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Intracerebroventricular (ICV) microinjections of the neuropeptide nociceptin/orphanin FQ 

(N/OFQ) produce elevations in hypothalamic-pituitary-adrenal (HPA) axis activity and anxiety-

related behaviors.  Injections into the amygdala also elevate anxiety-related behaviors, although 

to a lesser extent than do ICV injections.  Therefore, the effects of N/OFQ were examined 

following injections into another limbic structure, the bed nucleus of stria terminalis (BNST).  

Injections into the BNST produced elevated anxiety-related behaviors and circulating 

corticosterone.  These results suggest that N/OFQ is involved in regulation of affective behaviors 

and the HPA axis through limbic actions.  The potent effects of N/OFQ following ICV injections 

may involve additive or synergistic activity at multiple limbic sites. 

To verify diffusion patterns of N/OFQ following these injections, rats were injected with 

3H-N/OFQ into either the lateral ventricle, amygdala, or BNST.  Following intraparenchymal 

injections, diffusion of N/OFQ was localized to the target structures.  Following the ICV 

injections, N/OFQ diffused throughout the ventricles and into periventricular structures.  A 

number of limbic, hypothalamic, and brainstem structures were identified that could contribute to 

the effects observed following ICV injections.  



 

1 

The possibility that N/OFQ and NOP receptor gene expression and receptor binding are 

modified by exposure to acute and repeated social stress was also explored.  Rats were exposed 

to social stress (acute, repeated, repeated plus acute, or no stress) and then their brains were 

analyzed for mRNA expression and receptor binding.  There were no statistically significant 

differences in prepro-N/OFQ mRNA expression or in receptor binding in any of the groups.  

However, the rats exposed to acute stress displayed greater NOP receptor mRNA expression in 

the septum, BNST, amygdala, and PVN, as compared to the expression in the unstressed 

controls.  The rats exposed to repeated stress displayed greater NOP receptor mRNA expression 

in the BNST and PVN, and those exposed to repeated plus acute stress displayed greater 

expression in the amygdala and PVN. 

Overall, it appears that the N/OFQ-NOP receptor system is involved in the regulation of 

affective states through actions in limbic structures.  Additionally, this may be a dynamic system 

that can be modified by acute and chronic social stress exposure, especially in limbic regions and 

the PVN.   

 

 



 

CHAPTER 1 
INTRODUCTION 

Stress and Stress Response 

Stress 

Stress is defined as a physiological response to a change or threat of change, real or 

perceived, in an organism’s environment (Herman and Cullinan, 1997).  The physiological 

responses include activation of systems involved in preparation for high-energy behavioral 

responses and the subsequent return to homeostatic balance, such as activation of the autonomic 

nervous system and the hypothalamic-pituitary-adrenal (HPA) axis.  The stimuli that initiate 

these organismic responses are referred to as stressors and can be classified as systemic or 

processive.  Systemic stressors involve direct threats to tissues and organ systems, including 

events such as cold exposure or food deprivation (Herman and Cullinan, 1997).  These systemic 

stressors appear to be processed primarily by brainstem inputs to the hypothalamus, and may not 

require processing by higher order limbic and cortical systems.  On the other hand, processive 

stressors, or “emotional stressors”, do seem to require higher order processing involving cortical 

and limbic inputs to the hypothalamus.  These types of stressors do not necessarily represent 

immediate threats to tissues, but derive their qualitative value relative to the organism’s previous 

experience (Herman and Cullinan, 1997).  

There is anatomical evidence for at least some differentiation between these two stressor 

classifications.  For example, ether exposure, a systemic stressor, and novel open field exposure, 

a processive stressor, produce different patterns of c-fos activation, with open field exposure 

producing greater c-fos activation in the lateral septum, medial amygdala, and dorsomedial 

hypothalamus (Emmert and Herman, 1999).  Additionally, lesions of the medial prefrontal cortex 

(MPFC; Diorio et al., 1993) and of the amygdala (Feldman et al., 1994) alter stress responses to 
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processive stressors, such as restraint, photic, or acoustic stimuli, but not to ether.  Rats with 

MPFC lesions display prolonged elevations in adrenocorticotropic hormone (ACTH) and 

corticosterone (CORT) following restraint, but not following ether (Diorio et al., 1993).  Rats 

with central and medial amygdaloid lesions display attenuated corticotrophin releasing hormone 

(CRH), ACTH, and CORT responses to photic and acoustic stimuli but not to ether (Feldman et 

al., 1994).  These studies provide evidence that limbic structures respond strongly to processive 

stressors and less so to systemic stressors.  

HPA Axis Activation Following Stress Exposure 

The HPA axis is one important system involved in the processing of stressor-related 

information and in controlling physiological responses and emotionally-relevant behaviors.  

Cortical and limbic structures, as well as brainstem structures, have converging inputs at the 

paraventricular nucleus of the hypothalamus (PVN) where they are involved in regulation of the 

HPA axis (Herman et al., 1989).  Additionally, there are inputs from cortical, limbic, and 

brainstem regions to the local surround, the peri-PVN.   

The PVN is comprised of subdivisions that can be differentiated in terms of their 

cytoarchitecture, neurotransmitter content, and projections.  The dorsal parvocellular division, 

the ventral extent of the medial parvocellular division, and the lateral parvocellular division 

project to the brainstem and the spinal cord and are involved in autonomic regulation.  The 

posterior magnocellular division releases arginine vasopressin (AVP) and oxytocin and projects 

to the posterior pituitary.  The dorsolateral extent of the medial parvocellular division primarily 

contains and releases CRH, although approximately 50% of these cells coexpress AVP.  These 

factors are released into the hypophyseal portal circulation at the external median eminence and 

primarily affect the anterior pituitary (for review see Whitnall, 1993; Herman et al., 2002b). 



 

The dorsolateral extent of the medial parvocellular PVN is heavily involved in HPA axis 

regulation.  This region integrates the excitatory and inhibitory inputs from the cortex, limbic 

structures, brainstem, and peri-PVN to produce a net response (for reviews see Herman et al., 

2002a and b).  Net activation of the dorsolateral extent of the medial parvocellular PVN results 

in co-release of CRH and AVP.  CRH stimulates the anterior pituitary to release 

adrenocorticotropic hormone (ACTH) into the bloodstream, and AVP acts as a powerful 

synergist in this process (Gillies et al., 1982).  This effect may be further potentiated after 

repeated stress as the number of cells coexpressing CRH and AVP increase (for example de 

Goeij et al., 1992; Aubry et al., 1999).  Once ACTH is released into the bloodstream, it induces 

the adrenal synthesis and release of glucocorticoids.  The glucocorticoids, including 

corticosterone (CORT) in rats and cortisol in humans, increase energy utilization and 

cardiovascular tone, shift the immune response from pro-inflammatory to anti-inflammatory, and 

terminate further HPA axis activity.   

Anatomy of the Limbic-HPA Axis 

HPA axis activation is affected by inputs from a number of cortical, limbic, and brainstem 

regions.  The hippocampus, MPFC, septum, amygdala, and bed nucleus of stria terminalis 

(BNST) all project to the PVN and /or its surround, a region that is dense with glutamatergic and 

GABA-ergic projections to the PVN (Sawchenko and Swanson 1983; Whitnall, 1993; Boudaba 

et al., 1996; Boudaba et al., 1997; Ziegler and Herman, 2001; Herman et al., 2002a).  The 

hippocampus is involved in regulation of HPA axis tone and inputs from this structure provide 

inhibitory modulation of the PVN (Herman and Cullinan, 1997).  The MPFC is involved in 

negative feedback inhibition of the HPA axis, especially in response to processive stressors 

(Diorio et al. 1993).  The septum provides direct and indirect inputs to the PVN (Sawchenko and 

Swanson, 1983; Risold and Swanson, 1997).  The lateral septum generally provides excitatory 
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input to the HPA axis while the medial septal input is inhibitory (Dunn, 1987a).  The amygdala 

has few direct inputs to the PVN (Prewitt and Herman, 1998), although the medial amygdala 

(MeA) does have some inputs to the peri-PVN (Canteras et al., 1995; Prewitt and Herman, 

1998).  The amygdalar involvement in HPA axis control is complex.  While electrical 

stimulation of the MeA and the basomedial amygdala (BMA) increase levels of circulating 

CORT and stimulation of the central amygdala (CeA), basolateral amygdala (BLA), and lateral 

amygdala (LA) decrease CORT (Dunn and Whitener, 1986), lesions of both the CeA and MeA 

decrease the ACTH and CORT response to processive stressors while not affecting basal levels 

(Feldman et al., 1994).  The CeA and MeA have dense projections to the BNST and to 

hypothalamic nuclei other than the PVN (LeDoux et al., 1988; Canteras et al., 1995; Prewitt and 

Herman, 1998; Dong et al., 2001).  Therefore, the complex actions on HPA axis activity are 

likely indirect.  The BNST is an important limbic structure as it integrates inputs from the 

amygdala, the lateral septum, and the hippocampus and has dense inhibitory and excitatory 

projections to the PVN and peri-PVN (Sawchenko and Swanson, 1983; LeDoux et al., 1988; 

Cullinan et al., 1993; Whitnall, 1993; Canteras et al., 1995; Boudaba et al., 1996; Cullinan et al., 

1996; Boudaba et al., 1997; Risold and Swanson, 1997; Prewitt and Herman, 1998; Dong et al., 

2001; Dong and Swanson, 2004).  The inputs to the PVN from the BNST are also complex.  

Electrical stimulation of the anterior and medial regions of the BNST increase levels of 

circulating CORT (Dunn, 1987a,b), stimulation of the lateral regions of the BNST decrease 

levels of circulating CORT, and stimulation of the posterior regions produces mixed results 

(Dunn, 1987b).  Additionally, lesions of the anterior regions of the BNST decrease CRH mRNA 

in the medial parvocellular PVN, while lesions of the posterior regions increase CRH mRNA 

(Herman et al., 1994).  However, lesions of the lateral BNST attenuate the ACTH and CORT 
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response to stressors (Gray et al., 1993).  None of these lesions alter the basal activity of ACTH 

or CORT (Gray et al., 1993; Herman et al., 1994).   

Autonomic Nervous System 

Several regions of the PVN, including the dorsal parvocellular, ventromedial parvocellular, 

and lateral parvocellular neurons, project to brainstem autonomic neurons (for review see 

Herman et al., 2002b).  Sympathetic activation stimulates the release of norepinephrine from 

sympathetic neurons and epinephrine from the adrenal medulla (Martin and Haywood, 1992; 

Kvetnansky et al., 2006).  This activation further increases cardiovascular tone (Martin and 

Haywood, 1992), as well as inhibits the inflammatory immune response and stimulates anti-

inflammatory responses via innervation at the lymphoid organs (for review see Elankov et al., 

2000; Eskandari and Sternberg, 2002). 

There is a tight interplay between the HPA axis and the sympathetic nervous system 

(SNS).  Stressors activate both systems (Kvetnansky et al., 2006), and activation of one system 

typically results in activation of the other (for review see Elenkov et al., 2000).  Therefore, there 

is a dual response from both systems, enhancing the full stress response.  

Chronic Stress and Disease 

 Responses to acute stressors are thought to be adaptive in the short term by increasing 

access to energy stores and increasing cardiovascular tone.  However, the effects of chronic 

cortisol elevations can be detrimental.  In rats chronic stress is associated with increased basal 

CORT (Blanchard et al., 1998), blunted ACTH responses to stressors (Hauger et al., 1990), 

altered CRH and AVP levels in the pituitary (Hauger et al., 1990; de Goeij et al., 1991), 

hippocampal atrophy (Manji et al., 2001), adrenal hypertrophy (Blanchard et al., 1998; Hauger et 

al., 1990), thymus involution, and depressive-like behaviors such as decreased grooming 

(Blanchard et al., 1998).   
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In humans, similar changes are seen in individuals with depression.  For example, 

individuals with depression display alterations in HPA axis activity including elevated levels of 

CRH in their cerebrospinal fluid (CSF; Nemeroff et al., 1984; Nemeroff et al., 1991; Heuser et 

al., 1998) and cortisol in their blood plasma (Board et al., 1956; Gold et al., 1986; Arborelius et 

al., 1999).  Individuals with depression also display blunted ACTH responses to CRH (Gold et 

al., 1986; Holsboer et al., 1986), but normal to elevated cortisol responses (Gold et al., 1986; 

Holsboer et al., 1986; Juruera et al., 2004).  There are also increases in CRH mRNA and in CRH 

and AVP proteins in the PVN in post-mortem tissues of individuals with depression (Herman 

and Cullinan, 1997).  In addition, these individuals display hippocampal atrophy (Manji et al., 

2001), adrenal hypertrophy (Rubin et al., 1995), and immune dysfunction (Weisse, 1992).  These 

symptoms seem to be a function of hypersecretion of CRH (Labeur et al., 1995; Linthorst et al., 

1997) as well as impaired negative feedback (Nemeroff et al., 1991; Juruera et al., 2004).  This 

HPA axis dysfunction appears to be a primary factor in causing depressive symptoms.  For 

example, individuals with depression who respond well to anti-depressant treatment often 

display normalization of the HPA axis (Board et al., 1956; Gold et al., 1986; Amsterdam et al., 

1988; Nemeroff et al., 1991; Heuser et al., 1998), as well as normalization of hippocampal and 

adrenal size (Manji et al., 2001; Rubin et al., 1995) and immune functioning (Weisse, 1992).  

Other disorders associated with alterations in HPA axis activity include panic disorder, obsessive 

compulsive disorder, post-traumatic stress disorder, Tourette’s syndrome, alcoholism and alcohol 

withdrawal, anorexia, fibromyalgia, and chronic fatigue syndrome (Crofford, 1998; Arborelius et 

al., 1999; Juruera et al., 2004).   

These physiological changes and the development of psychopathology, particularly 

depression and anxiety disorders, are further associated with chronic processive stress in humans 
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(for review see Arborelius et al., 1999).  Stress factors associated with chronic depression 

include unemployment, lack of insurance, lower levels of education, low income, general 

medical conditions, low quality of life, low social adjustment, and generalized anxiety (Gilmer et 

al., 2005).  The quality of life measures involved questions regarding work, economics, and 

social and familial relationships (Wisniewski et al., 2005).  In another study, depression and 

generalized anxiety disorder were associated with recent stressful events including injury or 

illness and relationship problems (including death of a close individual and relationship 

breakdown).  Additionally, both conditions were associated with lifetime stressors, such as a 

history of bullying or sexual abuse (Jordanova et al., 2007).  Therefore, chronic stress exposure 

leading to HPA axis dysregulation may be implicated in human psychopathology.   

