not 

accompanied by changes in sensory thresholds. 

These results establish that lateralized KOR signaling in the CeA is sufficient to produce 

changes in static and dynamic sensory measures of pain and that blockade of this KOR 

signaling is sufficient to restore DNIC in our model of FPS. Additionally, these results 

establish that ACC KOR signaling contributes to the development of a negative affective 

state. Overall, these results suggest that KOR signaling plays a critical role in the 

development of pain in the absence of injury and that increased levels of endogenous 

KOR signaling may be a relevant piece of the biology that underlies the development of 

FPS.  
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Chapter 1 Introduction 

1.1 Injury-Free Pain 

Pain is defined by the International Association for the Study of Pain as an “unpleasant 

sensory or emotional experience associated with real or potential tissue damage, or 

described in terms of such damage” (Bonica, 1979). Chronic pain is a maladaptive state 

characterized by the continuation of pain after the source of the acute pain has been 

removed and the tissue has healed; pain lasting for three months, either ongoing or 

occurring intermittently, is considered chronic (Crofford, 2015). Chronic pain is often 

thought of as a continuation of acute pain beyond the timeline where the experience of 

pain is necessary to prevent tissue damage. However, not all pain syndromes present as a 

continuous pain that doesn‟t resolve; in fact many chronic pain syndromes consist of 

relapsing periods of intermittent pain and in some of these conditions there is no 

identified acute pain stimulus (Crofford, 2015).  

Chronic pain syndromes that occur in the absence of an identifiable noxious stimulus or 

injury are called functional pain syndromes (FPS) and include diverse conditions such as 

fibromyalgia, irritable bowel syndrome, migraine, medication overuse headache, and 

others (Albu et al., 2015; Bourke et al., 2015; Chang, 2005; Corrêa et al., 2015; Kosek 

and Hansson, 1997; Lautenbacher and Rollman, 1997; Lewis et al., 2012; Nahman-

Averbuch et al., 2013; Ness et al., 2014; Oono et al., 2014; Staud, 2012; Teepker et al., 

2014). FPS affect more than 15% of the population worldwide and have been suggested 

to reflect the interplay between genetic susceptibility, gene-environment interactions, and 

environmental triggers to elicit a “central sensitivity syndrome” (Crabtree and Ganty, 

2016). The mechanisms underlying FPS are not well understood and while differences 



16 
 

undoubtedly exist between these conditions it is also likely that there is shared and 

overlapping biology. One similarity is that stress is commonly identified as a “trigger” of 

FPS (Fischer et al., 2014; Iliopoulos et al., 2015; Kirmayer and Robbins, 1991; Mayer, 

2008; Park et al., 2016; Shapiro and Nguyen, 2010; Sluka and Clauw, 2016). Repeated, 

severe, or uncontrolled stress can elicit maladaptive dysregulation that alters brain 

networks to promote sensitized states (i.e. “allostatic overload”) (Borsook et al., 2012; 

McEwen, 2005). Repeated stress may increase vulnerability to pain attacks and promote 

transformation from episodic to chronic pain (Cho and Chu, 2015; Mathew et al., 1982). 

Frequency of attacks, pain intensity, and the presence of allodynia (i.e., enhanced 

responses to normally innocuous stimuli) have been suggested as factors promoting 

increased risk of pain chronification (Bourke et al., 2015; Phillips and Clauw, 2011). 

There is also evidence of loss of function in pain modulatory systems in many FPS 

(Staud, 2012).  

1.2  Pain Modulation 

The experience of pain varies greatly between individuals.  Pain consists of sensory, 

cognitive, and affective components (Melzack and Casey, 1968), which makes it difficult 

to directly correlate the activation of nociceptors and the experience of pain.  Emotional 

state, degree of anxiety, level of attentiveness, past experiences, and many other factors 

can either enhance or diminish the pain experience (Fields, 2004). The neural 

mechanisms involved in these processes can alter pain to either enhance or diminish the 

sensation through descending facilitation or descending inhibition, respectively (Ossipov 

et al., 2010). Both descending facilitation and inhibition of pain are likely to be important 

to survival. For example, descending facilitation can cause sensitivity to discourage use 
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of an injured limb thereby preventing further damage to an injured site, while descending 

inhibition can suppress pain if the person is still in a dangerous situation (Yarnitsky and 

Dahan, 2015). Descending inhibition is likely the neural correlate of stress-induced 

analgesia and is also likely related to the phenomenon of conditioned pain modulation 

(Butler and Finn, 2009) which will be discussed in more detail in section 1.4. 

The midbrain and medulla contribute to descending modulatory pathways of pain. 

Neurons from the prefrontal cortex, anterior cingulate cortex, and sensory and motor 

cortices project to the periaqueductal grey, which has reciprocal connections to the 

amygdala, hypothalamus, nucleus tractus solitarius, parabrachial nucleus, and rostral 

ventromedial medulla (RVM) (Beitz, 1982; Rizvi et al., 1991; Vianna and Brandão, 

2003). The PAG also receives ascending nociceptive input from the dorsal horn (Krukoff 

et al., 1993; Meller and Dennis, 1986). The input to the PAG from cortical and sub-

cortical areas puts it in a prime position to merge the sensory, cognitive, and affective 

components of pain.  

The PAG primarily affects descending modulation of pain through its projections to the 

rostral ventromedial medulla (RVM) and to the A7 noradrenergic nucleus (Cameron et 

al., 1995); both of which project directly to the dorsal horn of the spinal cord (Budai et 

al., 1998; Clark and Proudfit, 1991; Morgan et al., 2008; Pedersen et al., 2011). 

Stimulating the periaqueductal grey causes a strong analgesic response which can be 

reversed by naloxone (Hosobuchi et al., 1977). Activation of the PAG also activates 

RVM neurons and produces behavioral responses to pain in rats (Lumb, 2004; Tovote et 

al., 2016). Therefore, the PAG directly controls motor responses to threatening stimuli, 

including noxious stimuli, and indirectly alters nociceptive input through projections to 
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the RVM. 

1.2.1 Rostral Ventromedial Medulla 

The RVM is a brainstem structure 

that encompasses the nucleus raphe 

magnus (NRM), the nucleus 

reticularis gigantocellular-pars alpha, 

and the nucleus paragigantocelluraris 

lateralis (Fields et al., 2005; Michael 

H Ossipov et al., 2014; Vanegas and 

Schaible, 2004). Projections from the 

RVM directly target the dorsal horn 

of the spinal cord and the trigeminal nucleus caudalis (Aicher et al., 2012; Fields et al., 

1995). Diagram 1 provides an outline of the circuitry discussed in this section. Within the 

RVM there are three well-characterized populations of neurons called ON, OFF, and 

NEUTRAL cells (Fields et al., 2005; Vanegas and Schaible, 2004). Animal studies using 

single unit electrophysiology recordings have shown that ON cells fire a burst of action 

potentials right before an animal responds to a noxious stimulus; OFF cells have high 

levels of tonic activity and stop firing right before a response to a noxious stimulus 

occurs; and NEUTRAL cells do not change firing rate during administration of noxious 

stimuli. Descending modulation of pain is bidirectional; pain signals can be inhibited or 

enhanced by these pathways (Fields, 2004). ON cells facilitate pain signals whereas OFF 

cells inhibit pain signals. Mu opioid receptors are mostly found on the ON cells whereas 

kappa opioid receptors are mainly found on OFF and NEUTRAL cells (Heinricher et al., 

 

MOR 

Diagram 1. Modulation of pain by the rostral 

ventromedial medulla. 
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1992; Meng et al., 2005; Winkler et al., 2006). Kappa opioid receptor activation in the 

RVM significantly attenuates mu opioid receptor-mediated analgesia (Meng et al., 2005; 

Pan et al., 1997). Additionally, OFF cells receive a GABAergic input that is decreased by 

application of a mu opioid receptor agonist; therefore OFF cells are indirectly 

disinhibited by mu opioid receptor agonists (Heinricher et al., 1992). Opioid analgesics, 

which target the mu opioid receptor, therefore exert RVM effects by directly inhibiting 

ON cells and indirectly exciting OFF cells through inhibition of GABAergic interneurons 

that project onto OFF cells (Michael H. Ossipov et al., 2014) while kappa opioid agonists 

have an opposing, pronociceptive, action (Meng et al., 2005; Pan et al., 1997). The RVM 

encompasses the major serotonergic nuclei and serotonin release in the spinal cord can be 

either pronociceptive or antinociceptive, depending on which serotonin receptors are 

activated (Michael H Ossipov et al., 2014; Staud, 2013). Activation of 5-HT1A, 5-HT1B, 

5-HT1D, and 5-HT7 receptors tend to promote antinociception whereas the 5-HT2A and 

5-HT3 receptors are pronociceptive (Bardin, 2011).  

1.2.2 Central Nucleus of the Amygdala 

The central nucleus of the amygdala (CeA) is one of the regions that forms reciprocal 

connections with the PAG (Rizvi et al., 1991). Within the CeA the lateral division acts 

primarily as an input region, gathering multimodal information from the basolateral 

nucleus and nociceptive information from the brainstem, whereas the medial division  

(CeM) is the primary output nucleus (Veinante et al., 2013), sending outputs to various 

regions, including the periaqueductal grey, to control behavior responses to potent 

stimuli. The amygdala plays a critical role in emotional functioning and in determining 

the affective state (Anderson, 2007; Ressler, 2010) and the amygdala has emerged as an 
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important region for pain modulation (Neugebauer, 2015; Michael H Ossipov et al., 

2014; Veinante et al., 2013). In addition, the amygdala is thought to contribute to the 

behavioral effects of chronic 

stress (Rosenkranz et al., 2010). 

As mentioned in section 1.1, 

stress is a commonly reported 

“trigger” for pain attacks in 

people with FPS.  The role of 

the amygdala in modulating 

behavioral responses to pain as 

well as to stress makes it an 

excellent candidate for being 

involved in the development of 

FPS. FPS could represent a maladaptation in the amygdala circuit that leads to 

development of pain responses to stress (Diagram 2)  

1.2.3 Anterior Cingulate Cortex 

The anterior cingulate cortex (ACC) is also involved in pain modulation and contributes 

to the affective, but not to the sensory dimension, of pain (Fuchs et al., 2014; Johansen 

and Fields, 2004; Navratilova and Porreca, 2014). Studies of conditioned place avoidance 

in rodents have found that the ACC is critical for producing avoidance to a place 

associated with an acute pain stimuli (Fuchs et al., 2014; Johansen et al., 2001) and for 

developing preference for pain relieving treatment after an injury (Bannister et al., 2017; 

Qu et al., 2011). The ACC is one of the cortical regions involved in generating placebo 

Diagram 2. Higher order brain structures that 

contribute to pain modulation. 
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analgesia and nocebo hyperalgesia (Benedetti et al., 2011). Bilateral cingulotomy 

surgeries are still occasionally performed in humans for the treatment of intractable pain 

and studies report 60-100% of patients have pain relief after this procedure (Agarwal et 

al., 2016; Strauss et al., 2017).  These results suggest that ACC has an important function 

in pain modulation. Several studies of the effects of bilateral cingulotomy in patients with 

chronic medically intractable pain have reported that while patients did have a significant 

reduction in pain, many of these patients still reported significant levels of pain but were 

less bothered by the pain after the surgery (Cohen et al., 2001, 1999a, 1999b; Wilkinson 

et al., 1999). This finding is accompanied by observations of decreased psychasthenia 

and hysteria ratings using the Minnesota Multiphasic Personality Inventory and decreased 

tension and anger on the Profile of Mood States test (Cohen et al., 2001); suggesting that 

bilateral cingulotomy in chronic pain patients may be effective due to reduction of the 

negative affective state associated with chronic pain.  

Bilateral cingulotomy in chronic pain patients has been found to have fairly minor effects 

on cognitive function, leaving most cognitive functions, including language, visual 

perception, motor control, and memory, intact. However, some significant decreases in 

specific areas of attention and executive control have been found in these patients. The 

most pronounced alterations in these functions after bilateral cingulotomy is a decrease in 

response intention, generation, and persistence compared to controls (Cohen et al., 1999a, 

1999b). Not all aspects of executive function are impaired after bilateral cingulotomy for 

the treatment of pain; abstraction, problem solving, and response inhibition all remain 

intact (Cohen et al., 1999a, 1999b). These observations suggest that the most pronounced 
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cognitive side effect of bilateral cingulotomy is a decrease in spontaneity and decreases 

in response persistence (Cohen et al., 1999b). 

1.3  Static vs. Dynamic Measures of Pain 

Static measurements of pain, which are tests that use a single stimulus to test for the 

presence of abnormal sensitivity and primarily provide a measurement of peripheral 

neuron function (Fillingim et al., 2016). Static measurements of pain include 

measurements such as sensory thresholds, pain thresholds, and suprathreshold magnitude 

estimates. Dynamic measurements of pain test pain modulation. Dynamic tests include 

diffuse noxious inhibitory controls (DNIC), conditioned pain modulation (CPM), offset 

analgesia, and temporal summation (Yarnitsky et al., 2014). Dynamic measurements of 

pain consist of the presentation of multiple painful stimuli that are either applied together 

or in close succession, or the presentation of a series of a single repeated painful stimulus, 

and these methodologies test the ability of pain facilitatory and inhibitory modulation 

systems to handle the presence of multiple painful stimuli. During chronic pain there are 

changes in the relationship between nociception and the pain experience (Bennett, 1999). 

For this reason, dynamic measurements of pain are believed to more accurately reflect the 

clinical pain experience because these measurements assess the function of the pain 

modulatory system (Yarnitsky et al., 2014). Imbalances in descending pain facilitation 

and inhibition have been found in many chronic pain syndromes and accurately assessing 

the pain modulatory function in these patients may provide a better understanding of the 

mechanisms underlying the chronic pain than static measurements, which primarily 

assess the state of peripheral neuron function (Fillingim et al., 2016). It has been 

suggested that understanding the underlying changes in pain modulatory function in 
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chronic pain patients could aide in the selection of appropriate treatment (Yarnitsky, 

2015). For example, the efficacy of duloxetine, a serotonin-norepinephrine reuptake 

inhibitor, for the treatment of diabetic neuropathic pain correlates with loss of CPM; 

patients with worse CPM had higher pain reduction from duloxetine while patients with 

good CPM did not respond to duloxetine treatment (Yarnitsky et al., 2012). CPM is 

considered to be a test of descending inhibitory function and duloxetine is postulated to 

work as a treatment of pain by increasing descending inhibition. An assessment of 

temporal summation, which is thought to measure descending facilitation, in diabetic 

neuropathic pain patients found no correlation between temporal summation performance 

and duloxetine treatment efficacy (Yarnitsky et al., 2012). However, the efficacy of 

pregabalin, which is thought to reduce sensitization, in patients with painful chronic 

pancreatitis is associated with increased temporal summation (i.e. increased descending 

facilitation) while CPM score did not predict pregabalin efficacy (Olesen et al., 2013). 

Although the understanding of the interaction between these tests of descending pain 

modulation and the neural mechanisms through which these medications work is 

complicated by the fact that that these drugs can act on multiple pathways and also 

complicated by the fact that the neural mechanisms leading to dysregulation of 

descending pain modulation are not fully understood, these results do support that clinical 

use of dynamic measurements of pain can be informative for the selection of treatments 

that would be most effective for the treatment of pain in specific individuals. (Yarnitsky, 

2015).   

1.4  Diffuse Noxious Inhibitory Controls 

Diffuse noxious inhibitory controls (DNIC) is an endogenous pain modulation system, 
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originally discovered in rats, 

through which one painful 

stimulus inhibits another painful 

stimulus.  This response was first 

studied at the cellular level when it was observed through single unit electrophysiological 

recordings that dorsal horn neurons that responded to noxious stimulation were inhibited 

when a second noxious stimuli was applied to a remote area of the body in rats (Le Bars 

et al., 1979). This phenomenon is frequently referred to as “pain inhibits pain”. This 

endogenous pain modulatory response is different from distraction; it has been found that 

distraction can enhance the DNIC response and DNIC is still present without distraction 

(Moont 2010). 

In humans, DNIC is termed conditioned pain modulation (CPM). DNIC/CPM is 

demonstrated by the concurrent application of a noxious conditioning stimulus and a 

noxious test stimulus to remote locations on the body. In healthy subjects the presence of 

the noxious conditioning stimulus will increase the response threshold to the noxious test 

stimulus (i.e. produces analgesia), reflecting a “bottom-up” modulation of pain through 

engagement of descending inhibition (Yarnitsky, 2015). CPM has higher efficacy in 

males than in females (Popescu et al., 2010). CPM efficacy has been found to decrease 

with age (Edwards et al., 2003; Lariviere et al., 2007; Lindy L. Washington et al., 2000) 

and lower CPM has been found to correspond with many chronic pain disorders that will 

be discussed in more detail in the next section (for a review of CPM  in in the clinic see 

Davis, 2013).  

Diagram 3. Explanation of the term DNIC. 
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DNIC is produced by a spino-bulbo-spinal 

loop; pain signals enter through the dorsal 

horn of the spinal cord, ascend to the 

brainstem, and pain modulatory signals from 

the brainstem project to the dorsal horn to 

modulate incoming pain signals. Inhibitory 

inputs to the dorsal horn of the spinal cord 

from the subnucleus reticularis dorsalis 

(SRD) (Diagram 4) have been shown to be 

necessary to produce DNIC (Bouhassira et 

al., 1992; Villanueva et al., 1996) while other 

pain modulatory brainstem structures, 

including the PAG and RVM, have been 

found to not be necessary for DNIC 

(Villanueva and Le Bars, 1995).  

1.5  DNIC and Chronic Pain 

Diminished CPM is one factor linked to pain chronification (Davis, 2013; Lindy L. 

Washington et al., 2000; Yarnitsky, 2010). Patients with a lower CPM response, 

measured before scheduled surgery, were significantly more likely to develop chronic 

post-operative pain (Landau et al., 2010; Yarnitsky et al., 2008). Similarly, post-operative 

hypersensitivity took longer to resolve in rats with a lower pre-surgery DNIC response 

(Peters et al., 2015); suggesting that the DNIC/CPM response may serve as a prospective 

measure of vulnerability for pain chronification (Yarnitsky, 2015). Critically, CPM has 

Diagram 4. Diffuse noxious inhibitory 

controls (DNIC) is mediated through 

inhibition at the dorsal horn of the spinal 

cord from inhibitory projections arising 

in a brainstem structure called the 

subnucleus reticularis dorsalis. Adapted 

from Villanueva and Le Bars, Biol. Res. 

(1995). 
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been shown to be lost or diminished 

in patients suffering from chronic 

pain, including individuals with 

many types of FPS (Albu et al., 

2015; Chang, 2005; Corrêa et al., 

2015; Kosek and Hansson, 1997; 

Lautenbacher and Rollman, 1997; 

Lewis et al., 2012; Nahman-

Averbuch et al., 2013; Ness et al., 

2014; Oono et al., 2014; Staud, 

2012; Teepker et al., 2014). 

Additionally, women and older 

adults have a higher prevalence of 

chronic pain (Institute of Medicine 

(US) Committee on Advancing Pain 

Research, Care, 2011) and these 

demographics have also been found 

to have lower CPM than their male 

or younger counterparts, 

respectively (Edwards et al., 2003; Lariviere et al., 2007; Popescu et al., 2010; L L 

Washington et al., 2000). Although DNIC is produced through the SRD, it is possible that 

the loss of DNIC that is seen in many chronic pain syndromes is produced through top-

down modulation by other brain structures, including cortical and sub-cortical structures, 

Diagram 5. Loss of DNIC may be mediated 

through a separate neural pathway than is 

responsible for the production of DNIC. While 

DNIC is produced through inhibitory inputs from 

the subnucleus reticularis dorsalis (SRD) to the 

dorsal horn of the spinal cord it is possible that the 

loss of DNIC is mediated through descending 

facilitation from the rostral ventromedial medulla 

(RVM). Higher brain areas that could contribute to 

the masking of DNIC have not previously been 

studied. Adapted from Meng et al., Cephalalgia 

(2011).  
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that masks this analgesic response from the SRD by sending competing pain facilitatory 

signals to the dorsal horn of the spinal cord (Diagram 5). There is evidence supporting a 

role of the RVM in masking DNIC (Meng et al., 2011; Michael H Ossipov et al., 2014) 

and therefore higher order brain structures that directly or indirectly project to the RVM 

could also contribute to the masking of DNIC. 

1.6  Aversive Quality of Signaling at Kappa Opioid Receptors  

Kappa opioid receptor (KOR) agonists have been shown to be dysphoric in humans 

(Pande et al., 1996; Pfeiffer et al., 1986) and in animals (Chavkin and Koob, 2016; Ehrich 

et al., 2015; Land et al., 2008). Signaling at kappa opioid receptors (KORs) has been 

found to play a critical role in the stress response (Bruchas et al., 2010; Knoll et al., 2010) 

and to contribute to dysphoria, stress, anxiety, and addiction (Chavkin and Koob, 2016; 

Lalanne et al., 2014). Stress responses to corticotropin releasing factor (CRF) are blocked 

by administration of a KOR antagonist (Bruchas et al., 2009) suggesting that KOR 

signaling is a downstream regulator of CRF and that KOR signaling is critical to produce 

behavioral responses to stress, including stress induced analgesia and hyperalgesia (Knoll 

et al., 2010). Behavioral responses to stress are likely mediated through a CRF-CRF1R-

dynorphin-KOR circuit in the amygdala (Bruchas et al., 2009). The anatomical details of 

this circuit are currently being studied and a recent report found that approximately 54% 

of CRF neurons in the lateral division of the central nucleus of the amygdala coexpress 

dynorphin, the endogenous KOR agonist (Pomrenze et al., 2015). 

Chronic pain has a high comorbidity with some mood disorders, including anxiety and 

depression (Bair et al., 2003; Banks and Kerns, 1996; Gerrits et al., 2014; Haftgoli et al., 
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2010; Mercante et al., 2011), and this might occur through similar usage of the KOR-

dependent pathways that are involved in creating aversion and a negative affective state 

(Cahill et al., 2014). KORs are widely distributed throughout the nervous system 

(Mansour et al., 1988); of particular interest for these studies was the effects of 

manipulations of KOR circuits formed in brain regions that exert pain modulatory effects, 

including the rostral ventromedial medulla, amygdala, and cingulate cortex.  

1.7  Measuring the Affective Dimension of Pain in Rodents 

Although pain consists of sensory, cognitive, and affective dimensions (Melzack and 

Casey, 1968). The sensory component is studied much more than the other dimensions 

even though all three dimensions are recognized as important for the perception of pain. 

This discrepancy likely arises due to the difficulty of measuring the other two dimensions 

of pain in animal models. The affective dimension of pain is particularly difficult to 

assess in rodents because they cannot directly communicate how they feel the way that a 

human patient can. In order to study the effects of alterations in neurotransmitter 

signaling on the affective state in rodents conditioned place aversion or conditioned place 

preference paradigms are frequently used (Prus et al., 2009). The conditioned place 

preference or aversion paradigm typically consists of delivery a drug, either systemically 

or into a brain region of interest, followed by measurement of the development of 

preference or aversion for the location in the testing apparatus where the animal received 

the drug. This reflects positive or negative effects on the affective state, respectively. 

(Prus et al., 2009). Conditioned place preference can be used to test if a drug is capable of 

relieving pain. Pain is aversive and produces a motivational drive to seek relief 

(Navratilova and Porreca, 2014; Porreca and Navratilova, 2017). Treatments that relieve 
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pain produce robust conditioned place preference (Navratilova et al., 2013). Conditioned 

place aversion is used to test if a stimulus promotes a negative affective state. In this 

paradigm the rat will avoid the part of the testing apparatus that it associates with a 

stimulus that caused it discomfort, such as a formalin injection into the paw (Johansen et 

al., 2001). This test can be used to see if a drug, or alterations in specific neural pathways, 

produces a negative affective state, such as is produced by the aversive quality of pain 

(Navratilova and Porreca, 2014; Porreca and Navratilova, 2017). 

