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ABSTRACT 

 
Opioids are used for the clinical treatment of pain, but can lead to tolerance and 

addiction. In this project we examined the role of the serotonin (5-HT) system originating 

from the dorsal raphe nucleus (DRN) during morphine exposure, withdrawal, abstinence 

and following an acute stressor capable of initiating behavioral relapse. Following four 

days of morphine exposure rats showed a preference for the morphine paired side of the 

conditioned place preference (CPP) chamber. After four days of morphine abstinence, 

rats showed no net preference for the morphine paired side. The next day rats were 

exposed to forced swim stress and returned to the CPP chamber where they demonstrated 

stress-induced reinstatement. Utilizing whole-cell patch-clamp we demonstrated an 

increase in the amplitude of inhibitory post-synaptic currents (IPSC s) in 5-HT DRN 

neurons, but not non 5-HT DRN neurons of morphine-conditioned subjects. Next the 

stress neurohormone corticotrophin releasing factor (CRF) was administered in vitro 

instead of forced swim. We found an increase in CRF-R2-mediated inward current of 5-

HT DRN neurons in animals with a morphine history. From this experiment we 

concluded that morphine history sensitizes 5-HT DRN neurons to the GABAergic 

inhibitory effects of stress and to some of the effects of CRF. In the next series of 

experiments we surgically implanted either morphine or placebo pellets in rats for 72 

hours to create physical dependence. The pellets were subsequently removed, and 

animals experienced up to seven days of abstinence with and without forced swim stress 

exposure. Real time quantitative PCR was used to measure the mRNA levels of genes at 
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multiple points across this timeline. We examined genes involved in trophic support, 

stress responses and 5-HT regulation. We determined that mRNA levels for brain-derived 

neurotrophic factor (BDNF) and the BDNF receptor TrkB were downregulated after 

opiate exposure, and again following seven days of abstinence. Following seven days of 

abstinence there was a decrease in mRNA levels of the CRF-R1 receptor and an increase 

in mRNA levels of the CRF-R2 receptor. During acute opiate exposure there was a 

decrease in mRNA levels for the autoregulatory 5-HT1A receptor. Finally following 

forced swim, there was an increase in mRNA levels of the 5-HT synthesis enzyme TPH2. 

Collectively these results indicate that a morphine history in abstinent subjects may 

produce hypofunctioning of the 5-HT DRN system induced by multiple neurochemical 

mechanisms and this dysregulation may enhance vulnerability to stress-induced relapse.  
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CHAPTER 1 

THE SEROTONERGIC DORSAL RAPHE NUCLEUS DURING  
 

MORPHINE DEPENDENCE, ABSTINENCE AND STRESS-INDUCED 

RELAPSE 

 

 Opioids are used for the clinical treatment of pain, but can lead to tolerance and 

addiction. Furthermore, recovering addicts remain vulnerable to relapse, especially under 

stressful conditions. While the effects of dopamine in opioid addiction have been well 

studied, the role of serotonin (5-hydroxytryptamine; 5-HT) is less clear.  

The dorsal raphe nucleus (DRN) is the largest cluster of 5-HT cells in the brain, 

and has receptors for opioids (Mansour et al., 1994a;Neal, Jr. et al., 1999), the stress 

neurohormone corticotrophin releasing factor (CRF) (Swanson et al., 1983;Sakanaka et 

al., 1987;Chalmers et al., 1995), and brain-derived neurotrophic factor (BDNF) (Madhav 

et al., 2001;Merlio et al., 1992), the most widespread neurotrophin in the adult brain. It is 

well established that the 5-HT system is differentially modulated by the opiate morphine, 

under conditions of acute and chronic administration and during withdrawal (Tao and 

Auerbach, 1995;Tao et al., 1998).  

Stressors can produce both somatic and affective symptoms of withdrawal and are 

potent initiators of drug relapse. Furthermore stress can induce CRF release, affecting 5-

HT output (Price et al., 1998;Kirby et al., 2000;Kirby et al., 2008;Waselus et al., 

2009;Valentino et al., 2010). BDNF has a well-characterized role in the plastic changes 
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that occur in the dopamine system during different phases of addiction (Bolanos and 

Nestler, 2004;Russo et al., 2009;Ghitza et al., 2010) but also has been shown to alter 5-

HT synthesis and firing patterns (Celada et al., 1996;Siuciak et al., 1998). Additionally, 

BDNF may increase the net flow of 5-HT in the DRN via a GABAergic mechanism 

(Brunig et al., 2001). Thus CRF and BDNF may alter the plasticity of the 5-HT DRN 

circuits during opiate addiction, withdrawal and stress-induced relapse. 

 The objective of this project was to examine how morphine and stress regulate 

gene expression and the physiology of the DRN during morphine exposure, withdrawal 

and acute post withdrawal stress in rats. This was done through the use of behavioral, 

electrophysiological, and molecular methods. The central hypotheses were: 1) opiates and 

stress drive changes in DRN physiology and gene expression within our model 2) the 5-

HT DRN system contributes to the affective aspects of opiate addiction that can initiate 

stress-induced. These hypotheses were tested and objectives carried out via the following 

specific aims: 

Aim 1: Show that forced swim produces stress-induced reinstatement of 

previously extinguished morphine conditioned place-preference (CPP) and examine the 

effects of both forced swim and in vitro CRF administration on DRN electrophysiology 

in rats with an opiate history. 