Animal Models of Chronic Stress 

Chronic Variable Stress 

The convergence of the effects of chronic stress in rats and of chronic stress in humans 

suggests that animal studies may provide important insights into the biochemical basis of stress-

induced psychopathology in humans.  However, while a number of processive stressors are 

commonly used in research with rats (e.g., restraint, exposure to a novel environment, and 

exposure to soiled cages, bright lights, or loud noises), many of these are limited in their long-

term effects, because the rats habituate to repeated exposure to these stimuli (for example see 

Barnum et al., 2007).   

One common stress procedure used is the chronic variable stress (CVS) regimen.  Many 

studies have reported increased basal HPA axis activity and the absence of habitutation (for 

example see Marin et al., 2007).  However, as with Marin and colleagues’ study, often these 

CVS regimens include at least one stressor with a strong systemic component, such as cold 

exposure or food/water deprivation.  In our lab, when only processive stressors were used in the 
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CVS regimen, no increases in baseline HPA axis functioning, particularly in CORT levels, were 

observed (Simpkiss and Devine, 2003).   Additionally, Ostrander and colleagues (2006) found 

that rats displayed habituation to novel processive stressors after CVS, but maintained 

responsivity to systemic stressors.  Therefore, the utility of these CVS regimens as a model of 

human chronic processive stress and the development of psychopathology is limited.  When only 

processive stressors are used, CVS does not cause the kinds of chronic, basal changes seen in 

human populations. 

Other Chronic Stress Regimens 

Exposure to predatory stress, social separation, and inescapable tail shock have produced 

more substantial and reliable alterations in behavioral and physiological activities than the CVS 

regimen has.  For example, repeated visual and olfactory exposure to a cat produces increased 

basal CORT, adrenal hypertrophy and thymus involution, and depressive behaviors such as 

decreased grooming in rats (Blanchard et al., 1998).  Young squirrel monkeys that have been 

separated from their peers display elevated CORT even several days later (Lyons et al., 1999).  

Additionally, even a single exposure to inescapable tail shock produces elevated CORT 

responses 24 hrs later (Deak et al., 1999) and HPA hyperresponsivity as many as 10 days later 

(Johnson et al., 2002).  These models of stress produce changes that look more like those seen in 

human chronic stress and depression.   

Social Defeat 

Recently, our lab has begun to work with a model of social stress, the social defeat 

procedure.  In this procedure a small naïve male intruder rat is placed into the cage of a larger 

conspecific (the resident).  This resident has experience with territorial interactions and will 

typically display dominance behaviors when the intruder is present. These behaviors include 

pinning the intruder, biting the intruder, and kicking bedding at the intruder.  In response to the 
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resident’s dominance behaviors, the intruder typically exhibits submissive behaviors, including 

freezing and lying on its back with paws up and abdomen exposed (supine posture).  These types 

of social interactions produce activation in limbic-hypothalamic structures of intruder rats as 

evidenced by increases in c-fos expression in the hypothalamus, septum, BNST, amygdala, and 

relevant brainstem nuclei such as the locus coeruleus and the nucleus of the solitary tract 

(Martinez et al., 1998; Chung et al., 1999; Nikulina et al., 2004).  Additionally, several studies 

have reported activation of the HPA axis in intruder rats following social defeat exposure, as 

evidenced by increases in circulating ACTH (Heinrichs et al., 1992; Ebner et al., 2005) and 

CORT (Heinrichs et al., 1992; Covington and Miczek, 2001; Wommack and Delville, 2003; 

Ebner et al., 2005).  Also, unlike CVS, social defeat does not result in habituation of the HPA 

axis response, or even of the body temperature response (i.e., induction of fever; Barnum et al., 

2007).  Additionally, rats exposed to repeated social defeat display increases in basal CORT (de 

Goeij et al., 1992; Barnum et al., 2007; Stone et al., in preparation).  Repeated social defeat also 

causes other long-term changes, including decreases in thymus and seminal vesicle masses (Buwalda 

et al., 2001).  These results suggest that social defeat affects the functioning of the HPA axis and 

HPA axis regulation, as well as other organs involved in immune response and reproduction.  

In addition to physiological changes, repeated social defeat also induces long-term behavioral 

changes.  Rats that are exposed to social defeat display increased anxiety-related behaviors in the 

elevated plus maze (Heinrichs et al., 1992; Calfa et al. 2006) and increased behavioral despair in 

the Porsolt test (Rygula et al., 2005; Stone et al., in preparation).  All of these results suggest that 

repeated social defeat may be a valuable tool in studying potential long-term effects of chronic 

stress exposure. 
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Nociceptin/Orphanin FQ 

One neurotransmitter system that has been shown to be important in the neural response to 

stress is nociceptin/orphanin FQ (N/OFQ).  N/OFQ and its cognate receptor NOP constitute a 

highly conserved (Danielson and Dores, 1999) peptide neurotransmitter system that affects an 

interesting range of very important behavioral and physiological activities.  N/OFQ is a 17 amino 

acid peptide that is structurally similar to the endogenous opioids, particularly dynorphin A 

(Meunier et al., 1995; Reinscheid et al., 1995).  However, N/OFQ does not bind to the µ, δ, or κ 

opioid receptors with high affinity (Shimohigashi et al., 1996), but does bind with high affinity to 

the NOP receptor (Reinscheid et al., 1995; Shimohigashi et al., 1996; Butour et al., 1997).  The 

NOP receptor is a 7-transmembrane, G-protein coupled receptor (Bunzow et al., 1994; Chen et 

al., 1994; Wang et al., 1994; Wick et al., 1994; Lachowicz et al., 1995; Reinscheid et al., 1996) 

that is negatively linked to adenylate cyclase (Mollereau et al., 1994; Lachowicz et al., 1995; 

Reinscheid et al., 1995; Reinscheid et al., 1996), increases inward rectifying K+ channel 

conductance (Connor et al., 1996a; Vaughan and Christie, 1996; Vaughan et al., 1997), and 

inhibits Ca2+ conductance (Connor et al., 1996b).  The NOP receptor shows high structural 

homology with the opioid receptors (Bunzow et al., 1994; Chen et al., 1994; Mollereau et al., 

1994; Wang et al., 1994; Wick et al., 1994; Lachowicz et al., 1995), although it does not bind 

any of the opioids with high affinity (Bunzow et al., 1994; Wang et al., 1994; Lachowicz et al., 

1995; Butour et al., 1997).  This low affinity between N/OFQ and opioid receptors and between 

NOP receptors and opioid peptides suggests that the N/OFQ-NOP receptor system is functionally 

distinct from the opioid system. 

N/OFQ, the NOP receptor, and their mRNAs are widely distributed throughout the brain, 

spinal cord, and periphery (Bunzow et al., 1994; Chen et al., 1994; Mollereau et al., 1994; Wang 

et al., 1994; Wick et al., 1994; Lachowicz et al., 1995; Nothacker et al., 1996; Neal et al., 1999a 
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and b; Devine et al., 2003), consistent with a wide range of functions including pain modulation 

(Meunier et al., 1995; Reinscheid et al., 1995; Tian et al., 1997), motor performance (Reinscheid 

et al., 1995; Devine et al., 1996), spatial learning (Sandin et al., 1997; Sandin et al., 2004), and 

feeding (Pomonis et al., 1996; Nicholson et al., 2002).  However, N/OFQ and NOP receptor 

expression are relatively high in some limbic regions including the hypothalamus, septum, 

BNST, and amygdala (Bunzow et al., 1994; Wang et al., 1994; Lachowicz et al., 1995; 

Nothacker et al., 1996; Neal et al., 1999a and b; Devine et al., 2003).  This limbic localization is 

consistent with an additional role of N/OFQ in emotional regulation, particularly stress and 

anxiety responses.  For example, Devine and colleagues (2003) found that N/OFQ is released 

from forebrain neurons following exposure to acute restraint stress. 

Exogenous N/OFQ administration has also been found to increase anxiety-related 

behaviors and HPA-axis activation in response to stressful/anxiety-provoking stimuli.  To 

examine anxiety-related behaviors, standard neophobic tests are generally used, such as the open 

field test, elevated plus maze, and light-dark test.  These tests take advantage of rats’ motivation 

to explore during foraging activities, while, on the other hand, displaying a natural aversion to 

brightly lit and open spaces.  For example, rats show thigmotaxis in the open field (for example 

see Simon et al., 1994), and they show a preference for the enclosed arms of the elevated plus 

maze (Handley and Mithani, 1984; Pellow et al., 1985) and for the dark box of the light-dark 

test (Crawley and Goodwin, 1980; Costall et al., 1989; Onaivi and Martin, 1989; Chaouloff et 

al., 1997).  The balance between exploration and avoidance can be manipulated in a highly 

reproducible manner by anxiolytic drugs (i.e., drugs that humans report to be anxiety-reducing, 

such as diazepam) and by anxiogenic drugs (i.e., drugs that humans report to be 

anxiety-inducing, such as FG 7142).  Rats increase their exploration of open or lit spaces 
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following administration of anxiolytic compounds and decrease their exploration following 

administration of anxiogenic compounds (Hughes, 1972; Crawley and Goodwin, 1980; Crawley, 

1981; Handley and Mithani, 1984; Pellow et al., 1985; Pellow and File, 1986; Costall et al., 

1989; Onaivi and Martin, 1989; Stefanski et al., 1992; Simon et al., 1994; Chaouloff et al., 1997; 

Fernandez et al., 2004).  

In our lab, a modified version of the open field test is used.  A start box was attached to 

one wall of the open field, which allows the use of latency to enter the open field and time spent 

in the open field as measures of anxiety-related behavior (in addition to thigmotactic behavior 

that has been reported in previous versions of the open field).  The test has been calibrated 

(lighting, handling, etc.) so that vehicle-treated rats spend approximately 25% of the test time in 

the open field, allowing observation of both increases and decreases in anxiety-related behaviors.  

Under these conditions, rats that have been treated with diazepam generally show shorter 

latencies to enter the open field, more total time spent in the open field, and more exploration 

away from the start box and into the middle of the open field, as compared to vehicle-treated 

rats.  On the other hand, rats treated with FG 7142 generally show longer latencies to enter the 

open field, less total time spent in the open field, and less exploration away from the start box 

and into the center of the open field (Fernandez et al., 2004).  These data provide evidence that 

the modified open field is a valid and sensitive tool for measuring changes in the expression of 

anxiety-related behaviors. 

Intracerebroventricular (ICV) injections of N/OFQ have been shown to increase 

anxiety-related behaviors in this open field test, as well as the elevated plus maze and the 

light-dark test (Fernandez et al. 2004; Green et al., in press).  N/OFQ-treated rats, as compared to 

vehicle-treated rats, display longer latencies to enter and spend less total time in the open area of 
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the open field test, the open arms of the elevated plus maze, and the lit box in the light-dark test.  

These behaviors resemble the effects following injections of other anxiogenic drugs, such as FG 

7142 and are opposite from the effects following injections of anxiolytic drugs, such as 

diazepam.  These results suggest that N/OFQ has an anxiogenic action after ICV administration. 

In addition to these behavioral effects, ICV injections of N/OFQ increase HPA axis 

activity in rats.  When rats are injected into the lateral ventricle under unstressed conditions (i.e., 

the rats are allowed to recover from the stress of handling and cannula implantation prior to the 

delivery of the drug), and mildly stressed conditions (N/OFQ injections are administered without 

allowing rats to recover from the stress of handling) they exhibit substantial elevations in 

circulating ACTH and CORT (Devine et al., 2001; Nicholson et al., 2002; Legget et al., 2006).  

Elevations of ACTH and CORT are also observed when rats are injected and then exposed to the 

open field test (Fernandez et al., 2004).  Additionally, injections of N/OFQ affect gene regulation 

in this system, producing increases in CRH mRNA in the PVN and increases in 

proopiomelanocortin (POMC; the precursor to ACTH) mRNA in the pituitary (Legget et al., 

2006).  This suggests that N/OFQ is important in the regulation of the HPA axis. 

In the following experiments, the role of N/OFQ in stress and anxiety is further explored.  

The potential role of limbic structures in producing increased anxiety-related behaviors and HPA 

axis activation is examined, and the diffusion characteristics of N/OFQ following ICV and 

intraparenchymal injections are verified.  Finally, the endogenous regulation of N/OFQ mRNA 

and NOP receptor mRNA following acute and repeated social defeat exposure is examined.  



 

CHAPTER 2 
ANATOMICAL ANALYSIS OF ANXIOGENIC BEHAVIORAL EFFECTS OF 

EXOGENOUS NOCICEPTIN/ORPHANIN FQ 

Background 

The N/OFQ-induced elevations in circulating hormone concentrations described in Chapter 

1 are mediated by limbic inputs, including the septum, BNST, and amygdala (Misilmeri and 

Devine, in preparation).  Specifically, unstressed injections into these limbic structures produce 

elevations in circulating ACTH and CORT.  Accordingly, limbic structures are implicated in the 

HPA-axis modulating effects of N/OFQ under unstressed conditions.  

In light of the observations that N/OFQ produces anxiogenic behavioral effects and 

activation of the HPA axis, and that the hormonal alterations produced by N/OFQ are at least 

partially mediated by limbic structures, we previously explored the role of one limbic structure, 

the amygdala, in affecting anxiety-related behaviors and HPA axis activation in rats (Green et 

al., in press).  The rats that were injected with N/OFQ into the amygdala displayed longer 

latencies to enter the open field (Figure 2-1).  However, the behavioral effects of these injections 

into the amygdala were not as potent as the effects after injections into the lateral ventricle 

(Figure 2-2).  Additionally, there were no significant between-groups differences in circulating 

CORT concentrations when rats were given intra-amygdaloid injections of N/OFQ or vehicle 

prior to the open field exposure (Figure 2-3).  This lack of a hormonal effect might seem 

surprising at first, since there are elevations in circulating CORT concentrations after intra-

amygdaloid N/OFQ when rats are tested under unstressed conditions (Misilmeri and Devine, in 

preparation).  However, in that unstressed experiment, the controls exhibited low basal CORT 

levels, and the effects of the N/OFQ injections were small.  In our behavioral experiment, the 

rats were injected under stressed conditions (handling) and were exposed to the additional 

stressor of the novel open field.  In this instance the circulating CORT concentrations in the 
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vehicle-treated rats were much higher.  Thus, the stress-induced elevations in CORT could have 

obscured any HPA axis-activating effect of the amygdaloid injections of N/OFQ. This finding 

concurs with a previous report in which the mild stress of a novel environment partially obscured 

the hormonal effects of N/OFQ after an ICV injection (Devine et al., 2001). 