1.8 Objectives 

FPS affect a large number of people and treatment options are currently limited. Very 

little is known about the biology that underlies the development of functional pain 

syndromes. There is evidence that supports a loss of normal pain modulation in people 

with FPS and this set of experiments explores the role of several brain regions that could 

contribute to this dysfunction. 

These experiments required the development of a preclinical model that closely replicates 

FPS. The etiology of FPS is unknown which makes the establishment of accurate animal 

models very difficult. The goal of the model used in these studies was to replicate several 

of the main traits of FPS; in particular the development of pain without an injury, the 

intermittent nature of these pain episodes, and the exacerbation of these pain episodes by 

stress. Since the diagnoses for many functional pain syndromes are based on self-reported 

symptoms by the patients, a different output measure was needed to assess the 

development of FPS in rodents. For these studies DNIC was chosen as the primary output 
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measure because DNIC is reported to be deficient in patients with FPS. In chapter two, a 

model is characterized that replicates these traits. 

After developing the model, it was used to explore a novel treatment target: KORs. We 

hypothesized that blocking endogenous KOR signaling would block the loss of DNIC. 

By delivering KOR antagonist to the amygdala and to the RVM we were able to identify 

a partial circuit leading to the loss of DNIC in this model.  

The next stage of this project was designed to answer the following question: is KOR 

signaling sufficient to provoke a loss of DNIC and cause other pain characteristics? We 

attempted to answer this question with the use of Cre-DREADD technology in KOR-Cre 

mice to manipulate the KOR-expressing cells in the amygdala and in the ACC. We 

assessed the effects of Gi-coupled signaling in these cells on the sensory and affective 

components of pain. 
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Chapter 2: Loss of DNIC in Injury-Free Two-Hit Priming Models 

2.1 Introduction 

Chronic pain conditions that consist of intermittent pain episodes and that lack a 

distinguishable injury or acute noxious stimulus as the precipitator are hard to study in 

rodent models because such conditions are not known to occur naturally in these species, 

and unlike acute nociception or neuropathic pain, these conditions currently lack a clear 

etiology, compounding the difficulty of establishing accurate models. One method used 

to study chronic pain consisting of transient episodes is through hyperalgesic priming 

(Kandasamy and Price, 2015; Reichling and Levine, 2009). Hyperalgesic priming can be 

induced using a “two-hit” method by injecting an inflammatory substance into the hind 

paw (first hit), waiting for the acute nociception from the substance to resolve, and then 

giving a different inflammatory substance into the same region (second hit). This results 

in an enhanced and prolonged nociceptive response to the second inflammatory substance 

than would occur if that same substance was given without the prior exposure to the first 

inflammatory substance (Parada et al., 2005). This enhanced nociceptive response occurs 

even if the time between resolution of the noxious response to the first inflammatory 

substance and administration of the second inflammatory substance is weeks apart. 

Hyperalgesic priming can also be induced with administration of Gi-coupled receptor 

agonists, including the 5HT1B/D receptor agonist sumatriptan (Araldi et al., 2016a) and 

the mu opioid receptor agonists DAMGO and fentanyl (Araldi et al., 2018, 2015), as the 

“first-hit” priming substance. This “two-hit” hyperalgesic priming method is useful for 

the study of functional pain syndromes (FPS) due to the prolonged alterations in 

nociception to acute stimuli even in the absence of continuous evidence of an enhanced 



32 
 

pain state; replicating the phenotype of intermittent pain attacks brought on by stimuli 

that would normally be considered non-noxious or would be expected to elicit a much 

smaller nociceptive response.  

Overuse of medications that are used to treat migraine, and overuse of opioids in general 

leads to paradoxical increases in pain termed medication overuse headache (MOH) (De 

Felice et al., 2011a; Stewart J Tepper, 2012) and opioid induced hyperalgesia (OIH) 

(Johnson et al., 2013; Marion et al., 2011; T. Vanderah et al., 2001), respectively. The 

molecular mechanisms underlying the development of MOH and OIH are not entirely 

clear. MOH is caused by several classes of drugs, including barbituates, opioids, triptans, 

NSAIDs, combination analgesics, and acetaminophen (Stewart J Tepper, 2012) and it is 

possible that the underlying cause of MOH is mediated by different mechanisms for these 

various classes of drugs (Johnson et al., 2013). MOH is associated with depletion of 

serotonin in platelets (Srikiatkhachorn and Anthony, 1996) and up-regulation of pro-

nociceptive 5-HT2 receptors (Srikiatkhachorn and Anthony, 1996). OIH may be caused 

by a variety of mechanisms including increased activity of NMDA receptors (Trujillo and 

Akil, 1991; Zhu and Barr, 2001), enhanced descending facilitation from the RVM 

(Vanderah et al., 2001), and increased spinal dynorphin (Vanderah et al., 2000), which 

increases the release of excitatory spinal neuropeptides such as calcitonin gene related 

peptide (CGRP) (Gardell et al., 2002). There is potential for overlap between the 

molecular mechanisms that produce OIH and MOH, particularly MOH caused by opioid 

overuse (Johnson et al., 2013). Elevated levels of CGRP and enhanced descending 

facilitation may similarly lead to the development of pain in MOH and OIH conditions 

(De Felice et al., 2011b; Meng et al., 2011; T. Vanderah et al., 2001). 
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Diffuse noxious inhibitory control (DNIC), an important mode of pain modulation, is 

diminished in humans with numerous functional pain disorders, including medication 

overuse headache (MOH) and opioid induced hyperalgesia (OIH) (Perrotta et al., 2010; 

Ram et al., 2008), making it a relevant output measure for exploring the neural 

mechanism that underlie FPS. We tested for a loss of DNIC in two injury-free models of 

FPS by using “two-hit” models of hyperalgesic priming. For the “first hit”, we exposed 

rats to 7 days of drug-priming with sumatriptan, which is known to cause MOH in 

humans, or morphine, which causes both OIH and MOH in humans (The Headaches, 

2006). We followed this drug priming with a “second hit” consisting of either 

environmental stress or repeated exposure to capsaicin. Chronic sumatriptan 

administration has been shown to cause allodynia (De Felice et al., 2010) and a decreased 

threshold to evoke cortical spreading depression (Green et al., 2013) in rats after 

exposure to bright light stress. The dose and method of administration of morphine used 

in the following studies has previously been reported to cause neurons in the dorsal 

medullary horn of rats to have increased receptive field size, increased activity to noxious 

heat stimuli, and a decreased threshold to activate to mechanical and electrical 

stimulation (Okada-Ogawa et al., 2009). 

2.2 Drug Priming + Stress 

2.2.1 Methods 

Animals: Male, Sprague-Dawley rats (175-200 g, Envigo, Indianapolis, Indiana, USA) 

were used in this study.  Experiments were carried out in accordance with policies set 

forth by the NIH guidelines for use of laboratory animals and approval from the IACUC 

at the University of Arizona. Rats were kept in a climate controlled room on a 12 hour 
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light and 12 hour dark cycle with ad libitum access to food and water. We adhered to the 

ARRIVE guidelines wherever possible. Animals were randomly assigned to experimental 

groups and the experimenter was blinded to the treatments. 

Drug Priming:  Anesthesia was briefly induced with 5% isoflurane and maintained with 

2% isoflurane to allow subcutaneous (s.c.) implantation of osmotic minipumps (Model 

2001, Alzet, Cupertino, CA, USA) (1μl/hr) delivering vehicle (0.9% saline, VetOne, 

Boise, Idaho, USA), sumatriptan succinate (0.6 mg/kg/day or 3 mg/kg/day, Tocris), or 

morphine sulfate (7.68 mg/kg/day) for 7 days. The experimenter was blinded to 

treatment. Anesthesia duration was approximately 5 minutes. Gentamycin (8 mg/kg, 

VetOne, Boise, Idaho, USA) was administered once immediately following surgery.  

Environmental Bright Light Stress (BLS): On days 20 and 21 post-pump implantation 

rats received 1 hour of bright light stress as described previously (Green et al., 2013). 

Briefly, rats were placed individually in clear Plexiglas caging and two halogen bulb shop 

lights were shone from the left and right sides of the caging to reach an illumination of 

approximately 1300 lux inside of the caging. These time points were chosen to insure that 

sensory thresholds had returned to pre-drug levels that reflect the resolution of 

hyperalgesia.  

Conditioning Stimulus: An intradermal capsaicin (Sigma-Aldrich, St. Louis, MO, USA) 

injection was chosen as the conditioning stimulus to induce the DNIC response. 

Capsaicin was prepared as previously described (Ferrari et al., 2010). Briefly, capsaicin 

was dissolved in 1:1 tween 80 (Sigma-Aldrich, St. Louis, MO, USA) and 100% ethanol 

(Decon Laboratories, King of Prussia, PA, USA) to an initial concentration of 50 μg/μL. 

Capsaicin was then diluted to the final concentration of 2.5 μg/μL with 0.9% saline. 
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Capsaicin solution was prepared 40 minutes prior to injection and was stored at -20
o
C 

until injection. Two hours after the second episode of BLS rats were briefly anesthetized 

with isoflurane (duration less than two minutes) and injected with 50 μl (125 μg) of 

capsaicin intradermally into the left forepaw.  

Test Stimulus: The Randall–Selitto paw pressure test (Ugo Basile, Varese, Italy) was 

used to measure analgesia or hyperalgesia. An increasing pressure was applied to the rat 

hind paw until there was a withdrawal response (cutoff at 500 g). The pressure applied 

when the rat withdrew its paw was recorded as the paw withdrawal threshold (PWT).  In 

our model it serves as the test stimulus to measure the DNIC response following 

application of the conditioning stimulus. Prior to minipump implantation, the Randall-

Selitto baseline PWT measurement was taken. On day 7 after pump implantation, a 

second PWT measurement was taken. On day 21, two hours after BLS, a pre-capsaicin 

injection baseline measure was taken, followed by the immediate injection of capsaicin 

into the left forepaw and the beginning of the DNIC timecourse measurements. PWT was 

measured three times for each paw at each timepoint and averaged prior to data analysis. 

Since left and right paw measurements were not significantly different from each other 

the withdrawal thresholds for both hind paws were averaged together prior to data 

analysis. 

Statistics: Comparison of paw withdrawal thresholds to baseline were analyzed by 2-way 

ANOVA followed by Dunnett‟s multiple comparison test. The DNIC timecourse for the 

assessment of the effects of drug-priming on the DNIC response following stress was 

analyzed by 2-way ANOVA and Tukey‟s test for multiple comparisons was applied. Data 

shown as percent maximal response were calculated by subtracting the baseline value 
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from the test point value and dividing by the cutoff value (500 g) minus the baseline 

value. Statistics were calculated using GraphPad Prism software. 

2.2.2 Results 

2.2.2a Effects of drug-priming and stress on static sensory thresholds 

There was a significant effect of treatment group on the paw withdrawal threshold during 

hyperalgesic priming (p < 0.0001, F(6,102)= 13.27). Morphine rats had a significant 

decrease in paw withdrawal threshold (p= 0.008) on the Randall-Selitto test on day 7 

after pump-implantation, the last day of drug-priming (Figure 1B). This decrease in paw 

withdrawal threshold suggests that this dose of morphine causes OIH in rats. 

Sumatriptan-primed rats did not have a significant change in paw withdrawal threshold at 

this timepoint at either dosage (Figure 1B). Morphine-primed rats recover from OIH by 

day 14 after-pump implantation (p= 0.9967 compared to baseline). 

 On day 21, after exposure to the two sessions of BLS a bifurcated response is seen 

depending on the drug-priming treatment group. Saline and 0.6 mg/kg/day sumatriptan-

primed rats had a significant increase in paw withdrawal threshold (p <0.0001 and p= 

0.003, respectively), while morphine-primed rats had a significant decrease in paw 

withdrawal threshold (p= 0.0155), and 3 mg/kg/day sumatriptan-primed rats had no 

significant change in paw withdrawal response (figure 1B). The increase in paw 

withdrawal response at this timepoint indicates that saline and 0.6 mg/kg/day 

sumatriptan-primed rats had stress-induced analgesia while the decrease in paw 

withdrawal response in the morphine-primed rats indicates stress-induced hyperalgesia. 
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2.2.2b Stress induced loss of DNIC in sumatriptan and morphine-primed 

rats 

There is a significant effect of treatment group on the DNIC response (p <0.0001, 

F(18,300)=16.08). The lower dose of sumatriptan (0.6 mg/kg/day) did not produce a loss of 

DNIC following BLS compared to saline controls (figure 1C). Following this result we 

tested a higher dose of sumatriptan (3 mg/kg/day) that has been used on occasion in this 

lab. The 3 mg/kg/day dose of sumatriptan produced a robust loss of DNIC (p <0.0001 

figure 1C) compared to saline-primed controls. Administration of morphine two weeks 

prior to stress also produced a loss of DNIC (p <0.0001, figure 1C).  
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Figure 1. Bright light stress (BLS) following sumatriptan- or morphine-priming 

causes a loss of DNIC. An llustration of the experimental timeline for clarity (A).  

Randall-Selitto paw withdrawal thresholds prior to DNIC testing are shown (B). Saline- 

and 0.6 mg/kg/day sumatriptan-primed rats have a significant increase in paw withdrawal 

A 



38 
 

threshold on day 21 after BLS compared to baseline, indicating the presence of stress-

induced analgesia (B). Morphine-primed rats have a significant decrease in paw 

withdrawal threshold on day 7, the last day of drug-priming, indicating opioid induced 

hyperalgesia, and also following bright light stress, indicating stress-induced hyperalgesia 

(B). A loss of DNIC was observed in sumatriptan- (3mg/kg/day) or morphine-primed rats 

compared to saline controls (C). D0= pre-pump implantation baseline, D7= paw 

withdrawal threshold at the end of pump-treatment, D21=post-BLS paw withdrawal 

threshold. ** p <0.01, *** p <0.001, **** p<0.0001 as indicated (B) or when compared 

to saline controls (C). n= 19 saline, 17 0.6 mg/kg/day sumatriptan, 10 3 mg/kg/day 

sumatriptan, 8 morphine. Data analyzed by 2-way ANOVA followed by Dunett‟s (B) or 

Tukey‟s multiple comparisons test (C).  

 

2.3 Drug Priming + Repeated Capsaicin Injections 

2.3.1 Methods 

Animals: Male, Sprague-Dawley rats (175-200 g, Envigo, Indianapolis, Indiana, USA) 

were also used in this study and care and guideline adherence was the same as described 

above.  

Drug Priming:  Rats were implanted with subcutaneous osmotic minipumps (Model 

2001, Alzet, Cupertino, CA, USA) (1μl/hr) to deliver vehicle (0.9% saline, VetOne, 

Boise, Idaho, USA), sumatriptan (0.6 mg/kg/day or 3 mg/kg/day), or morphine sulfate 

(7.68 mg/kg/day) for 7 days as described above. The experimenter was blinded to 

treatment.  

Conditioning Stimulus: An intradermal capsaicin (Sigma-Aldrich, St. Louis, MO, USA) 

injection was given as the conditioning stimulus to induce the DNIC response. Capsaicin 

was prepared as described above. Rats were briefly anesthetized with isoflurane and 

given an intradermal injection of 50 μl (125 μg) of capsaicin into the left forepaw. On day 

7 post-pump implantation (D7) some rats received a vehicle injection instead of a 
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capsaicin injection. Vehicle injections were prepared by mixing a 1:1 tween 80 to 100% 

ethanol solution and then diluting this solution with 0.9% saline to reach the same 

concentration of solvents that are used for the capsaicin injections. All rats received 

capsaicin injections on day 21 immediately after the day 21 (D21) baseline measurement. 

Test Stimulus: The Randall–Selitto paw pressure test (Ugo Basile, Varese, Italy) was 

used to measure analgesia or hyperalgesia. An increasing pressure was applied to the rat 

hind paw until the rat vocalized or withdrew its paw (cutoff at 500 g). The pressure 

applied when the rat withdrew its paw was recorded as the paw withdrawal threshold 

(PWT).  Following capsaicin injection the Randall-Selitto paw withdrawal threshold was 

used as the test stimulus to measure the DNIC response. Prior to minipump implantation, 

the Randall-Selitto baseline PWT measurement was taken. On day 7 after pump 

implantation, a second PWT measurement was taken and this measurement was followed 

by vehicle or capsaicin injection into the left forepaw and PWT was recorded at 20, 40, 

60, and 80 minutes post-injection. On day 21 a pre-capsaicin injection baseline measure 

was taken, followed by the immediate injection of capsaicin into the left forepaw and the 

DNIC timecourse measurements were taken. PWT was measured three times for each 

paw at each timepoint and averaged prior to data analysis. Left and right hind paw 

measurements were not significantly different from each other so these measurements 

were averaged together for statistical analysis.  

Statistics: DNIC timecourses for the assessment of the effects of drug-priming on the 

DNIC response following capsaicin injections were analyzed by 3-way ANOVA and 

Sidak correction for multiple comparisons was applied. Data is graphed as percent 

maximal response which was calculated by subtracting the baseline value from the test 
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point value and dividing by the cutoff value (500 g) minus the baseline value. The 3-way 

ANOVA was performed using SPSS. 

2.3.2 Results 

2.3.2a Sumatriptan-priming followed by repeated capsaicin injections 

causes a loss of DNIC 

A chart of the experimental timeline is shown for clarity (Figure 2A). Neither dose of 

sumatriptan produced a loss of DNIC on day 7 (D7) after pump implantation (figures 2B 

and 2C). The 3 mg/kg/day dose of sumatriptan did result in a significant loss of DNIC 

compared to saline controls on D21 (p <0.001 F(30,410)=7.276) if capsaicin had also been 

given on D7, but not if the rats had received a vehicle injection instead of a capsaicin 

injection on day 7 (figure 2C). The 0.6 mg/kg/day sumatriptan dose did not result in a 

loss of DNIC under any of the tested conditions (figure 2B).   

2.3.2b Morphine priming followed by repeated capsaicin injections causes 

a loss of DNIC 

Morphine-priming produced a significant loss of DNIC (p <0.0001, F(30, 310)=6.166). 

Seven days of morphine administration produced a loss of DNIC on D7 (p <0.001) as 

well as on D21 (p <0.001) compared to saline controls (figure 2D). The loss of DNIC on 

D21 was dependent on prior exposure to capsaicin, only rats that had received D7 

capsaicin had a loss of DNIC on D21 (figure 2D). Both morphine-primed groups had paw 

withdrawal thresholds that were significantly decreased from baseline (mor/veh/cap p= 

0.043 and mor/cap/cap p <0.001) on day 7 prior to paw injections, showing that 

morphine-primed rats had OIH at this timepoint. Figure 2E summarizes the loss of DNIC 
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from hyperalgesic priming utilizing sumatriptan- or morphine-priming followed by 

repeated capsaicin injections.  
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 Figure 2. Repeated capsaicin injections following sumatriptan- or morphine-

priming causes a loss of DNIC. The experimental timeline shown for clarity (A). The 

DNIC timecourse shows that 0.6 mg/kg/day sumatriptan does not cause a loss of DNIC 

(B). The DNIC timecourse for rats primed with 3 mg/kg/day sumatriptan shows that this 

dose of sumatriptan causes a loss of DNIC on D21 in rats that had previously been 

injected with capsaicin (C). Rats primed with morphine have a loss of DNIC on D7 and 
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also on D21 (D). The loss of DNIC in morphine primed rats on D21 only occurs if rats 

had received capsaicin on D7 (D). All of the rats that received capsaicin on both D7 and 

D21 are combined for easy comparison (E). D0= pre-pump implantation baseline, D7= 

paw withdrawal threshold at the end of pump-treatment, D21= paw withdrawal threshold 

on day 21 after pump-implantation. Treatment groups listed as drug-priming group/D7 

injection/D21 injection. Veh= Forepaw injection of vehicle, cap= forepaw injection of 

capsaicin. * p<0.05, ** p <0.01, *** p <0.001, **** p<0.0001 compared to saline 

controls. n= 9 saline/veh/cap, 12 saline/cap/cap, 10 sumatriptan (0.6 mg/kg/day)/veh/cap, 

12 sumatriptan (0.6 mg/kg/day)/cap/cap, 13 sumatriptan (3 mg/kg/day)/veh/cap, 11 

sumatriptan (3 mg/kg/day)/veh/cap, 7 morphine/veh/cap, 7 morphine/cap/cap. Data 

analyzed by 3-way ANOVA followed by Sidak correction for multiple comparisons. 

 

2.4 Conclusions  

Functional pain syndromes (FPS) are characterized by pain without obvious organic 

origin, and are not known to occur naturally in rodents. We studied the role of stress in 

promoting functional pain by adapting the “two-hit” hyperalgesic priming model that is 

thought to promote central sensitization relevant to pain chronification (Reichling and 

Levine, 2009). We treated rats with morphine or sumatriptan to induce a pain-

hypersensitivity state similar to that seen in FPS, without the use of a noxious stimulus 

for the initial priming event. Opioids produce long-lasting neural amplification termed 

opioid-induced hyperalgesia (OIH) in humans (Chu et al., 2006; Compton et al., 2001; 

Marion et al., 2011) and in animals (Li et al., 2001; T. W. Vanderah et al., 2001) and the 

seven day administration of morphine used in this study produced significant 

hyperalgesia that resolved by the seventh day after the end of morphine treatment (14 

days after beginning morphine treatment). While sumatriptan administration did not 

significantly alter the paw withdrawal thresholds measured with Randall-Selitto in these 

studies, the 0.6 mg/kg/day dose of sumatriptan has been shown to cause periorbital and 
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hind paw allodynia when von Frey filaments are used (De Felice et al., 2010). It is 

possible that the changes in static sensory thresholds caused by sumatriptan are too small 

to be detectable using Randall-Selitto, which, in this study, has a sensitivity resolution of 

5 grams, and distributes the force over a larger area than von Frey filaments.  

While prolonged treatment with sumatriptan or morphine have been shown to promote 

pain in rodents in the absence of injury using static measures of pain (De Felice et al., 

2010; Nation et al., 2018) the effects of priming with these drugs on dynamic measures of 

pain had not been previously studied. The data provided here expand these observations 

to DNIC, a dynamic measure of pain. Chronic pain patients on opiate therapy show 

increased sensitivity to noxious stimuli; having temporal summation accompanied by 

decreased tolerance to maximal noxious stimuli as well as a loss of DNIC (Zhang et al., 

2015). DNIC has also been found to be decreased in patients with many types of FPS; 

including migraine and medication overuse headache (Nahman-Averbuch et al., 2013; 

Perrotta et al., 2010). We found that bright light stress or repeated capsaicin injections 

was sufficient to produce a loss of DNIC after priming with sumatriptan or morphine.  