Forced swim was administered to rats that successfully underwent both morphine 

conditioning and extinction under a CPP paradigm. Following swim stress, animals were 

returned to the CPP chambers to quantify stress-induced reinstatement, and are 

subsequently prepared for electrophysiology. The whole-cell patch-clamp technique was 

used to measure GABA synaptic activity at 5-HT DRN neurons. In the next set of 
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experiments, animals were euthanized and the brains prepared for electrophysiology 

without forced swim or behavioral reinstatement. CRF was applied in vitro to compare 

the effects of CRF administration with forced swim stress in subjects with an opiate 

history. 

Aim 2: Examine changes in expression for regulatory genes that could modulate 5-HT 

activity during morphine dependence, withdrawal, abstinence and post abstinence stress 

exposure. 

Morphine or placebo pellets were subcutaneously implanted in rats for 72 hours. 

Pellets were then removed and rats experienced withdrawal and 7 days of abstinence, 

with a final group exposed to swim stress on the 7th day. Animals were euthanized at 

multiple time points to create a time course of gene expression. Quantitative real-time 

PCR was used to measure the expression of the genes for BDNF, the BDNF receptor 

TrkB, the CRF receptors CRF-R1 and CRF-R2, the 5-HT1A receptor, the main 5-HT 

synthesis enzyme tryptophan hydroxylase 2 (TPH2), the 5-HT transporter (SERT), the α1 

subunit of the GABAA receptor and the µ opiate receptor (MOR). 

Opiate addiction is a widespread problem throughout the United States and the 

world. By understanding the role of the 5-HT system in opiate addiction and relapse, 

novel therapeutic targets may be identified to ameliorate symptoms of withdrawal and 

decrease the chances of relapse. 

Addiction 

 Addiction is a psychological state in which a person compulsively seeks and 

consumes drugs despite negative consequences. The Diagnostic and Statistical Manual of 

Mental Disorders (DSM-IV-TR) describes substance dependence as “a maladaptive 



 

4 

pattern of substance use, leading to clinically significant impairment or distress” and can 

include tolerance and withdrawal as well as other features (DSM) (2000). Following 

repeated use of a drug, tolerance can develop. Tolerance can be defined by the following 

according to the DSM IV:  

a. a need for markedly increased amounts of the substance to achieve intoxication or 

desired effect 

b. markedly diminished effect with continued use of the same amount of the 

substance. 

Additionally, withdrawal is manifested by either of the following according to the DSM 

IV: 

a. the characteristic withdrawal syndrome for the substance  

b. the same (or a closely related) substance is taken to relieve or avoid withdrawal 

symptoms. 

While initial drug use may be voluntary, once addicted the individual experiences strong 

urges to continue or resume taking the drug being abused (O'Brien and Cornish, 2004). In 

order to extinguish the symptoms of tolerance and withdrawal, patients can go through 

detoxification, a process that allows the body to cleanse itself while receiving medication 

to block or diminish withdrawal symptoms (O'Brien and Cornish, 2004). If the patient 

ceases to consume the drug, homeostatic mechanisms will gradually readapt to the 

absence of the drug (O'Brien and Cornish, 2004). However even after prolonged periods 

of abstinence, or no longer consuming the drug of abuse, relapse frequently occurs 

despite sincere efforts to avoid further drug use (O'Brien and Cornish, 2004). It is crucial 

to recognize that the vulnerability to relapse is based on changes in brain function that 
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continue for months or years after the last use of the drug (O'Brien and Cornish, 2004). 

Thus addiction is a chronic disease that requires months and years of long term treatment. 

 At the biological level addiction causes alterations in the mesolimbic dopamine 

system, which consists of dopaminergic neurons in the ventral tegmental area (VTA) and 

their target neurons in the limbic forebrain, such as the nucleus accumbens (NAc) and 

medial prefrontal cortex (Nestler, 2004;Koob and Volkow, 2010). Specifically, 

psychostimulants and opiates can result in augmented levels of synaptic dopamine in 

mesocorticolimbic brain regions including the NAc (Nestler, 2004). Chronic exposure to 

opiates, cocaine, amphetamine, and ethanol has been shown to increase levels of tyrosine 

hydroxylase in the VTA, possibly contributing to altered dopamine transmission (Nestler, 

1993). Repeated injections of cocaine in rats reduce Gi/O subunits coupled to D2 and 

GABAB receptors within the NAc (Steketee et al., 1991). Additionally, the secondary 

messenger cyclic adenosine monophosphate (cAMP) within the NAc plays a role in drug 

reinforcement and relapse. Administration of agents that stimulate the cAMP pathway 

(including Gs activators, Gi/O blockers and protein kinase A activators) weaken the net 

effect of the drug, consequently causing a greater amount of drug to be used under the 

self-administration model (discussed below) (Self and Nestler, 1995). Conversely agents 

that inhibit cAMP (protein kinase A inhibitors) sensitize animals to the reinforcing effects 

of drugs and also potently stimulate relapse (Nestler, 2004). Taken together, these 

findings support the idea that the mesolimbic dopamine system plays a crucial role in 

addiction. 

Many recent studies have shown that serotonin (5-hydroxytryptamine, 5-HT) can 

modulate DA activity as cell bodies for DA neurons are innervated by 5-HT neurons 
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originating from the dorsal and medial raphe nuclei (Alex and Pehek, 2007). 