Because of these less potent effects, the BNST was examined as a potential site for the 

anxiogenic effects of N/OFQ.  The BNST is another limbic structure known to participate in the 

regulation of behavioral and hormonal responses to anxiety-inducing stimuli (for examples see 

Henke, 1984; Rogan et al., 1997; Walker and Davis, 1997).  The amygdala and BNST can be 

differentiated in terms of their roles in fear and anxiety (Lee and Davis 1997; Walker and Davis, 

1997; for review see Walker et al., 2003).  Although the distinctions are not entirely clear, the 

amygdala appears to play a larger role in fear-related behaviors (such as startle responses to a 

specific, usually conditioned, stimulus), and the BNST appears to be more important in 

responding to anxiety-provoking stimuli (primarily those stimuli that are long in duration, non-

specific, and non-conditioned).  For example, lesions of the BNST, but not the amygdala, block 

light-enhanced startle, while amygdaloid lesions, but not BNST lesions, block fear-potentiated 

startle (Walker and Davis, 1997).  The modified open field test used in the present experiment 

resembles tests of generalized anxiety more than it resembles tests of fear, as there is no specific 

or conditioned fear stimulus.  In this respect, the BNST may be more involved in the behavioral 

responses during neophobic tests of anxiety such as the open field test and may be an important 

potential mediator of the anxiogenic effects that were seen after ICV injections of N/OFQ. 

 Methods 

Animals 

Male Long Evans rats (n = 34, Harlan, Indianapolis, IN) were housed in polycarbonate 

cages (43 x 21.5 x 25.5 cm) on a 12hr-12hr light-dark cycle (lights on at 7:00 am).  The rats were 



 

pair-housed in a climate-controlled vivarium (temperature 21-23 C˚ humidity 55-60%) until 

surgery.  After surgery, the rats were singly-housed in the same environment.  Standard 

laboratory chow and tap water were available ad libitum throughout the experiment.  All 

procedures in this and subsequent experiments were pre-approved by the University of Florida’s 

Institutional Animal Care and Use Committee, and the experiments were conducted in 

compliance with the National Research Council’s Guide for the Care and Use of Laboratory 

Animals. 

Drugs 

Ketamine and xylazine were both obtained from Henry Schein (Melville, NY) at 

concentrations of 100 mg/ml.  Ketamine-xylazine was mixed by adding 2 ml of xylazine to 10 

ml of ketamine yielding a 12 ml solution of 83.3 mg/ml ketamine and 16.7 mg/ml xylazine.  

Ketorolac tromethamine (30 mg/ml) and AErrane (99.9 % isoflurane) were also purchased from 

Henry Schein. 

 N/OFQ was obtained from Sigma-Aldrich (St. Louis, MO) and was dissolved in artificial 

extracellular fluid (aECF) composed of 2.0 mM Sorenson’s phosphate buffer (pH 7.4) containing 

145 mM Na+, 2.7 mM K+, 1.0 mM Mg2+, 1.2 mM Ca2+, 150 mM Cl-, and 0.2 mM ascorbate.  

These ion concentrations replicate the concentrations found in extracellular fluid in the brain 

(Moghaddam and Bunney, 1989).  N/OFQ was prepared at concentrations of 0.01, 0.1, and 1.0 

nmole per 0.5 µl aECF.  

Surgery 

Each rat (265-407g) was implanted with a guide cannula under ketamine-xylazine 

anesthesia (62.5 mg/kg ketamine + 12.5 mg/kg xylazine, i.p. in a volume of 0.75 ml/kg).  

Ketorolac tromethamine (2 mg/kg, s.c.) was injected for analgesia at the time of surgery.  

AErrane was administered as supplemental surgical anesthesia as necessary.  Once the rat was 
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anesthetized, a stainless steel guide cannula (11mm, 22 gauge) was implanted into the right 

BNST (0.3 mm posterior to bregma, 3.0 mm lateral from the midline, and 5.4 mm ventral from 

dura; n = 28).  Cannulae were implanted at a 14o angle to minimize intrusion of the cannula into 

the ventricle.  Six additional rats were each implanted with a cannula aimed at extra-BNST sites 

(anatomical controls).  Each cannula was secured with dental cement anchored to the skull with 

stainless steel screws (0.80 x 3/32”).  An obturator that extended 1.2 mm beyond the guide 

cannula tip was inserted at the time of surgery and removed on the day of the experiment at the 

time that an intracranial injection was administered.  Following surgery, each rat was given at 

least 7 days to recover from surgery. 

Equipment 

Anxiety-related behavior was measured in an open field test.  The open field was 

composed of a 90 x 90 x 60 cm field with a 20 x 30 x 60 cm start box attached to the outside of 

the open field, at the midpoint of one side (see Figure 2-4).  The bottom and sides were 

constructed of black acrylic.  A black acrylic guillotine door separated the start box and the open 

field.  This door was attached to a rope and pulley system, which allowed the door to be opened 

from outside the testing room.  The tops of the start box and open field were open and a camera 

was mounted on the ceiling above the testing apparatus to record the rats’ behaviors.  

Illumination of the start box and open field were approximately equal (14-30 lux). 

Anxiety-Testing Procedure 

After the surgical recovery period, each rat was handled for 5 minutes on each of 3 

consecutive days, and then given one day with no disturbance.  On the 5th day, each rat was 

fitted with a 28-gauge stainless steel injector connected with polyethylene (PE20) tubing to a 1 

µl Hamilton syringe.  Each rat then received a 0.5 µl injection of aECF vehicle or aECF 

containing 0.01, 0.1, or 1.0 nmole N/OFQ by an experimenter blind to the dose.  The injections 
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were administered over a 2-minute period using a syringe pump, and the injector was left in 

place for 3 additional minutes to allow diffusion of the injection volume.  Each rat was freely 

moving in its home cage during the injection procedure. 

These injections and the subsequent behavioral tests were completed 90-210 minutes after 

the vivarium lights were turned on, the time during which the HPA axis is at its daily nadir (Ixart 

et al., 1977; Kwak et al., 1993).  Five minutes after the injection, each rat was individually 

placed in the start box of the open field test, and the door to the testing room was closed, 

isolating the rat from the experimenter and any other disruptive influences.  The rat was then 

given 1 minute to acclimate to the novel environment of the start box.  After 1 minute the 

guillotine door was opened remotely, and it remained open throughout the test period.  The rat 

was given 5 minutes to explore the start box and open field.  Each rat was then returned to its 

home cage until 30 minutes elapsed after the start of the injection.  At this time, the rat was 

rapidly decapitated. 

Immediately after decapitation, 6 ml of trunk blood was collected into polypropylene tubes 

containing 600 µl of Na2EDTA (20 µg/µl) on ice.  The tubes were centrifuged at 1000x gravity.  

The plasma fraction was collected, aliquotted, and frozen at -80ºC.  Later, RIA was performed 

for quantification of plasma concentrations of CORT using a kit from Diagnostic Products Corp. 

(Los Angeles, CA).  The interassay variability for this kit increased with sample CORT 

concentrations, ranging from less than 5% for lower plasma CORT concentrations to less than 

15% for higher plasma CORT concentrations. 

Additionally, each brain was removed, frozen in 2-methylbutane at -40°C, and stored at 

-80°C.  Later, each brain was sectioned at 30 µm and stained with cresyl violet for cannula 
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placement verification.  Adrenal glands, thymus glands, and spleens were dissected out and 

weighed for verification of the health status of the rats. 

An observer who was blind to the treatment conditions scored the exploratory behavior of 

the rats from the videotapes, using a grid that was superimposed on the video monitor.  This grid 

divided the open field into 25 equal squares.  The outer 16 squares defined an outer zone and the 

inner 9 squares defined an inner zone (Fig. 2-4).  Between-groups differences in the latency to 

enter the open field, total time spent in the open field, latency to enter and time spent in the inner 

zone, and the number of entries into the open field and the inner zone were used as measures of 

anxiety.  An entry into the open field or movement from the periphery to the inner zone was 

counted when all 4 paws of the rat left one zone and entered a new zone. 

Statistical Analyses 

In order to analyze differences between the N/OFQ-treated groups and the vehicle-treated 

group, one-way ANOVAs were calculated for latency to enter the open field and the inner zone, 

total time spent in the open field and the inner zone, number of entries into the open field and 

inner zone, plasma CORT concentrations, and organ masses.  All significant effects (p< 0.05) 

were further analyzed using Fisher’s LSD post-tests. 

Differences between anatomical controls and intra-BNST vehicle controls for each of the 

listed measures were analyzed by individual t-tests. 

Results 

Anxiety-Related Behavior 

The intra-BNST N/OFQ-treated rats showed greater expression of anxiety-related 

behaviors than the aECF vehicle-treated rats did.  The N/OFQ-treated rats displayed significantly 

longer latencies to enter the open field (Fig. 2-5a; F(3,24) = 4.009, p<0.05) than did the 

vehicle-treated rats, but the groups did not differ significantly in latency to enter the inner zone 
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(Fig. 2-5b; F(3,24) = 2.593, p>0.05).  There were also no significant differences between 

N/OFQ-treated and vehicle-treated rats in time spent in the open field (Fig. 2-5c; F(3.24) = 

2.075, p>0.05) or the inner zone (Fig. 2-5d; F(3,24) = 2.669, p>0.05).  However, the 

N/OFQ-treated rats displayed significantly fewer entries into the open field (Fig. 2-5e; F(3,24) = 

3.055, p<0.05) and significantly fewer entries into the inner zone (Fig. 2-5f; F(3,24) = 3.321, 

p<0.05) than did the vehicle-treated rats.  

The BNST placements were fairly evenly distributed throughout the medial and lateral 

divisions (Fig.2-6).  The effects of vehicle injections into these BNST sites were compared 

against the effects of N/OFQ injections into extra-BNST sites (anatomical controls).  

Comparisons between the vehicle-treated rats and the N/OFQ-treated anatomical controls 

showed no significant differences on any measure of latency (Fig. 2-5a and b), time (Fig. 2-5c 

and d), or entries (Fig. 2-5e and f). 

Circulating Corticosterone 

Injections of N/OFQ into the BNST produced significant elevations in circulating CORT 

(Fig. 2-7; F(3,22) = 3.171, p<0.05) as compared to the CORT concentrations in the 

vehicle-treated rats.  Concentrations of circulating CORT were not significantly different 

between N/OFQ-treated anatomical controls and vehicle-treated rats. 

Organ Masses 

There were no significant differences in adrenal weights (Fig. 2-8A), thymus gland 

weights (Fig. 2-8B), or spleen weights (Fig. 2-8C) between the vehicle-treated and 

N/OFQ-treated rats and between the vehicle-treated rats and anatomical controls.  
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Discussion 

Anxiety-Related Behaviors and Corticosterone 

We previously found that injections of N/OFQ into the right lateral ventricle produce dose 

orderly elevations in all measured anxiety-related behaviors in the modified open field and 

elevations in circulating CORT (Fernandez et al., 2004; Green et al., in press).  Injections into 

the right amygdala also elevated anxiety-related behaviors, although the behavioral and 

hormonal effects were less potent than those seen following ICV injections.  Similarly, injections 

into the right BNST produced elevations in anxiety-related behaviors and elevations in 

circulating CORT, and once again, these effects were less potent than those observed after ICV 

injections.  The behavioral results are somewhat surprising as the amygdala, and especially the 

BNST appeared to be ideal candidates for mediating the behavioral actions of N/OFQ.  Both 

structures are involved in responses to emotionally-salient stressors, and both structures have 

relatively high levels of NOP receptor mRNA expression and binding (Neal et al., 1999b).  It is 

possible, however, that ICV injections are having effects at multiple sites, accounting for the 

greater potency of this route of administration.  Because injections into the amygdala and into the 

BNST produce partial effects on anxiety-related behaviors, there may be additive or synergistic 

effects at these and other limbic, cortical, and brainstem structures following ICV injections.  For 

example, the lateral septum may be another structure involved.  Like the amygdala and the 

BNST, the lateral septum is involved in responses to stressors and has at least moderate levels of 

NOP receptor binding.  

The hormonal effects following intraparenchymal injections are less surprising. The 

modest effects following amygdaloid injections can be expected considering there are only 

sparse connections between the amygdaloid complex and the PVN (Prewitt and Herman, 1998).  

Unlike the amygdala, though, the BNST does have many connections to the PVN (for example 
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see Prewitt and Herman, 1998; Dong et al., 2001; Dong and Swanson, 2004).  This anatomical 

difference is consistent with the greater elevations in circulating CORT observed in stressed (the 

present experiment) and unstressed rats (Misilmeri and Devine, in preparation) following intra-

BNST injections versus intra-amygdaloid injections.   

One concern with the smaller effects of our intraparenchymal injections versus ICV 

injections is the fact that they were done unilaterally (injections were into the right hemisphere in 

all groups).  Previous analysis of the diffusion of N/OFQ after unilateral ICV injections 

suggested that there was at least some bilateral distribution, primarily at midline periventricular 

structures (D. P. Devine, personal communication).  It is not clear if bilateral injections into the 

BNST or the amygdala would have increased the effects.  To our knowledge, the effects of 

bilateral BNST injections of anxiolytic or anxiogenic compounds have not been reported with 

any standard tests of fear or anxiety.  Thus it is possible that injections of N/OFQ into the right 

and left BNST might produce more potent effects.  However, in the case of the amygdala, the 

right hemispheric structure is generally more dominantly involved in emotionally-relevant 

behavioral responses (Coleman-Mesches and McGaugh, 1995a and b; Andersen and Teicher, 

1999; Adamec et al., 2001; Peper et al., 2001; Scicli et al., 2004), or is at least no less involved 

than the left amygdala (Good and Westbrook, 1995; LaBar and LeDoux, 1996; Izquierdo and 

Murray, 2004).  In fact, bilateral injections of drugs in to the amygdalae may add little in terms 

of changes in emotionally-relevant behaviors when compared to the effects of unilateral 

injections into the right amygdala (for example see Coleman-Mesches and McGaugh, 1995b).  

Therefore, in our previous analysis of the effects of unilateral amygdaloid injections it does not 

seem likely that bilateral injections would have produced more potent effects. 
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There are reports that N/OFQ and its synthetic analogue Ro64-6198 each exert anxiolytic 

actions in rats and mice (Jenck et al., 1997; Jenck et al., 2000; Gavioli et al., 2002; Varty et al. 

2005).  Additionally, some researchers find opposing effects depending on the dose of drug used 

(Kamei et al., 2004), the number of times the drug is administered (Vitale et al., 2006), or the 

anxiety tests used (in this case with NOP receptor knockouts; Gavioli et al., 2007).  The reasons 

for these discrepancies are currently unclear; although, there are methodological differences that 

may account for the contrasting results (see Fernandez et al 2004 for a full discussion of the 

potential explanations).  It is possible that N/OFQ may produce differing anxiogenic and 

anxiolytic actions depending upon the prior history and/or the current stress status of the animals, 

but we, in the Devine lab, have so far been unable to detect anxiolytic effects in our studies.  