Challenge with environmental stress in the form of bright lights (BLS) after static sensory 

thresholds have returned to normal in sumatriptan- and morphine-primed rats was 

sufficient to cause a loss of DNIC in the absence of tissue injury. The loss of DNIC was 

dose-dependent in sumatriptan-primed rats and the 0.6 mg/kg/day dose was not sufficient 

to cause a loss of DNIC. Notably, our stress conditions produced analgesia in saline-

primed and 0.6 mg/kg/day sumatriptan-primed rats while producing hyperalgesia in 

morphine-primed rats. This bidirectional response suggests that morphine priming may 

increase vulnerability to stress-related pain.  
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Challenge with repeated capsaicin injections was also sufficient to cause a loss of DNIC 

in sumatriptan- and morphine-primed rats. In the case of sumatriptan-priming this loss of 

DNIC was dose-dependent; the 0.6 mg/kg/day dose did not produce a loss of DNIC. Both 

the 3 mg/kg/day sumatriptan-primed and the morphine-primed rats had a significant loss 

of DNIC after the second capsaicin injection, which was given after static sensory 

thresholds returned to normal, the morphine-primed rats also had a loss of DNIC after the 

first capsaicin injection which was given on the last day of drug-priming, while the 

morphine-primed rats are in a hyperalgesic state. It is possible that the existing 

hyperalgesia at the time of capsaicin injection was sufficient to precipitate the loss of 

DNIC. It is important to note that hypersensitivity detected by static sensory 

measurements is not required to precipitate a loss of DNIC in this priming model, as both 

sumatriptan- and morphine-primed rats have a loss of DNIC after the second capsaicin 

injection and neither group has significant hyperalgesia at the timepoint immediately 

prior to capsaicin injection. Morphine-priming alone was also insufficient to cause a loss 

of DNIC after the rats have recovered from OIH, as the rats that received morphine-

priming followed by vehicle injection on day 7 did not have a loss of DNIC when the 

response was engaged on day 21 by capsaicin injection. These data suggest that a 

“second hit” by an independent exposure to a noxious or stressful stimulus is required to 

produce a loss of DNIC after drug-priming. This is slightly different than the prior reports 

on the effects of 5HT1B/D or mu opioid receptor agonists on hyperalgesic priming (Araldi 

et al., 2018, 2016a, 2015) that showed that producing a temporary hyperalgesic state with 

sumatriptan, DAMGO, or fentanyl was sufficient to produce enhanced nociceptive 

responses to just one exposure of PGE2, an inflammatory cytokine, after the hyperalgesia 



45 
 

to the priming drug had resolved. This might be due to differences in the method of 

administration of the priming drug. In this study sumatriptan or morphine were 

administered systemically, whereas Araldi et al. gave local injections of the priming drug 

into the same paw that they inject with the “second-hit” substance. The dose and route of 

administration of the priming drugs used by Araldi et al. is also sufficient to produce 

significant hyperalgesia much faster than our dosing method; in the studies by Araldi et 

al. decreases in mechanical thresholds that are needed to elicit a nociceptive response 

occur to the priming drug within hours, whereas in our studies the changes in mechanical 

sensory thresholds take several days to develop, and in the case of sumatriptan priming 

we did not see significant alterations of the paw withdrawal threshold on the Randall-

Selitto test whereas in the study by Araldi et al. sumatriptan administered into the hind 

paw caused a significant decrease in Randall-Selitto paw withdrawal threshold (Araldi et 

al., 2016a). The method of hyperalgesic priming used in this study represents a more 

generalized state of hypersensitivity, likely occurring body-wide instead of in a single 

location, which is more typical of the distributed pain sensations seen in FPS patients. 

Hyperalgesic priming is produced by different molecular mechanisms depending on the 

methods used (Araldi et al., 2016b). Type I priming is induced by administration of an 

inflammatory substance, such as carrageenan, IL-6, or TNFα, onto the primary afferent 

neuron and the method of induction is through a PKCε dependent mechanism. When 

these animals are later challenged with PGE2, they exhibit prolonged hyperalgesia 

produced through a PKCε- dependent mechanism. Type II priming is induced by repeated 

injections of a Gαi-GPCR agonist that stimulates a currently unknown pathway and when 

the rats are later challenged with PGE2 they exhibit prolonged hyperalgesia through a 
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PKA-dependent pathway (Araldi et al., 2016b; Kandasamy and Price, 2015). DAMGO, 

which is a potent mu opioid receptor agonist, produces hyperalgesic priming through the 

type II mechanism at the peripheral terminal, as predicted for a Gi-coupled receptor 

(Araldi et al., 2015). Fentanyl, another potent mu opioid receptor agonist, produces type I 

hyperalgesic priming when it is injected at the peripheral terminal and type II 

hyperalgesic priming when it is injected at the central terminal (Araldi et al., 2018). This 

disparity in the mechanism of hyperalgesic priming at the peripheral terminal that is 

produced by different mu-opioid receptor agonists possibly reflects engagement of 

different intracellular signaling cascades through biased ligand signaling (Araldi et al., 

2018) and makes it difficult to predict the method of sensitization that is occurring with 

the morphine-priming used in this model. Additionally, sumatriptan, which is also an 

agonist of Gi-coupled receptors (5HT1B/D), produces hyperalgesic priming through the 

type I mechanism instead of the predicted type II mechanism (Araldi et al., 2016a). The 

molecular mechanisms of sensitization in the periphery and in the central nervous system 

in the hyperalgesic priming models presented here remain to be elucidated. The loss of 

DNIC in the hyperalgesic priming model used here strongly suggests the occurrence of 

central sensitization that alters descending pain modulatory circuits.  

We believe that these models represent FPS because we are able to produce a loss of 

DNIC without injury. The drug-priming causes a state of hypersensitivity that apparently 

resolves because changes in sensory thresholds are no longer detected on tests of static 

thresholds of pain; yet challenge with re-exposure to a noxious stimulus or exposure to 

stress is sufficient to cause a loss of DNIC in these apparently „normal‟ rats. This might 

correlate to FPS patients appearing „normal‟ in the interictal phase yet having pain 
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attacks to stimuli that are not typically considered to be pain-inducing. While static 

measurements of pain were not necessarily sufficient to detect these changes, DNIC, a 

dynamic measurement of pain modulation, showed robust alterations in the drug-primed 

states. This suggests that dynamic measures of pain may be more informative for the 

assessment of certain chronic pain syndromes, particularly those that occur with transient 

pain attacks and that do not have a known origin. The models developed in this section 

provide a basis for further study of the molecular mechanisms that underlie the alterations 

in descending pain modulation that occur in FPS patients. 
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Chapter 3: Kappa Opioid Receptor Signaling from the Right Central 

Nucleus of the Amygdala is Necessary to cause a Loss of DNIC in an 

Injury-Free Two-Hit Priming Model1 

3.1 Introduction 

Opioid induced hyperalgesia (OIH) is a paradoxical response to the use of opioids to treat 

pain; while opioids represent an acute treatment for pain, overuse of these drugs can lead 

to patients become more sensitive to painful stimuli (Chu et al., 2006; Compton et al., 

2001; Lee et al., 2011). This neural amplification results in an increase in pain sensitivity 

that persists for a long period of time after withdrawal (Ren et al., 2009). OIH reliably 

produces diffuse, non-specific pain without injury, similar to the pain seen in functional 

pain syndromes (FPS), which occur without identifiable noxious stimulus or injury. 

Stress is commonly identified as a “trigger” of FPS (Fischer et al., 2014; Haftgoli et al., 

2010; Iliopoulos et al., 2015; Kirmayer and Robbins, 1991; Mayer, 2008; Park et al., 

2016; Shapiro and Nguyen, 2010; Sluka and Clauw, 2016). Repeated, severe, or 

uncontrolled stress can elicit maladaptive dysregulation that alters brain networks to 

promote sensitized states (i.e. “allostatic overload”) (Borsook et al., 2012; McEwen, 

2005). Repeated stress may increase vulnerability to pain attacks and promote 

transformation from episodic to chronic pain (Cho and Chu, 2015; Mathew et al., 1982). 

Frequency of attacks, pain intensity, and the presence of allodynia (i.e., enhanced 

responses to normally innocuous stimuli) have been suggested as factors promoting 

increased risk of pain chronification (Bourke et al., 2015; Phillips and Clauw, 2011).  

                                                           
1
 
1
 This chapter, with the exception of figure 1B-G, has been published (Nation et al., 

2018).  Some discussion points are altered to reflect this additional information. 
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An additional factor linked to pain chronification is net diminished conditioned pain 

modulation (CPM) (Davis, 2013; Lindy L. Washington et al., 2000; Yarnitsky, 2010) or 

diffuse noxious inhibitory controls (DNIC). The CPM response has been shown to be lost 

or diminished in patients suffering from chronic pain including individuals with FPS 

(Albu et al., 2015; Chang, 2005; Corrêa et al., 2015; Kosek and Hansson, 1997; 

Lautenbacher and Rollman, 1997; Lewis et al., 2012; Nahman-Averbuch et al., 2013; 

Ness et al., 2014; Oono et al., 2014; Staud, 2012; Teepker et al., 2014). 

While stress elicits a multitude of physiological responses, it is now understood that 

dynorphin, an endogenous kappa opioid receptor (KOR) agonist, is a key mediator in 

central stress circuits. Stress-induced activation of KORs has been shown to promote 

negative affective states, including depression and anxiety, as well as relapse to drug 

seeking in addiction  (Bruchas et al., 2010; Chavkin, 2011; Chavkin and Koob, 2016; 

Lalanne et al., 2014; Li et al., 2016). Antagonism of KOR signaling with nor-

binaltorphimine (nor-BNI), a KOR antagonist, blocks aversive behaviors to stress (Land 

et al., 2008). KORs are found in multiple brain regions that are relevant to pain, including 

the central nucleus of the amygdala (CeA) (Cahill et al., 2014; Lalanne et al., 2014; 

Mansour et al., 1995). The amygdala is a limbic brain area that plays a key role in 

emotional responses and affective states and disorders including learned fear, anxiety, 

depression and pain (Neugebauer, 2015). Thus, activity at KORs within the amygdala 

might cause a lack of resilience to stressors, which may manifest as a sensation of pain. 

While outputs from the CeA project to descending pain modulatory pathways including 

the peri-aqueductal gray (PAG), and ultimately to the spinal cord via the rostral 

ventromedial medulla (RVM), the potential influences of the amygdala on the DNIC 
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response remain relatively unstudied so we investigated the role of amygdalar KOR 

signaling on the loss of DNIC.   

Nor-BNI was also used to investigate the role of the RVM in the loss of DNIC as the 

RVM functions as a pain modulatory nucleus in the brainstem that can inhibit or enhance 

pain signals at the level of the spinal cord. Loss of CPM/DNIC has generally been 

interpreted as reflecting a loss of descending inhibition, but it has previously been 

demonstrated that priming animals with morphine produces a loss of DNIC that can be 

reversed by inactivation of the RVM (A. Okada-Ogawa et al., 2009) revealing enhanced 

descending facilitation that may mask inhibition (i.e., net loss of inhibition). Cells in the 

RVM are classified as ON, OFF, or NEUTRAL, depending on the response of the cell to 

a painful stimulus. ON cells have an increased firing rate immediately prior to a tail flick 

response to a heat stimulus, whereas OFF cells have a high level of tonic activity and stop 

firing immediately prior to a tail flick response. Neutral cells are cells that do not change 

the pattern of activity during tail flick. If the loss of DNIC is due to a loss of inhibition 

manipulating the OFF cells in the RVM should change the DNIC response. KORs are Gi 

coupled and in the RVM KORs are located on OFF and neutral cells, but not on ON cells 

(Winkler et al., 2006). Blocking KORs with nor-BNI therefore should remove some 

inhibition on the OFF cells and restore the DNIC response. However, if no change in 

DNIC response is found by injecting nor-BNI this would support that the loss of DNIC is 

due to enhanced facilitation, as enhanced facilitation is ON cell mediated and KORs are 

not found on ON cells. DNIC is produced through activity in brainstem nuclei, but 

cortical and subcortical nuclei that could be involved in altering DNIC have not been well 

studied. 
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Similar to patients with FPS, chronic pain patients on opiate therapy have diminished 

diffuse noxious inhibitory controls (DNIC) (Ram et al., 2008; Zhang et al., 2015). We 

treated rats with morphine to induce a hyperalgesic state similar to that seen in FPS 

syndromes, without use of a noxious stimulus for the initial priming event. After the OIH 

had resolved the rats were stressed with bright lights to mimic the intermittent pain 

episodes frequently reported to be brought on by stress in patients with FPS. With this 

model we were able to investigate the role of KOR signaling in the loss of DNIC during 

injury-free pain.  

3.2 Methods 

Animals: Male Sprague-Dawley rats (175-200 g, Envigo, Huntingdon, UK) were used in 

accordance with policies set forth by the NIH guidelines for use of laboratory animals 

and approval from the IACUC at the University of Arizona. Rats were kept in a climate 

controlled room on a 12 hour light/dark cycle with ad libitum access to food and water. 

Osmotic Mini-Pumps:  Anesthesia was induced with 5% isoflurane and maintained with 

2% isoflurane to implant osmotic mini-pumps (Model 2001, Alzet, Cupertino, CA, USA) 

(1μl/hr) to deliver a continuous infusion of vehicle (0.9% saline) or morphine sulfate 

(7.68 mg/kg/day) subcutaneously for 7 days. This dose and method of administration was 

chosen because it has previously been reported to cause neurons in the dorsal medullary 

horn to have increased receptive field size, increased activity to noxious heat stimuli, and 

a decreased threshold to activate to mechanical and electrical stimulation (A. Okada-

Ogawa et al., 2009). Anesthesia duration was approximately 5 minutes. Gentamycin was 

administered once immediately following surgery. The experimenter was blinded to 

treatment.  
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Cannulation Surgery: Stereotaxic surgeries were performed in anesthetized rats using 

i.p. ketamine/xylazine (80/12 mg/kg; Western Medical Supply, Arcadia, CA, USA/ 

Sigma-Aldrich, St. Louis, MO, USA). For all experiments that required targeting of 

specific brain areas a cannula (26 gauge, PlasticsOne, Roanoke, VA, USA) was 

implanted on day 10 or 11 after pump implantation. Coordinates for cannula placement 

were chosen from a brain atlas (Paxinos and Watson, 2007) . For CeA cannulations a 

single guide cannula was implanted into the CeA (±4.0 mm lateral, -2.0 mm posterior, 

and -6.0 mm ventral from bregma). For RVM rats a double guide cannula (1.2 mm 

spacing between cannula) was centered over the midline and implanted at 2.0 mm 

posterior to the intra-aural line and 8.0 mm ventral from the skull. RVM injectors 

extended 1 mm below the cannula. Surgeries lasted approximately 30 minutes and rats 

typically recovered from anesthesia around 1 hour after administration of the anesthetic. 

Gentamycin was administered once during the immediate postoperative period. 

KOR Antagonist: Rats used for systemic studies received subcutaneous injection of the 

KOR antagonist, nor-Binaltorphimine (nor-BNI, 3 mg/kg, 1 mL/kg, Tocris, Bristol, UK), 

or vehicle (0.9% saline, 1 mL/kg). Rats used for intra-amygdala or RVM studies were 

administered nor-BNI (2.5 μg in 0.5 μL per site) or vehicle (0.5 μL per site of 0.9% 

saline) through the cannula. All nor-BNI or vehicle injections were given 1 hour prior to 

each bright light stress session. Experimenter was blinded to treatment. 

Environmental Bright Light Stress (BLS): On days 20 and 21 post-pump implantation 

rats received 1 hour of bright light stress as described previously (Green et al., 2013). 

This time point was chosen because it is after the hyperalgesia in rats that received 

morphine treatment is resolved. 
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Intradermal Forepaw Capsaicin Injections (Conditioning Stimulus): An intradermal 

capsaicin (Sigma-Aldrich, St. Louis, MO, USA) injection is the conditioning stimulus in 

this model of DNIC. Capsaicin was prepared as described previously (Ferrari et al., 

2010). Briefly, capsaicin was dissolved in 1:1 tween 80 and 100% ethanol to an initial 

concentration of 50 μg/μL. Capsaicin was then diluted to the final concentration (2.5 

μg/μL) with 0.9% saline. Capsaicin solution was prepared 40 minutes prior to injection 

and was stored at -20
o
C until injection.  Rats were briefly anesthetized with isoflurane 

(duration less than two minutes) and injected with 125 μg of capsaicin intradermally into 

the left forepaw immediately after measuring the Randall-Selitto paw withdrawal 

threshold at two hours after the second bright light stress.  

Randall-Selitto Test (Test Stimulus): The Randall–Selitto paw pressure test (Ugo 

Basile, Varese, Italy) is a technique for the measurement of analgesia or hyperalgesia. An 

increasing force is applied to the rat‟s hind paw until the rat withdraws the paw (cutoff at 

500g). The force applied when the rat withdrew its paw is recorded as the paw 

withdrawal threshold (PWT).  In our model it serves as the test stimulus to measure the 

efficacy of the DNIC response. Prior to pump implantation a Randall-Selitto baseline 

measurement was taken. On day 7 after pump implantation an end of treatment PWT 

measurement was taken. Before bright light stress rats were checked for recovery of 

hyperalgesia (return to baseline PWT). On day 21, two hours after BLS, a pre-capsaicin 

injection baseline measure was taken, followed by immediate injection of capsaicin and 

the beginning of the DNIC timecourse. PWT was measured for each paw three times at 

each timepoint and then averaged. Left and right hind paw measures were not 
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significantly different from each other (p=.9023) so these measures were combined for 

data analysis. 

Cannula Verification: After all in vivo experiments concluded, rats were euthanized 

with CO2 and injected with 0.5 μl of black dye into the cannula for visual confirmation of 

injection site. Brains were harvested and fixed using 10% formalin for a period of 24 

hours. Fixed brains were verified by using a cryostat and coronal sections (30 μm thick) 

were taken from the area of interest. Coronal sections were cross matched with a brain 

atlas (Paxinos and Watson, 2007) to confirm cannula placement and those that did not 

meet placement criteria were excluded from the data.  

Dynorphin A EIA: Rats were pretreated with morphine sulfate or vehicle as described 

above. Rats received BLS and the DNIC response was evoked as described above. After 

measuring the DNIC response at the 20 minute post-capsaicin timepoint rats were deeply 

anesthetized with 5% isoflurane and decapitated. Tissue punches of left and right central 

nucleus of the amygdala, hypothalamus, and rostral ventral medial medulla (RVM) were 

taken. Brains were placed upside down in a brain matrix and slices were taken at -2 to -3 

mm from the optic chiasm for amygdala and hypothalamus collection and -10 to -12 mm 

for RVM. Tissue punches were taken from these slices (1 mm diameter for amygdala, 2 

mm diameter for hypothalamus and RVM). Hypothalamus and RVM tissue was 

solubilized in 100 mL/g PBS that contained a peptidase and phosphatase inhibitor 

cocktail (Halt, Thermo-Scientific). Amygdala tissue samples were small, and where 

therefore solubilized in 150 mL/g solution to obtain sufficient supernatant volume to run 

the EIA kit according to the manufacture protocol. All tissue samples were homogenized 

by sonication followed by heating to 95
o
C for 10 minutes. Samples were then centrifuged 
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at 4
o
C and 10,000 rcf for 20 minutes. Dynorphin A content was measured using an EIA 

kit (Peninsula Laboratories, San Carlos, CA, USA). A microBCA protein assay for total 

protein (Thermo Scientific) was also run to standardize the samples for varying amounts 

of tissue by expressing the dynorphin A content as percent of total protein.  For the 

microBCA samples were diluted 1:10 so that readings would fall in the linear range. 

Statistics: All data was analyzed using GraphPad Prism 7 software except data requiring 

a 3 way ANOVA which were analyzed in SPSS. 20 minute DNIC data for nor-BNI 

experiments and timecourse data used for the assessment of the effects of stress on PWT 

were analyzed by 2-way ANOVA followed by Tukey‟s test for multiple comparisons. 

DNIC timecourses for the assessment of the effects of nor-BNI on the DNIC response 

were analyzed by 3-way ANOVA and Sidak correction for multiple comparisons was 

applied. Data shown as percent maximal response were calculated by subtracting the 

baseline value from the test point value and dividing by the cutoff value (500 g) minus 

the baseline value.  Dynorphin A EIA results were measured by multiple t-tests without 

the assumption of equal variance and the DNIC responses of rats used for EIA studies 

were analyzed by t-test with Welch‟s correction.  

3.3 Results 

3.3.1 Hyperalgesic Priming 

Morphine, but not saline, treated rats showed a significant decrease in the Randall-Sellitto 

PWT in either hind paw when tested on day 7 (Figure 1A, p <0.0001; F(1,320)=30.03). 

Measurements of PWT from the left and right hind paws of each rat were averaged for 

each animal and the average was used to calculate the overall hyperalgesic score for the 
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treatment group. The observed hyperalgesia resolved approximately one week following 

the end of morphine treatment (day 14, p= 0.8135, unpaired t-test). In rats previously 

implanted with cannulas, the PWT was tested on day 20 (just prior to the first stress 

exposure) and was not significantly different from pre-morphine levels at this timepoint 

(p= 0.2163, unpaired t-test). 

Combined analysis of all of the rats used in this study revealed that bright light stress 

produced a bidirectional response; saline-primed rats had an increase in paw withdrawal 

threshold (i.e. analgesia) that reached significance (Figure 1B, p <0.0001; F(1,220)= 27.47) 

whereas morphine-primed rats showed a trend towards a slight decrease in paw 

withdrawal threshold (i.e. hyperalgesia) that did not reach significance (Figure 1B, p= 

0.0981). Interestingly, the administration of nor-BNI prior to BLS diminished this effect. 

While a significant effect of treatment group remained (p= 0.004 F(1,112)= 11.72) the 

saline-primed rats no longer exhibited significant analgesia after stress (Figure 1C, p= 

0.0918). The difference between saline-primed and morphine-primed paw withdrawal 

thresholds after bright light stress (BLS) was significant in both vehicle treated (Figure 

1B, p <0.001) and nor-BNI treated (Figure 1C, p <0.0001) rats. Further breakdown of 

these results showed that when only the rats used for systemic and right CeA studies were 

included for analysis there is a significant interaction between drug-priming and stress (p 

<0.0001, F(1,90)=22.12.) In this cohort there was significant analgesia in saline-primed rats 

(p= 0.0176) and significant hyperalgesia in morphine-primed rats (p= 0.0024) following 

BLS (Figure 1D). Both the analgesia in saline-primed rats and the hyperalgesia in 

morphine-primed rats were attenuated by nor-BNI administration prior to BLS and paw 

withdrawal thresholds were not significantly different from baseline (Figure 1E).  
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Combining only the left CeA and RVM rats showed a significant interaction between 

drug-priming and BLS (p= 0.0016, F(1,54)=11.1) with significant analgesia developing in 

the saline-primed rats (p= 0.0198) and a trend towards hyperalgesia that did not reach 

significance in the morphine-primed rats after BLS (Figure 1F). Nor-BNI administration 

into the left CeA or RVM prior to BLS (Figure 1G) did not alter the effects of stress on 

the PWT and a similar interaction between drug-priming and BLS was observed (p= 

0.0033, F(1,52)=9.487). 
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Figure 1. Hyperalgesic priming alters the sensory response to stress that may be 

blocked by administration of a KOR antagonist. Rats primed with morphine have 

opioid-induced hyperalgesia shown by a significant decrease in PWT on D7, the last day 

of morphine treatment (A).  An analysis of all of the vehicle-injected rats used in this 
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study showed that two hours after the second exposure to environmental bright light 

stress (BLS) saline-primed rats have stress-induced analgesia (SIA), shown a significant 

increase in PWT whereas morphine-primed rats have a small decrease in PWT that did 

not reach significance (B). An analysis of all of the vehicle-injected rats used in this study 

showed that nor-BNI treatment prior to each BLS session reduced the SIA response of 

saline-primed rats and neither priming group had significantly different PWT from 

baseline when nor-BNI was given prior to the stress; however, there was still a significant 

difference in PWT after stress between the two priming groups (C). A further breakdown 

of this analysis showed that when only the systemic and right CeA data is included in the 

analysis the vehicle treated saline-primed rats have significant SIA whereas morphine-

primed rats have significant stress-induced hyperalgesia (D) and that nor-BNI 

administered prior to each BLS attenuates both of these responses (E). Combining the left 

CeA and RVM data showed that these populations of rats had SIA if they had received 

vehicle priming and revealed that nor-BNI into these regions did not attenuate the stress-

induced changes in paw withdrawal threshold (G). **** p<0.0001, *** p<0.001, * 

p<0.05 significant difference from baseline. #### p<0.0001, ## p<0.01 significant 

difference between saline- and morphine-primed rats. A: n=98 saline, 64 morphine. B: n= 

66 saline, 46 morphine. C: n=32 saline, 26 morphine. D: n=17 saline, 18 morphine. E: 

n=24 saline, 14 morphine. F: n= 16 saline, 13 morphine. G: n=16 saline, 12 morphine. 

BL= baseline, D7= 7 days after initiating drug-priming, BLS= 2 hours after the second 

bright light stress. Data analyzed by 2-way ANOVA followed by Tukey‟s test for 

multiple comparisons.  