Intracerebroventricular injection of the 5-HT-selective neurotoxin 5,7-

dihydroxytryptamine (5,7-DHT) increases the firing rate of DA VTA neurons (Guiard et 

al., 2008), indicating tonic inhibition of these neurons by 5-HT. Other studies show that 

the 5-HT1B receptor in the VTA, when stimulated by a microinjected agonist, increases 

DA within both the VTA and NAc, while decreasing GABA within the VTA as measured 

by microdialysis (Yan et al., 2004) and also increases the discriminative stimulus effects 

of cocaine in rats undergoing a cocaine discrimination test (Filip et al., 2003). 

Additionally another 5-HT1B receptor agonist dose-dependently. Thus the evidence 

supports a possible interaction between the 5-HT and DA systems both at baseline and 

during addiction. Furthermore, given the critical role of the 5-HT system in mood 

regulation (Nemeroff, 1998b), 5-HT may play a significant role itself through alterations 

in mood during addiction. Specifically, negative affect produced by 5-HT dysfunction 

may increase vulnerability to drug relapse as subjects seek the drug as a form of “self-

medication” to alleviate these negative mood symptoms (Markou et al., 1998). The 

mechanisms behind the role of 5-HT DRN neurons in addiction, withdrawal and relapse 

have yet to be fully elucidated and have been examined in this project. 

Animal models of addiction and relapse 

 There are two main addiction models that are widely used today. One is the self-

administration paradigm. Some early investigators used opiates mixed in drinking water, 

or gave rats a choice between water and opiate solutions to test voluntary consumption of 

these compounds (Kumar et al., 1968), however there were many problems associated 

with this method, including the variability in time and amount of the drug absorbed, 
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palatability of the solution, and even the position of the bottles when a drug 

administration bottle is placed next to a water  bottle (Schuster and Thompson, 1969). 

Over time, self-administration experiments evolved into the modern paradigm that we use 

today where an animal presses a lever to be given an IV infusion of the drug being 

studied (van Ree et al., 1978;Caine et al., 1999;Thomsen and Caine, 2007). If the drug 

has rewarding properties, then the animal will press the lever repeatedly for additional 

infusions (van Ree et al., 1978;Thomsen and Caine, 2005). The number of lever presses 

over a given span of time thus reflects the reinforcing properties of the drug (Sanchis-

Segura and Spanagel, 2006). This technique has been used to study a variety of drugs of 

abuse including morphine, heroin, fentanyl, amphetamine, THC (van Ree et al., 1978), 

cocaine (Thomsen et al., 2009), methamphetamine, nicotine, caffeine, methylphenidate, 

apomorphine SKF 82958, bromocriptine, 7-OH-DPAT, bupropion, methadone, ethanol, 

diazepam, midazolam, ∆9-THC and clonidine (Bardo and Bevins, 2000). The advantage 

of this method is that it simulates the behavior of people with a substance abuse disorder 

taking the drugs themselves, as the number of doses of the drug that the animal chooses 

to take can be quantified. Thus drug seeking behavior can be directly measured. The self-

administration model is not used in this project and will not be discussed further.   

 An alternative model, conditioned place-preference (CPP), reflects the ability of a 

neutral environment (in this case one of two sides of a CPP chamber; Figure 1.1) to take 

on conditioned importance for the animal because of repeated pairings of drugs of abuse 

that become associated with the neutral environment. The first report of drug induced 

CPP utilized morphine injections within a Y shaped choice discrimination box  
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Figure 1.1 CPP chamber and paradigm. Rats are given a morphine injection and 
confined to one of two sides of the chamber. They are then given a saline injection six 
hours later, and confined to the alternate side. This continues for four days. On the fifth 
day the rat is given access to both sides. The time spent on the morphine paired side is 
measured as a quantification of drug reward. If an animal has a net preference of 100 or 
more seconds for the drug paired side, it is conditioned. 
 
Animals that show conditioning then undergo extinction. During the first two days of the 
extinction phase, rats are administered saline injections twice a day prior to confinement, 
while during the last two days, rats are simply confined without injections. On the tenth 
day the rat is given access to both sides. If an animal has a net preference of less than 
100 seconds for the drug paired side, it has then extinguished it’s preference. 
 
Animals exhibiting both successful conditioning and extinction experience 6 minutes of 
swim stress, are dried for 20 minutes and returned to the CPP chamber to measure 
behavioral reinstatement. If an animal has a net preference of 100 or more seconds for 
the drug paired side, it is said to have reinstated. Regardless of reinstatement, all rats 
are euthanized and prepared for electrophysiology. 
 
For the second series of experiments of Aim 1, rats demonstrating extinction were 
euthanized and prepared for electrophysiology without forced swim. 
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(Beach, 1957). This paper concluded that rats could demonstrate morphine reward by 

exhibiting preference for a chamber that was previously associated with the drug's effects 

(Beach, 1957). Since then CPP has evolved, but still utilizes a pairing of distinct 

contextual stimuli (visual, tactile and/or olfactory) with a drug, while another set of 

contextual stimuli are paired with saline (Bardo et al., 1995). In the CPP model, animals 

are given drug injections and then confined to one side of the CPP apparatus, whereas 

later they are given a vehicle injection and confined to the other side. With repeated 

pairings, the animals are thus conditioned to associate one of the two sides of the CPP 

apparatus with the drug of abuse. On test days, the animals are freely allowed to explore 

both sides of the chamber in a drug free state. The time spent in the drug paired side 

minus the vehicle paired side represents a quantitative measure of the animal’s preference 

for the drug and its subjective experience of drug reward. Because of this, it has been 

argued that CPP measures the psychological motivation for drug taking (Bardo et al., 