It has been argued that the increases in anxiety-related behaviors may be due to locomotor 

impairment produced by N/OFQ.  At higher doses of N/OFQ there are profound motoric effects 

that result in postural changes and reduced locomotion (Devine et al., 1996).  Recently, Vitale 

and colleagues (2006) reported reduced exploration of the open arms of the elevated plus maze 

after a single dose of N/OFQ administered ICV.  However, a second dose given 2 hours later 

resulted in a reversal of this effect.  They interpreted the reduced exploration as a locomotor 

effect, and concluded that the lack of this effect following the second administration was due to 

tolerance (rats develop tolerance to the locomotor-inhibiting effects of N/OFQ; see Devine et al., 

1996).  However, anxiogenic actions have been observed at doses that do not produce locomotor 

effects (Devine et al., 1996; Fernandez et al., 2004; Green et al., in press).  Additionally, 

locomotor controls show that motoric effects are not the likely source of the reduced exploration 

following N/OFQ injections (Fernandez et al., 2004; Green et al., in press).  For example, when 

the threatening stimulus of a brightly lit environment in the dark-light box is removed, thus 
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creating a dark-dark test, N/OFQ-treated rats and vehicle-treated rats explored the boxes in a 

comparable manner (Fernandez et al., 2004).  Likewise, when the threatening stimulus of a large 

open field is removed and replaced with an undersized open field equal in size to the start box, 

N/OFQ-treated rats and vehicle-treated rats again behaved in a comparable manner (Green et al., 

in press).  The only difference in these conditions is the presence or absence of a threatening 

stimulus.  Thus, it seems likely that behavioral differences observed in the open field test and 

light-dark box are due to differences in the anxiety states of the rats and not due to locomotor 

impairment. 

The results of the present experiment, as well as the results following injections into the 

amygdala, provide additional evidence of an anxiety-related effect as opposed to a locomotor 

effect.  The intraparenchymal injections in these experiments were highly specific, with no 

significant effects observed in the anatomical controls.  Given the known roles of the BNST and 

amygdala, injections into these structures would not be expected to affect locomotor behaviors, 

but would be expected to affect anxiety-related behaviors.   

Organ Masses 

In the present study, the adrenal, thymus, and spleen masses were measured to establish 

that there were no systematic differences in health status or stress exposure between the various 

groups of rats.  Since there were no significant differences in adrenal gland masses, thymus 

gland masses, or spleen masses between any of the groups tested, it can be concluded that there 

were no apparent differences in the health or stress history of the rats that can account for the 

behavioral or hormonal differences. 

Summary 

The results of the present study show that N/OFQ injections affect anxiety and HPA axis 

activity through limbic structures including the BNST.  In addition, previous work has shown a 
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role for the amygdala.  This suggests the possibility that limbic N/OFQ neurotransmission may 

be involved in regulation of affect.  However, because ICV injections of N/OFQ produced 

greater, more potent effects than did injections into either the BNST or the amygdala, there may 

be additive or synergistic actions between the BNST and the amygdala.  Additionally, the 

contralteral structures as well as other relevant limbic, cortical, and brainstem structures may be 

involved. 
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Figure 2-1. Anxiety-related behaviors following intra-amygdaloid injections of N/OFQ. (A) 

N/OFQ-treated rats exhibited longer latencies to enter the open field. However, 
injections of N/OFQ into the right amygdala did not significantly alter (B) the latency 
to enter the inner zone, (C) the time spent in the open field, (D) the time spent in the 
inner zone, (E) the number of entries into the open field, (F) or the number of entries 
into the inner zone. Values expressed are group means ± SEM (n = 9-10 rats per 
group). Significant differences between the N/OFQ-treated rats and the aECF-treated 
controls are expressed as * p < 0.05 and ** p < 0.01. AC =anatomical controls. 
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Figure 2-2. Anxiety-related behaviors following ICV injections of N/OFQ. N/OFQ-treated rats 

exhibited: (A) longer latencies to enter the open field and (B) the inner zone, (C) less 
total time in the open field and (D) the inner zone, and (E) fewer entries into the open 
field and (F) the inner zone. Values expressed are group means ± SEM (n = 7-8 rats 
per group). Significant differences between the N/OFQ-treated rats and the aECF-
treated controls are expressed as * p < 0.05 and ** p < 0.01. 
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Figure 2-3. Concentrations of circulating corticosterone following ICV and intra-amygdaloid 

injections of N/OFQ. (A) Injections of N/OFQ into the right lateral ventricle 
produced elevations in circulating CORT. (B) N/OFQ administration into the right 
amygdala did not significantly alter the levels of circulating corticosterone.Values 
expressed are group means ± SEM (n = 7-10 rats per group). Significant differences 
between the N/OFQ-treated rats and the aECF-treated controls are expressed as ** p 
< 0.01. AC = anatomical controls 
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Figure 2-4. Photograph of the open field and a diagram of the zones used for scoring. The rat is 

placed in the start box for the first minute of the test. After the door opens, the rat 
may move between the start box and the open field freely. The outer zone represents 
the periphery of the open field. The inner zone represents the central region of the 
open field. 
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Figure 2-5. Anxiety-related behaviors following intra-BNST injections of N/OFQ. 
N/OFQ-treated rats exhibited (A) longer latencies to enter the open field and (E) 
fewer entries into the open field and (F) the inner zone. However, there were no 
significant differences in (B) latency to enter the inner zone or in (C) time spent in the 
open field or (D) the inner zone. Values expressed are group means ± SEM (n = 6-8 
rats per group). Significant differences between the N/OFQ-treated rats and the 
aECF-treated controls are expressed as * p < 0.05 and ** p < 0.01. AC = anatomical 
controls. 
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Figure 2-6. Anatomical map of BNST placements. The injector tip placements are illustrated for 
each rat, including anatomical controls (adapted from Paxinos and Watson, 1998.). 
▲=1.0 nmole doses; ♦=0.1 nmole doses; ▼=0.01 nmole doses; ●=aECF controls. 
Anatomical controls are identified by a black dot placed within the marker. 

 

43 



 

BNST
Circulating Corticosterone

0 0.01 0.1 1.0 AC
0

200

400

600

**

Dose N/OFQ (nmoles)

C
O

R
T 

(n
g/

m
l)

 
Figure 2-7. Concentrations of circulating corticosterone following intra-BNST injections of 

N/OFQ. Injections of N/OFQ into the BNST produced elevations in CORT at the 
highest dose administered. Values expressed are group means ± SEM (n = 6-8 rats 
per group). Significant differences between the N/OFQ-treated rats and the 
aECF-treated controls are expressed as ** p < 0.01. AC = anatomical controls 
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Figure 2-8. Analysis of glandular masses. (A) Adrenal gland masses, (B) thymus gland masses, 
and (C) spleen masses showed no significant differences between groups. Values 
expressed are group means ± SEM (n = 6-8 rats per group). 



 

CHAPTER 3 
DIFFUSION OF NOCICEPTIN/ORPHANIN FQ AFTER INTRACEREBROVENTRICULAR 

AND INTRAPARENCHYMAL INJECTIONS 

Background 

The behavioral and hormonal effects following injections of N/OFQ into the right lateral 

ventricle, the amygdala, the BNST, and other limbic structures have been described (Fernandez 

et al., 2004; Green et al., in press; Missilmeri and Devine, in preparation).  However, the extent 

of the diffusion of N/OFQ following these injections is not clear.  Data from the anatomical 

controls in Chapter 2 suggest that diffusion following injections into the BNST and the amygdala 

was limited to the target structure.  To confirm this and compare it with the penetration of 

N/OFQ into the tissue following ICV injections, 3H-N/OFQ was injected into the lateral 

ventricle, the BNST, and the amygdala.     

Methods 

Animals 

Male Long Evans rats (n = 15, Harlan, Indianapolis, IN) were housed in polycarbonate 

cages (43 x 21.5 x 25.5 cm) on a 12hr-12hr light-dark cycle (lights on at 7:00 am).  The rats were 

pair-housed in a climate-controlled vivarium (temperature 21-23  C˚ humidity 55-60%) until 

surgery.  After surgery, the rats were singly-housed in the same environment.  Standard 

laboratory chow and tap water were available ad libitum throughout the experiment.  

Drugs 

Ketamine and xylazine were both obtained from Henry Schein (Melville, NY) and were 

mixed as described in Chapter 2.  Ketorolac tromethamine (30 mg/ml) and AErrane (99.9 % 

isoflurane) were also purchased from Henry Schein. 

N/OFQ was obtained from Sigma-Aldrich (St. Louis, MO) and was dissolved in artificial 

extracellular fluid (aECF), as described in Chapter 2.  N/OFQ was prepared at concentrations of 
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1.0 nmole per 1.0 µl aECF for ICV injections or per 0.5 µl aECF for intra-amygdaloid and 

intra-BNST injections.  3H-N/OFQ  was prepared by adding 0.01 nmoles 3H-N/OFQ (Phoenix 

Pharmaceuticals, Belmont, CA) to the 1.0 nmole N/OFQ doses.   

Surgery 

Each rat (268-319g) was implanted with a guide cannula under ketamine-xylazine 

anesthesia (62.5 mg/kg ketamine + 12.5 mg/kg xylazine, i.p. in a volume of 0.75 ml/kg).  

Ketorolac tromethamine (2 mg/kg, s.c.) was injected for analgesia at the time of surgery.  

AErrane was administered as supplemental surgical anesthesia as necessary.  Once the rat was 

anesthetized, a stainless steel guide cannula (6 or 11mm, 22 gauge) was implanted into the right 

lateral ventricle (ICV; 0.8 mm posterior to bregma, 1.4 mm lateral from the midline, and 2.7 mm 

ventral from dura; n = 5), the right amygdala (1.8 mm posterior to bregma, 3.9 mm lateral, and 

6.2 mm ventral; n = 5) or the right BNST (0.3 mm posterior to bregma, 3.0 mm lateral from the 

midline, and 5.4 mm ventral from dura; n = 5).  The ICV and amygdaloid cannulae were each 

implanted vertically, and the BNST cannulae were implanted at a 14o angle.  Each cannula was 

secured with dental cement anchored to the skull with stainless steel screws (0.80 x 3/32”).  An 

obturator that extended 1.2 mm beyond the guide cannula tip was inserted at the time of surgery 

and removed on the day of the experiment at the time that an intracranial injection was 

administered.  Following surgery, each rat was given at least 7 days to recover from surgery. 

Injection Procedure 

Following recovery from surgery, each of the rats was handled for 5 minutes on one day.  

Two days later the rats were given 3H-N/OFQ injections.  Each rat received a 1.0 µl (ICV, n= 5) 

or 0.5 µl (intra-amygdala, n= 5, and intra-BNST, n= 5) injection of aECF containing 1.0 nmole 

N/OFQ plus 0.01 nmole 3H-N/OFQ.  These injections were administered over a 2-minute period, 

and the injector was left in place for 3 additional minutes to allow for diffusion.  Each rat was 



 

rapidly decapitated 12 minutes following the start of the 3H-N/OFQ injection.  This time point 

corresponded with the time at which the rats in Experiment 1 were removed from the open field.  

Immediately after decapitation (approximately 15 min following the start of the 3H-N/OFQ 

injection), each brain was removed, frozen in 2-methylbutane at -40°C, and stored at -80°C.  

Later, each brain was sectioned at 20 µm and placed on x-ray film (Kodak X-Omat) at -80°C for 

12 weeks.  Following film exposure, the brain sections were stained with cresyl violet for further 

cannula placement verification and anatomical evaluation of the film images.  

 Results 

Intracerebroventricular Injections 

 Injections of 3H-N/OFQ into the right lateral ventricle produced differing diffusion 

patterns depending on whether there was a successful ventricular placement or not.  Of the 5 ICV 

placements, cresyl violet staining revealed 1 clear hit, 3 marginal hits, and 1 miss.  In the rat with 

the clear ventricular placement (Fig. 3-1), 3H signal was seen in all aspects of the right lateral 

ventricle (Fig. 3-1a and b), continuing in more posterior regions into the dorsal and ventral 3rd 

ventricle (Fig. 3-1a-d), through the cerebral aqueduct, and into the 4th ventricle (Fig. 3-1e and f).  

From these locations there was visible diffusion approximately 0.5-1mm into the tissues, 

reaching the lateral septum; medial and lateral subnuclei of the BNST, striatum; subfornical 

organ; numerous thalamic nuclei; paraventricular, suprachiasmatic, posterior, and arcuate nuclei 

of the hypothalamus; medial preoptic area; fimbria; periaqueductal gray; some cerebellar regions 

(particularly those that emerge near the 4th ventricle); tegmental nuclei; and locus coeruleus.  In 

general, signal was visible around the ventricular spaces throughout the anterior to posterior 

extent.   

 In the rats with marginal ventricular hits (e.g., the cannula tip was located at the edge of 

the corpus callosum near the ventricular wall) there was some visible 3H signal in the right lateral 
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ventricle, but only faint signal in the dorsal and ventral 3rd ventricle.  No signal was visible in 

the more posterior cerebral aqueduct or 4th ventricle.  In these cases the diffusion from the 

ventricular regions was much lighter, primarily reaching the lateral septum and striatum.  

In the rat with a clear ventricular miss (the cannula tip was located in the corpus callosum 

and did not pierce the ventricle) 3H signal is very faint in the right lateral ventricle and only 

located in a very limited anterior to posterior span (less than 1mm).  In this rat, as well as those 

with marginal hits, the 3H-N/OFQ was visible primarily as an injection bolus dispersed over the 

corpus callosum.  

 In all cases, there was substantial signal along the edges of the cannula track, suggesting 

that the drug diffused up along the sides of the cannula implant.  This generally led to signal 

affecting the cingulate, M1, and M2 cortices, lateral septum, and striatum.  

Intra-Amygdaloid Injections 

 All 5 of the intra-amygdaloid placements displayed visible signal over the amygdala.  In 

general, substantial signal was visible along the edges of the cannula track with an injection 

bolus of approximately 1-1.5mm radius ventral to the cannula tip.  This bolus was typically 

visible over the central amygdala, medial amygdala, basolateral amygdala, basomedial 

amygdala, and internal capsule (Fig. 3-2a).  Considering some variability in placement, other 

structures that occasionally displayed signal included the BNST-intraamygdaloid nucleus, 

anterior amygdala, reticular thalamus, lateral hypothalamus, and substantia innominata. 

 As with the ICV placements, all amygdaloid placements displayed signal along the edges 

of the cannula track, affecting structures such as the S1 cortex and the striatum.  To verify that 

this was occurring following the injections (and not as an effect of the removal of the cannula 

following decapitation), one intra-amygdaloid implanted brain was rapidly frozen prior to 

removing the cannula.  In this instance there was still substantial signal visible around the 
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cannula track, suggesting that this was, in fact, occurring during and following the injections 

(Fig. 3-2b).  

Intra-BNST Injections 

 All 5 of the intra-BNST placements displayed visible signal over the BNST.  However, 

they also all displayed some ventricular involvement, even when the cannula did not apparently 

pierce the ventricular wall.  Observation following cresyl violet staining revealed 1 placement 

that did not appear to pierce the ventricle, 1 with marginal entry into the right lateral ventricle, 

and 3 that fully passed through the right lateral ventricle.  