 

3.3.2 Systemic KOR blockade prevents the stress-induced loss of DNIC in 

morphine-primed rats 

Rats primed with morphine and exposed to BLS exhibited a significant loss of DNIC 

compared to saline-primed rats in the left (p= 0.0049; F(1,31)=9.205), right (p= 0.0028; 

F(1,31)=10.584), and averaged (p= 0.0019; F(1,31)=11.555) hind paw measurements. There 

was a significant interaction between priming and systemic nor-BNI pretreatment in the 

left (p= 0.006; F(1,31)=8.589), right (p= 0.030, F(1,31)=5.185), and averaged (p= 0.008; 

F(1,31)=8.068) hind paw measurements. Systemic pretreatment with nor-BNI did not alter 

the DNIC response in animals primed with saline in the left (Figure 2A) or right (Figure 
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2B) hind paw and no effect of systemic nor-BNI was observed when both hind paws 

were averaged in saline-primed rats (Figure 2C). In contrast, nor-BNI significantly 

prevented the loss of the DNIC response following stress that was observed in morphine-

primed rats in the left (Figure 2A), right (Figure 2B), and averaged (Figure 2C) hind paw 

responses. There was a significant interaction between priming and treatment (p= 0.0225; 

F(1,31)=5.765) at the 20 minute timepoint (Figure 2D) and post-hoc analysis reveals that 

nor-BNI treatment significantly prevented the stress-induced loss of DNIC in morphine-

primed rats (p= 0.0126). These results show that KOR antagonism prevents stress-

induced loss of DNIC in morphine-primed rats. 
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Figure 2. Morphine priming followed by stress causes a loss of DNIC that is 

ameliorated by systemic nor-BNI. Nor-BNI administered subcutaneously prior to each 

BLS period significantly attenuated the loss of DNIC in morphine primed rats (A, B, C). 
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This effect was observed in the left (A), right (B), and combined left and right (averaged 

together, C) hind paw measurements. At the 20 minute DNIC timepoint (D), following 

BLS, the morphine-primed group treated with nor-BNI did not have a significant loss of 

DNIC whereas the morphine-primed rats treated with vehicle showed a significant loss of 

DNIC. Also, the morphine primed rats treated with nor-BNI showed significantly higher 

DNIC than morphine-primed vehicle-treated rats (D). **** p<0.0001, *** p<0.001, ** 

p<0.01, * p<0.05 significant difference from the saline/BLS group (B), saline group (C), 

or saline/vehicle group (D-G). #### p<0.0001, ### p<0.001, ## p<0.01, # p<0.05 

significant difference between morphine/vehicle and morphine/nor-BNI rats at a 

timepoint (A-D). B: n= 19 saline, 8 morphine C: n=9 saline, 7 morphine, D-G: n= 10 

saline/vehicle, 9 saline/nor-BNI, 10 morphine/vehicle, 6 morphine nor-BNI. Data 

analyzed by 2-way ANOVA followed by Tukey‟s test for multiple comparisons in D. 

Data in A, B, and C analyzed by 3-way ANOVA followed by Sidak‟s correction for 

multiple comparisons.   

 

3.3.3 KOR blockade in the right CeA prevents stress-induced loss of DNIC 

in morphine-primed rats 

In rats that received right CeA cannulations (verified injection sites shown in Figure 3, 

top) DNIC was significantly greater following BLS in saline- than in morphine-primed 

rats. This effect of priming was observed in the left (Figure 4A p <0.0001; F(1,23)= 

20.988), right (Figure 4B, p <0.0001; F(1,23)= 25.95), and averaged (Figure 4C, p= 0.0001; 

F(1,23)= 24.792) hind paw measurements. A significant interaction between priming and 

treatment was observed in the left (Figure 4A, p= 0.0493; F(1,23)=4.307)), right (Figure 

4B, p= 0.0059; F(1,23)= 9.198), and averaged (Figure 4C, p= 0.0148; F(1,23)=6.942) hind 

paw measurements and post-hoc analysis showed that morphine-primed rats with nor-

BNI microinjected into the right CeA prior to BLS had significantly greater DNIC 

responses than morphine-primed rats that had vehicle microinjected prior to BLS and this 

effect was observed in the left (Figure 4A), right (Figure 4B), and averaged (Figure 4C) 

hind paw measurements, showing that blockade of KOR signaling in the right CeA 
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significantly prevents the stress-induced loss of DNIC bilaterally following morphine 

priming. Nor-BNI did not significantly alter the DNIC response in saline-primed rats 

(Figures 4A, 4B, 4C). At the 20 min timepoint (Figure 4D) there was a significant 

interaction between priming and treatment (p= 0.0219; F(1,23)= 6.041) and post-hoc 

Figure 3. Injection site verifications. Injection locations for rats that received right 

CeA (top), left CeA (middle), or RVM (bottom) cannulations.  
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analysis shows that right CeA nor-BNI treatment significantly prevented the stress-

induced loss of DNIC in morphine-primed rats (p= 0.0342). 
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Figure 4. Nor-BNI administered into the right CeA prior to bright light stress (BLS) 

ameliorates the loss of DNIC. Following BLS, rats primed with morphine had a 

significant loss of DNIC compared to vehicle-primed rats in both the vehicle and nor-

BNI treatment groups in the left (A), right (B), and averaged (C) hind paw measurements. 

However, the morphine/nor-BNI treatment group had a significantly higher DNIC 

response in the left (A), right (B), and averaged (C) than morphine/vehicle when nor-BNI 

was administered into the right CeA prior to BLS. At the 20 minute DNIC timepoint (D) 

the morphine/vehicle group has significantly less DNIC response than the saline/vehicle 

group following BLS, but the morphine/nor-BNI group does not. Additionally, the 

morphine primed rats treated with nor-BNI have significantly higher DNIC than the 

morphine-primed rats treated with vehicle. **** p<0.0001, *** p<0.001, ** p<0.01, * 

p<0.05 significant difference between the saline/vehicle group and other treatment 

groups. #### p<0.0001, ## p<0.01, #p<0.05 significant difference between 
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morphine/vehicle and morphine/nor-BNI rats at a timepoint. n = 6 saline/vehicle, 7 

saline/nor-BNI, 6 morphine/vehicle, 8 morphine nor-BNI. Data analyzed by 3-way 

ANOVA followed by Sidak correction for multiple comparisons (A-C) or 2-way 

ANOVA followed by Tukey‟s test for multiple comparisons (D).  

 

3.3.4 KOR blockade in the left CeA does not prevent stress-induced loss of 

DNIC in morphine primed rats 

Morphine-primed rats with left CeA cannulas (verified injection sites shown in Figure 3, 

middle) had a significantly lower DNIC response than saline-primed rats in the left 

(Figure 5A, p <0.0001; F(1,28)=23.825), right (Figure 5B, p <0.0001; F(1,28)=23.845), and 

averaged (Figure 5C, p <0.0001; F(1,28)=25.600) hind paw measurements following BLS. 

In contrast to the right CeA results, microinjection of nor-BNI into the left CeA one hour 

prior to each BLS session did not alter the stress-induced loss of DNIC in morphine-

primed rats. Microinjection of nor-BNI into the left CeA also did not alter the DNIC 

response of saline-primed rats. These effects were observed in the left (Figure 5A), right 

(Figure 5B), and averaged (Figure 5C) hind paw responses. Morphine-priming caused a 

significant loss of DNIC at the 20 min timepoint (Figure 5D, p <0.0001; F(1,28)=25.33). 

The effect of nor-BNI or vehicle pretreatment on the loss of DNIC was not significant, 

nor was the interaction between priming and treatment. These data suggests that KOR 

signaling in the right, but not the left, CeA promotes the stress-induced loss of DNIC.  
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Figure 5. Nor-BNI administered into the left CeA prior to bright light stress (BLS) 

did not ameliorate the loss of DNIC. Rats primed with morphine had a significant loss 

of DNIC following BLS in the left (A), right (B), and averaged (C) hind paw 

measurements compared to vehicle-primed rats in both the vehicle and nor-BNI treatment 

groups. Administration of nor-BNI into the left CeA prior to BLS did not alter the loss of 

DNIC in the left (A), right (B), or averaged (C) hind paw measurements. At the 20 

minute DNIC timepoint (D) both morphine-primed groups have significantly less DNIC 

after BLS than saline-primed controls. *** p<0.001, ** p<0.01, * p<0.05 significant 

difference between the saline/vehicle group and other treatment groups. n= 10 

saline/vehicle, 10 saline/nor-BNI, 6 morphine/vehicle, 6 morphine nor-BNI. Data 

analyzed by 3-way ANOVA with Sidak correction for multiple comparisons (A-C) or 2-

way ANOVA followed by Tukey‟s test for multiple comparisons (D). 
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3.3.5 Rostral ventromedial medulla (RVM) nor-BNI does not restore the 

DNIC response in morphine primed rats 

Following BLS morphine-priming caused a loss of DNIC that was not significantly 

modulated by bilateral administration of nor-BNI into the RVM (verified injection sites 

shown in Figure 3, bottom) in the left (Figure 6A p= 0.0272; F(1,23) =5.566) and averaged 

(Figure 6C, p= 0.0376, F(1,23)=4.868)  hind paw measurements following BLS. In the 

right hind paw measurement (Figure 6B) the morphine-primed rats did not have a 

significantly different DNIC response compared to the saline-primed rats (p= 0.0711, 

F(1,23)=3.580), but a 2-way ANOVA of left vs right hind paw data also revealed no 

significant difference between the hind paw measurements of the morphine-primed/nor-

BNI injected group at any timepoint.  Analysis of the 20 minute timepoint (Figure 6D) 

indicated a reduction of DNIC in both morphine-primed groups that was not restored by 

nor-BNI; a two-way ANOVA showed a significant effect of priming (p= 0.0246; 

F(1,23)=5.787), but neither the effect of RVM pretreatment nor the interaction between 

priming and pretreatment was significant.  
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Figure 6. Nor-BNI administered into the RVM prior to bright light stress (BLS) did 

not ameliorate the loss of DNIC. Following BLS, rats primed with morphine had a 

significant loss of DNIC compared to saline-primed rats in the left (A) and combined left 

and right (C) hind paw measures. In the right hind paw measurement (B) only the 

morphine/vehicle group had a significant loss of DNIC following BLS; however the 

morphine/nor-BNI treatment group did not significantly differ from the morphine/vehicle 

group at any timepoint (A-C). At the 20 minute DNIC timepoint (D) there was a 

significant effect of priming (p= 0.0246), although following Tukey‟s post-hoc test for 

multiple comparisons neither morphine-primed groups showed significantly different 

DNIC from saline-primed controls after BLS. ** p<0.01, * p<0.05 significant difference 

between the saline/vehicle group and other treatment groups. n= 6 saline/vehicle, 6 

saline/nor-BNI, 9 morphine/vehicle, 6 morphine nor-BNI. Data analyzed by 3-way 

ANOVA with Sidak correction for multiple comparisons (A-C) or 2-way ANOVA 

followed by Tukey‟s test for multiple comparisons (D). 
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3.3.6 Stress Increases Dynorphin A Levels in the CeA 

 Possible stress-induced changes in dynorphin levels were measured in a separate cohort 

of animals. In these rats, we verified that morphine-priming and stress produced a loss of 

the DNIC response measured at 20 minutes after capsaicin injection compared to rats 

with saline priming (Figure 7A, p <0.0001; F(14,13)= 1.504). Dynorphin A content was 

measured at 2.5 hours after the second BLS (Figure 7B). Dynorphin A content was 

significantly higher in the right CeA of morphine-primed rats compared to vehicle-

primed rats (p= 0.0227). Changes in dynorphin A content between saline- and morphine-

primed rats did not reach statistical significance in the left CeA (p= 0.1017) and were not 

found in the hypothalamus or RVM (p= 0.1623 and p= 0.7709, respectively).  
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Figure 7. Dynorphin A levels are elevated in the right CeA of morphine-primed rats 

following stress. Morphine-primed rats exposed to bright light stress showed a loss of 

DNIC compared to saline-primed rats immediately prior to tissue collection (A). 

Dynorphin A levels were significantly increased (p= 0.0227, df=14) in the right central 

nucleus of the amygdala (RCeA) of morphine-primed rats at the 20 minute timepoint of 

the DNIC timecourse compared to vehicle-primed rats. Quantified dynorphin A levels 

were not significantly different between saline and morphine-primed rats at this time 

point in other areas of the brain (left central nucleus of the amygdala (LCeA): p= 0.1017, 

df=15; Hypothalamus (hypoth): p= 0.1623, df=18; Rostral ventromedial medulla (RVM): 
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p= 0.7709, df=17). **** p<0.0001, * p<0.05 significant difference between saline and 

morphine groups. Data analyzed by t-test with Welch‟s correction in A and multiple t-

tests assuming unequal variance in B. n-values for A=14 saline, 15 morphine. N values 

for B= Saline: LCeA (9), RCeA (9), RVM (9), and hypothalamus (8), Morphine: LCeA  

(8), RCeA (7), RVM (10), hypothalamus (12). 

 

3.4 Conclusions 

Functional pain syndromes (FPS) affect more than 15% of the population worldwide and 

have been suggested to reflect the interplay between genetic susceptibility, gene-

environment interactions, and environmental triggers to elicit a “central sensitivity 

syndrome” (Crabtree and Ganty, 2016). We studied the role of stress in promoting 

functional pain by adapting the “two-hit” hyperalgesic priming model thought to promote 

central sensitization relevant to pain chronification (Reichling and Levine, 2009). FPS are 

characterized by pain without obvious organic origin, and are not known to occur 

naturally in rodents. We treated rats with morphine to induce a hyperalgesic state similar 

to that seen in FPS syndromes, without use of a noxious stimulus for the initial priming 

event. Opioids produce long-lasting neural amplification termed opioid-induced 

hyperalgesia (OIH) in humans (Chu et al., 2006; Compton et al., 2001; Marion et al., 

2011) and in animals (Li et al., 2001; T. W. Vanderah et al., 2001). Chronic pain patients 

on opiate therapy show increased sensitivity to noxious stimuli and temporal summation 

accompanied by decreased tolerance to maximal noxious stimuli as well as a loss of 

DNIC (Zhang et al., 2015). The present study investigated the role of KOR signaling by 

assessing the DNIC response, a dynamic assessment of pain modulatory mechanisms 

following morphine-priming. We report the loss of DNIC in a preclinical model without 

injury that requires stress. Additionally, we found that the loss of DNIC is mediated 
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through KOR signaling from the right CeA. The involvement of the CeA or of KOR 

signaling in producing a loss of DNIC has not previously been reported and extends our 

previous findings on KOR-mediated modulation of static sensory thresholds following 

sumatriptan priming (Xie et al., 2017). 

Morphine produces generalized and transient cephalic and extracephalic allodynia in 

uninjured rats that outlasted the period of drug delivery (Nation et al., 2018). We detected 

OIH in both hind paws using a noxious mechanical stimulus and thresholds returned to 

pre-drug baselines within 14 days of termination of the drug.  Following the resolution of 

OIH animals with normal sensory thresholds and no tissue injury were hypersensitive to 

challenge with environmental stress. Uninjured morphine-primed rats have been shown 

to have  stress-induced, delayed, and generalized allodynia that increased in magnitude 

and duration upon a second stress exposure (Nation et al., 2018), possibly consistent with 

increasing effects of repeated attacks in FPS (Buchgreitz et al., 2008; Louter et al., 2013; 

Misra et al., 2013). Notably, the stress conditions reported here produce mild analgesia in 

saline-primed animals. However, both the stress-induced analgesic (SIA) and 

hyperalgesic (SIH) effects evaluated with the noxious PWT were relatively small and 

stress-induced hyperalgesia in morphine-primed rats reached significance in only a 

subpopulation of rats. In all analyses the morphine-primed rats had significantly lower 

paw withdrawal thresholds than the saline-primed rats after stress, indicating that while 

SIH did not reach significance in all morphine-primed rats there was still an abnormal 

effect of stress compared to controls (i.e. lack of SIA). Combined data of systemic and 

right CeA administration of nor-BNI shows that administration of the KOR antagonist 

prior to stress prevented the development of both SIA and SIH in this population of rats, 
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which is the same population that had attenuation of the loss of DNIC from the nor-BNI 

treatment. Separating the systemic and right CeA populations for individual analysis of 

the effects of nor-BNI on SIA or SIH presented unclear results due to lack of significant 

SIA or SIH in vehicle-treated rats after stress; since the SIA and SIH observed in this 

priming model is small in magnitude a larger sample size would be needed to determine 

if right CeA administration of a KOR antagonist would block SIA and SIH. This 

bidirectional response suggests that morphine priming may increase vulnerability to 

stress-related pain and the attenuation by a KOR antagonist suggests that both stress-

induced analgesia and hyperalgesia are mediated through KOR signaling. The blockade 

of stress-induced analgesia by administration of KOR antagonist was unexpected. A 

previous study showed that injection of U69,593, a potent KOR agonist, into the RVM 

prevented the development of SIA (Foo and Helmstetter, 2000a). It would therefore be 

hypothesized that KOR antagonist into the RVM could amplify SIA, however, in our 

current study there was no discernable effect on SIA of KOR antagonist injection in the 

RVM. While a larger sample size would be needed to accurately make any conclusions 

about the effects of RVM nor-BNI on SIA it is worth noting that the stress procedures 

used in this study did not produce elevated levels of dynorphin in the RVM; so, the lack 

of effect of KOR antagonist on SIA in these rats likely reflects a lack of stress-induced 

endogenous KOR activity in the RVM. The blockade of both SIA and SIH that was found 

in this study when the systemic and right CeA data was pooled may not reflect direct 

inhibition of these responses through control of descending pain modulation circuits; 

instead this may reflect blockade of the stress circuits that would normally engage the 

descending pain modulation systems that produce SIA or SIH. Further investigation of 



72 
 

this circuitry could provide valuable insight into the engagement of descending pain 

modulation by stress. 

The circuits underlying the DNIC response are not fully understood. Whether and how 

bidirectional modulatory circuits from the RVM participate in this response remains 

unclear. Noxious stimuli activate RVM ON cells to promote descending facilitation 

(Kaplan and Fields, 1991; Morgan and Fields, 1994) while DNIC engages descending 

inhibition from the subnucleus reticularis dorsalis (SRD) (Bouhassira et al., 1992, vol. 

595). The observed DNIC may thus reflect the combined contribution of these competing 

descending circuits (Villanueva, 2009). Whether inputs from higher brain centers that are 

important in pain modulation, such as the cortex, hypothalamus, and amygdala, 

participate in DNIC remains relatively unstudied (Ossipov et al., 2010). The amygdala 

participates in stress responses and is a part of the affective pain system (Veinante et al., 

2013). We chose to target the CeA because it receives polymodal information from the 

basal lateral complex and direct nociceptive input from the brainstem (Veinante et al., 

2013) including the SRD (Leite-Almeida et al., 2006), which is necessary to produce the 

DNIC response (Bouhassira et al., 1992; Villanueva et al., 1996; Villanueva and Le Bars, 

1995).  Additionally, the CeA sends output to multiple brainstem regions, including the 

PAG (Vianna and Brandão, 2003) with direct projections to the RVM.  Amygdala 

circuits are activated by stress and we previously found that stress-induced allodynia 

following morphine priming was blocked by inactivation of the RVM (T. W. Vanderah et 

al., 2001).  

The dynorphin/KOR system is activated by stress (Bruchas et al., 2010; Chavkin, 2011; 

Chavkin and Koob, 2016; Knoll et al., 2010; Li et al., 2016) through a hypothesized 
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corticotropin-releasing factor (CRF) to dynorphin to KOR pathway (Bruchas et al., 2010, 

2009; Kang-Park et al., 2015; Knoll et al., 2010; Land et al., 2008). KORs are expressed 

in circuits relevant to pain (Cahill et al., 2014; Lalanne et al., 2014; Mansour et al., 1995) 

and stress increases KOR activation in these circuits, including the amygdala (Bruchas et 

al., 2010; Land et al., 2008). We determined whether systemic, intra-amygdala, or intra-

RVM KOR blockade would influence stress-induced DNIC in saline- or morphine-

primed rats. In the absence of stress, DNIC was observed in animals previously primed 

with saline or with morphine.  While DNIC was not influenced by stress in saline-primed 

rats, it was lost or greatly diminished following stress in morphine-primed animals. 

Systemic nor-BNI prevented the stress-induced loss of DNIC in morphine-primed rats 

suggesting a key role for KORs in this response.   

The amygdala has increased activation during CPM assessment in humans (Moont et al., 

2011; Piche et al., 2009; Wilder-Smith et al., 2004). However, whether activity in the 

amygdala, and specifically in the CeA, modulates DNIC has not been reported. We found 

that KOR antagonism in the right CeA, but not the left CeA or RVM, prevented the loss 

of DNIC measured in either hindpaw in morphine primed animals. A lateralized role of 

the amygdala has been shown in inflammatory (Carrasquillo and Gereau, 2008; Ji and 

Neugebauer, 2009; Neugebauer and Li, 2003; Sadler et al., 2017) and neuropathic pain 

(Gonçalves and Dickenson, 2012) models and mGluR5 activation in the right, but not 

left, CeA is sufficient to produce peripheral hypersensitivity in the absence of injury 

(Kolber et al., 2010). Recently, we demonstrated that microinjection of a KOR agonist 

into the right, but not left, CeA produced allodynia in both hindpaws following priming 

with sumatriptan to model medication overuse headache (Xie et al., 2017). Collectively, 
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these studies consistently reveal a pronociceptive role of the right, but not left, amygdala 

regardless of the side of the injury. Our studies extend this concept of the role of the CeA 

in pain modulation in the absence of injury. Interestingly, neurons in the right lateral 

capsular division of the central amygdala (CeLC) have much larger receptive fields for 

nociceptive inputs than left CeLC neurons, including whole body receptive fields even in 

injury free rats (Ji and Neugebauer, 2009), a finding that may be relevant to DNIC that 

occurs independently of stimulus location. Descending pathways from the SRD to the 

spinal dorsal horn are, however, thought to be ipsilateral (Raboisson et al., 1996; 

Villanueva et al., 1995). In morphine primed animals, DNIC was observed in both 

hindpaws. Nevertheless, blockade of KOR signaling in the right CeA prevented the 

stress-induced loss of DNIC in either hindpaw suggesting a generalized sensitized state 

induced by systemic morphine and amygdala lateralization in the modulation of stress-

induced functional pain that corresponds with injury models.  

Following morphine priming, we found that stress produced an increase in dynorphin A 

content in both amygdalae that reached significance in the right CeA. We had 

hypothesized that dynorphin A content would also be higher in the hypothalamus 

following stress in primed animals but this was not observed. It is possible that dynorphin 

A levels would be elevated in specific regions of the hypothalamus, but we did not 

differentiate specific nuclei and we were restricted by the use of a coronal section that did 

not include the entire hypothalamus. We previously reported elevated dynorphin A levels 

in the left and right CeA following stress in sumatriptan-primed rats (Xie et al., 2017) 

even though a KOR antagonist normalized stress-induced allodynia only in the right CeA 

(Xie et al., 2017). Although quantification of total dynorphin A does not mean that the 
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peptide is released our previous study also found increased pKOR in both the left and 

right CeA (Xie et al., 2017). It seems likely that following priming, stress increases 

dynorphin A levels in the CeA bilaterally, but only the right CeA participates in pain 

modulation.  

The diminished CPM/DNIC response observed in FPS patients is frequently interpreted 

as reflecting a loss of descending inhibition. An alternate, but equally plausible, 

interpretation is that this outcome could result from enhanced descending facilitation. A 

role for the RVM has not  generally been supported in DNIC (Bouhassira et al., 1993). 

Recently, Meng and colleagues (Akiko Okada-Ogawa et al., 2009) demonstrated that 

RVM inactivation restored the loss of DNIC in rats primed with morphine, possibly 

reflecting inhibition of ON cell firing and consistent with the interpretation that enhanced 

facilitation may promote a loss of DNIC. The KOR is thought to be expressed on RVM 

OFF and NEUTRAL, rather than ON cells (Winkler et al., 2006). KORs are Gi coupled 

and previous work has demonstrated inhibition of OFF cell discharge with KOR agonists 

in the RVM (Meng et al., 2005). Thus, blockade of RVM KORs should disinhibit OFF 

cells to enhance, rather than inhibit, descending inhibition. In the present study, we did 

not observe a stress-induced increase in RVM dynorphin A levels in morphine primed 

rats and RVM administration of a KOR antagonist did not alter DNIC. These data 

provide further support for the conclusion that the loss of DNIC results from enhanced 

facilitation that may mask competing descending inhibition.  