1995). Furthermore CPP has been used to demonstrate the rewarding properties of many 

different drugs of abuse including psychostimulants, opioids and cannabinoids  as well as 

the aversive properties of other drugs such as naloxone (Bardo and Bevins, 2000). CPP 

offers several advantages over other models. CPP is sensitive to low doses of a drug, it 

can be obtained with a single drug pairing, it can measure both reward and aversion, it 

can be tested in animals in a drug free state and it does not require a surgical procedure  

(Bardo and Bevins, 2000). Disadvantages of CPP include the fact that it not a direct 

measure of drug-seeking and drug-taking, the potential influence of novelty-seeking 

behavior on the test day (though it has been noted that reward outweighs novelty seeking 

for most of the data across CPP experiments) as well as the tendency of animals to prefer 
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one of the two distinct contexts of the apparatus before conditioning occurs (Bardo and 

Bevins, 2000). Overall, CPP is a powerful tool for measuring drug reward. 

The CPP paradigm used in our experiments (with extinction and stress-induced 

relapse) is modeled after another study which demonstrated that a forced swim stress (see 

below) could reinstate previously extinguished cocaine CPP in mice (Kreibich and 

Blendy, 2004). This model was chosen for the current studies  because earlier data from 

our laboratory and others suggest that forced swim (FS) (Kirby et al., 1995), opiates (Tao 

and Auerbach, 1995;Tao et al., 1998;Jolas et al., 2000) and CRF (Price et al., 1998;Kirby 

et al., 2000) modulate the serotonergic dorsal raphe nucleus (DRN). As such, FS is an 

ideal method for examining the role of 5-HT in stress-induced opiate relapse.  

 In order to model drug relapse, following CPP, the drug-context must be reversed 

through a process of extinction.  Extinction is a behavioral model for drug abstinence. 

After the animals successfully demonstrate drug reward during CPP, the animals are re-

conditioned to associate both sides of the CPP apparatus with the vehicle. After the 

extinction procedure, the animals are then re-tested, and allowed to freely move between 

the two sides of the chamber. Animals that successfully extinguish their conditioning will 

loose their preference for the drug associated side. According to the Blendy paradigm 

(Kreibich and Blendy, 2004), following extinction, animals that extinguish their 

preference, are then subjected to forced swim to test for reinstatement of drug reward 

within the CPP chamber. We will utilize the same protocol with morphine conditioned 

rats in the current study.  

 Forced swim (FS) was an ideal stressor for eliciting a 5-HT response within our 

model. Other stressors used in laboratory rodent models include tail pinch, cold stress, 
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immobilization stress, forced motor activity (Kirby et al., 1997), electric foot shock, 

predatory/social defeat stress among others (for review see (Jaggi et al., 2011)). Swim 

stress has been shown to directly alter 5-HT levels within the striatum, amygdala and 

lateral septum (Kirby et al., 1995). In contrast, tail pinch, immobilization, cold stress and 

forced motor activity had much lower, if any effects on 5-HT levels despite elevating 

plasma corticosterone levels (Kirby et al., 1997). Furthermore our laboratory has shown 

that FS brings about the release of CRF within the DRN and subsequently alters 5-HT 

output (Kirby et al., 1995;Price et al., 1998;Kirby et al., 2000;Price et al., 2002). The 

experiments in AIM 1 used FS, following extinction, as a mechanism to stimulate stress-

induced relapse in the CPP model (Kreibich and Blendy, 2004). It was again used in AIM 

2 in order to take advantage of the specificity of FS on the 5-HT system. 

Serotonin 

The term serotonin derives from an 1884 paper that found a “tonic” substance in 

blood “serum” that caused vasoconstriction (Stevens and Lee, 1884;Hanley and Van de 

Kar, 2003). Serotonin was later examined by a Cleveland Clinic laboratory studying the 

mechanisms underlying high blood pressure (Rapport et al., 1948b;Rapport et al., 1948c), 

where it was crystallized (Rapport et al., 1948a) and given a proposed structure (Rapport, 

1949). Serotonin was then discovered in the brain in 1953 (Twarog and Page, 1953) 

which led to the beginning of the neuropharmacological study of serotonin in the brain 

(Amin et al., 1954;Welsh, 1957). 

Serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter produced by a small 

group of neurons whose cell bodies are clustered in nine discrete nuclei, B1-B9, (Figure 

1.3) within the midline of the brainstem (Molliver, 1987;Jacobs and Azmitia, 1992;Frazer 
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and Hensler, 1999;Jorgensen, 2007;Fuxe et al., 

2010). Despite a low number of 5-HT cells 

(approximately 20,000 in the rat) relative to the 

total number of neurons in the brain, 

serotonergic axons innervate nearly every area of 

the mammalian brain (Jacobs and Azmitia, 

1992;Frazer and Hensler, 1999). The widespread 

serotonergic innervation of the CNS supports the 

plausibility of the hypothesis that it is involved in 

modulating the tone of numerous behaviors 

including addiction, appetite, emotions, cognition 

as well as motor and autonomic control (Frazer and 

Hensler, 1999). The rate-limiting step of 5-HT 

synthesis is catalyzed by the enzyme tryptophan 

hydroxylase, which has two distinct isoforms: 

tryptophan hydroxylase 1 (TPH1), and the more 

recently discovered tryptophan hydroxylase 2 

(TPH2) (Walther and Bader, 2003) (See Figure 1.2 

for the pathway) (Goridis and Rohrer, 2002). The 

same study revealed that the mouse brainstem 

contained almost 150 fold more TPH2 than TPH1 

(Walther and Bader, 2003).  