With the one placement that did not pierce the ventricle, there was visible signal over the 

medial BNST (Fig. 3-3a).  As was the case with the ICV and intra-amygdaloid placements, there 

was visible signal along the cannula track edges, reaching structures such as the S1 cortex, the 

striatum, and some thalamic nuclei.  As mentioned above, despite no obvious penetration into the 

ventricles, there was still visible signal in the lateral and 3rd ventricles (Fig. 3-3b).  From the 

ventricular spaces there was faint diffusion visible into the subfornical organ; septum; and the 

paraventricular, suprachiasmatic, and arcuate nuclei of the hypothalamus; and the median 

eminence.  

 In the case of the more marginal ventricular penetration, there was visible signal over the 

medial and lateral BNST, anterior commissure, diagonal band, ventral pallidum, substantia 

innominata, and preoptic areas (Fig. 3-3c).  The visible signal along the cannula track was 

evident over the M1 cortex, the lateral and medial septum, and the striatum.  There was signal 

visible in the right lateral ventricle; however, in more posterior regions the signal was very faint 

(Fig. 3-3d).  Here there was slight visible signal in the cerebral aqueduct with some diffusion into 

the periaqueductal gray.  
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 In the cases where the cannula passed through the right lateral ventricle, there was visible 

signal over the medial and lateral BNST and anterior commissure (Fig. 3-3e).  In some cases 

there was signal over the preoptic areas, hypothalamic nuclei (PVN, arcuate, lateral), and ventral 

pallidum.  The signal along the edges of the cannula track was generally visible over the M1 

cortex and the striatum.  Additional signal greatly resembled ICV injections, with signal visible 

in the right lateral ventricle, dorsal and ventral 3rd ventricle, cerebral aqueduct, and 4th ventricle.  

Diffusion from these ventricular regions affected structures such as the septum; subfornical 

organ; thalamic nuclei; periventricular, paraventricular, arcuate, ventromedial, dorsomedial, and 

anterior nuclei of the hypothalamus; and the medial preoptic area.  In more posterior regions, 

there was greater variability in the signal displayed.  Two of the 3 placements displayed visible 

signal in the cerebral aqueduct with diffusion into the periaqueductal gray (Fig. 3-3f).  One of 

these continued to display clear signal into the 4th ventricle with diffusion over the emerging 

cerebellum, the tegmental nuclei, and the locus coeruleus.  

Discussion  

Injections of 3H-N/OFQ into the right lateral ventricle revealed differing diffusion patterns 

depending on the accuracy of the placement.  In our behavioral experiments, only rats that had a 

cannula placement that was clearly within the lateral ventricle were used.  This was verified by 

cresyl violet staining and visualization of the cannula tip.  Therefore, the diffusion pattern that is 

depicted in Figure 3-1 is the best representation of the diffusion that occurred in the rats in the 

behavioral studies.    Accordingly, the potent hormonal and behavioral effects seen following 

ICV injections were likely due to ipsilateral effects in rostral brain regions, with potential 

bilateral involvement of periventricular, midline structures at more caudal sites. The sites that 

were labeled with 3H-N/OFQ and are most likely to be involved in anxiety-related responses 

include the lateral septum, the BNST, the medial preoptic area, the periaqueductal gray, the 
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tegmental nuclei, and the locus coeruleus.  Interestingly, substantial diffusion into the amygdala 

from the ventricles was not observed, although our behavioral study suggests that the amygdala 

is involved in anxiogenic responses to N/OFQ.  It is important to note that 3H produces a faint 

signal, requiring months of film exposure.  Thus the possibility cannot be ruled out that a small 

amount of the ICV-injected N/OFQ might diffuse as far as the amygdala.  

The size and shape of the diffusion patterns after lateral ventricle, BNST, and amygdala 

injections are in agreement with previous analyses using other compounds (puromycin, CORT, 

insulin-like growth factor) that were injected into the hypothalamus, frontal cortex, or lateral 

ventricle (see Renner et al., 1984; Diorio et al., 1993; Nagaraja et al., 2005).  The localization 

observed following intraparenchymal injections suggests that the behavioral and hormonal 

effects are primarily due to actions within the target structures.  However, with all of the 

injections (ICV, intra-BNST, and intra-amygdaloid), there was significant diffusion up the 

cannula track.  Again, this is in agreement with previous diffusion studies (for example see 

Renner et al., 1984).  This does not appear, however, to contribute to the behavioral or hormonal 

effects observed in chapter 2.  In those experiments, anatomical controls were included.  In all 

the anatomical controls, there would be diffusion back up the cannula track affecting the same 

general extra-amygdaloid and extra-BNST sites as the targeted injections did.  The lack of 

behavioral and hormonal effects in the anatomical controls confirms that the effects of the BNST 

and amygdaloid injections were indeed mediated at the target structures. 

On the other hand, the possibility cannot be ruled out that the BNST injections of N/OFQ 

described in chapter 2 produced some effects via diffusion into the ventricles, since some 

ventricular diffusion was apparent even when the cannula did not pierce the lateral ventricle.  

While our analyses of anxiety-related behaviors or circulating CORT did not include data from 
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rats in which clear penetration of the ventricle was observed, this may not have eliminated all 

ventricular involvement.   
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Figure 3-1. Representative x-ray images of 3H-N/OFQ diffusion following ICV injections 
overlaid on the corresponding cresyl violet stained section (A, C, and E)  and x-ray 
images alone (B, D, and F). (A, B) Injections into the right lateral ventricle resulted in 
strong 3H signal in the ipsilateral ventricle with some diffusion into the contralateral 
ventricle and the 3rd ventricle. Further diffusion from these ventricles is most 
prominent in the periventricular structures within approximately 0.5-1mm from the 
ventricular wall. Diffusion continues posteriorly through (C, D) the 3rd ventricle and 
(E,F) into the 4th ventricle.  
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Figure 3-2. Representative x-ray images of 3H-N/OFQ diffusion following intra-amygdaloid 
injections overlaid on the corresponding cresyl violet stained section. (A) Diffusion of 
3H-N/OFQ from these placements is generally localized to the injection site with 
diffusion throughout the amygdaloid complex. (B) In addition there is substantial 
diffusion along the cannula track that occurs during the injection procedure, as 
evidenced by freezing the tissue prior to cannula removal. 
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Figure 3-3. Representative x-ray images of 3H-N/OFQ diffusion following intra-BNST injections 
overlaid on the corresponding cresyl violet stained section (A, C, and E) and x-ray 
images alone (B, D, and F). (A,B) Diffusion of 3H-N/OFQ from successful BNST 
placements, with no ventricular piercing, results in 3H signal that is generally 
localized to the injection site with diffusion across numerous BNST sub-nuclei and 
along the cannula track. With these placements there is slight diffusion into the 
ventricles. (C, D) Cannulae that pierce the lateral ventricle or (E, F) fully pass 
through it result in injections with diffusion into the posterior 4th ventricle and 
surrounding structures. In our anxiety experiments, rats with placements piercing the 
ventricle were removed from the experiments.  

 



 

CHAPTER 4 
NOCICEPTIN/ORPHANIN FQ AND NOP RECEPTOR GENE REGULATION AND 

NOCICEPTIN/ORPHANIN FQ BINDING TO THE NOP RECEPTOR AFTER SINGLE OR 
REPEATED SOCIAL DEFEAT EXPOSURE 

Background 

Administration of the NOP receptor antagonists J-113397, [Nphe1]-nociceptin (1-13)-NH2 

and UFP-101 have antidepressant effects in animal models of depression (Redrobe et al. 2002; 

Gavioli et al. 2003; 2004).  This raises the possibility that the N/OFQ-NOP system may play an 

important role in stress-associated psychopathology.  If N/OFQ neurotransmission is truly 

implicated in these disorders, it seems reasonable to expect that severe or repeated stress might 

cause dysregulation of the expression of genes and/or proteins in the N/OFQ-NOP receptor 

system.  In fact, Devine and colleagues (2003) found that the system is tightly regulated.  Acute 

restraint stress caused a decrease in the N/OFQ content in the forebrain of rats.  This decrease 

occurred rapidly and was replenished within a 24 hour period.  Thus, it appears that there is a 

release of N/OFQ from basal forebrain neurons following acute stress exposure and the content 

is restored rapidly in those neurons.  Following from this, the primary aim of this study was to 

examine the gene regulation of N/OFQ and the NOP receptor in response to acute and repeated 

social stressors. 

N/OFQ is cleaved from a precursor protein, prepro-N/OFQ.  In rats, prepro-N/OFQ is 181 

amino acids, containing one copy of N/OFQ at the 135-151 amino acid positions (Nothacker et 

al., 1996).  Therefore, the gene regulation of prepro-N/OFQ was examined using in situ 

hybridization with a radiolabelled riboprobe complimentary to the prepro-N/OFQ mRNA.  In 

addition, repeated N/OFQ release might affect gene regulation of the NOP receptor, a 367 amino 

acid protein (Wang et al., 1994).  Therefore, in situ hybridization was conducted using a 

57 



 

58 

radiolabelled riboprobe aimed at the NOP receptor mRNA in order to explore changes in the 

receptor’s gene expression.  

Changes in receptor mRNA expression, however, may not accurately represent changes in 

protein synthesis.  Post-transcriptional processes could destroy the mRNA, blocking protein 

synthesis.  Additionally, post-translational mechanisms could result in the breaking down of the 

protein or in the packaging of receptors in vesicles for later use, but not resulting in insertion of 

the receptors into the membrane.  To determine if changes in receptor mRNA expression results 

in changes in receptor insertion and functionality, a preliminary examination of the binding of 

N/OFQ to the NOP receptor was conducted using autoradiography with 125I-N/OFQ. 

In order to expose rats to social stressors, the social defeat procedure described in chapter 1 

was used.  This allowed the examination of changes in gene regulation in response to a single, 

acute social defeat, repeated social defeat with no acute exposure, and repeated social defeat with 

an acute exposure.  

Methods 

Animals 

Forty-eight male Long Evans rats and 24 female Long Evans rats (Harlan, Indianapolis) 

were used in this experiment.  Twenty-four of the male rats and the 24 female rats were used as 

resident pairs in the social defeat procedure.  These male rats, weighing 400-500g at arrival (600-

700g at the time of the experiment), were pair-housed prior to vasectomy surgery, and then 

singly housed for 1 week during recovery.  The females (200-225g at arrival) were pair-housed 

until the males recovered from surgery, at which time the males and females were housed 

together.  Four of the male rats were used as intruders for the purposes of training the resident 

males.  The remaining 20 males, weighing approximately 300g, were used as experimental 

intruder rats.  The intruder rats were pair-housed throughout the course of the experiment.  All of 



 

the rats were housed in 43 x 21.5 x 25.5 cm polycarbonate cages on a 12hr-12hr light-dark cycle 

(lights on at 7:00 am) in a climate-controlled vivarium (temperature 21-23ºC, humidity 55-60%).  

Standard laboratory chow and tap water were available ad libitum. 

Drugs 

Ketamine and xylazine were both obtained from Henry Schein (Melville, NY) and mixed 

as described in Chapter 2.  Ketorolac tromethamine (30 mg/ml) and AErrane (99.9 % isoflurane) 

were also purchased from Henry Schein. 

Surgery 

Each of the male resident rats was vasectomized under ketamine-xylazine anesthesia (62.5 

mg/kg ketamine + 12.5 mg/kg xylazine, i.p. in a volume of 0.75 ml/kg).  Ketorolac tromethamine 

(2 mg/kg, s.c.) was injected for analgesia at the time of surgery.  AErrane was administered as 

supplemental surgical anesthesia as necessary.  Vasectomy was completed by making a 1 cm 

ventral midline incision just rostral to the penis.  Each vas deferens was isolated using forceps 

and a 0.5 cm section of each duct was removed using a mini cautery tool.  The abdominal wall 

was sutured with absorbable 4-0 “Ethilon” monofilament nylon non-wicking suture (Ethicon 

Inc.), and the external incision was closed with stainless steel wound clips (9mm, World 

Precision Instruments Inc.).  Following surgery, each rat was returned to its home cage and 

allowed 7-10 days for recovery, at which time the wound clips were removed. 

Social Defeat Procedure 

The resident male and female rats were pair-housed for at least 10 days and each of the 

male resident rats was trained and tested for territorial behavior prior to introducing the 

experimental intruder rats.  In each training session, resident females were removed from the 

home cage 10 minutes before resident-intruder encounters.  After 10 minutes, the intruder was 

placed into the cage with the resident.  The encounter continued for 5 minutes or until the 
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intruder displayed submissive behavior defined as entering into a supine posture (Fig. 4-1) 3 

times for at least 2 seconds each or freezing for a total of 90 seconds.  Encounters were also 

terminated if either rat was severely bitten, which rarely occurred.  The resident rat was 

considered dominant if the intruder submitted as defined above.  The 14 residents that most 

consistently displayed dominance behaviors at the end of the training period were used for the 

experiment.  

The social defeat procedure with the experimental intruder rats occurred in 2 stages.  The 

first stage was identical to the training session and was terminated by the same criteria (3 

submissions, 90 seconds of freezing, 5 minutes maximum, or severe biting).  Immediately 

following termination of stage 1, each intruder rat was placed, individually, into a 10cm x 10cm 

x 15cm (inner dimensions) double-walled wire mesh cage and placed back into the resident’s 

cage to allow further stress exposure while protecting the rat from potential injury (Fig. 4-2).  

The intruder remained in the cage until 10 minutes had passed from the start of stage 1.  This 

allowed for equalization of the duration of stress exposure of the intruder rats regardless of how 

quickly stage 1 was terminated. Following the 10-minute session, the intruder rat was returned to 

its home cage and the female was returned to the resident’s cage.  The social defeat procedure 

was conducted over 6 days wherein specific treatment groups were exposed to differing amounts 

of repeated and/or acute exposure (Table 1).  Group 1 experienced no social defeats on any of the 

6 days (No Stress Controls).  Group 2 experienced a social defeat encounter on the 6th day only 

(No Repeated, Acute).  Group 3 experienced a social defeat encounter on each of the first 5 days, 

but did not experience an encounter on the 6th day (Repeated, No Acute), and group 4 

experienced social defeat encounters on all 6 days (Repeated, Acute).  On the 6th day, all of the 
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intruder rats were rapidly decapitated at 3 hours following the start of the defeat session, or at the 

equivalent time in the groups that were not acutely defeated before termination. 

Immediately after termination of the rats, each brain was removed, frozen in 

2-methylbutane at -40ºC, and stored at -80ºC until use.  The thymus glands, adrenal glands, and 

spleens were dissected out and weighed for examination of the health/stress status of each rat. 

The social defeat interactions were recorded and subsequently scored for the number of 

defeats and total time spent in submissive postures (total time defeated) for each interaction.  