Our data are consistent with the possibility that enhanced descending facilitation arising, 

in part, from stress-related KOR signaling in the right CeA following induction of a 

sensitized state due to morphine, is a key amplification mechanism that may promote 
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functional pain conditions. We previously reported that enhanced descending facilitation 

is essential in maintaining chronic neuropathic pain (Burgess et al., 2002). FPS patients 

demonstrating a loss of CPM may therefore be especially vulnerable to chronification of 

pain and may demonstrate higher response outcomes to treatments that reduce 

descending facilitation. To date, specific mechanisms targeting descending facilitation 

have not been reported. Here, we demonstrate a key role of KOR signaling in a 

lateralized descending circuit that may be effectively targeted for the treatment of stress-

related pain disorders. Importantly, novel potent, selective, and reversible KOR 

antagonists such as BTRX-335140 are advancing in development (Margolis et al., 2017; 

Wallace et al., 2017).  
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Chapter 4: Mimicking Kappa Opioid Receptor Signaling in the Right Central 

Nucleus of the Amygdala is Sufficient to Cause  Loss of DNIC and 

Decreased Sensory Thresholds 

4.1 Introduction 

The central nucleus of the amygdala (CeA) is an important neural structure for pain 

(Veinante et al., 2013). Recently, we have shown that endogenous kappa opioid receptor 

(KOR) signaling from the CeA can promote functional pain states in rats (Nation et al., 

2018; Xie et al., 2017). Here we investigate if Gi-coupled signaling in CeA KOR-

expressing cells is sufficient to cause the development of a hyperalgesic state in the 

absence of injury or priming by inserting Cre-dependent designer receptors exclusively 

activated by designer drugs (DREADDs) into the left and right CeA of KOR-Cre mice to 

investigate the circuitry involved. 

DREADDs are a recently developed technology used for cell-specific manipulations of 

various regions. DREADDs, are genetically engineered G protein-coupled receptors that 

allow for chemogenetic manipulation of cells (Rogan and Roth, 2011; Roth, 2016; Wess 

et al., 2013). These designer receptors are altered so that they no longer bind endogenous 

ligands and instead bind clozapine-N-oxide (CNO), a biologically inactive derivative of 

clozapine.  In the presence of bound CNO the G-protein signaling cascades are activated. 

For the following experiments we wanted to mimic KOR activation, and KORs are Gi-

coupled (Al-Hasani and Bruchas, 2011), so we used a Gi-coupled DREADD. We 

specifically wanted to target the KOR expressing cells in the amygdala, and we achieved 

this by using Cre-dependent Gi DREADD virus and KOR-Cre mice (Cai et al., 2016). In 
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these mice, Cre, a bacterial recombinase, is expressed in the coding region of the gene 

that encodes KORs. The Cre-dependent virus used in these studies has the DNA for the 

Gi DREADD packaged in an inverted orientation, so that it cannot be transcribed without 

recombination and this recombination requires Cre recombinase, which in this mouse line 

is only expressed in the KOR+ neurons. Wild type (WT) littermates do not express Cre 

recombinase and therefore cannot express the DREADD.  

Use of this system allows for specific manipulation of the KOR-expressing cells in the 

CeA. We hypothesized that activation of Gi DREADD in the KOR-expressing cells of the 

right CeA would cause a loss of DNIC and promote hyperalgesic and allodynic responses 

to nociceptive information. We hypothesized that the same manipulations in the left CeA 

would not alter sensory thresholds. We also expected that activation of these receptors in 

the right CeA would cause aversion.  

4.2 Methods 

Mice: KOR-Cre mice were created in the laboratory of Sarah Ross (Cai et al., 2016). 

These mice have Cre recombinase targeted to the endogenous KOR locus Oprk1. For 

detailed information on these mice please refer to Cai et al. (Cai et al., 2016). 

Experiments were carried out in accordance with policies set forth by the NIH guidelines 

for use of laboratory animals and approval from the IACUC at the University of Arizona. 

Mice were kept in a climate controlled room on a 12 hour light and 12 hour dark cycle 

with ad libitum access to food and water. 

DREADD Virus Injections: At 6-7 weeks of age KOR-Cre heterozygous (KOR-Cre) 

and wild type (WT) littermate mice were injected with a Cre-dependent Gi-coupled 
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DREADD virus. rAAV5-hsyn-DIO-hM4D(Gi)-mCherry virus (titer ≥4x10
12

 vg/mL, 

University of North Carolina Vector Core, Chapel Hill, NC, USA) was injected into the 

mice used for the right CeA DNIC studies and to test if hyperalgesia developed to CNO. 

This virus became unavailable so pAAV8-hsyn-DIO-hM4D(Gi)-mCherry (titer ≥4x10
12

 

vg/mL, Addgene viral prep #44362-AAV8) was substituted for the rest of the 

experiments discussed in this chapter. A Cre-dependent control virus, pAAV8-hsyn-DIO-

mCherry (titer ≥4x10
12

 vg/mL, Addgene viral prep #50459-AAV8), that lacks the mutant 

Gi-coupled receptor was injected into the right CeA of KOR-Cre heterozygous mice as an 

additional control group. Viruses used in this study were originally designed in the 

laboratory of Bryan Roth. Mice were anesthetized with a mixture of ketamine and 

xylazine (80/12 mg/kg ketamine/xylazine) followed by isoflurane. 0.2 µL of virus was 

injected by a stereotaxic microinjector (Stoelting) through a 30 gauge needle attached to a 

10 µL Hamilton syringe into the right or left CeA at a rate of 0.05 µL per minute. The 

stereotaxic coordinate used was -1.22 mm posterior to bregma, ±2.80 mm from the 

midline, and -4.60 mm ventral from the cortex. The needle was left in place for 6 minutes 

after the end of virus infusion and then the needle was slowly withdrawn. Mice were 

given one injection of gentamycin in the immediate post-operative period. Behavioral 

experiments were performed on the mice three to four weeks after virus injection. 

DNIC: DNIC was tested by injecting capsaicin into the forepaw (25 µg  in 10 µL of 

solution)  as a conditioning stimulus and dipping the tail in a 50
o
C hot water bath at 30, 

60, 90, and 120 minutes after capsaicin injection. Capsaicin was prepared by dissolving 1 

g of capsaicin in a solution of 1:1 ethanol: tween 80 to reach an initial concentration of 50 

µg/µL and then diluting this mixture to a final concentration of 2.5 µg/µL in saline.  
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Clozapine-N-Oxide (CNO) was given by an i.p. injection (10 mg/kg, 10 mL/kg in saline, 

Tocris) approximately 40 minutes prior to capsaicin injection. The hot water bath tail 

flick latency (TFL) was the test stimulus and an increase in TFL following capsaicin 

injection represents the DNIC response. TFL was recorded prior to CNO injection and at 

30 minutes after CNO injection and this second TFL measurement was immediately 

followed by capsaicin injection administered into the left forepaw. TFL was then 

recorded at 20, 60, 90, and 120 minutes after capsaicin injection as a measure of DNIC. A 

cutoff time of 20 seconds was used to prevent tissue damage. This experiment was 

performed on mice with viral injection into either the left or right CeA. 

Assessment of Static Pain Thresholds: To determine if hyperalgesic responses 

developed to CNO, TFL was tested in a 50
o
C hot water bath in mice with viral injections 

in the left or right CeA every 30 minutes for 3 hours after an i.p. injection of CNO (10 

mg/kg, 10 mL/kg in saline). In mice with viral injection in the right CeA allodynic 

responses to CNO were tested with Touch Test von Frey filaments (Stoelting) on the left 

and right hind paws of mice every 30 minutes for 3 hours after an i.p. injection of CNO 

(10 mg/kg, 10 mL/kg in saline). Since the same mice were used for multiple behavioral 

assessments, and therefore received multiple CNO injections, we waited for a period of at 

least 48 hours to elapse between exposures to CNO.  

Conditioned Place Aversion: Mice with right CeA virus injections were tested for the 

development of aversion to CNO. Mice were habituated to the testing room and to 

handling by the experimenter the day prior to the first day of the conditioned place 

preference (CPA) experiment. CPA was performed in a three chamber apparatus 

consisting of two end chambers for drug and vehicle pairings and one „neutral‟ middle 
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chamber. The side chambers had different floor textures (ridged vs. smooth), wall colors 

(black and white vertical striped vs. solid grey), and odor cues (Lip Smacker vanilla 

chapstick vs. Lip Smacker pink lemonade chapstick). The illumination in the side 

chambers was approximately 15 lux. The neutral middle chamber had white walls, no 

odor cue, and had LED lights illuminating the chamber to approximately 150 lux, making 

this chamber a less preferable area for the mice and encouraging them to spend the 

majority of their time in the side chambers. On the first day of CPA a baseline measure of 

chamber exploration was recorded. On the baseline day the mice were exposed to the 

apparatus for the first time and were allowed to explore all three chambers freely for 900 

seconds (s). Mice that spent less than 150s or more than 750s in one chamber failed 

baseline and were excluded from further CPA testing. Using the baseline exploration data 

the mice were randomized to one of the side chambers to receive vehicle and the opposite 

chamber to receive CNO on the conditioning days. The second and third days of CPA 

testing were the conditioning days. In the mornings of the conditioning days mice 

received i.p. vehicle (0.9% saline) injections and were placed in the corresponding 

chamber for 30 minutes. After 30 minutes mice were put back in their home cages and 

brought back to the Animal Care Facility. Four hours after each morning conditioning 

session mice were brought back upstairs to the testing room and received i.p. CNO (10 

mg/kg, 10 mL/kg in saline) and were placed in the opposite chamber from the morning 

session for 30 minutes and then returned to the Animal Care facility. The last day of CPA 

(day 4) was the test day. Mice were again allowed to explore the entire apparatus for 

900s. CPA is shown by a decrease in time spent in the CNO paired chamber on test day 

compared to the time spent in that chamber on the baseline day. CPA is reported as a 



82 
 

difference score (time in CNO paired chamber on test day minus time in CNO paired 

chamber on baseline day). Mouse activity in the apparatus was recorded using Stoelting 

AnyMaze software. 

Injection Site Verification: Following the completion of behavioral experiments mice 

were sacrificed. Mice were anesthetized with a mixture of ketamine and xylazine (80/12 

mg/kg ketamine/xylazine) followed by isoflurane and then perfused with 4% 

paraformaldehyde. Following perfusion the brains were removed and placed in 4% 

formalin for 2 to 4 hours. Solution was then changed to 15% sucrose in saline. After 

approximately 24 hours (when the brains no longer floated in solution) they were 

transferred to 30% sucrose and stored in a cold room. Tissue was then blocked to collect 

the section containing the CeA and the sections were cut into coronal slices 30 µm thick 

on a cryostat and mounted on slides and viewed under a fluorescent microscope.  

Statistics: DNIC and static sensory threshold data were analyzed by 2-way ANOVA 

followed by Tukey‟s post-hoc test for multiple comparisons and CPA data was analyzed 

by a one-way ANOVA followed by Tukey‟s test for multiple comparisons. Calculations 

were performed by GraphPad Prism software. DNIC responses are plotted as both TFL 

and percent maximal response. The percent maximal response is calculated by 

subtracting the baseline TFL from the TFL at the timepoint of interest and dividing this 

number by the baseline TFL subtracted from the cutoff TFL. The cutoff threshold used in 

these studies was 20 seconds.  
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4.3 Results 

4.3.1 Activation of Gi-coupled receptor signaling in KOR+ cells in the right 

CeA is sufficient to cause a loss of DNIC 

CNO activation of Gi-DREADDs in the right CeA of KOR-Cre heterozygous mice 

caused a loss of DNIC compared to controls. This effect was observed in both male 

(Figure 1 B&D, p <0.0001, F(10, 75)= 4.93) and female (Figure 1 C&E, p <0.0001, F(10,85)= 

8.259) mice. Overall, the WT control group, which were injected with the Cre-dependent 

virus containing Gi-DREADD but do not express the mutant receptor due to a lack of Cre 

recombinase, did not differ significantly from the KOR-cre heterozygous mice that 

received the control virus, which contains the fluorescent reporter but lacks the Gi-

DREADD. Mice belonging to the group of KOR-cre mice that received the virus 

containing the Gi-DREADD have been verified to show fluorescence of the mCherry 

viral tag in the area of the CeA (Figure 1A); however, examination of the KOR-cre mice 

that were injected with the control virus that lacks the DNA for the Gi-DREADD do not 

show fluorescence. The Gi-DREADD virus used in this experiment was AAV5, while the 

control virus that only contained the fluorescent marker was AAV8. It is possible that the 

AAV8 virus does not express well in the CeA and that is why no fluorescence is observed 

with this virus. With this in mind, the result that there is a loss of DNIC from activating 

the inserted Gi-coupled receptors in the right CeA KOR+ cells of  KOR-cre mice 

compared to the WT liter mates still stands, but the mCherry control virus group will 

need to be retried with an AAV5 serotype.  
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 Figure 1. Gi-coupled DREADD activation in right CeA KOR expressing cells is 

sufficient to cause a loss of DNIC in male and female mice.  A representative image of 

right CeA AAV5-hsyn-DIO-hM4D(Gi)-mCherry expression is provided (A). Male 

(B&D) and female (C&E) mice have a loss of DNIC, shown by a lack of increase in hot 

water bath tail flick latency (TFL) after capsaicin is injected in the left forepaw, when the 

A 



85 
 

Gi-coupled DREADDs expressed in the KOR+ cells in the right CeA are activated by 

CNO.  WT mice do not express the Gi DREADD and do not have a loss of DNIC. Graphs 

B&C show the tail flick latency and graphs D&E show the percent maximal response. 

**** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 significant difference between the 

WT-RCeA-Gi DREADD group and other treatment groups. #### p<0.0001, ## p<0.01, # 

p<0.05 significant difference between WT-RCeA-Gi DREADD and KORcre-RCeA-Gi 

DREADD at a timepoint. Males: n=6 WT-RCeA-Gi DREADD, 5 KORcre-RCeA 

mCherry, 7 KORcre-RCeA-Gi DREADD. Females: n=5 WT-RCeA-Gi DREADD, 8 

KORcre-RCeA mCherry, 7 KORcre-RCeA-Gi DREADD. Data analyzed by 2-way 

ANOVA followed by Tukey‟s test for multiple comparisons. mCherry mice were injected 

with the AAV8 serotype and verification reveals no fluorescence. The Gi DREADD 

group was injected with AAV5 serotype and has been verified. 

 

4.3.2 Activation of Gi-coupled receptor signaling in KOR+ cells in the left 

CeA does not alter DNIC 

Injecting CNO into KOR-Cre heterozygous mice that had the Cre-dependent Gi-

DREADD virus injected into the left CeA did not alter the DNIC response in male 

(Figure 2 A&C, p= 0.2733, F(5, 145)= 1.285) or female (Figure 2 B&D, p= 0.7347, F(5, 80)= 

0.5542) mice compared to controls. This experiment was done using the AAV8 virus and 

during the verification process no fluorescence was observed, so injection sites cannot be 

verified and we cannot be sure that there is any the virus expression. While the current 

data shows no changes in DNIC from Gi-coupled receptor signaling in left CeA KOR 

expressing cells we cannot definitively make this conclusion without visible virus 

expression.  
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 Figure 2. Gi-coupled DREADD activation in left CeA KOR expressing cells does not 

cause a loss of DNIC in male or female mice. Neither male nor female mice have a loss 

of DNIC due to activation of Gi-coupled DREADDs in the KOR+ cells in the left CeA. 

Graphs A&B show the tail flick latency and graphs C&D show the percent maximal 

response. Data analyzed by 2-way ANOVA followed by Tukey‟s test for multiple 

comparisons. Males: n=10 WT-LCeA-Gi DREADD, 18 KORcre-LCeA-Gi DREADD. 

Females: n= 8 WT-LCeA-Gi DREADD, 9 KORcre-LCeA-Gi DREADD. Data analyzed 

by 2-way ANOVA followed by Tukey‟s test for multiple comparisons. These mice were 

injected with the AAV8 serotype and verification reveals no fluorescence. 

 

4.3.3 Activation of Gi-coupled receptor signaling in KOR+ cells in the right 

CeA causes alterations in static sensory thresholds 

CNO activation of Gi DREADDs in the right CeA of KOR-Cre mice caused a slight, but 

significant, decrease in TFL in female (Figure 3B p= 0.0285, F(12,102)=  2.032), but not in 
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male (Figure 3A, p= 0.8398, F(12,84)= 0.5958), mice. The female mice had a significant 

decrease in TFL from baseline at 60 and 90 minutes post-CNO injection but did not differ 

significantly from control mice. This suggests that activation of Gi-coupled receptor 

signaling pathways in KOR-expressing cells in the right CeA might be sufficient to 

provoke hyperalgesia. Female KOR-Cre mice also showed significant allodynia 

(decreased paw withdrawal threshold) to Gi DREADD activation in the right CeA (Figure 

3D, p= 0.0012, F(12,114)= 2.975) while male mice did not have significant allodynia 

(Figure 3C, p= 0.1191, F(12, 98)=  0.3387). The female KOR-Cre mice with the Gi 

DREADD injection had paw withdrawal thresholds that were significantly decreased 

from baseline at 30, 60, and 90 minutes after CNO administration and significantly 

different from the control groups at 90 minutes. Mice used for the tail flick experiment 

received AAV5 Gi DREADD virus and where verified, but the mCherry control group 

received the AAV8 serotype of the virus and no fluorescence was observed. All of the 

mice used in the allodynia experiment received the AAV8 serotype as the vector for the 

Gi DREADD or the mCherry control virus and no fluorescence was observed in any of 

these brains. While the slight hyperalgesia in the female KOR-Cre mice was verifiable, 

the results of the allodynia experiments were not and will need to be redone before any 

significant conclusions can be made. 
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 Figure 3. Gi-coupled DREADD activation in KOR expressing cells in the right CeA 

causes hyperalgesia and allodynia in female mice. Activation of the Gi-coupled 

DREADDs in the KOR+ cells in the right CeA does not cause a change in tail flick 

latency in male mice (A)  but does cause a slight decrease in tail flick latency in female 

mice (B). Additionally, Gi DREADD activation in the right CeA of male mice does not 

cause tactile hind paw allodynia in male mice (C) but does cause allodynia in female 

mice (D).  Data analyzed by 2-way ANOVA followed by Tukey‟s test for multiple 

comparisons.  **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 significant difference 

from baseline. #### P<0.0001 significant difference from WT-RCeA-Gi DREADD 

group. A: n=5 per group. TFL B:  n= 5 WT-RCeA-Gi DREADD, 8 KORcre-RCeA-

mCherry, 7 KORcre-RCeA-Gi DREADD. C: n= 9 WT-RCeA-Gi DREADD, 4 KORcre-

RCeA-mCherry, 13 KORcre-RCeA-Gi DREADD. D: n=9 WT-RCeA-Gi DREADD, 3 

KORcre-RCeA-mCherry, 10 KORcre-RCeA-Gi DREADD. Data analyzed by 2-way 

ANOVA followed by Tukey‟s test for multiple comparisons. mCherry mice in all graphs 

were injected with the AAV8 serotype and verification reveals no fluorescence. The Gi 

DREADD group for figures A&B was injected with AAV5 serotype and has been 
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verified. The Gi DREADD group for figures C&D was injected with AAV8 serotype and 

verification reveals no fluorescence. 

 

4.3.4 Activation of Gi-coupled receptor signaling in KOR+ cells in the left 

CeA does not alter static sensory thresholds 

CNO administered to mice with Gi DREADD injected into the KOR expressing cells in 

left CeA did not cause significant changes in tail flick latency in either male (Figure 4A, 

p= 0.3285, F(6,186)= 1.162) or female (Figure 4B, p= 0.5872, F(6,90)= 0.7808) mice. The 

mice used in this experiment were injected with the AAV8 serotype of the Gi DREADD 

virus, and since no fluorescence was observed with this serotype, indicating that the Gi-

coupled DREADD was not expressed, caution should be used when interpreting this 

result.  
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 Figure 4. Gi-coupled DREADD activation in KOR expressing cells in the left CeA 

does not cause tail flick hyperalgesia in male or female mice. Neither male (A) nor 

female (B) mice have a decrease in TFL after activation of the Gi DREADD inserted into 

the KOR+ cells in the left CeA. Data analyzed by 2-way ANOVA followed by Tukey‟s 

test for multiple comparisons. Males: n=10 WT-LCeN-Gi DREADD, 23 KORcre-LCeA-

Gi DREADD. Females n=8 WT-LCeN-Gi DREADD, n=9 KORcre-LCeA-Gi DREADD. 
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Data analyzed by 2-way ANOVA followed by Tukey‟s test for multiple comparisons. 

These mice were injected with the AAV8 serotype and verification reveals no 

fluorescence. 

 

4.3.5 Activation of Gi-coupled receptor signaling in KOR+ cells in the right 

CeA may cause conditioned place aversion 

The CPA data for mice with right CeA injections is currently inconclusive because of 

relatively small treatment group sizes and because these mice were injected with the 

AAV8 serotype of the viruses, which are not fluorescing in the CeA, making it 

impossible to tell where the injections were located or to tell if the Gi DREADD is even 

inserted into the cells of interest. With this cohort of mice there is a significant effect of 

treatment group in male mice (Figure 5A p= 0.0351, F(2,20)= 0.6638), but no significant 

effect of treatment group in the female mice (Figure 5B, p= 0.6127, F(2,18)= 2.156). Post-

hoc analysis of CPA in the male mice reveals that with the current group size there is no 

significant difference between the KOR-cre mice with right CeA Gi DREADD and the 

control groups. However there is a trend towards a significance difference between the 

WT Gi DREADD and KOR-Cre Gi DREADD groups (p= 0.0563). We hypothesize that 

if this experiment is repeated with an AAV5 serotype of the Gi DREADD virus we would 

see significant CPA to CNO in the KOR-cre mice.  
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Figure 5. Gi-coupled DREADD activation in KOR expressing cells in the right CeA 

may cause conditioned place aversion in male and female mice. We hypothesized that 

Gi DREADD insertion into the KOR+ cells in the right CeA would cause CPA to 

develop. With the current data there is a significant effect of treatment group in male 

(A&C), but not in female (B&D), mice. A&B are summary data and C&D are scatter 

plots of the same data. Males n=10 WT-Gi DREADD, 4 KORcre-mCherry, 9 KORcre-Gi 

DREADD. Females n= 9 WT-Gi DREADD, 3 KORcre-mCherry, 9 KORcre-Gi 

DREADD. Data analyzed by one-way ANOVA followed by Tukey‟s test for multiple 

comparisons. These mice were injected with the AAV8 serotype and verification reveals 

no fluorescence. 

 

4.4 Conclusions 

Corresponding with previous experiments, we found that modulation of cell signaling in 

the right, but not the left, CeA altered nociception (Bourbia et al., 2010; Carrasquillo and 

Gereau, 2008; Gonçalves and Dickenson, 2012; Ji and Neugebauer, 2009; Kolber et al., 

2010; Nation et al., 2018; Neugebauer and Li, 2003; Sadler et al., 2017; Xie et al., 2017). 
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In this study we used cell-specific manipulations of KOR-expressing neurons by injecting 

a Cre-dependent Gi-coupled DREADD into the left or right CeA and activating these 

inserted receptors with clozapine-N-oxide. Since KORs are Gi-coupled receptors we used 

a Gi DREADD to mimic KOR activation. Gi-DREADD activity in the KOR expressing 

cells in the right CeA was sufficient to cause dramatic changes in DNIC, a dynamic 

measure of pain, and small changes in static measures of nociception while the same 

experiments performed in the left CeA do not cause these pronociceptive effects. This 

agrees with previous work that found that in stress-primed rats KOR signaling in the 

right, but not the left, CeA promoted loss of DNIC and allodynia (Nation et al., 2018; Xie 

et al., 2017). The subtle differences in the static measurements of pain compared to the 

dramatic change in the DNIC response supports the use of dynamic measurements of 

pain to capture nociceptive states in injury-free pain.   