 

Figure 1.2. Serotonin synthesis 
pathway. Two isoforms of 
tryptophan hydroxylase have 
been discovered: TPH1 and 
TPH2 (Walther and Bader, 
2003). TPH2 is the predominant 
isoform in the DRN. Figure from 
Goridis and Rohrer, 2002 
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Dorsal raphe nucleus 

Two cell groups (B6 and B7) make up the dorsal raphe nucleus (DRN, Figure 1.2, 

Figure 1.4), (Frazer and Hensler, 1999). The DRN contains the largest number of 5-HT  

cells, out of all the 5-HT nuclei (Frazer and Hensler, 1999). The DRN is the main source 

of 5-HT to the cortex, parts of the hippocampus as well as the paraventricular nucleus of 

the hypothalamus, supraoptic nucleus, suprachiasmatic nucleus, and locus coeruleus 

(Frazer and Hensler, 1999;Jorgensen, 2007). Another major nucleus, the median raphe 

nucleus (MRN; B8 & B5) innervates the hypothalamus, parts of the hippocampus, 

septum and has overlapping projections to the neocortex (Frazer and Hensler, 1999).  

 
Figure 1.3 Serotonergic anatomy of the rat CNS. The 5-HT nuclei are labeled B1 through 
B9. The dorsal raphe nucleus consists of regions B6 and B7 (yellow). Collectively the 5-
HT nuclei project throughout the brain. Figure taken from Lesch and Waider, 2012 
(Lesch and Waider, 2012).  
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The DRN can be subdivided into a ventral section of the DR subdivision (DRV; 

sometimes labeled ventromedial DRN, vmDRN), a dorsal subdivision (DRD; sometimes 

labeled dorsomedial DRN, dmDRN), and the lateral wings, cell bodies that extend 

laterally from the DRD (Jacobs and Azmitia, 1992;McEuen et al., 2008). Furthermore, 

the DRN also can be subdivided along the rostro-caudal axis, giving rise to the rostral, 

medial and caudal sections. Serotonergic DRN neurons have a topographic organization 

along the rostrocaudal axis with respect to their efferent targets (Lowry et al., 2008).  

Opioids 

            Opiates, which are extracted from the poppy of the opium plant, can be used 

medically for pain relief, or analgesia, in the form of morphine, codeine and other drugs. 

Unfortunately, they can be highly addictive as well. Heroin, a morphine derivative with 

faster kinetics, is even more addictive and widely used as a recreational drug. Opioids 

have been shown to affect mood (Carlezon, Jr. et al., 2009) in addition to analgesia.  

Opioids act through three main receptors: µ receptor (MOR), δ receptor and the κ 

receptor (Przewlocki, 2004). Morphine binds preferentially to the MOR (Martin et al., 

1976). There is also a system of endogenous opioids (Akil et al., 1998). In 1975, two 

structurally-related pentapeptides together named ‘enkephalin' (“from the head”) were 

identified: methionine-enkephalin (Met-enkephalin) and leucine-enkephalin (Leu-

enkephalin) (Hughes, 1975) which preferentially bind to the δ receptor (Dahwan et al., 

1996). Two other families of endogenous opioids were subsequently discovered: β-

endorphins which preferentially bind to the µ receptor and dynorphins which 

preferentially bind to the κ receptor (Dahwan et al., 1996). 
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The mesolimbic dopamine system is considered to be a major neurobiological 

substrate mediating opioid reinforcement (Di and Imperato, 1988;Koob, 

1992;Shippenberg and Elmer, 1998). An early study demonstrated that the MOR was 

essential for heroin CPP in rats, as conditioning did not occur in animals pretreated with 

the MOR-preferring antagonist naloxone (Bozarth and Wise, 1981). It was later shown 

that morphine, when injected directly into the VTA, increased DA levels  within the NAc 

as measured by microdialysis (Leone et al., 1991). Another group showed that the NAc 

DA increase is dependent upon the MOR, as the increase was reproduced by a MOR 

agonist, and DA was decreased by a MOR antagonist (Spanagel et al., 1992). Other 

studies found that self-administration of heroin increased tyrosine hydroxylase (TH) 

protein expression within the VTA and the cAMP cascade member protein kinase A 

(PKA, both particulate and soluble) within the NAc (Self and Nestler, 1995). 

Furthermore chronic morphine administration was shown to shrink cell bodies and bring 

about a 30% decrease in the length of dopaminergic neuronal processes within the VTA 

(Sklair-Tavron et al., 1996) as well as to decrease the complexity of dendritic branching 

and the number of dendritic spines on medium spiny neurons in the shell of the nucleus 

accumbens and on pyramidal cells in prefrontal and parietal cortex (Robinson and Kolb, 

1999;Robinson et al., 2002). The above evidence underscores the importance of the 

mesolimbic dopamine system in opiate addiction. 