There was an uneven number of rats per group, with 4 rats included in groups 1 and 4 and 6 rats 

included in groups 2 and 3.  The in situ hybridization procedure has limitations in the number of 

slides that can be processed per experiment; therefore, the number of rats was reduced to 4 per 

group in all 4 groups.  In group 4, there was variability in the number of defeats that each rat 

received; therefore, the groups were balanced such that each group included some rats that 

received a high number of defeats and some rats that had a low number of defeats.  

In Situ Hybridization 

Each brain was sectioned into 15 µm slices and mounted onto polylysine-subbed slides.  

Every third section was processed for prepro-N/OFQ, NOP receptor mRNA, or NOP receptor 

autoradiography.  The 504 base cDNA fragment corresponding to the 5' end of the coding region 

of the rat prepro-N/OFQ (Fig. 4-3) was cloned into plasmid pAMP and was provided by Dr. 

Olivier Civelli.  The 529 base cDNA fragment corresponding to 102 bases in the 3' untranslated 

region through 427 bases of the open reading frame of the NOP receptor (Fig. 4-4) was cloned 

into BSSK and was provided by Dr. Huda Akil.  Antisense and sense riboprobes were generated 

and labeled with 35S-UTP (>1000 Ci/nmole; GE Healthcare). The pAMP plasmid was linearized 

with EcoR1 and transcribed with SP6 polymerase to generate the antisense prepro-N/OFQ 

riboprobe.  This plasmid was also linearized with HindIII and transcribed with T7 to yield the 
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sense probe.  The BSSK plasmid was linearized with EcoR1 and transcribed with T7 to generate 

the antisense riboprobe for NOP receptor mRNA, and this plasmid was also linearized with 

Xho1 and transcribed with T3 to yield the sense probe for the NOP receptor.  The brain sections 

were prepared for hybridization by soaking in 4% formaldehyde for 1 hour, then rinsing in 3 

washes of 2x SSC and one wash of ddH2O all at room temperature (RT).  The sections were 

soaked in 0.1M Triethanolamine plus 0.25% vol/vol acetic anhydride for 10 min., then rinsed in 

ddH2O and dried using graded ethanols (50, 70, 80, 95, 95, 100, and 100%).  The radiolabelled 

riboprobes were prepared in 50% hybridization buffer and were hybridized to the mounted 

sections.  The slides were coverslipped and incubated overnight in humidified boxes at 55ºC.  

Coverslips were then removed and the sections were treated with RNAse A (to remove single-

stranded, nonspecific label), then washed in 2x SSC (RT), 1x SSC (RT), and 0.1x SSC (67ºC) to 

further remove excess label.  The sections were dried in graded ethanols from 50% to 100%.  

Once the sections and slides were completely dried they were placed on Kodak X-OMAT film in 

x-ray cassettes and exposed at room temperature for 1 week (NOP receptor) or 2 weeks 

(N/OFQ).  The films were developed then photographed and digitized with an MCID camera and 

software system (Imaging Research Inc., Canada).  

 Due to the limitations in the total number of slides that can be processed in any single in 

situ hybridization experiment, separate experiments were conducted for the anterior and posterior 

halves of the brain for each mRNA probe.  This division was between -3.6 (last anterior section) 

and -4.8 (first posterior section) mm posterior to bregma, according to the Paxinos and Watson 

(1998) rat brain atlas.  Optical densities were measured in selected brain regions that are known 

to participate in physiological stress responses and/or emotional regulation.  Those regions were 

the MPFC; the dorsolateral, interomediolateral, and ventrolateral septum (DLS, ILS, andVLS, 
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respectively); the anteromedial BNST, the posteromedial BNST, the lateral BNST, and the 

ventromedial BNST; the CeA, MeA, BMA, BLA, and LA; the PVN, arcuate, and ventromedial 

(VMH) hypothalamus; the MPOA; the reticular nucleus and zona incerta of the thalamus; CA1, 

CA2, CA3, and dentate gyrus regions of the hippocampus; the substantia nigra pars reticularis, 

pars lateralis, and pars compacta; the periaqueductal gray; the dorsal raphe; and the locus 

coeruleus. 

Autoradiography 

All sections from the 4 groups were processed together for autoradiographic analysis of 

N/OFQ binding to the NOP receptor so that identical radioligand binding conditions were used 

across groups.  Slides were incubated with 125I-[14Tyr]-N/OFQ such that there were 

approximately 6000 counts per minute per section.  Controls for nonspecific binding were also 

incubated with 1 μM N/OFQ.  The iodinated probe was applied in an incubation chamber (RT, 

60-80% humidity) in a buffer of 50 mM Tris HCl (pH 7.0), 1.0 mM EDTA, 0.1% BSA with 

proteinase inhibitor consisting of 0.1 mM phenylmethylsulfonyl fluoride, 1 μg/ml aprotinin, 1 

μg/ml leupeptin, 1.0 μg/ml pepstatin, and 1.0 mM iodoacetamide.  The incubation was 

terminated after 1 hour with four 4-minute washes in 50 mM Tris HCl on ice (pH 7.0).  The 

sections were then rinsed in ddH2O to remove excess salt.  Dry sections were placed on Kodak 

X-OMAT film in x-ray cassettes and exposed at room temperature for 5 days.  The films were 

developed then photographed and digitized with the MCID camera and software system. 

The total number of slides did not exceed the number that could be processed at one time, 

so all sections were processed together.  Optical densities were measured in the same regions as 

in the in situ hybridization experiments. 
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Densitometry and Statistics 

Potential differences between the repeated and the repeated plus acute groups in the 

number of defeats and the total time defeated over the first 5 days were analyzed by a 2x5 

repeated measures two-way ANOVA.  All significant effects (p< 0.05) were further analyzed 

using Bonferroni post-tests.  Additionally, potential differences between the acute and repeated 

plus acute groups in the number of defeats and the total time defeated on the 6th day were 

analyzed using T-tests.  

Densitometric analysis of radioactive signal was analyzed using the MCID Basic software.  

A standard outline, using the Paxinos and Watson Rat Brain Atlas (1998), was determined for 

each region analyzed.  Bilateral optical density measures were sampled from each region.  If 

multiple sections were used per region, the optical densities for these sections were integrated to 

create one data point per rat per region per probe.  Background measures were taken from the 

striatum and cerebellum since these are regions with very low levels of expression of N/OFQ 

mRNA, NOP receptor mRNA, and NOP receptor protein.  Background values were subtracted 

from values obtained in the analyzed regions to control for potential differences in non-specific 

binding.  The group means were compared by a one-way ANOVA for each region analyzed.  All 

significant effects (p< 0.05) were further analyzed using Dunnet’s post-tests. 

In order to analyze differences in organ masses between the stressed and non-stressed 

groups, group means were compared by one-way ANOVAs for adrenal gland weights, thymus 

gland weights, and spleen weights. 

Results 

Social Defeats 

Whereas I attempted to balance the stress-exposed groups by including the data from some 

rats that were defeated multiple times and some rats that were defeated fewer times, there was 
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still variability in the number of defeats between groups (Fig. 4-5).  In general, over the first 5 

days the rats experiencing repeated defeats and those experiencing repeated plus acute defeats 

were exposed to, on average, 11.25 defeats and 9.75 defeats, respectively.  However, these 

differences were not statistically significant (F(1,24)= 1.385, p>0.05).  Additionally, there were no 

significant differences in the number of defeats between days 1 through 5 (F(4,24)= 1.068, p>0.05) 

or in the interaction between stress group and day (F(4, 24)= 1.748, p>0.05).  On the 6th day the 

acutely defeated group and the repeatedly plus acutely defeated group received, on average, 3 

defeats and 1.25 defeats, respectively.  Again, though, these differences were not statistically 

significant (t(6)= 1.849, p>0.05).   

There was also some observed variability in the total time defeated (Fig. 4-6).  The 

repeatedly stressed group experienced an average total of 104.75 sec of defeat over the first 5 

days, and the repeatedly plus acutely stressed group experienced an average total of 136.75 sec 

of defeat over the first 5 days.  However, these differences were not statistically significant 

(F(1,24)= 2.796, p>0.05).  There were also no significant differences in the time defeated between 

days 1 through 5 (F(4,24)= 1.286, p>0.05) or in the interaction between stress group and day 

(F(4,24)= 1.016, p>0.05).  On day 6, the acutely stressed group was defeated for an average 20 sec 

while the repeatedly plus acutely stressed group was defeated for an average of 12.5 sec.  Again, 

these differences were not statistically significant (t(5)= 0.756, p>0.05).  

In Situ Hybridization 

Sense controls for prepro-N/OFQ and NOP receptor mRNAs displayed no specific signal. 

The background levels were approximately equal to those treated with antisense probes, and 

none of the sampled regions expressed signal substantially higher than background after 

hybridization with the sense probes (Fig. 4-7).  Therefore, signal measured from antisense-

treated sections can be considered specific for prepro-N/OFQ or NOP receptor mRNA. 
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Prepro-N/OFQ.  There were no significant differences across groups in prepro-N/OFQ mRNA 

expression in any of the regions examined.  However, there were consistent trends toward 

elevated expression in several limbic regions following acute social defeat exposure.  These 

elevations occured in the dorsolateral and ventrolateral septal nuclei (Fig. 4-8, 4-10), all the 

nuclei of the BNST (Fig. 4-9, 4-10), the CeA and MeA (Fig. 4-11, 4-13), the zona incerta and 

reticular nucleus (Fig. 4-12, 4-13), and the dorsal raphe (Fig. 4-14, 4-15).  Signal was low and 

there were no visible trends in the MPFC, BMA, BLA, LA, PVN, arcuate, VMH, MPOA CA1, 

CA2, CA3, DG, SNpr, SNpl, SNpc, PAG, or LC (data not shown).  

NOP Receptor.  There were significant stress-induced increases in NOP receptor mRNA 

expression in several important limbic regions.  In the septum (Fig. 4-16, 4-17), there were 

significant elevations in NOP receptor mRNA expression following acute stress exposure in both 

the DLS (Fig. 4-16a; F(3, 15)= 7.134, p<0.01), and the VLS (Fig. 4-16c; F(3, 15)= 3.656, p<0.05).  

The ANOVA for the ILS revealed a significant overall effect that appears to result from a trend 

toward increases in NOP receptor mRNA expression in the acutely defeated groups, (Fig. 4-16b; 

F(3, 15)= 3.52, p<0.05).  However, the post-tests revealed no significant differences between any 

of the stressed groups and the control group for NOP receptor mRNA expression in the ILS.  In 

the BNST, there was a significant elevation in NOP receptor mRNA expression in the 

ventromedial region following repeated social defeat exposure (Fig. 4-18, 4-19; F(3, 14)= 6.132, 

p<0.05).  In the amygdala, NOP receptor mRNA was elevated in several regions, particularly 

following acute social defeat exposure (Fig. 4-20).  In the CeA, there were elevations in NOP 

receptor mRNA following exposure to acute and repeated plus acute social defeat exposure (Fig. 

4-20a, 4-21; F(3, 15)= 6.449, p<0.01).  In the MeA, these elevations occured following acute social 

defeat (Fig. 4-20b; F(3, 15)= 5.174, p<0.05).  There were also significant elevations in NOP 
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receptor mRNA following acute social defeat in the BMA (Fig. 4-20c, 4-19; F(3, 15)= 6.02, 

p<0.01), the BLA (Fig. 4-20d, 4-21; F(3, 15)= 8.66, p<0.01), and the LA (Fig. 4-20e; F(3, 15)= 

9.802, p<0.01).  In the PVN there were significant elevations in NOP receptor mRNA in all 

stress-exposed groups (Fig. 4-21, 4-22a; F(3, 15)= 10.47, p<0.01).  Differences in NOP receptor 

mRNA expression approached significance in the VMH (Fig. 22b, F(3, 15)= 3.398, p=0.0536) and 

in the zona incerta (Fig. 22c, F(3, 15)= 3.25, p=0.0599).  These differences appear to be due to 

elevations following exposure to acute and to repeated plus acute social defeat.  There were no 

significant differences in NOP receptor mRNA expression in the reticular nucleus of the 

thalamus, in any of the hippocampal regions, or in any of the midbrain or brainstem regions. 

Autoradiography 

Controls for non-specific binding displayed little to no signal and background levels were 

approximately equivalent to those treated with 125I-[14Tyr]-N/OFQ (Fig. 4-21).  Therefore, signal 

measured from 125I-[14Tyr]-N/OFQ -treated sections can be considered specific for binding to the 

NOP receptor.  However, there were no significant differences in N/OFQ binding between any of 

the stress-exposed groups for any of the regions analyzed (Figs. 4-24 to 4-30).  

Organ Masses 

There were no significant differences in adrenal weights (Fig. 4-31a), thymus gland 

weights (Fig. 4-31b), or spleen weights (Fig. 4-31c) between the non-stressed controls and the 

socially defeated rats. 

Discussion 

 In general, basal expression of prepro-N/OFQ and NOP receptor mRNAs, as well as 

NOP receptor binding agrees with previous anatomical examinations (Neal et al., 1999a and b).  

Stress exposure appears to alter these basal levels, particularly in the expression of NOP receptor 

mRNA.  In the BNST, it appears that the N/OFQ-NOP receptor system plays a role in limbic 
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plasticity following repeated, severe stress exposure.  Additionally, in the PVN, NOP receptor 

regulation appears to be sensitive to acute and repeated social stressors.  This suggests that 

stressor exposure might produce significant changes in HPA responses to N/OFQ.  

Prepro-N/OFQ mRNA 

Devine and colleagues (2003) previously found release of N/OFQ following acute stress 

exposure, and the N/OFQ content was replenished within 24 hours.  In order for the peptide 

content to be replenished, transcription and protein synthesis need to occur.  Therefore, it was 

expected that acute and repeated plus acute social defeat would produce increases in 

prepro-N/OFQ mRNA.  While there were not statistically significant changes, there were 

consistent trends toward elevated mRNA expression following acute social defeat exposure.  

These trends were repeated over multiple limbic structures, including the septum, the BNST, and 

the amygdala.  All of these regions are involved in responses to fear- and anxiety-provoking 

stimuli (for example see Goldstein, 1965; Van de Kar et al., 1991; Gray et al., 1993; Calfa et al., 

2006; Menard and Treit, 1996; Lee and Davis, 1997; Walker and Davis, 1997; Vyas et al., 2003). 