Interestingly, the loss of DNIC in this experiment was accompanied by a hyperalgesic 

response, with the post-capsaicin injection TFL dropping below baseline. This contrasts 

with the hyperalgesic-priming model used in rats in the previous chapters. In the 

hyperalgesic-primed rats the loss of DNIC was seen as a decrease in analgesic response, 

but not a hyperalgesic response. Perhaps this discrepancy has to do with the fact that in 

this study we are not directly targeting KORs, instead we are targeting the inserted Gi-

coupled DREADD, and we are not using a normal physiological system because we have 

manipulated the cells to express this non-native receptor. Although the DREADDs and 

KORs used in this study are both Gi-coupled that does not mean the intracellular 

signaling cascades that are activated by the binding of the agonist are the same. Multiple 

signaling cascades can be activated by activity at a single receptor and different ligands 
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can lead to differential activation of these cascades, this is referred to as biased ligand 

signaling (Shukla et al., 2014), and this can occur with ligands for all G-protein coupled 

receptors, including DREADDs (Roth, 2016). In this case dynorphin signaling at KORs 

and CNO signaling at DREADDs may preferentially activate different signaling 

pathways leading to a change in the presentation of the loss of DNIC. An additional 

factor that could relate to the observation of hyperalgesia in lieu of the DNIC response 

could be that the quantity of DREADDs inserted into the cell membrane greatly exceeds 

the amount of naturally occurring KORs. More active receptors could lead to increased 

inhibition in the KOR-expressing cells leading to less neuronal firing than in the naturally 

occurring state and we do not know how the quantity of the inserted DREADDs 

compares to natural expression of KORs. Despite this discrepancy in the severity of the 

loss of DNIC these data support that inhibition of KOR-expressing cells in the right CeA 

is sufficient to cause a loss of DNIC. 

We expected to see conditioned place aversion to Gi DREADD activation in right CeA 

KOR-expressing neurons. The amygdala is a key brain structure for determining the 

affective state (Veinante et al., 2013) and we expected the pronociceptive responses of 

KOR activation in the CeA to correspond with the development of a negative affective 

state. The data presented here do not currently make a definitive conclusion about the 

effect of amygdala KOR activity on the affective state due to issues with verifications. It 

seems that while AAV5 penetrates amygdala tissue well the AAV8 serotype might not be 

taken up by amygdala tissue, as the fluorescent tag for verification of viral expression has 

not been seen in any of the AAV8 injected brains used in these experiments. The right 

CeA mCherry injections for all experiments, the right CeA allodynia, and the entirety of 
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the left CeA data also suffer from lack of verifiability. Despite these issues, there is still 

data contained here from the verified right CeA AAV5-Gi DREADD injected mice used 

in the DNIC and tail flick timecourses that provide further evidence for a pronociceptive 

role of right CeA KOR expressing neurons. 
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Chapter 5: Mimicking Kappa Opioid Receptor Signaling in the ACC is 

Aversive but Does Not Alter Sensory Thresholds 

5.1 Introduction 

The rostral region of the anterior cingulate cortex (ACC) is involved in pain modulation; 

it exerts bidirectional control over pain and can either increase or decrease the perception 

of a pain stimulus (Bushnell et al., 2013). For example, fMRI studies show that ACC 

activity is altered during analgesic placebo responses and also during nocebo responses 

(Kong et al., 2008; Tinnermann et al., 2017). While the ACC is involved in determining 

the affective quality of pain it has been shown that it is not involved in sensory 

discrimination (Fuchs et al., 2014; Xie et al., 2009). Lesion of the ACC blocks 

conditioned place aversion to hind paw formalin without blocking the decrease in sensory 

thresholds to the formalin (Johansen and Fields, 2004). The ACC expresses kappa opioid 

receptors (KORs) (Mansour et al., 1988), but the role of ACC KOR signaling in pain 

modulation has not been studied.  

Kappa opioid receptors in many brain regions promote aversive behavior (Knoll et al., 

2010; Lalanne et al., 2014) but there is no literature specifically studying the role of ACC 

KORs in aversion. We hypothesized that KOR signaling in the ACC would produce 

aversion without altering sensory thresholds. We tested this hypothesis by inserting Cre-

dependent designer receptors exclusively activated by designer drugs (DREADDs) 

bilaterally into the ACC of KOR-Cre mice and measuring conditioned place aversion as 

well as static sensory thresholds. 
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5.2 Methods 

Mice: KOR-Cre mice were created in the laboratory of Sarah Ross. These mice have Cre 

recombinase targeted to the endogenous KOR locus Oprk1. For detailed information on 

these mice please refer to Cai et al. (Cai et al., 2016). Experiments were carried out in 

accordance with policies set forth by the NIH guidelines for use of laboratory animals 

and approval from the IACUC at the University of Arizona. Mice were kept in a climate 

controlled room on a 12 hour light and 12 hour dark cycle with ad libitum access to food 

and water. 

DREADD Virus Injections: At 6-7 weeks of age KOR-Cre heterozygous (KOR-Cre) 

and wildtype (WT) litter mate mice were injected with a Cre-dependent Gi-coupled 

DREADD virus pAAV8-hsyn-DIO-hM4D(Gi)-mCherry (titer ≥4x10
12

 vg/mL, Addgene 

viral prep #44362-AAV8).  A Cre- dependent control virus, pAAV8-hsyn-DIO-mCherry 

(titer ≥4x10
12

 vg/mL, Addgene viral prep #50459-AAV8), that lacks the mutant Gi-

coupled receptor was injected into the right CeA of KOR-Cre heterozygous mice as an 

additional control group. Viruses used in this study were deposited by Bryan Roth. Mice 

were anesthetized with a mixture of ketamine and xylazine (80/12 mg/kg 

ketamine/xylazine) followed by isoflurane. Bilateral injections, consisting of 0.5 µL of 

virus per site, were performed using a stereotaxic microinjector (Stoelting). Virus was 

injected through a 30 gauge needle attached to a 10 µL glass Hamilton syringe into the 

ACC at a rate of 0.1 µL per minute. The stereotaxic coordinate used was 1.41 mm 

anterior to bregma, ±0.30 mm from the midline, and -0.80 mm from the cortex. The 

needle was left in place for 5 minutes after the end of virus infusion and then the needle 

was slowly withdrawn. Mice were given one injection of gentamycin in the immediate 
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post-operative period. Behavioral experiments were performed on the mice three to four 

weeks after virus injection. 

Conditioned Place Aversion: Mice with ACC virus injections were tested for the 

development of aversion to CNO. Mice were habituated to the testing room and to 

handling by the experimenter on the day prior to the first day of the conditioned place 

preference (CPA) experiment. CPA was performed in a three chamber apparatus 

consisting of two end chambers for drug and vehicle pairings and one „neutral‟ middle 

chamber. The side chambers had different floor textures, wall colors, and odor. The 

neutral middle chamber had white walls, no odor cue, and LED lights illuminating the 

chamber to a brighter level than the side chambers which discourages the mice from 

prolonged visits to this chamber. On the first day of CPA a baseline measurement of 

chamber exploration was recorded. On the baseline day the mice were exposed to the 

apparatus for the first time and were allowed to explore all three chambers freely for 900 

seconds (s). Mice that spent less than 150s or more than 750s in one chamber failed 

baseline and were excluded from further CPA testing. Using baseline exploration data the 

mice were randomized to one of the side chambers to receive vehicle and the opposite 

chamber to receive CNO on the conditioning days, which were days two and three of 

CPA. On conditioning days the side chambers were blocked off so that mice could not 

leave the chamber that they were placed in. In the mornings of the conditioning days 

mice received i.p. vehicle (0.9% saline) injections and were placed in the corresponding 

chamber for 30 minutes. After 30 minutes mice were put back in their home cages and 

brought back to the Animal Care Facility. Four hours after each morning conditioning 

session mice were brought back upstairs to the testing room and receive i.p. CNO (10 
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mg/kg, 10 mL/kg in saline) and were placed in the opposite chamber from the morning 

session for 30 minutes and then returned to the Animal Care Facility. The last day of 

CPA (day 4) was the test day during which mice were again allowed to explore the entire 

apparatus freely for 900s. CPA is shown by a decrease in time spent in the CNO paired 

chamber on test day compared to the time spent in that chamber on the baseline day. CPA 

is reported as the difference score (time in CNO paired chamber on test day minus time in 

CNO paired chamber on baseline day). Stoelting AnyMaze software was used to record 

mouse activity in the apparatus. 

Assessment of Static Pain Thresholds: To determine if hyperalgesic responses would 

develop to CNO the tail flick latency was tested in a 50
o
C hot water bath in mice with 

viral injections in the ACC immediately prior to and at 30, 60, 90, and 150 minutes after 

an i.p. injection of CNO (10 mg/kg, 10 mL/kg in saline). To test for the development of 

allodynia to CNO Touch Test von Frey filaments (Stoelting) were used on the left and 

right hind paws of mice immediately prior to and at 30, 90, and 150 minutes after an i.p. 

injection of CNO (10 mg/kg, 10 mL/kg in saline). Since the same mice were used for 

multiple behavioral assessments, and therefore received multiple CNO injections, we 

waited for a period of at least 48 hours to elapse between exposures to CNO.  

Injection Site Verification: Following the completion of behavioral experiments mice 

were sacrificed. Mice were anesthetized with a mixture of ketamine and xylazine (80/12 

mg/kg ketamine/xylazine) followed by isoflurane and then perfused with 4% 

paraformaldehyde. After perfusion the brains were removed and placed in 4% formalin 

for 2 to 4 hours. Solution was then changed to 15% sucrose in saline. After 

approximately 24 hours (when the brains no longer floated in solution) they were 
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transferred to 30% sucrose and stored in a cold room. Brain tissue was then blocked to 

collect the section containing the ACC and these sections were cut on a cryostat into 

coronal slices 30 µm thick and mounted on slides and viewed under a fluorescent 

microscope.  

Statistics: Static sensory threshold data were analyzed by a 2-way ANOVA followed by 

Tukey‟s post-hoc test for multiple comparisons and CPA data was analyzed by a one-way 

ANOVA followed by Tukey‟s test for multiple comparisons. Calculations were 

performed by GraphPad Prism software.  

5.3 Results 

5.3.1 Activation of Gi-coupled signaling pathways in ACC KOR-expressing 

cells causes conditioned place aversion 

This experiment is currently ongoing and the data for this experiment is only partially 

collected. A representative image of bilateral Gi DREADD expression (red) in the ACC 

of a KOR-Cre mouse is provided (Figure 1A).  Representative traces are provided to 

show the movement (Figure 1B, top) of a Gi DREADD injected KOR-Cre (left) and WT 

(right) mouse at baseline (BL) and on the test day (Test) in the CPA chambers. A heat 

map of time spent in the different compartments of the CPA chambers is also provided 

(Figure 1B, bottom). With the current data there is significant CPA to the CNO activation 

of Gi DREADDs in the ACC of KOR-Cre mice in female (Figure 1D&F, p= 0.0016, 

F(2,19)= 1.66), but not male (Figure 1C&E, p= 0.614, F(2,27)= 0.6914), mice. Female KOR-

Cre mice with Gi DREADD injection have significant CPA to CNO compared to both 

WT-Gi DREADD (p= 0.0019) and KOR-Cre-mCherry (p= 0.0135) control mice. While 
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male rats do not currently have significant CPA, the scatter plot (Figure 1E) shows that 

almost all of the Gi DREADD injected KOR-Cre mice spent less time in the CNO paired 

chamber on test day compared to baseline day. The n-values for the male CPA study are 

still small and significant CPA may occur when more mice are added. The brains have 

been partially verified; some of the data in these graphs is from mice that are still 

undergoing experiments and have not yet been sacrificed. 
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Figure 1. Gi-coupled DREADD activation in KOR expressing cells in the ACC 

causes conditioned place aversion (CPA) in female mice and may cause CPA in male 

mice. A representative image of AAV8-hsyn-DIO-hM4D(Gi)-mCherry expression (red) 

with DAPI staining (blue) in the ACC is provided (A).  Representative traces of CPA are 

shown (B) for a heterozygous female (left) and a WT female (right) showing that after 

CNO pairings the heterozygous female explores the CNO-paired chamber less (top trace) 

B A 

Cg1 
Cg1 

M2 M2 

1.32-1.42 mm from bregma 
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and spends less time in the CNO-paired chamber (bottom heat map) on the test day (test) 

than on the baseline day (BL) while the WT mouse did not exhibit this aversion to the 

CNO paired chamber. CNO activation of Gi DREADDs in the KOR+ cells in the ACC of 

male mice shows a trend towards causing CPA but the n-values for this data are small 

and more mice are needed to make a definitive conclusion about this data (C&E). CNO 

activation of Gi DREADDs in KOR+ cells in the ACC of female mice does cause CPA 

(D&F). Cg1=cingulate cortex area 1, M2= motor cortex area 2. Males n=16 WT-Gi 

DREADD, 1 KORcre-mCherry, 6 KORcre-Gi DREADD. Females n= 8 WT-Gi 

DREADD, 6 KORcre-mCherry, 8 KORcre-Gi DREADD. Data analyzed by one-way 

ANOVA followed by Tukey‟s post-hoc test. 

 

5.3.2 Activation of Gi-coupled signaling pathways in ACC KOR-expressing 

cells does not alter sensory thresholds 

These experiments are currently ongoing. The data collected so far suggests that CNO 

activation of Gi DREADDs in the ACC of KOR-Cre mice does not cause alterations to 

sensory thresholds. Von Frey thresholds remained consistent before and after CNO 

injection in both male and female mice. No significant differences in von Frey thresholds 

have been observed with the data collected so far between treatment groups in male 

(Figure 2A, p= 0.7178, F(2,20)= 0.3371) or female (Figure 2B, F(6,48)= 1.052) mice. TFLs 

also remained consistent before and after CNO administration and no significant 

differences were observed in male (Figure 2C, p= 0.6932, F(4,44)= 0.5595) or female 

(Figure 2D, p= 0.3386, F(8,60)= 1.159) mice. Based off of the data collected so far it is 

unlikely that Gi-signaling in KOR+ cells in the ACC have a role in determining sensory 

thresholds.  
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 Figure 2. Gi-coupled DREADD activation in KOR expressing cells in the ACC does 

not alter sensory thresholds. No changes in paw withdrawal threshold were observed in 

male (A) or female (B) mice after CNO injection. There were also no changes observed 

in tail flick latency in male (C) or female (D) mice after CNO injection. A: n=11 WT-Gi 

DREADD, 8 KORcre-Gi DREADD. B: n= 6 WT-Gi DREADD, 3 KORcre-mCherry, 10 

KORcre-Gi DREADD. C: n=11 WT-Gi DREADD, 8 KORcre-Gi DREADD. B: n= 5 

WT-Gi DREADD, 3 KORcre-mCherry, 10 KORcre-Gi DREADD. Data analyzed by 2-

way ANOVA followed by Tukey‟s post-hoc test.  

 

5.4 Conclusions 

The ACC is a limbic brain region that controls emotional responses to pain and 

contributes to the perceived aversiveness of noxious stimuli (Navratilova et al., 2015).   

The ACC is thought to contribute to placebo effects through functional connectivity to 
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subcortical areas (Bingel et al., 2006) and the functional connectivity between the ACC 

and the PAG contributes to the nocebo effect. The ACC also projects to the amygdala, 

another limbic brain region that is involved in producing aversive responses to negative 

stimuli and that is also involved in pain modulation (Veinante et al., 2013).  

These experiments are ongoing but the results so far support that KOR activity in the 

ACC is aversive. KOR-Cre female mice are showing strong aversion to the chamber 

associated with activation of the Gi DREADD receptors. The male mice that have been 

tested so far have less aversion than the female mice and the aversion to the activation of 

the Gi DREADDs is not currently significant, but the number of animals in this study is 

still too small to get an accurate assessment of CPA.  

While the ACC contributes to pain modulation by altering the affective dimension of 

pain, it is not thought to be involved in modulation of sensory thresholds (Johansen and 

Fields, 2004).  In agreement with this observation, so far no significant changes in 

sensory thresholds have been observed from Gi DREADD signaling in KOr expressing 

cells in the ACC of either male or female mice.  

 These data support the current understanding of the role of the ACC in pain modulation 

and provide evidence that extends these observations to KOR cell-specific activity. 

Signaling at KORs is aversive (Cahill et al., 2014; Ehrich et al., 2015; Knoll et al., 2010),  

but the contribution of ACC KORs to the creating an aversive state has not previously 

been reported. These data add to the growing body of literature of brain regions that 

produce KOR-mediated aversion.  
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Chapter 6: Discussion 

6.1 Characterization of an Injury-Free Model of Functional Pain Syndromes 

Functional pain syndromes (FPS) are difficult to study due to the lack of a clear etiology 

and the apparent absence of naturally occurring FPS in rodents. We created a model for 

FPS that replicates several of the important traits that distinguish FPS from other forms of 

chronic pain: 1) the development of pain without injury and 2) intermittent pain episodes. 

We used the concept of “two hit” hyperalgesic priming (Kandasamy and Price, 2015; 

Reichling and Levine, 2009) as the basis of this model. As the first hit we gave rats a 

prolonged systemic administration of sumatriptan or morphine; both of these medications 

are used for the treatment of pain and are known to promote pain when overused (Lee et 

al., 2011; Stewart J. Tepper, 2012). We then waited for sensory thresholds to return to 

normal and challenged the rats by an exposure to stress or to repeated injections of 

capsaicin as the “second hit”. We found that these “two-hit” hyperalgesic priming 

methods produced a loss of diffuse noxious inhibitory controls (DNIC), a clinically 

relevant output measure for FPS, compared to controls and that the drug-priming alone 

was not sufficient to produce a loss of DNIC. We believe that this model replicates the 

intermittent pain episodes that are observed in FPS patients since rats have normal 

sensory thresholds in the period between the recovery from drug-priming and the “second 

hit” that leads to a loss of DNIC. The only injury in this model is a small incision in the 

skin to insert the subcutaneous mini-osmotic pump for drug infusion.  

Additionally, and also relevant to FPS, is that stress used as the “second hit” is sufficient 

to produce a loss of DNIC. Stress is commonly reported as a trigger for pain attacks in 

FPS patients (Fischer et al., 2014; Iliopoulos et al., 2015; Kirmayer and Robbins, 1991; 
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Mayer, 2008; Park et al., 2016; Shapiro and Nguyen, 2010; Sluka and Clauw, 2016). 

Stress activates hormonal and neural mediators and it is currently thought that the 

abnormal pain responses to stress in FPS patients may result from “allostatic overload” 

due to exposure to too much stress, which leads to over-activation of these hormonal and 

neural mediators, and in turn leads to dysfunction in these hormonal and neural circuits 

and causes maladaptive sensitization. Sensitization makes it easier for these systems to be 

provoked by future stressors and worsens the dysregulation. In humans, genetic 

susceptibility, gene-environment interactions, and environmental triggers are thought to 

predisposition certain people to the development of FPS, and these traits possibly 

increase their susceptibility to allostatic overload (Crabtree and Ganty, 2016). In our 

model these complex, and poorly understood, predisposing characteristics are substituted 

with drug-priming to produce temporary allodynia and hyperalgesia, along with long 

lasting alterations in neural function, evidenced by the susceptibility of the drug-primed 

rats to develop pain to stress. We found that the drug-priming is sufficient to produce 

stress-induced hyperalgesia (SIH) and exposure of control rats to the same stressor 

produced stress-induced analgesia (SIA). This provides evidence that sensitization due to 

allostatic overload is occurring in this model and that the behavioral consequence of this 

sensitization is pain to a stimulus that does not normally cause pain. 

This model replicates several important characteristics of FPS. Abnormal pain function is 

produced without an injury and rats remain in a sensitized state for at least several weeks 

after the initial priming event. During the sensitized state a pain episode can be 

“triggered” by exposure to stress, which is one of the most commonly reported triggers of 

pain in people with FPS (Fischer et al., 2014; Haftgoli et al., 2010; Iliopoulos et al., 2015; 
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Kirmayer and Robbins, 1991; Mayer, 2008; Park et al., 2016; Shapiro and Nguyen, 2010; 

Sluka and Clauw, 2016). DNIC is significantly impaired in this priming model, which 

matches the clinical loss of DNIC in FPS patients (Albu et al., 2015; Chang, 2005; Corrêa 

et al., 2015; Kosek and Hansson, 1997; Lautenbacher and Rollman, 1997; Lewis et al., 

2012; Nahman-Averbuch et al., 2013; Ness et al., 2014; Oono et al., 2014; Staud, 2012; 

Teepker et al., 2014).  We believe that this model can be used to study the underlying 

pathophysiology that leads to FPS. 

6.2 Signaling at KORs Promotes Pain in Injury-Free Rats and Mice 

Kappa opioid receptor (KOR) signaling is important for the production of stress 

responses and systemic administration of a KOR antagonist has been shown to block 

stress responses to corticotropin releasing factor (Land et al., 2008). Additionally, KOR 

signaling may have a role in the development of analgesic responses to develop in 

response to stress (McLaughlin et al., 2006; Menendez et al., 1993; Takahashi et al., 

1990; Watkins et al., 1992); however the location of these receptors may matter in this 

result, as a study of KOR agonist injected into the RVM found that this manipulation 

abolished SIA (Foo and Helmstetter, 2000b). In our hyperalgesic priming model stress 

produced SIH in morphine-primed rats and SIA in control rats; and both of these 

responses were blocked by a KOR antagonist. The block of SIA by KOR antagonist 

matches the findings of several previous studies, but the blockade of SIH by KOR 

antagonist is a new observation. The blockade of SIA and SIH was seen in combined 

analysis of rats that received KOR antagonist systemically or into the right CeA, which 

are the two treatment methods that prevented the loss of DNIC after morphine-priming. 

Prevention of SIA and SIH was not observed in a combined analysis of left CeA and 
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RVM KOR antagonist administration, suggesting that the KOR circuitry that is involved 

in producing the loss of DNIC is also involved in the producing analgesic and 

hyperalgesic responses to stress. The abolishing of SIA and SIH in this model may be 

from blockade of stress circuits that need to be activated to cause these alterations in pain 

thresholds. 

The DNIC response was used as the primary output measure to study the effects of KOR 

antagonist treatment in our injury-free priming model. A KOR antagonist was given prior 

to stress to assess if blockade of endogenous kappa opioid signaling would prevent the 

stress-induced loss of DNIC in morphine-primed rats. Systemic administration of the 

KOR antagonist did prevent the loss of DNIC in the morphine-primed rats, showing that 

KOR signaling is required to produce the stress-induced loss of DNIC.  

DNIC is a pain modulatory response that produces inhibition of pain, and so the loss of 

DNIC is generally interpreted as a loss of inhibition. However, a recent study found that 

lidocaine administered into the rostral ventromedial medulla (RVM) of morphine-primed 

rats prevented the loss of DNIC (Okada-Ogawa et al., 2009), suggesting that pain 

facilitatory inputs from the RVM to the spinal cord can impair DNIC. We explored the 

possibility that loss of DNIC is caused by increased facilitatory input from the RVM by 

injecting a KOR antagonist into this region. KORs are found in most pain inhibitory 

(OFF) and NEUTRAL cells, but rarely in pain facilitatory (ON) cells in the RVM 

(Winkler et al., 2006). Since KORs are Gi-coupled the administration of the KOR 

antagonist into the RVM should disinhibit OFF cells. Therefore, if the loss of DNIC was 

due to a loss of pain inhibition from the RVM this experiment should at least partially 

restore the DNIC response. However, nor-BNI administered to the RVM did not augment 
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the loss of DNIC in morphine-primed rats, providing further evidence that the loss of 

DNIC is due to enhanced facilitation, rather than loss of inhibition. DNIC is produced by 

a bottom-up spino-bulbo-spinal loop process, mediated by the subnucleus reticularis 

dorsalis (SRD), that does not involve the RVM (Bouhassira et al., 1992; Villanueva et al., 

1996; Villanueva and Le Bars, 1995). However, DNIC is susceptible to interference by 

competing pain modulatory inputs from the RVM at the level of the spinal cord. We 

suggest that during the loss of DNIC the inhibitory inputs to the spinal cord from the 

subnucleus reticularis dorsalis, which produce DNIC, are still intact, but competing pain 

facilitatory signals from the RVM override this inhibition and mask the DNIC response. 