Opioids and 5-HT 

            While the mesolimbic DA system is a well-established substrate of opioid 

reinforcement, elimination of DA circuits with constitutive gene deletions and lesions 

have not always abolished measures of opioid reward. In one study, cocaine induced CPP 
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was investigated in DA receptor 1 homozygous and heterozygous knockout mice. This 

study showed that cocaine CPP could be demonstrated in both knockout strains as well as 

wild type littermates (Miner et al., 1995). Effects of non-dopaminergic mechanisms in 

behavior can bee seen in studies that utilize genetic deletion of the dopamine transporter, 

as mice with this deletion successfully responded to the rewarding properties of cocaine 

as evidenced by self-administration (Rocha et al., 1998b) and CPP models (Sora et al., 

1998), indicating that non-dopaminergic mechanisms may also contribute to 

psychostimulant reward. In addition, double dopamine/5-HT transporter knockout mice 

fail to show cocaine CPP (Sora et al., 2001), indicating a role for 5-HT as well as 

dopamine in psychostimulant reward. Additionally mice with genetic deletion of the DA 

synthesizing enzyme tyrosine hydroxylase displayed normal sucrose preference, 

indicating that dopamine is not required for non-drug reward (Cannon and Palmiter, 

2003). Neither DA lesions of the VTA or the NAc produced by 6-OHDA (a neurotoxin 

that selectively destroy dopaminergic and noradrenergic neurons) attenuated enhanced 

locomotor activity brought about by acute morphine administration (Stinus et al., 1985). 

These results show that drug addiction is not limited to the dopamine reward pathway. 

5-HT has long been known to play a role in the reinforcing effects of opiates 

(Glick and Cox, 1977). Specifically, lesions of both the DRN and MRN caused an 

increase in morphine self-administration in rats (Glick and Cox, 1977). Furthermore, all 

three opioid receptors, µ, κ, δ, are located near or within the DRN. The µ and κ receptors 

have all been found within the DRN (Mansour et al., 1995a). The δ receptor in contrast 

has been localized to the nearby periaqueductal gray (PAG), (Mansour et al., 1995b), an 

area with many interconnections to the DRN. Multiple studies have further demonstrated  
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that stimulation of these receptors modulates 5-HT output from the DRN (Tao and 

Auerbach, 1995;Jolas and Aghajanian, 1997;Tao and Auerbach, 2002b;Tao and 

Auerbach, 2002a). 

 There are reasons to hypothesize that serotonergic antidepressants may be 

clinically effective in aiding former opioid addicts. One is the above sensitivity of the 

DRN to opioids. Furthermore, depression, classically associated with serotonergic 

hypofunction (Nemeroff, 1998a), is a significant problem within the community of 

opioid-dependent patients (Nunes et al., 2004;Darke et al., 2009). However, by 

investigating the different mechanisms whereby opioids can modulate the 5-HT DRN 

Figure1.4. Summary of findings on 5-HT output following opiate administration and 
withdrawal (Tao and Auerbach, 1995; Tao et al., 1998). This graph putatively reflects 
what is occurring both within the DRN and in brain regions directly innervated by the 
DRN. 
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system in the current studies, we hope to identify better novel therapeutic targets for the 

treatment of opioid addiction. 

Morphine administration has been shown to alter 5-HT output from the DRN. 

Acute treatment with morphine has a net stimulatory effect on 5-HT output (Tao and 

Auerbach, 1995;Tao et al., 1998). After one week of morphine administration however, 

there were no significant differences between the morphine administered animals and the 

placebo group; furthermore 5-HT levels decreased by 30% when the rodents were 

administered the opioid  receptor antagonist naltrexone to precipitate withdrawal (Tao et 

al., 1998). Figure 1.4 is a schematic that summarizes these serotonergic changes across 

the addiction cycle. The morphine-induced increase in 5-HT is an indirect effect since 

acute treatment with opioids has been shown to inhibit GABA cells within the DRN, thus 

disinhibiting 5-HT DRN neurons (Jolas and Aghajanian, 1997). Another group came to 

the same conclusion using microdialysis to show that morphine-stimulation of 5-HT 

release in the DRN  is blocked by GABA receptor antagonists  (Tao and Auerbach, 

2002a). After chronic morphine treatment GABA tone increases, consequently 

decreasing 5-HT output (Jolas et al., 2000) such that it returns to baseline levels. Thus 

acute morphine stimulates 5-HT output through a GABAergic mechanism, which returns 

to baseline levels following chronic treatment. Naltrexone–precipitated withdrawal 

decreases 5-HT output (Tao et al., 1998), an effect produced by stimulation of intra DRN 

GABA afferents (Jolas et al., 2000).  Opiate withdrawal, additionally functions as a 

stressor. It has been shown that opiate withdrawal activates the hypothalamopituitary-

adrenal (HPA) axis and causes an increase in the expression of corticotropin-releasing 

factor (CRF) mRNA in the hypothalamus (Lightman and Young, III, 1988). As our 
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previous data have shown that CRF inhibits the 5-HT DRN system (Price et al., 

1998;Price et al., 2002;Kirby et al., 2000), it is also possible that withdrawal-induced 

decreases in 5-HT output are mediated by CRF pathways within the DRN. Aim I of this 

study will address this issue by measuring the changes in gene expression for receptors 

and enzymes involved in these DRN circuits at different timepoints across the addiction 

cycle. 