Several of the regions where trends were present are in the basal forebrain, the same region 

where Devine and colleagues (2003) found release of N/OFQ.  This concordance and the 

consistency of the trends over multiple limbic structures suggest that the effect is a real one. One 

potential reason for the lack of statistical significance is the variability in the amount of stress 

exposure, with some rats experiencing fewer social defeats and less total time in submissive 

postures.  While between groups differences in the number and total duration of defeats were not 

statistically significant, we do not know if these variables are critical in determining the affective 

and physiological responses of the intruders (or if the mere presence of the resident is the 

important factor).  It is possible that the variability in residents’ behaviors could contribute to 

variability in the mRNA expression of intruders, reducing statistical power.  Another 
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consideration is that Devine and colleagues (2003) found that N/OFQ content was replenished 24 

hours later.  It is possible that in the current study the timepoint selected was not during the peak 

of the mRNA upregulation.  It is also possible that there is a relatively small upregulation of 

mRNA (as we observed in the consistent trend across many forebrain regions), and that N/OFQ 

is slowly replenished over an extended portion of that 24 hour period. 

NOP Receptor mRNA  

There were significant changes in NOP receptor mRNA expression in several brain regions 

following social defeat exposure.  NOP receptor mRNA expression was significantly increased 

in several limbic-hypothalamic regions, including the septum, the BNST, the amygdala, and the 

PVN.  These changes primarily occurred following acute social defeat exposure, although in the 

amygdala there were also increases in NOP receptor mRNA in the repeated plus acute group and 

in the BNST there were increases in mRNA in the repeated (but no acute) group.  This increase 

in the BNST following repeated stress is interesting given the most recent hypothesis about the 

roles of the amygdala and the BNST.  It has been shown that the amygdala and the BNST can be 

differentiated in terms of their roles in fear- and anxiety-like responses, with the amygdala 

primarily involved in fear-like behaviors and the BNST involved in anxiety-like behaviors 

(Walker and Davis, 1997; for review see Walker et al., 2003).  It has been proposed that the 

involvement of these structures in the response to stressor exposure is related to the length of the 

exposure, with the amygdala involved in the early, immediate response and the BNST involved 

in the later, long-term responses (Walker et al., 2003).  Our findings are consistent with this 

interpretation, with the amygdala showing changes in response to an acute social defeat and the 

BNST showing changes in response to repeated defeat sessions.  These results suggest that the 

N/OFQ-NOP receptor system may respond differently, depending on the type and amount of 

stress exposure and the region of the brain. 
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NOP receptor mRNA was also expressed in greater amounts in the PVN following all 

social defeat regimens (acute, repeated, and repeated plus acute), as compared to the expression 

in the no stress control group.  It is known that administration of N/OFQ into the ventricles 

produces activation of the HPA axis in unstressed rats and prolongs the activation in mildly 

stressed rats (Devine et al., 2001).  One likely site for this activation is the PVN, since this 

structure contains the neurons that synthesize and release CRH, activating the HPA axis.  

Therefore, NOP receptor upregulation in the PVN could suggest an increased sensitivity of the 

HPA axis.   

The upregulation of NOP receptor mRNA in response to stress exposure is somewhat 

surprising given the increased release of N/OFQ following stressful events (Devine et al., 2003).  

In some receptor systems, an increase in neurotransmitter release (or the overconsumption of a 

drug that acts at the receptor) results in long-term desensitization of the receptor—a mechanism 

that accounts for many tolerance effects.  It has already been observed that rats display rapid 

tolerance to the locomotor-inhibiting effects of N/OFQ (Devine et al., 1996); thus, the system is 

capable of tolerance and the receptors may desensitize in response to N/OFQ release.  There is 

evidence that the NOP receptor does, in fact, undergo rapid desensitization (Dautzenberg et al., 

2001; Spampinato and Baiula, 2006).  However, Spampinato and Baiula (2006) demonstrated 

that at higher levels of N/OFQ exposure, the NOP receptor undergoes internalization and 

recycling resulting in resensitization and, even, supersentization.  These experiments, however, 

are in artificial systems and it is not clear how these results compare to stress-induced release of 

N/OFQ in vivo.   

NOP Receptor Binding 

There were no significant increases in N/OFQ binding in any of the regions analyzed, 

despite the upregulation of NOP receptor mRNA in several regions.  There may be some post-
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transcriptional or post-translational mechanism interfering with the synthesis of the receptors or 

with the insertion of the receptors into the cell membrane.  However, it may be more likely that 

the time point selected to examine binding was not the ideal time point.  In the acute groups, 

binding was examined 3 hours after stressor exposure.  At this time point, protein synthesis and 

receptor insertion may not have yet occurred. In the repeated but no acute groups, binding was 

examined 27 hours after the last stressor exposure.  At this point, receptor levels may have 

returned to baseline.  Devine and colleagues (2003) have already shown the peptide content is 

replenished within 24 hours.  Therefore, the N/OFQ-NOP receptor systems appears to be a 

tightly regulated system in which changes in response to stressors are transient.  

To fully examine the potential changes in receptor synthesis and insertion and potential 

changes in binding, a more thorough analysis would be required. This would involve a full 

Scatchard analysis to examine binding, protein analysis by immunohistochemistry under non-

permeabilizing and permeabilizing conditions (to assay membrane insertion), and protein 

quantification by Western blot. 

Organ Masses 

There were no statistically significant changes in adrenal, thymus, or spleen masses in any 

of the stress-treated groups.  Chronic stress exposure tends to produce thymus and spleen 

involution and adrenal hypertrophy (for examples see Selye, 1936; Bryant et al., 1991; Watzl et 

al., 1993; Blanchard et al., 1998; Dominguez-Gerpe and Rey-Mendez, 2001; Hasegawa and 

Saiki, 2002).  The thymus glands appear to be most sensitive to stress exposure.  Selye (1936) 

found that even single exposures to potent systemic stressors caused rapid thymus involution.  

There was a trend toward decreased thymus weights in all of the groups that received social 

defeat, including the acute group.  Therefore, there is some evidence in this experiment that the 

social defeat procedure was potent enough to produce changes in thymus glands. 
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Figure 4-1. Photograph of a social defeat interaction. The intruder is engaging in submissive 
behaviors by displaying a supine posture while the resident is displaying dominant 
behaviors by standing over the intruder. One defeat was counted when the rats 
engaged in this interaction for at least 2 seconds prior to disengaging. This first stage 
of the social interaction continued until 3 defeats occurred, the intruder froze for 90 
total seconds, or until 5 minutes had elapsed.  

 

Figure 4-2. Photograph of stage 2 of the social defeat procedure. Following 3 defeats or 5 
minutes, the intruder was placed into a double-walled wire mesh cage placed into the 
resident’s cage. The residents continued to display dominant behaviors by climbing 
atop the cage and kicking bedding at the intruder. The intruder remained in this cage 
until 10 minutes had elapsed from the start of the procedure. 



 

 

Table 1: Groups of intruder rats 
Groups Repeated stress Acute     

stress 
 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 
Group 1       
Group 2       
Group 3       
Group 4       
 
Table 4-1. Social defeat regimen. Four groups of rats were exposed to differing amounts of 

social defeat. Group 1 was not exposed to any social defeat but was left undisturbed 
in their cages (No stress controls). Group 2 was exposed to a single social defeat 
session on day 6 (Acute). Group 3 was exposed to one social defeat session on each 
of 5 days, but no social defeat on day 6 (Repeated, No Acute). Group 4 was exposed 
to one social defeat session on each of the 6 days (Repeated, Acute). 

 
 
 
  1 cctcttgctt cccacggctg caccatgaaa atcctgtttt gtgatgtcct gctgctcagc 
 61 ctgctctcca gcgtgttcag cagctgtccc gaggactgcc tcacctgcca ggagaggctc 
121 cacccggctc cgggcagctt caacctgaag ctgtgcatcc tccagtgtga agagaaggtc 
181 ttcccccgcc ctctctggac tctttgcacc aaagccatgg ccagtgactc tgagcagctc 
241 agccctgctg atccagagct cacgtccgct gctctttacc agtcgaaagc ctcggagatg 
301 cagcacctga agagaatgcc gcgtgtcagg agtgtggtgc aagcccgaga cgcagagcct 
361 gaggcagatg cagagcctgt cgcagatgag gccgatgagg tggagcagaa gcagctgcag 
421 aaaaggtttg ggggcttcac tggggcccgg aagtcagccc ggaagttggc caaccagaag 
481 cggttcagtg agtttatgag gcagtacctg gtcctgagca tgcagtcaag ccaacgccgg 
541 cgcactctgc accagaatgg taatgtgtag ccagaaggag cccctcccag ctgcaccggc 
601 cactgcaacc catgagcatc caggtgagcc cccgtacagc atgtgtccac accaagacct 
661 gcaggccggg agtcaggatt cctccttccc tgaggcactg aacacccgcg gcacctcccc 
721 acagcatgtc tcaccacaat cctgttgcta catcagagtg tatttttgta attcctccag 
781 ctaacatttt aatggcccca tcttcttgct catcctctgc cctctcgtag ggccaggtga 
841 gaggaacatg aaatcagacc tggggttttg cctcaccact gccataactg gtttgtaaag 
901 gagctgttct ttttgactga ttgtttgaaa caactttctc cattaaactt ctactgagca 
961 aaatggttaa taaa 
 
translation=MKILFCDVLLLSLLSSVFSSCPEDCLTCQERLHPAPGSFNLKLCILQCEEKVFPRPLWTLCTKAM
ASDSEQLSPADPELTSAALYQSKASEMQHLKRMPRVRSVVQARDAEPEADAEPVADEADEVEQKQLQKRFGGFTGAR
KSARKLANQKRFSEFMRQYLVLSMQSSQRRRTLHQNGNV 
 
Figure 4-3. Prepro-N/OFQ sequence. The 972 bases for the prepro-N/OFQ gene are displayed 

(Accession # NM_013007). The highlighted region represents the portion of the 
sequence that was included in the prepro-NOFQ plasmid insert used for the in situ 
hybridization. Sequencing was performed by the University of Florida DNA 
Sequencing Core, Interdisciplinary Center for Biotechnology Research. 
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      1 gcggccgcct ttctgctaag cattggggtc tattttggcc cagcttctga agaggctgtg 
  61 tgtgccgttg gaggaactgt actgagtggc tttgcagggt gacagcatgg agtccctctt 
 121 tcctgctcca tactgggagg tcttgtatgg cagccacttt caagggaacc tgtccctcct 
 181 aaatgagacc gtaccccacc acctgctcct caatgctagt cacagcgcct tcctgcccct 
 241 tggactcaag gtcaccatcg tggggctcta cttggctgtg tgcatcgggg ggctcctggg 
 301 gaactgcctc gtcatgtatg tcatcctcag gcacaccaag atgaagacag ctaccaacat 
 361 ttacatattt aatctggcac tggctgatac cctggtcttg ctaacactgc ccttccaggg 
 421 cacagacatc ctactgggct tctggccatt tgggaatgca ctctgcaaga ctgtcattgc 
 481 tatcgactac tacaacatgt ttaccagcac ttttactctg accgccatga gcgtagaccg 
 541 ctatgtggct atctgccacc ctatccgtgc ccttgatgtt cggacatcca gcaaagccca 
 601 ggctgttaat gtggccatat gggccctggc ttcagtggtt ggtgttcctg ttgccatcat 
 661 gggttcagca caagtggaag atgaagagat cgagtgcctg gtggagatcc ctgcccctca 
 721 ggactattgg ggccctgtat tcgccatctg catcttcctt ttttccttca tcatccctgt 
 781 gctgatcatc tctgtctgct acagcctcat gattcgacga cttcgtggtg tccgtctgct 
 841 ttcaggctcc cgggagaagg accgaaacct gcggcgtatc actcgactgg tgctggtagt 
 901 ggtggctgtg tttgtgggct gctggacgcc tgtgcaggtg tttgtcctgg ttcaaggact 
 961 gggtgttcag ccaggtagtg agactgcagt tgccatcctg cgcttctgca cagccctggg 
1021 ctatgtcaac agttgtctca atcccattct ctatgctttc ctggatgaga acttcaaggc 
1081 ctgctttaga aagttctgct gtgcttcatc cctgcaccgg gagatgcagg tttctgatcg 
1141 tgtgcggagc attgccaagg atgttggcct tggttgcaag acttctgaga cagtaccacg 
1201 gccagcatga ctaggcgtgg acctgcccat ggtgcctgtc agcccacaga gcccatctac 
1261 acccaacacg gagctcacac aggtcactgc tctctaggtt gaccctgaac cttgagcatc 
1321 tggagccttg aatggctttt cttttggatc aggatgctca gtcctagagg aagacctttt 
1381 agcaccatgg gacaggtcaa agcatcaagg tggtctccat ggcctctgtc agattaagtt 
1441 ccctccctgg tataggacca gagaggacca aaggaactga atagaaacat ccacaacaca 
1501 gtggacatgc ctggtgagcc catgtaggta ttcatgcttc acttgactct tctctggctt 
1561 ctccctgctg ccctggctct agctgggctc aacctgaggt attgtagtgg tcatgtagtc 
1621 actcttgtga ctacatgttg tgtgctgttg ctctcggcct ttcagtattt ccacaggact 
1681 gctgaacata cctggtattg cagtggggag cattaatttt cttttaaagt gagactggcc 
1741 cttaagcttg gcgttgcctt ggagcgtctt ctacttctga cttcactgat gcagtcagat 
1801 tacccgaggg tgagcatcag tggtttcttg gatggctgtt ttctgaagat tcttcccatc 
1861 cagtacatgg agtctatgaa ggggagtcac aattcatctg gtactgccac tacctgctct 
1921 ataatcctgg gctatcttct tggcaagatg acagtggggg agacaagaca cagagcttcc 
1981 ctaaggctct ttccctccaa aaccactgtg aactcttatc ctacagactg ttcggcaagc 
2041 actgcttcta ggtgtgtggg aggtaatcag gagaaagctt tgtggcctct gtaggctgct 
2101 cacaacatgg aggcaccaca tgctggtctt gcctgcttag tacaggcagg acagagcaga 
2161 atatgctctc tctcgattct ctacaaactc cctcagttct ccagcagagt ctcttttact 
2221 tgctatcaga ggtcaggagt tgtactgcta gaagcatact tgtagcttgg gaagagtggc 
2281 agtcaggatg tgttctactc tatatccaca gtgaccacct gcttcatata tagggttagg 
2341 acatatctga gtaaggcctg agtgtgctgc caaattggag gttggtatga gagctgatgc 
2401 ctaaagtggc tcatttgcaa ggactattat ggtttggaat agcaatgggg ggcatgggaa 
2461 gaagagtcta taccttggag atctatttga tggttcacag aagaggtttt gtaaacgccc 
2521 tttctatggg tcagatatca aaataccagc aacgttggat agattctgac cttttactga 
2581 gacctcggtc agatggtttc atgtcatgca gagaacctag gctggttcct gtgtcagaga 
2641 gacctgggct tctggggagg ccagggttct tcctttgaca cttgtgcggg agccgttagc 
2701 tctaga 
 
translation=MESLFPAPYWEVLYGSHFQGNLSLLNETVPHHLLLNASHSAFLPLGLKVTIVGLYLAVCIGGLLGNCLVMYVIL
RHTKMKTATNIYIFNLALADTLVLLTLPFQGTDILLGFWPFGNALCKTVIAIDYYNMFTSTFTLTAMSVDRYVAICHPIRALDVRT
SSKAQAVNVAIWALASVVGVPVAIMGSAQVEDEEIECLVEIPAPQDYWGPVFAICIFLFSFIIPVLIISVCYSLMIRRLRGVRLLS
GSREKDRNLRRITRLVLVVVAVFVGCWTPVQVFVLVQGLGVQPGSETAVAILRFCTALGYVNSCLNPILYAFLDENFKACFRKFCC
ASSLHREMQVSDRVRSIAKDVGLGCKTSETVPRPA 

 

Figure 4-4. NOP receptor sequence. The 2706 bases for NOP receptor gene are displayed 
(Accession # NM_031569.2). The highlighted region represents the portion of the 
sequence that was included in the NOP receptor plasmid insert used for the in situ 
hybridization. Sequencing was performed by the University of Florida DNA 
Sequencing Core, Interdisciplinary Center for Biotechnology Research. 
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Figure 4-5. Number of social defeats per group per day. Values shown are group means ± SEM 

(n = 4 rats per group). A = acute stress group, R = repeated stress group, R+A = 
repeated plus acute stress group.  
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Figure 4-6. Total amount of time the rats were defeated per day. Values shown are group means 

± SEM (n = 4 rats per group). A= acute stress, R= repeated stress, R+A= repeated 
plus acute. 
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Figure 4-7. Representative x-ray images of brain sections treated with sense riboprobes. Sections 
treated with (A,B) N/OFQ sense strands and (C,D) NOP receptor sense strands did 
not display any specific signal, and background levels were comparable to those of 
antisense-treated sections.  