The neural mechanisms leading to this pain facilitation by the RVM is likely to be KOR-

dependent because the systemic administration of KOR antagonist prevented the loss of 

DNIC. We investigated KOR signaling in the central nucleus of the amygdala (CeA) as a 

potential mediator of the loss of DNIC.  

The amygdala participates in stress responses and is a part of the affective pain system 

(Bruchas et al., 2010; Chavkin, 2011; Chavkin and Koob, 2016; Knoll et al., 2010; Li et 

al., 2016) We chose to target the CeA because it receives polymodal information from the 

basal lateral complex and direct nociceptive input from the brainstem (Veinante et al., 

2013), including the SRD (Leite-Almeida et al., 2006). The CeA also sends output to 

multiple brainstem regions involved in pain modulation, including the PAG (Vianna and 

Brandão, 2003), which has direct projections to the RVM.  Additionally, amygdala KOR 

signaling has been found to be necessary for the development of behavioral responses to 

stress (Bruchas et al., 2010) which is relevant to our model. 
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We found that administration of a KOR antagonist into the CeA in the right hemisphere, 

but not the left, ameliorated the stress-induced loss of DNIC in rats primed by morphine. 

The loss of DNIC was accompanied by elevated levels of the endogenous ligand, 

dynorphin A, in the CeA, reaching significance in the right CeA and showing a trend 

towards elevation in the left CeA. A lateralized role of the amygdala has previously been 

shown in inflammatory (Carrasquillo and Gereau, 2008; Ji and Neugebauer, 2009; 

Neugebauer and Li, 2003; Sadler et al., 2017) and neuropathic pain (Gonçalves and 

Dickenson, 2012) models and mGluR5 activation in the right, but not left, CeA is 

sufficient to produce peripheral hypersensitivity in the absence of injury (Kolber et al., 

2010). Recently, it was demonstrated that microinjection of a KOR agonist into the right, 

but not left, CeA produced allodynia in both hind paws in a sumatriptan model of 

medication overuse headache (Xie et al., 2017). Collectively, these studies consistently 

reveal a pronociceptive role of the right, but not left, amygdala regardless of the side of 

the injury. 

We decided to study this further by investigating if a loss of DNIC could be produced by 

activation of Gi-protein coupled receptors in CeA KOR cells in unprimed, uninjured 

mice. We found that Gi DREADD activation in KOR expressing cells in the right CeA 

caused a loss of DNIC and caused slight decreases in static sensory threshold. Gi 

DREADD activation in KOR expressing cells in the left CeA does not appear to 

modulate DNIC or lead to changes in sensory thresholds, but this data is inconclusive 

because the injection sites cannot be verified. These studies show that inhibition of KOR 

expressing cells in the right CeA, likely replicating activation of KOR receptors, is 

sufficient to cause a loss of DNIC.  
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So far we have looked at the effect of KORs on the sensory system, but pain is more than 

a sensory experience; it is a complex experience comprised of sensory, cognitive, and 

affective domains (Melzack and Casey, 1968).  Chronic pain has high comorbidity with 

mood disorders such as anxiety and depression (Bair et al., 2003; Banks and Kerns, 1996; 

Gerrits et al., 2014; Haftgoli et al., 2010; Mercante et al., 2011), and this might occur 

through similar usage of aversive affective pathways (Cahill et al., 2014). Agonists of 

KORs are dysphoric in humans (Pande et al., 1996; Pfeiffer et al., 1986), and we 

therefore hypothesized that Gi DREADD signaling in KOR expressing neurons would 

cause conditioned place aversion (CPA). This experiment is ongoing, but so far we have 

found that activation of Gi DREADDs in KOR expressing neurons of the anterior 

cingulate cortex (ACC) produces aversion in female mice and that there is a trend 

towards aversion in male mice. The CPA to Gi coupled receptor signaling in these KOR 

expressing neurons is not accompanied by changes in sensory thresholds. These results  

match previous studies that have found that the ACC is involved in modulating the 

affective dimension, but not the sensory dimension of pain (Johansen and Fields, 2004) 

and expands these observations to KOR expressing cells in the ACC. 

6.3 KOR Antagonists as a New Class of Therapeutics for Functional Pain 

Syndromes 

Treatments for FPS are currently limited. In this body of work we provide preclinical 

evidence that KOR antagonists could be a potential treatment for these pain conditions. 

KOR antagonists are currently in clinical trials for treatment of addiction and major 

depressive disorder and a KOR antagonist is now in preclinical trials for the treatment of 

migraine (Chavkin and Koob, 2016; Li et al., 2016; Margolis et al., 2017).  
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We expect that this class of drugs would work best as a preventative treatment. Use of a 

KOR antagonist prior to stress prevented the loss of DNIC in these animal studies. We 

did not study the effect of post-stress administration of KOR antagonist treatment on the 

DNIC response, but based on the role that KOR signaling plays in producing stress 

responses we believe that this class of drugs would work best when administered prior to 

stress and would not be highly effective as an abortive treatment. KOR signaling is 

important for both acute and chronic stress (Knoll et al., 2010) and it is likely an early 

mediator of stress responses. The best time to take a KOR antagonist to prevent a pain 

attack would be before the “trigger” occurred to prevent engagement of KOR receptors. 

6.4 Future Directions 

Unfortunately, a portion of this data is inconclusive because the AAV8 viruses are not 

showing fluorescence in the amygdala, and therefore we cannot verify that the results 

from CeA experiments that used the AAV8 serotype are accurate because we do not 

know the actual injection locations for these mice and we cannot tell if there was any 

insertion of Gi DREADDs. We expect that redoing these experiments with an AAV5 

virus would provide conclusive evidence for the role of CeA KOR signaling in producing 

pain and aversion. As a continuation to the ACC study, we would like to selectively 

ablate the KOR-expressing cells in the ACC and study the effects on conditioned place 

aversion. We hypothesize that this targeted ablation would prevent the development of 

conditioned place aversion to a painful stimulus while sensory thresholds would remain 

intact. Another interesting study would be to test if Gi DREADD activation of KOR-

expressing cells in the spinal cord produces pain relief. While KOR signaling in many 

brain regions produces aversive responses, and may promote abnormal pain, KOR 
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activation in the spinal cord is thought to be antinociceptive (Jolivalt et al., 2006; Lai et 

al., 2006; Yamada et al., 2006), and it would be interesting to further study a potentially 

contrasting role between spinal and brain KORs.  

  



114 
 

References 

Agarwal N, Choi PA, Shin SS, Hansberry DR, Mammis A (2016) Anterior cingulotomy 

for intractable pain. Interdiscip Neurosurg 6:80–83. 

Aicher SA, Hermes SM, Whittier KL, Hegarty DM (2012) Descending projections from 

the rostral ventromedial medulla (RVM) to trigeminal and spinal dorsal horns are 

morphologically and neurochemically distinct. J Chem Neuroanat 43:103–11. 

Al-Hasani R, Bruchas MR (2011) Molecular mechanisms of opioid receptor-dependent 

signaling and behavior. Anesthesiology 115:1363–81. 

Albu S, Gómez-Soriano J, Avila-Martin G, Taylor J (2015) Deficient conditioned pain 

modulation after spinal cord injury correlates with clinical spontaneous pain 

measures. Pain 156:260–272. 

Anderson AK (2007) Feeling emotional: the amygdala links emotional perception and 

experience. Soc Cogn Affect Neurosci 2:71–72. 

Araldi D, Ferrari LF, Levine JD (2016a) Gi-protein–coupled 5-HT1B/D receptor agonist 

sumatriptan induces type I hyperalgesic priming. Pain 157:1773–1782. 

Araldi D, Ferrari LF, Levine JD (2016b) Adenosine-A1 receptor agonist induced 

hyperalgesic priming type II. Pain 157:698–709. 

Araldi D, Ferrari LF, Levine JD (2015) Repeated Mu-Opioid Exposure Induces a Novel 

Form of the Hyperalgesic Priming Model for Transition to Chronic Pain. J Neurosci 

35:12502–17. 

Araldi D, Khomula E V., Ferrari LF, Levine JD (2018) Fentanyl Induces Rapid Onset 

Hyperalgesic Priming: Type I at Peripheral and Type II at Central Nociceptor 

Terminals. J Neurosci 38:2226–2245. 

Bair MJ, Robinson RL, Katon W, Kroenke K, MA D, GD T (2003) Depression and Pain 

Comorbidity. Arch Intern Med 163:2433. 

Banks SM, Kerns RD (1996) Explaining high rates of depression in chronic pain: A 

diathesis-stress framework. Psychol Bull 119:95–110. 

Bannister K, Qu C, Navratilova E, Oyarzo J, Xie JY, King T, Dickenson AH, Porreca F 

(2017) Multiple sites and actions of gabapentin-induced relief of ongoing 

experimental neuropathic pain. Pain 158:2386–2395. 

Bardin L (2011) The complex role of serotonin and 5-HT receptors in chronic pain. 

Behav Pharmacol 22:390–404. 

Beitz AJ (1982) The organization of afferent projections to the midbrain periaqueductal 

gray of the rat. Neuroscience 7:133–159. 

Benedetti F, Carlino E, Pollo A (2011) How placebos change the patient‟s brain. 

Neuropsychopharmacology 36:339–54. 



115 
 

Bennett RM (1999) Emerging Concepts in the Neurobiology of Chronic Pain: Evidence 

of Abnormal Sensory Processing in Fibromyalgia. Mayo Clin Proc 74:385–398. 

Bingel U, Lorenz J, Schoell E, Weiller C, Büchel C (2006) Mechanisms of placebo 

analgesia: rACC recruitment of a subcortical antinociceptive network. Pain 120:8–

15. 

Bonica JJ (1979) The need of a taxonomy. Pain 6:247–8. 

Borsook D, Maleki N, Becerra L, McEwen B (2012) Understanding migraine through the 

lens of maladaptive stress responses: a model disease of allostatic load. Neuron 

73:219–34. 

Bouhassira D, Bing Z, Le Bars D (1993) Studies of brain structures involved in diffuse 

noxious inhibitory controls in the rat: the rostral ventromedial medulla. J Physiol 

463:667–687. 

Bouhassira D, Villanueva L, Bing Z, le Bars D (1992) Involvement of the subnucleus 

reticularis dorsalis in diffuse noxious inhibitory controls in the rat. Brain Res 

595:353–357. 

Bourbia N, Ansah OB, Pertovaara A (2010) Corticotropin-releasing factor in the rat 

amygdala differentially influences sensory-discriminative and emotional-like pain 

response in peripheral neuropathy. J Pain 11:1461–71. 

Bourke JH, Langford RM, White PD (2015) The common link between functional 

somatic syndromes may be central sensitisation. J Psychosom Res 78:228–236. 

Bruchas MR, Land BB, Chavkin C (2010) The dynorphin/kappa opioid system as a 

modulator of stress-induced and pro-addictive behaviors. Brain Res 1314:44–55. 

Bruchas MR, Land BB, Lemos JC, Chavkin C (2009) CRF1-R activation of the 

dynorphin/kappa opioid system in the mouse basolateral amygdala mediates 

anxiety-like behavior. PLoS One 4:17–21. 

Buchgreitz L, Lyngberg AC, Bendtsen L, Jensen R (2008) Increased pain sensitivity is 

not a risk factor but a consequence of frequent headache: A population-based 

follow-up study. Pain 137:623–630. 

Budai D, Harasawa I, Fields HL (1998) Midbrain periaqueductal gray (PAG) inhibits 

nociceptive inputs to sacral dorsal horn nociceptive neurons through alpha2-

adrenergic receptors. J Neurophysiol 80:2244–2254. 

Burgess SE, Gardell LR, Ossipov MH, Malan TP, Vanderah TW, Lai J, Porreca F (2002) 

Time-Dependent Descending Facilitation from the Rostral Ventromedial Medulla 

Maintains, But Does Not Initiate, Neuropathic Pain. J Neurosci 22:5129–36. 

Bushnell MC, Ceko M, Low LA (2013) Cognitive and emotional control of pain and its 

disruption in chronic pain. Nat Rev Neurosci 14:502–11. 



116 
 

Butler RK, Finn DP (2009) Stress-induced analgesia. Prog Neurobiol 88:184–202. 

Cahill CM, Taylor AMW, Cook C, Ong E, Morón JA, Evans CJ (2014) Does the kappa 

opioid receptor system contribute to pain aversion? Front Pharmacol 5:253. 

Cai X, Huang H, Kuzirian MS, Snyder LM, Matsushita M, Lee MC, Ferguson C, 

Homanics GE, Barth AL, Ross SE (2016) Generation of a KOR - Cre knockin 

mouse strain to study cells involved in kappa opioid signaling. genesis 54:29–37. 

Cameron AA, Khan IA, Westlund KN, Willis WD (1995) The efferent projections of the 

periaqueductal gray in the rat: APhaseolus vulgaris-leucoagglutinin study. II. 

Descending projections. J Comp Neurol 351:585–601. 

Carrasquillo Y, Gereau RW (2008) Hemispheric lateralization of a molecular signal for 

pain modulation in the amygdala. Mol Pain 4:24. 

Chang L (2005) Brain Responses to Visceral and Somatic Stimuli in Irritable Bowel 

Syndrome: a Central Nervous System Disorder? Gastroenterol Clin North Am 

34:271–279. 

Chavkin C (2011) The therapeutic potential of κ-opioids for treatment of pain and 

addiction. Neuropsychopharmacology 36:369–70. 

Chavkin C, Koob GF (2016) Dynorphin, Dysphoria, and Dependence: the Stress of 

Addiction. Neuropsychopharmacology 41:373–374. 

Cho S-J, Chu MK (2015) Risk Factors of Chronic Daily Headache or Chronic Migraine. 

Curr Pain Headache Rep 19:465. 

Chu LF, Clark DJ, Angst MS, Geisslinger G, Lotsch J, Rapoport RJ, Rutstein J, 

Lacouture PG (2006) Opioid tolerance and hyperalgesia in chronic pain patients 

after one month of oral morphine therapy: a preliminary prospective study. J Pain 

7:43–8. 

Clark FM, Proudfit HK (1991) The projection of locus coeruleus neurons to the spinal 

cord in the rat determined by anterograde tracing combined with 

immunocytochemistry. Brain Res 538:231–45. 

Cohen RA, Kaplan RF, Moser DJ, Jenkins MA, Wilkinson H (1999a) Impairments of 

attention after cingulotomy. Neurology 53:819–824. 

Cohen RA, Kaplan RF, Zuffante P, Moser DJ, Jenkins MA, Salloway S, Wilkinson H 

(1999b) Alteration of Intention and Self-Initiated Action Associated With Bilateral 

Anterior Cingulotomy. J Neuropsychiatry Clin NeurosciThe J Neuropsychiatry Clin 

Neurosci 114:444–453. 

Cohen RA, Paul R, Zawacki TM, Moser DJ, Sweet L, Wilkinson H (2001) Emotional 

and personality changes following cingulotomy. Emotion 1:38–50. 

Compton P, Charuvastra VC, Ling W (2001) Pain intolerance in opioid-maintained 



117 
 

former opiate addicts: effect of long-acting maintenance agent. Drug Alcohol 

Depend 63:139–46. 

Corrêa JB, Costa LOP, de Oliveira NTB, Sluka KA, Liebano RE (2015) Central 

sensitization and changes in conditioned pain modulation in people with chronic 

nonspecific low back pain: a case–control study. Exp Brain Res 233:2391–2399. 

Crabtree D, Ganty P (2016) Common functional pain syndromes. BJA Educ 16:334–340. 

Crofford LJ (2015) Chronic Pain: Where the Body Meets the Brain. Trans Am Clin 

Climatol Assoc 126:167–83. 

Davis MP (2013) The clinical importance of conditioning pain modulation: A review and 

clinical implications. ACS Symp Ser 1131:9–38. 

De Felice M, Ossipov MH, Porreca F (2011a) Persistent medication-induced neural 

adaptations, descending facilitation, and medication overuse headache. Curr Opin 

Neurol 24:193–196. 

De Felice M, Ossipov MH, Porreca F (2011b) Update on medication-overuse headache. 

Curr Pain Headache Rep 15:79–83. 

De Felice M, Ossipov MH, Wang R, Lai J, Chichorro J, Meng I, Dodick DW, Vanderah 

TW, Dussor G, Porreca F (2010) Triptan-induced latent sensitization a possible 

basis for medication overuse headache. Ann Neurol 67:325–337. 

Edwards RR, Fillingim RB, Ness TJ (2003) Age-related differences in endogenous pain 

modulation: a comparison of diffuse noxious inhibitory controls in healthy older and 

younger adults. Pain 101:155–65. 

Ehrich JM, Messinger DI, Knakal CR, Kuhar JR, Schattauer SS, Bruchas MR, Zweifel 

LS, Kieffer BL, Phillips PEM, Chavkin C (2015) Kappa Opioid Receptor-Induced 

Aversion Requires p38 MAPK Activation in VTA Dopamine Neurons. J Neurosci 

35:12917–31. 

Ferrari LF, Gear RW, Levine JD (2010) Attenuation of activity in an endogenous 

analgesia circuit by ongoing pain in the rat. J Neurosci 30:13699–13706. 

Fields H (2004) State-dependent opioid control of pain. Nat Rev Neurosci 5:565–575. 

Fields H, Basbaum A, Heinricher M (2005) Central nervous system mechanisms of pain 

modulation. In: McMahon, SB.; Koltzenburg, M., editors. Textbook of pain. 

Edinburgh: Churchill Livingstone. 

Fields HL, Malick A, Burstein R (1995) Dorsal horn projection targets of ON and OFF 

cells in the rostral ventromedial medulla. J Neurophysiol 74:1742–1759. 

Fillingim RB, Loeser JD, Baron R, Edwards RR (2016) Assessment of Chronic Pain: 

Domains, Methods, and Mechanisms. J Pain 17:T10-20. 

Fischer S, Lemmer G, Gollwitzer M, Nater UM (2014) Stress and resilience in functional 



118 
 

somatic syndromes--a structural equation modeling approach. PLoS One 9:e111214. 

Foo H, Helmstetter FJ (2000a) Activation of kappa opioid receptors in the rostral 

ventromedial medulla blocks stress-induced antinociception. Neuroreport 11:3349–

3352. 

Foo H, Helmstetter FJ (2000b) Activation of kappa opioid receptors in the rostral 

ventromedial medulla blocks stress-induced antinociception. Neuroreport 11:3349–

52. 

Fuchs PN, Peng YB, Boyette-Davis JA, Uhelski ML (2014) The anterior cingulate cortex 

and pain processing. Front Integr Neurosci 8:35. 

Gardell LR, Wang R, Burgess SE, Ossipov MH, Vanderah TW, Malan TP, Lai J, Porreca 

F (2002) Sustained morphine exposure induces a spinal dynorphin-dependent 

enhancement of excitatory transmitter release from primary afferent fibers. J 

Neurosci 22:6747–55. 

Gerrits MMJG, van Oppen P, Leone SS, van Marwijk HWJ, van der Horst HE, Penninx 

BW (2014) Pain, not chronic disease, is associated with the recurrence of depressive 

and anxiety disorders. BMC Psychiatry 14:187. 

Gonçalves L, Dickenson AH (2012) Asymmetric time-dependent activation of right 

central amygdala neurones in rats with peripheral neuropathy and pregabalin 

modulation. Eur J Neurosci 36:3204–13. 

Green AL, Gu P, De Felice M, Dodick D, Ossipov MH, Porreca F (2013) Increased 

susceptibility to cortical spreading depression in an animal model of medication-

overuse headache. Cephalalgia 34:594–604. 

Haftgoli N, Favrat B, Verdon F, Vaucher P, Bischoff T, Burnand B, Herzig L (2010) 

Patients presenting with somatic complaints in general practice: depression, anxiety 

and somatoform disorders are frequent and associated with psychosocial stressors. 

BMC Fam Pract 11:67. 

Heinricher MM, Morgan MM, Fields HL (1992) Direct and indirect actions of morphine 

on medullary neurons that modulate nociception. Neuroscience 48:533–43. 

Hosobuchi Y, Adams JE, Linchitz R (1977) Pain relief by electrical stimulation of the 

central gray matter in humans and its reversal by naloxone. Science 197:183–6. 

Iliopoulos P, Damigos D, Kerezoudi E, Limpitaki G, Xifaras M, Skiada D, Tsagkovits A, 

Skapinakis P (2015) Trigger factors in primary headaches subtypes: a cross-

sectional study from a tertiary centre in Greece. BMC Res Notes 8:393. 

Institute of Medicine (US) Committee on Advancing Pain Research, Care  and E (2011) 

Pain as a Public Heath Challenge. In: Relieving Pain in America: A Blueprint for 

Transforming Prevention, Care, Education, and Research. ((US) NAP ed), 

Washington, DC: National Academies Press (US). 



119 
 

Ji G, Neugebauer V (2009) Hemispheric lateralization of pain processing by amygdala 

neurons. J Neurophysiol 102:2253–64. 

Johansen JP, Fields HL (2004) Glutamatergic activation of anterior cingulate cortex 

produces an aversive teaching signal. Nat Neurosci 7:398–403. 

Johansen JP, Fields HL, Manning BH (2001) The affective component of pain in rodents: 

direct evidence for a contribution of the anterior cingulate cortex. Proc Natl Acad 

Sci U S A 98:8077–82. 

Johnson JL, Hutchinson MR, Williams DB, Rolan P (2013) Medication-overuse 

headache and opioid-induced hyperalgesia: A review of mechanisms, a 

neuroimmune hypothesis and a novel approach to treatment. Cephalalgia 33:52–64. 

Jolivalt CG, Jiang Y, Freshwater JD, Bartoszyk GD, Calcutt NA (2006) Dynorphin A, 

kappa opioid receptors and the antinociceptive efficacy of asimadoline in 

streptozotocin-induced diabetic rats. Diabetologia 49:2775–2785. 

Kandasamy R, Price TJ (2015) The pharmacology of nociceptor priming. Handb Exp 

Pharmacol 227:15–37. 

Kang-Park M, Kieffer B, Roberts AJ, Siggins GR, Moore SD (2015) Interaction of CRF 

and Kappa Opioid Systems on GABAergic Neurotransmission in the Mouse Central 

Amygdala. JPharmacolExpTher 355:206–211. 

Kaplan H, Fields H (1991) Hyperalgesia during acute opioid abstinence: evidence for a 

nociceptive facilitating function of the rostral ventromedial medulla. J Neurosci 

11:1433–9. 

Kirmayer LJ, Robbins JM (1991) Functional Somatic Syndromes In: Current Concepts of 

Somatization: Research and Clinical Perspectives , pp79–106. Washington: 

American Psychiatric Press. 

Knoll AT, Carlezon WA, Jr. (2010) Dynorphin, stress, and depression. Brain Res 

1314:56–73. 

Kolber BJ, Montana MC, Carrasquillo Y, Xu J, Heinemann SF, Muglia LJ, Gereau RW 

(2010) Activation of metabotropic glutamate receptor 5 in the amygdala modulates 

pain-like behavior. J Neurosci 30:8203–13. 

Kong J, Gollub RL, Polich G, Kirsch I, Laviolette P, Vangel M, Rosen B, Kaptchuk TJ 

(2008) A functional magnetic resonance imaging study on the neural mechanisms of 

hyperalgesic nocebo effect. J Neurosci 28:13354–62. 