Corticotropin-releasing factor 

            In 1981, corticotrophin-releasing factor (CRF) was discovered and characterized 

(Spiess et al., 1981;Vale et al., 1981). CRF is a 41-amino acid peptide secreted by the 

paraventricular nucleus (PVN) of the hypothalamus in response to stress (Vale et al., 

1981). Endocrinologically, CRF stimulates the release of adreno-corticotrophic hormone 

(ACTH) from the pituitary gland (Labrie et al., 1984) thus initiating the hypothalamic-

pituitary-adrenal (HPA)-driven  axis that brings out the release of the stress hormone 

cortisol (or corticosterone in rodents) (Lupien et al., 2009). CRF also acts as a 

neuromodulator, impacting multiple neurotransmitter systems (Valentino and Van 

Bockstaele, 2008;Valentino et al., 2010), and is involved in both mood disorders 

(Nemeroff et al., 1984) and opiate addiction (Lightman and Young, III, 1988;Lu et al., 

2000a). 

 There are two CRF receptors, appropriately named CRF-R1 and CRF-R2 

(Lovenberg et al., 1995;Bale and Vale, 2004). The two receptors are derived from distinct 

genes and have several splice variants, although they are both seven transmembrane G 

protein coupled receptors that are predominantly linked to Gs, and thus activate adenylate 

cyclase (Bale and Vale, 2004). To further complicate matters, there are three additional 
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endogenous neurohormones: urocortin I (UCN I) (Vaughan et al., 1995), urocortin II 

(UCN II) (Reyes et al., 2001) and urocortin III (UCN III) (Lewis et al., 2001) that also 

bind to the CRF receptors (Bale and Vale, 2004).  

CRF and 5-HT regulation 

            CRF has also been shown to interact with the 5-HT system (Price et al., 

1998;Kirby et al., 2000;Price et al., 2002).  It was initially recognized that both CRF and 

CRF receptors (CRF-R1 and CRF-R2) were present in the DRN (Swanson et al., 

1983;Sakanaka et al., 1987;Chalmers et al., 1995) but it was not clear how CRF regulated 

DRN activity. After many seemingly contradictory studies, a landmark paper published 

in 1998 showed that CRF regulated 5-HT release (as measured by in vivo microdialysis) 

in the DRN following a U shaped dose response curve (Price et al., 1998) within the 

striatum, a region with 5-HT innervation deriving exclusively from the DRN. 

Furthermore CRF inhibited 5-HT discharge within the DRN at lower doses and 

stimulated 5-HT discharge at higher doses (Price et al., 1998;Kirby et al., 2000). The 

inhibitory effects of low doses of CRF were blocked by the CRF-R1 antagonist 

antalarmin, showing that this 5-HT inhibition is dependent on CRF R1 receptor activation 

(Kirby et al., 2000). 

            More recent studies have elucidated the cellular basis of CRF inhibition of 5-HT 

neurons in the DRN. Ovine CRF (oCRF, which has a greater affinity for CRF-R1 than 

CRF-R2; (Lovenberg et al., 1995)) increases GABA synaptic activity in 5-HT cells 

within the DRN (Kirby et al., 2008). This did not occur when the CRF-R2 agonist 

urocortin II was administered, nor did this occur in non-5-HT neurons. These results 

show that CRF has indirect effects on 5-HT excitability by increasing the release of 
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GABA within the DRN, thus hyperpolarizing serotonin cells through a mechanism that is 

dependent upon CRF-R1, and independent of CRF-R2. CRF was found to have direct 

effects on 5-HT DRN neurons as well, producing a depolarizing inward current mediated 

by the CRF-R2 receptor. This is consistent with the differential effects of the CRF-R1 

and CRF-R2 receptors within the DRN. Lower concentrations of CRF preferentially bind 

to the CRF-R1 receptor (Valentino et al., 2010). In contrast, the CRF-R2 receptor is only 

engaged by higher concentrations of CRF within the system (Valentino et al., 2010). This 

in turn brings about the change from neural inhibition to excitation described above 

(Valentino et al., 2010). Thus we can conclude that CRF-R1 receptors indirectly inhibit 

5-HT output via a GABAergic mechanism.  

  Stress has been shown to alter the dynamics of the CRF system within the DRN. 

The DRN has a higher expression level of CRF-R2 compared to CRF-R1 (Van Pett et al., 

2000). Furthermore immunohistochemical labeling studies indicate that 85% of CRF-R2 

is located within the cytoplasm, compared to CRF-R1 (55%) (Waselus et al., 

2009;Valentino et al., 2010). Recent studies have indicated that stress can alter the 

localization of the two CRF receptors in the DRN. Twenty four hours following forced 

swim stress, the CRF-R1 receptor becomes internalized: there is a decrease in the number 

of membrane bound receptors, with a corresponding increase in the number of receptors 

seen intracellularly. Additionally, there is an increase in the number of extracellular CRF-

R2 receptors, with a consequent decrease in their numbers intracellularly (Waselus et al., 

2009;Valentino et al., 2010). This results in more excitation of 5-HT DRN neurons and 

greater 5-HT release when the DRN is exposed to CRF (Valentino et al., 2010). 
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CRF and opioid addiction 

  Early studies showed elevated expression of CRF mRNA following naloxone 

precipitated opiate withdrawal within the paraventricular nucleus of the hypothalamus 

(Lightman and Young, III, 1988), a finding that was later confirmed by another group 