 

 
 

76 



 

77 

NS A R R+A
0.00

0.05

0.10

S tress E xposure

O
pt

ic
al

 D
en

si
ty

A

B

NS A R R+A
0.00

0.05

0.10

  S tress Exposure

O
pt

ic
al

 D
en

si
ty

 
 

 

 

 

 

 

 

 

 

 

 

Figure 4-8. Prepro-N/OFQ mRNA expression in the septum. There were trends toward greater 
mRNA expression in (A) the dorsolateral septum and (B) the ventrolateral septum 
following exposure to acute social defeat. Values expressed are group means in 
optical density ± SEM (n = 4 rats per group). NS= no stress, A= acute stress, R= 
repeated stress, R+A= repeated plus acute.  
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Figure 4-9. Prepro-N/OFQ mRNA expression in the bed nucleus of stria terminalis. There were 

trends toward greater mRNA expression in the (A) anteromedial BNST, (B) 
posteromedial BNST, (C) ventromedial BNST, and (D) lateral BNST following 
exposure to acute social defeat. Values expressed are group means in optical density 
± SEM (n = 4 rats per group). NS= no stress, A= acute stress, R= repeated stress, 
R+A= repeated plus acute. 
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Figure 4-10. Representative x-ray images of brain sections showing prepro-N/OFQ mRNA 
expression in the septum and BNST. Sections were exposed to 125I-labelled 
riboprobes complimentary to segments of prepro-N/OFQ mRNA. (A) No stress 
control rats display low to moderate signal in the dorsolateral septum, 
intermediolateral septum, ventromedial septum, and lateral BNST. (B) Rats exposed 
to acute social defeat displayed trends toward increased expression in these regions. 
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Figure 4-11. Prepro-N/OFQ mRNA expression in the amygdala. There were trends toward 
greater mRNA expression in (A) the central amygdala and (B) the medial amygdala 
following exposure to acute social defeat. Values expressed are group means in 
optical density ± SEM (n = 4 rats per group). NS= no stress, A= acute stress, R= 
repeated stress, R+A= repeated plus acute. 
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Figure 4-12. Prepro-N/OFQ mRNA expression in the zona incerta and reticular nucleus of the 
thalamus. There were trends toward greater mRNA expression in (A) the zona incerta 
and (B) the reticular nucleus following exposure to acute social defeat. Values 
expressed are group means in optical density ± SEM (n = 4 rats per group). NS= no 
stress, A= acute stress, R= repeated stress, R+A= repeated plus acute. 
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Figure 4-13. Representative x-ray images of brain sections showing prepro-N/OFQ mRNA 
expression in the amygdala, zona incerta, and reticular nucleus of the thalamus. 
Sections were exposed to 125I-labelled riboprobes complimentary to segments of 
prepro-N/OFQ mRNA. (A) No stress control rats display moderate signal in the 
amygdala and low signal in the zona incerta and reticular nucleus. (B) Rats exposed 
to acute social defeat displayed trends toward increased expression in these regions. 
NS= no stress, A= acute stress, R= repeated stress, R+A= repeated plus acute. 
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Figure 4-14. Prepro-N/OFQ mRNA expression in the dorsal raphe. There were trends toward 

greater mRNA expression in the dorsal raphe following exposure to acute social 
defeat. Values expressed are group means in optical density ± SEM (n = 4 rats per 
group). NS= no stress, A= acute stress, R= repeated stress, R+A= repeated plus acute. 
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Figure 4-15. Representative x-ray images of brain sections showing prepro-N/OFQ mRNA 
expression in the dorsal raphe. Sections were exposed to 125I-labelled riboprobes 
complimentary to segments of prepro-N/OFQ mRNA. (A) No stress control rats 
display moderate signal dorsal raphe. (B) Rats exposed to acute social defeat 
displayed trends toward increased expression in these regions. NS= no stress, A= 
acute stress, R= repeated stress, R+A= repeated plus acute. 
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Figure 4-16. NOP rector mRNA expression in the septum. mRNA expression was significantly 

greater in the (A) dorsolateral septum, (B) intermediolateral septum, and (C) 
ventrolateral septum following exposure to acute social defeat. Values expressed are 
group means in optical density ± SEM (n = 4 rats per group). Significant differences 
between the stress-exposed rats and the no stress controls are expressed as * p < 0.05, 
** p < 0.01. NS= no stress, A= acute stress, R= repeated stress, R+A= repeated plus 
acute. 
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Figure 4-17. Representative x-ray images of brain sections showing NOP receptor mRNA 
expression in the septum. Sections were exposed to 125I-labelled riboprobes 
complimentary to segments of NOP receptor mRNA. (A) No stress control rats 
display low signal in the dorsolateral, intermediolateral, and ventrolateral septum. (B) 
Rats exposed to acute social defeat displayed significantly greater mRNA expression 
in these regions regions. 
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Figure 4-18. NOP receptor mRNA expression in the bed nucleus of stria terminalis. mRNA 

expression was significantly greater in the ventromedial BNST following exposure to 
repeated social defeat. Values expressed are group means in optical density ± SEM (n 
= 4 rats per group). Significant differences between the stress-exposed rats and the no 
stress controls are expressed as ** p < 0.01. NS= no stress, A= acute stress, R= 
repeated stress, R+A= repeated plus acute. 
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Figure 4-19. Representative x-ray images of brain sections showing NOP receptor mRNA 
expression in the bed nucleus of stria terminalis. Sections were exposed to 125I-
labelled riboprobes complimentary to segments of NOP receptor mRNA. (A) No 
stress control rats display low signal in the ventromedial BNST. (B) Rats exposed to 
repeated social defeat displayed significantly greater mRNA expression in the 
ventromedial BNST. 
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Figure 4-20. NOP receptor mRNA expression in the amygdala. mRNA expression was 

significantly greater in (A) the central amygdala, (B) the medial amygdala, (C) the 
basomedial amygdala, (D) the basolateral amygdala, and (E) the lateral amygdala 
following exposure to acute social defeat. Additionally, there was significantly 
greater mRNA expression in the central amygdala following repeated plus acute 
social defeat. Values expressed are group means in optical density ± SEM (n = 4 rats 
per group). Significant differences between the stress-exposed rats and the no stress 
controls are expressed as * p < 0.05 and ** p < 0.01. NS= no stress, A= acute stress, 
R= repeated stress, R+A= repeated plus acute. 
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Figure 4-21. Representative x-ray images of brain sections showing NOP receptor mRNA 
expression in the amygdala and the paraventricular nucleus of the hypothalamus. 
Sections were exposed to 125I-labelled riboprobes complimentary to segments of NOP 
receptor mRNA. (A) No stress control rats display low to moderate signal in the 
amygdala and PVN. Rats exposed to (B) acute and (D) repeated plus acute social 
defeat displayed greater mRNA expression in the amygdala. Rats exposed to (B) 
acute, (C) repeated, and (D) repeated plus acute social defeat displayed greater 
mRNA expression in the PVN. 
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Figure 4-22. NOP receptor mRNA expression in the paraventricular and ventromedial nuclei of 

the hypothalamus and in the zona incerta of the thalamus. (A) mRNA expression was 
significantly greater in the PVN following any exposure to social defeat. In (B) the 
ventromedial hypothalamus and (C) the zona incerta elevations in mRNA expression 
following social defeat approached significance. Values expressed are group means in 
optical density ± SEM (n = 4 rats per group). Significant differences between the 
stress-exposed rats and the no stress controls are expressed as * p < 0.05 and ** p < 
0.01. NS= no stress, A= acute stress, R= repeated stress, R+A= repeated plus acute. 
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Figure 4-23. Representative x-ray images of brain sections treated with 1 μM N/OFQ plus 
125I-[14Tyr]-N/OFQ. Sections treated with 1 μM N/OFQ plus 125I-[14Tyr]-N/OFQ did 
not display any specific signal, and background levels were comparable to those 
sections treated with only 125I-[14Tyr]-N/OFQ.  
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Figure 4-24. 125I-[14Tyr]-N/OFQ binding to the NOP receptor in the septum. There were no 

significant changes in binding following any stress exposure in (A) the dorsolateral 
septum, (B) the intermediolateral septum, or (C) the ventrolateral septum. Values 
expressed are group means in optical density ± SEM (n = 4 rats per group). NS= no 
stress, A= acute stress, R= repeated stress, R+A= repeated plus acute. 
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Figure 4-25. Representative x-ray images of brain sections showing 125I-[14Tyr]-N/OFQ binding 
to the NOP receptor in the septum. Despite an increase in NOP receptor mRNA, (B) 
the acutely stressed group did not display a significant increase in binding as 
compared to (A) the no stress controls. 
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Figure 4-26. 125I-[14Tyr]-N/OFQ binding to the NOP receptor in the ventromedial BNST. There 
were no significant changes in binding following any stress exposure in the 
ventromedial BNST. Values expressed are group means in optical density ± SEM (n 
= 4 rats per group). NS= no stress, A= acute stress, R= repeated stress, R+A= 
repeated plus acute. 
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Figure 4-27. Representative x-ray images of brain sections showing 125I-[14Tyr]-N/OFQ binding 
to the NOP receptor in the BNST. Despite an increase in NOP receptor mRNA, (B) 
the repeatedly stressed group did not display a significant increase in binding as 
compared to (A) the no stress controls. 
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Figure 4-28. 125I-[14Tyr]-N/OFQ binding to the NOP receptor in the amygdala. There were no 
significant changes in binding following any stress exposure in (A) the central 
amygdala, (B) the medial amydala, (C) the basomedial amygdala, (D) the basolateral 
amygdala, or (E) the lateral amygdala. Values expressed are group means in optical 
density ± SEM (n = 4 rats per group). NS= no stress, A= acute stress, R= repeated 
stress, R+A= repeated plus acute. 
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Figure 4-29. 125I-[14Tyr]-N/OFQ binding to the NOP receptor in the PVN. There were no 
significant changes in binding in the PVN following any stress exposure. Values 
expressed are group means in optical density ± SEM (n = 4 rats per group). NS= no 
stress, A= acute stress, R= repeated stress, R+A= repeated plus acute. 
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Figure 4-30. Representative x-ray images of brain sections showing 125I-[14Tyr]-N/OFQ 
binding to the NOP receptor in the amygdala and the PVN. Despite an increase in 
NOP receptor mRNA in these regions, none of the stressed groups displayed 
increases in binding.  Shown are representative images from (A) the no stress groups, 
(B) the acutely stressed group, (C) the repeatedly stressed group, and (D) the 
repeatedly plus acutely stressed group. 
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Figure 4-31. Gland masses after social defeat. (A) Adrenal gland masses, (B) thymus gland 
masses, and (C) spleen masses showed no significant differences between groups. 
Values expressed are group means ± SEM (n = 4 rats per group). 

 



 

CHAPTER 5 
GENERAL DISCUSSION 

There is mounting evidence that N/OFQ is involved in the expression of anxiety-related 

behaviors and in the activation of the HPA axis.  Injections of N/OFQ into the lateral ventricles 

and into limbic structures increase circulating ACTH and CORT (Devine et al., 2001; Nicholson 

et al., 2002; Fernandez et al., 2004; Legget et al., 2006; Green et al., in press; Misilmeri and 

Devine, in preparation) and alter anxiety-related behaviors (Jenck et al., 1997; Jenck et al., 2000; 

Gavioli et al., 2002; Fernandez et al., 2004; Kamei et al., 2004; Varty et al. 2005; Vitale et al., 

2006; Gavioli et al., 2007; Green et al., in press).  Additionally, exposure to acute stressors 

results in release of N/OFQ from forebrain neurons (Devine et al., 2003) and in increases in NOP 

receptor mRNA expression (present experiments).  However, most of these effects are modest 

and are generally evident in mildly to moderately stressful environments.  For example, Devine 

and colleagues (2001) found that when rats are more profoundly stressed (e.g., restraint), N/OFQ 

does not alter the HPA axis activation.  This has also been observed recently with restraint and 

with unhandled rats (unpublished).  

However, there is some evidence of changes in the regulation of the N/OFQ-NOP receptor 

system in response to severe chronic stress, particularly in the BNST and the PVN, two regions 

that are important in affective responses.  The upregulation of NOP receptor mRNA in the BNST 

following chronic stress is consistent with the role of the BNST in long-term responses to 

ongoing stressors.  Additionally, HPA axis regulation in the PVN by the N/OFQ-NOP system 

may be altered by chronic social stressor exposure.   

It remains evident that N/OFQ is an important neuromodulator in a number of functions, 

including stress response, pain modulation (Meunier et al., 1995; Reinscheid et al., 1995; Tian et 

al., 1997), motor performance (Reinscheid et al., 1995; Devine et al., 1996), spatial learning 
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(Sandin et al., 1997; Sandin et al., 2004), and feeding (Pomonis et al., 1996; Nicholson et al., 

2002).  In general, it appears to be a fairly tightly regulated system that is generally resistant to 

dysregulation.  Thus it seems important in the functioning of normal, nonpathological behavior.  

Its potential involvement in stress-induced psychopathology is suggested by stress-induced 

changes in NOP receptor mRNA (especially in the BNST and PVN of chronically-stressed rats).  

However, the lack of changes in receptor autoradiography indicates that this possibility will need 

to be studied in more detail.
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