Kosek E, Hansson P (1997) Modulatory influence on somatosensory perception from 

vibration and heterotopic noxious conditioning stimulation (HNCS) in fibromyalgia 

patients and healthy subjects. Pain 70:41–51. 

Krukoff TL, Harris KH, Jhamandas JH (1993) Efferent projections from the parabrachial 

nucleus demonstrated with the anterograde tracer Phaseolus vulgaris 



120 
 

leucoagglutinin. Brain Res Bull 30:163–172. 

Lai J, Luo M-C, Chen Q, Ma S, Gardell LR, Ossipov MH, Porreca F (2006) Dynorphin A 

activates bradykinin receptors to maintain neuropathic pain. Nat Neurosci 9:1534–

1540. 

Lalanne L, Ayranci G, Kieffer BL, Lutz P-E (2014) The kappa opioid receptor: from 

addiction to depression, and back. Front psychiatry 5:170. 

Land BB, Bruchas MR, Lemos JC, Xu M, Melief EJ, Chavkin C (2008) The dysphoric 

component of stress is encoded by activation of the dynorphin kappa-opioid system. 

J Neurosci 28:407–14. 

Landau R, Kraft JC, Flint LY, Carvalho B, Richebé P, Cardoso M, Lavand‟homme P, 

Granot M, Yarnitsky D, Cahana A (2010) An experimental paradigm for the 

prediction of Post-Operative Pain (PPOP). J Vis Exp 1671. 

Lariviere M, Goffaux P, Marchand S, Julien N (2007) Changes in Pain Perception and 

Descending Inhibitory Controls Start at Middle Age in Healthy Adults. Clin J Pain 

23:506–510. 

Lautenbacher S, Rollman GB (1997) Possible deficiencies of pain modulation in 

fibromyalgia. Clin J Pain 13:189–96. 

Le Bars D, Dickenson AH, Besson J-M (1979) Diffuse noxious inhibitory controls 

(DNIC). I. Effects on dorsal horn convergent neurones in the rat. Pain 6:283–304. 

Lee M, Silverman S, Hanson H, Pate V, Manchikanti L (2011) A comprehensive review 

of opioid-induced hyperalgesia. Pain Physician 14:145–161. 

Leite-Almeida H, Valle-Fernandes A, Almeida A (2006) Brain projections from the 

medullary dorsal reticular nucleus: An anterograde and retrograde tracing study in 

the rat. Neuroscience 140:577–595. 

Lewis GN, Rice DA, McNair PJ (2012) Conditioned Pain Modulation in Populations 

With Chronic Pain: A Systematic Review and Meta-Analysis. J Pain 13:936–944. 

Li W, Sun H, Chen H, Yang X, Xiao L, Liu R, Shao L, Qiu Z (2016) Major Depressive 

Disorder and Kappa Opioid Receptor Antagonists. Transl Perioper Pain Med 1:4–

16. 

Li X, Angst MS, Clark JD (2001) Opioid-induced hyperalgesia and incisional pain. 

Anesth Analg 93:204–9. 

Louter MA, Bosker JE, van Oosterhout WPJ, van Zwet EW, Zitman FG, Ferrari MD, 

Terwindt GM (2013) Cutaneous allodynia as a predictor of migraine chronification. 

Brain 136:3489–3496. 

Lumb BM (2004) Hypothalamic and Midbrain Circuitry That Distinguishes Between 

Escapable and Inescapable Pain. Physiology 19. 



121 
 

Mansour A, Fox CA, Akil H, Watson SJ (1995) Opioid-receptor mRNA expression in the 

rat CNS: anatomical and functional implications. Trends Neurosci 18:22–29. 

Mansour A, Khachaturian H, Lewis ME, Akil H, Watson SJ (1988) Anatomy of CNS 

opioid receptors. Trends Neurosci 11:308–314. 

Margolis E, LJ VO, Martin W (2017) lectrophysiological characterization of BTRX-

335140, a novel selective kappa opioid receptor antagonist, in ventral tegmental area 

dopamine neurons in rat. Kappa Theraupeutic Conf Abstr 4:72. 

Marion L, SIlverman S, Hansen H, Patel V, Manchikanti L (2011) A Comprehensive 

Review of Opioid-Induced Hyperalgesia. Pain Physician 14:145–161. 

Mathew NT, Stubits E, Nigam MP (1982) Transformation of Episodic Migraine Into 

Daily Headache: Analysis of Factors. Headache J Head Face Pain 22:66–68. 

Mayer EA (2008) Irritable Bowel Syndrome. N Engl J Med 358:1692–1699. 

McEwen BS (2005) Stressed or stressed out: what is the difference? J Psychiatry 

Neurosci 30:315–8. 

McLaughlin JP, Li S, Valdez J, Chavkin TA, Chavkin C (2006) Social Defeat Stress-

Induced Behavioral Responses are Mediated by the Endogenous Kappa Opioid 

System. Neuropsychopharmacology 31:1241–1248. 

Meller ST, Dennis BJ (1986) Afferent projections to the periaqueductal gray in the rabbit. 

Neuroscience 19:927–964. 

Melzack R, Casey K (1968) Sensory, motivational, and central control determinants of 

pain, The Skin Senses: Proceedings of the First International Symposium on the 

Skin Senses. 

Menendez L, Andres-Trelles F, Hidalgo A, Baamonde A (1993) Involvement of spinal 

kappa opioid receptors in a type of footshock induced analgesia in mice. Brain Res 

611:264–71. 

Meng ID, Dodick D, Ossipov MH, Porreca F (2011) Pathophysiology of medication 

overuse headache: insights and hypotheses from preclinical studies. Cephalalgia 

31:851–60. 

Meng ID, Johansen JP, Harasawa I, Fields HL (2005) Kappa Opioids Inhibit 

Physiologically Identified Medullary Pain Modulating Neurons and Reduce 

Morphine Antinociception. J Neurophysiol 93:1138–1144. 

Mercante JPP, Peres MFP, Bernik MA (2011) Primary headaches in patients with 

generalized anxiety disorder. J Headache Pain 12:331–8. 

Misra UK, Kalita J, Bhoi SK (2013) Allodynia in Migraine. Clin J Pain 29:577–582. 

Moont R, Crispel Y, Lev R, Pud D, Yarnitsky D (2011) Temporal changes in cortical 

activation during conditioned pain modulation (CPM), a LORETA study. Pain 



122 
 

152:1469–1477. 

Morgan MM, Fields HL (1994) Pronounced changes in the activity of nociceptive 

modulatory neurons in the rostral ventromedial medulla in response to prolonged 

thermal noxious stimuli. J Neurophysiol 72:1161–70. 

Morgan MM, Whittier KL, Hegarty DM, Aicher SA (2008) Periaqueductal gray neurons 

project to spinally projecting GABAergic neurons in the rostral ventromedial 

medulla. Pain 140:376–86. 

Nahman-Averbuch H, Granovsky Y, Coghill RC, Yarnitsky D, Sprecher E, Weissman-

Fogel I (2013) Waning of “Conditioned Pain Modulation”: A Novel Expression of 

Subtle Pronociception in Migraine. Headache J Head Face Pain 53:1104–1115. 

Nation KM, DeFelice M, Hernandez PI, Dodick DW, Neugebauer V, Navratilova E, 

Porreca F (2018) Lateralized Kappa Opioid Receptor Signaling from the Amygdala 

Central Nucleus Promotes Stress-Induced Functional Pain. Pain 1. 

Navratilova E, Porreca F (2014) Reward and motivation in pain and pain relief. Nat 

Neurosci 17:1304–12. 

Navratilova E, Xie JY, King T, Porreca F (2013) Evaluation of reward from pain relief. 

Ann N Y Acad Sci 1282:1–11. 

Navratilova E, Xie JY, Meske D, Qu C, Morimura K, Okun A, Arakawa N, Ossipov M, 

Fields HL, Porreca F (2015) Endogenous opioid activity in the anterior cingulate 

cortex is required for relief of pain. J Neurosci 35:7264–71. 

Ness TJ, Lloyd LK, Fillingim RB (2014) An Endogenous Pain Control System is Altered 

in Subjects with Interstitial Cystitis. J Urol 191:364–370. 

Neugebauer V (2015) Amygdala pain mechanisms. Handb Exp Pharmacol 227:261–84. 

Neugebauer V, Li W (2003) Differential sensitization of amygdala neurons to afferent 

inputs in a model of arthritic pain. J Neurophysiol 89:716–27. 

Okada-Ogawa A, Porreca F, Meng ID (2009) Sustained Morphine-Induced Sensitization 

and Loss of Diffuse Noxious Inhibitory Controls in Dura-Sensitive Medullary 

Dorsal Horn Neurons. J Neurosci 29:15828–15835. 

Okada-Ogawa A, Porreca F, Meng ID (2009) Sustained morphine-induced sensitization 

and loss of diffuse noxious inhibitory controls (DNIC) in dura-sensitive medullary 

dorsal horn neurons. J Neurosci 29:15828–15836. 

Olesen SS, Graversen C, Bouwense SAW, van Goor H, Wilder-Smith OHG, Drewes AM 

(2013) Quantitative Sensory Testing Predicts Pregabalin Efficacy in Painful Chronic 

Pancreatitis. PLoS One 8:e57963. 

Oono Y, Wang K, Baad-Hansen L, Futarmal S, Kohase H, Svensson P, Arendt-Nielsen L 

(2014) Conditioned pain modulation in temporomandibular disorders (TMD) pain 



123 
 

patients. Exp Brain Res 232:3111–3119. 

Ossipov MH, Dussor GO, Porreca F (2010) Central modulation of pain. J Clin Invest 

120:3779–3787. 

Ossipov MH, Morimura K, Porreca F (2014) Descending pain modulation and 

chronification of pain. Curr Opin Support Palliat Care 8:143–51. 

Ossipov MH, Morimura K, Porreca F (2014) Descending pain modulation and 

chronification of pain. Curr Opin Support Palliat Care 8:143–151. 

Pan ZZ, Tershner SA, Fields HL (1997) Cellular mechanism for anti-analgesic action of 

agonists of the κ-opioid receptor. Nature 389:382–385. 

Pande AC, Pyke RE, Greiner M, Wideman GL, Benjamin R, Pierce MW (1996) 

Analgesic efficacy of enadoline versus placebo or morphine in postsurgical pain. 

Clin Neuropharmacol 19:451–6. 

Parada CA, Reichling DB, Levine JD (2005) Chronic hyperalgesic priming in the rat 

involves a novel interaction between cAMP and PKCepsilon second messenger 

pathways. Pain 113:185–90. 

Park J-W, Chu MK, Kim J-M, Park S-G, Cho S-J (2016) Analysis of Trigger Factors in 

Episodic Migraineurs Using a Smartphone Headache Diary Applications. PLoS One 

11:e0149577. 

Paxinos G, Watson C (2007) The rat brain in stereotaxic coordinates, 6th ed. Elsevier. 

Pedersen NP, Vaughan CW, Christie MJ (2011) Opioid receptor modulation of 

GABAergic and serotonergic spinally projecting neurons of the rostral ventromedial 

medulla in mice. J Neurophysiol 106:731–740. 

Perrotta A, Serrao M, Sandrini G, Burstein R, Sances G, Rossi P, Bartolo M, Pierelli F, 

Nappi G (2010) Sensitisation of spinal cord pain processing in medication overuse 

headache involves supraspinal pain control. Cephalalgia 30:272–84. 

Peters CM, Hayashida K, Suto T, Houle TT, Aschenbrenner CA, Martin TJ, Eisenach JC 

(2015) Individual Differences in Acute Pain-induced Endogenous Analgesia Predict 

Time to Resolution of Postoperative Pain in the Rat. Anesthesiology 122:895–907. 

Pfeiffer A, Brantl V, Herz A, Emrich H (1986) Psychotomimesis mediated by kappa 

opiate receptors. Science (80- ) 233. 

Phillips K, Clauw DJ (2011) Central pain mechanisms in chronic pain states--maybe it is 

all in their head. Best Pract Res Clin Rheumatol 25:141–54. 

Piche M, Arsenault M, Rainville P (2009) Cerebral and cerebrospinal processes 

underlying counterirritation analgesia. J Neurosci 29:14236–14246. 

Pomrenze MB, Millan EZ, Hopf FW, Keiflin R, Maiya R, Blasio A, Dadgar J, Kharazia 

V, De Guglielmo G, Crawford E, Janak PH, George O, Rice KC, Messing RO 



124 
 

(2015) A Transgenic Rat for Investigating the Anatomy and Function of 

Corticotrophin Releasing Factor Circuits. Front Neurosci 9:487. 

Popescu A, LeResche L, Truelove EL, Drangsholt MT (2010) Gender differences in pain 

modulation by diffuse noxious inhibitory controls: A systematic review. Pain 

150:309–318. 

Porreca F, Navratilova E (2017) Reward, motivation, and emotion of pain and its relief. 

Plenary lecture for Biennial Review. Pain 158:543–549. 

Prus AJ, James JR, Rosecrans JA (2009) Conditioned Place Preference, Methods of 

Behavior Analysis in Neuroscience. CRC Press/Taylor & Francis. 

Qu C, King T, Okun A, Lai J, Fields HL, Porreca F (2011) Lesion of the rostral anterior 

cingulate cortex eliminates the aversiveness of spontaneous neuropathic pain 

following partial or complete axotomy. Pain 152:1641–1648. 

Raboisson P, Dallel R, Bernard J-F, Le Bars D, Villanueva L (1996) Organization of 

efferent projections from the spinal cervical enlargement to the medullary 

subnucleus reticularis dorsalis and the adjacent cuneate nucleus: A PHA-L study in 

the rat. J Comp Neurol 367:503–517. 

Ram KC, Eisenberg E, Haddad M, Pud D (2008) Oral opioid use alters DNIC but not 

cold pain perception in patients with chronic pain – New perspective of opioid-

induced hyperalgesia. Pain 139:431–438. 

Reichling DB, Levine JD (2009) Critical role of nociceptor plasticity in chronic pain. 

Trends Neurosci 32:611–8. 

Ren Z-Y, Shi J, Epstein DH, Wang J, Lu L (2009) Abnormal pain response in pain-

sensitive opiate addicts after prolonged abstinence predicts increased drug craving. 

Psychopharmacology (Berl) 204:423–9. 

Ressler KJ (2010) Amygdala activity, fear, and anxiety: modulation by stress. Biol 

Psychiatry 67:1117–9. 

Rizvi TA, Ennis M, Behbehani MM, Shipley MT (1991) Connections between the central 

nucleus of the amygdala and the midbrain periaqueductal gray: Topography and 

reciprocity. J Comp Neurol 303:121–131. 

Rogan SC, Roth BL (2011) Remote Control of Neuronal Signaling. Pharmacol Rev 

63:291–315. 

Rosenkranz JA, Venheim ER, Padival M (2010) Chronic stress causes amygdala 

hyperexcitability in rodents. Biol Psychiatry 67:1128–36. 

Roth BL (2016) DREADDs for Neuroscientists. Neuron 89:683–94. 

Sadler KE, Gartland NM, Cavanaugh JE, Kolber BJ (2017) Central amygdala activation 

of extracellular signal-regulated kinase 1 and age-dependent changes in 



125 
 

inflammatory pain sensitivity in mice. Neurobiol Aging 56:100–107. 

Shapiro MA, Nguyen ML (2010) Psychosocial stress and abdominal pain in adolescents. 

Ment Health Fam Med 7:65–9. 

Shukla AK, Singh G, Ghosh E (2014) Emerging structural insights into biased GPCR 

signaling. Trends Biochem Sci 39:594–602. 

Sluka KA, Clauw DJ (2016) Neurobiology of fibromyalgia and chronic widespread pain. 

Neuroscience 338:114–129. 

Srikiatkhachorn A, Anthony M (1996) Serotonin Receptor Adaptation in Patients with 

Analgesic-Induced Headache. Cephalalgia 16:419–422. 

Staud R (2013) The important role of CNS facilitation and inhibition for chronic pain. Int 

J Clin Rheumtol 8:639–646. 

Staud R (2012) Abnormal endogenous pain modulation is a shared characteristic of many 

chronic pain conditions. Expert Rev Neurother 12:577–85. 

Strauss I, Berger A, Ben Moshe S, Arad M, Hochberg U, Gonen T, Tellem R (2017) 

Double Anterior Stereotactic Cingulotomy for Intractable Oncological Pain. 

Stereotact Funct Neurosurg 95:400–408. 

Takahashi M, Senda T, Tokuyama S, Kaneto H (1990) Further evidence for the 

implication of a kappa-opioid receptor mechanism in the production of 

psychological stress-induced analgesia. Jpn J Pharmacol 53:487–94. 

Teepker M, Kunz M, Peters M, Kundermann B, Schepelmann K, Lautenbacher S (2014) 

Endogenous pain inhibition during menstrual cycle in migraine. Eur J Pain (United 

Kingdom) 18:989–998. 

Tepper SJ (2012) Medication-Overuse Headache. Contin Lifelong Learn Neurol 18:807–

822. 

Tepper SJ (2012) Medication-overuse headache. Contin Lifelong Learn Neurol 18:807–

822. 

The Headaches (2006) . Lippincott Williams & Wilkins. 

Tinnermann A, Geuter S, Sprenger C, Finsterbusch J, Büchel C (2017) Interactions 

between brain and spinal cord mediate value effects in nocebo hyperalgesia. Science 

(80- ) 358:105–108. 

Tovote P, Esposito MS, Botta P, Chaudun F, Fadok JP, Markovic M, Wolff SBE, 

Ramakrishnan C, Fenno L, Deisseroth K, Herry C, Arber S, Lüthi A (2016) 

Midbrain circuits for defensive behaviour. Nature 534:206. 

Trujillo KA, Akil H (1991) Inhibition of morphine tolerance and dependence by the 

NMDA receptor antagonist MK-801. Science 251:85–7. 



126 
 

Vanderah T, Ossipov M, Lai J, Malan T, Porreca F (2001) Mechanisms of opioid-

induced pain and antinociceptive tolerance: descending facilitation and spinal 

dynorphin. Pain 92:5–9. 

Vanderah TW, Gardell LR, Burgess SE, Ibrahim M, Dogrul A, Zhong CM, Zhang ET, 

Malan TP, Ossipov MH, Lai J, Porreca F (2000) Dynorphin promotes abnormal pain 

and spinal opioid antinociceptive tolerance. J Neurosci 20:7074–9. 

Vanderah TW, Suenaga NMH, Ossipov MH, Malan TP, Lai J, Porreca F (2001) Tonic 

Descending Facilitation from the Rostral Ventromedial Medulla Mediates Opioid-

Induced Abnormal Pain and Antinociceptive Tolerance. J Neurosci 21:279–286. 

Vanegas H, Schaible H-G (2004) Descending control of persistent pain: inhibitory or 

facilitatory? Brain Res Rev 46:295–309. 

Veinante P, Yalcin I, Barrot M (2013) The amygdala between sensation and affect: a role 

in pain. J Mol psychiatry 1:9. 

Vianna DML, Brandão ML (2003) Anatomical connections of the periaqueductal gray: 

Specific neural substrates for different kinds of fear. Brazilian J Med Biol Res 

36:557–566. 

Villanueva L (2009) Diffuse Noxious Inhibitory Control (DNIC) as a tool for exploring 

dysfunction of endogenous pain modulatory systems. Pain 143:161–162. 

Villanueva L, Bernard JF, Le Bars D (1995) Distribution of spinal cord projections from 

the medullary subnucleus reticularis dorsalis and the adjacent cuneate nucleus: 

Aphaseolus vulgaris- leucoagglutinin study in the rat. J Comp Neurol 352:11–32. 

Villanueva L, Bouhassira D, Le Bars D (1996) The medullary subnucleus reticularis 

dorsalis (SRD) as a key link in both the transmission and modulation of pain signals. 

Pain 67:231–240. 

Villanueva L, Le Bars D (1995) The activation of bulbo-spinal controls by peripheral 

nociceptive inputs: diffuse noxious inhibitory controls. Biol Res 28:113–25. 

Wallace T, Van Order L, Guerrero M, Riley S, Brown S, Porreca F, Rosen H, Roberts E, 

Martin W (2017) Pharmacological characterization of BTRX-335140 In: Society for 

Neuroscience Abstract , pSubmitted. 

Washington LL, Gibson SJ, Helme RD (2000) Age-related differences in the endogenous 

analgesic response to repeated cold water immersion in human volunteers. Pain 

89:89–96. 

Washington LL, Gibson SJ, Helme RD (2000) Age-related differences in the endogenous 

analgesic response to repeated cold water immersion in human volunteers. Pain 

89:89–96. 

Watkins LR, Wiertelak EP, Maier SF (1992) Kappa opiate receptors mediate tail-shock 

induced antinociception at spinal levels. Brain Res 582:1–9. 



127 
 

Wess J, Nakajima K, Jain S (2013) Novel designer receptors to probe GPCR signaling 

and physiology. Trends Pharmacol Sci 34:385–92. 

Wilder-Smith CH, Schindler D, Lovblad K, Redmond SM, Nirkko A (2004) Brain 

functional magnetic resonance imaging of rectal pain and activation of endogenous 

inhibitory mechanisms in irritable bowel syndrome patient subgroups and healthy 

controls. Gut 53:1595–1601. 

Wilkinson HA, Davidson KM, Davidson RI (1999) Bilateral anterior cingulotomy for 

chronic noncancer pain. Neurosurgery 45:1129-34–6. 

Winkler CW, Hermes SM, Chavkin CI, Drake CT, Morrison SF, Aicher SA (2006) 

Kappa opioid receptor (KOR) and GAD67 immunoreactivity are found in OFF and 

NEUTRAL cells in the rostral ventromedial medulla. J Neurophysiol 96:3465–3473. 

Xie JY, De Felice M, Kopruszinski CM, Eyde N, LaVigne J, Remeniuk B, Hernandez P, 

Yue X, Goshima N, Ossipov M, King T, Streicher JM, Navratilova E, Dodick D, 

Rosen H, Roberts E, Porreca F (2017) Kappa opioid receptor antagonists: A possible 

new class of therapeutics for migraine prevention. Cephalalgia 37:780–794. 

Xie Y, Huo F, Tang J (2009) Cerebral cortex modulation of pain. Acta Pharmacol Sin 

30:31–41. 

Yamada H, Shimoyama N, Sora I, Uhl GR, Fukuda Y, Moriya H, Shimoyama M (2006) 

Morphine can produce analgesia via spinal kappa opioid receptors in the absence of 

mu opioid receptors. Brain Res 1083:61–69. 

Yarnitsky D (2015) Role of endogenous pain modulation in chronic pain mechanisms and 

treatment. Pain 156 Suppl:S24-31. 

Yarnitsky D (2010) Conditioned pain modulation (the diffuse noxious inhibitory control-

like effect): its relevance for acute and chronic pain states. Curr Opin Anaesthesiol 

23:611–615. 

Yarnitsky D, Crispel Y, Eisenberg E, Granovsky Y, Ben-Nun A, Sprecher E, Best L-A, 

Granot M (2008) Prediction of chronic post-operative pain: Pre-operative DNIC 

testing identifies patients at risk. Pain 138:22–28. 

Yarnitsky D, Dahan A (2015) Endogenous Pain Modulation. Anesthesiology 122:734–

735. 

Yarnitsky D, Granot M, Granovsky Y (2014) Pain modulation profile and pain therapy: 

Between pro- and antinociception. Pain 155:663–665. 

Yarnitsky D, Granot M, Nahman-averbuch H, Khamaisi M, Granovsky Y (2012) 

Conditioned pain modulation predicts duloxetine efficacy in painful diabetic 

neuropathy. Pain 153:1193–1198. 

Zhang Y, Ahmed S, Vo T, St. Hilaire K, Houghton M, Cohen AS, Mao J, Chen L (2015) 

Increased Pain Sensitivity in Chronic Pain Subjects on Opioid Therapy: A Cross-



128 
 

Sectional Study Using Quantitative Sensory Testing. Pain Med 16:911–922. 

Zhu H, Barr GA (2001) Inhibition of morphine withdrawal by the NMDA receptor 

antagonist MK-801 in rat is age-dependent. Synapse 40:282–293. 

 