(Nunez et al., 2007). Additionally it was shown that this effect also occurs if the rat is 

unconscious demonstrating that it is not dependent upon the conscious experience of 

stress (Harbuz et al., 1991). Other studies have shown that CRF-R1 antagonists can 

alleviate signs of opiate withdrawal (Iredale et al., 2000) and a non specific CRF 

antagonist can alleviate opiate withdrawal signs as well (Lu et al., 2000a). Furthermore 

 
 
Figure 1.5. Hypothesis of the effects of stress on relative 5-HT output. Stress may 
drive decreases in 5-HT transmission that parallel the decreases seen in withdrawal. 
This may also drive increases in CRF levels within the DRN. 
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CRF R2 knock out mice have inhibited signs of spontaneous and naloxone precipitated 

opiate withdrawal (Papaleo et al., 2008). Finally, it was shown that CRF itself, and not 

corticosterone mediates stress-induced relapse in heroin treated rats (Shaham et al., 

1997). Thus CRF expression and activation of the CRF receptors may play a role in the 

physiological symptoms of withdrawal, and relapse. 

 It is known that CRF decreases 5-HT transmission by increasing GABAergic 

inhibitory signals within the DRN (Kirby et al., 2008). Our hypothesis is that following 

opiate withdrawal, stressors may drive increases in CRF release within the DRN (Figure 

1.5). This would subsequently decrease 5-HT output into both the DRN and to brain 

regions that the DRN projects to. Furthermore the consequent decrease in 5-HT output 

and hypofunctioning of the DRN may bring about dysphoric affective symptoms that 

may contribute to drug-seeking and relapse. This may represent a mechanism for stress-

induced relapse of previously extinguished opiate addiction. This project will examine 

the above hypothesis by investigating DRN physiology following stress-induced 

morphine reinstatement as well as CRF sensitivity in the DRN of animals with an opioid 

history (Aim 1) and by measuring the expression of genes encoding enzymes associated 

with 5-HT synthesis and receptors for GABA and CRF at different time points during 

opiate exposure, during spontaneous and precipitated opiate withdrawal, and following 

forced swim stress (Aim 2). 

Brain-derived neurotrophic factor 

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin 

growth factor family. It is the most widespread neurotrophin in the adult mammalian 

brain, and has numerous biological roles within the brain including synaptic plasticity  
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Figure 1.6. Stress, BDNF and atrophy. 

Stress reduces BDNF protein levels which 

in turn cause neuronal atrophy in the 

brain. Specific effects include decreased 

dendritic branching and spine number 

within pyramidal neurons of the prefrontal 

cortex. The top figure shows medial 

prefrontal cortex pyramidal neurons A. 

Similar effects are seen with hippocampal 

pyramidal neurons from the CA3 region. 

Again A is unstressed while B is stressed. 

Top figure from Goldwater et al., 2009 

(Goldwater et al., 2009), bottom figure 

from Xu et al., 2009 (Xu et al., 2009). 
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(Waterhouse and Xu, 2009), promotion of the survival and development of 5-HT cells 

from DRN precursor cells in culture (Eaton and Whittemore, 1996), neuronal 

development (Casey et al., 2009), neuronal survival (Walton et al., 1999) and adult 

hippocampal and subgranular zone neurogenesis (Lee and Son, 2009). Stress is known to 

bring about neuronal atrophy by decreasing BDNF protein levels and signaling (Figure 

1.6; (Duman, 2009)). BDNF also plays a significant role in the pathophysiology of 

depression (Duman and Li, 2012) and mechanisms of antidepressant function (Duman et 

al., 1997) as well as in reward circuits that are engaged by drugs of abuse (Bolanos and 

Nestler, 2004). 

BDNF has been shown to interact with the mesolimbic dopamine reward 

pathway. Chronic administration of drugs of abuse induces elevated levels of tyrosine 

hydroxylase (the rate limiting enzyme in dopamine synthesis) and altered structural 

determinants of neurons (decreased neurofilaments) and glia (increased glial fibrillary 

acidic protein; GFAP) within the VTA (Bolanos and Nestler, 2004). Morphine 

specifically also decreases the size of cell bodies and dendrites within the VTA. These 

changes are not seen in the nigrostriatal dopamine system. These results are similar to 

those seen both in vivo and in vitro after reduced neurotrophic support, suggesting 

possible neural injury (Nestler et al., 1993). When BDNF was infused intra-VTA, 

increases in TH and GFAP were prevented or reversed and the morphine induced 

reductions in cell body and dendrite size were prevented (Sklair-Tavron et al., 

1996;Bolanos and Nestler, 2004). Cocaine CPP is also enhanced by BDNF 

administration (Bolanos and Nestler, 2004), while cocaine CPP was prevented in mice 
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heterozygous for a deletion of the BDNF gene (Hall et al., 2003). Therefore, if BDNF has 

effects on dopaminergic plasticity during addiction, it may play a similar role in 

serotonergic plasticity during addiction. 

BDNF and the DRN-serotonin system 

 Anatomical evidence supports a regulatory role of BDNF in the DRN. First, it has 

been demonstrated that the BDNF receptor, TrkB, is expressed within the DRN (Madhav 

et al., 2001;Merlio et al., 1992). Additionally BDNF infusion into the midbrain has been 

shown to upregulate the expression of TPH 1 (tryptophan hydroxylase 1) 15 fold 

compared to saline controls as measured by competitive RT-PCR (Siuciak et al., 1998). 

The effects of BDNF on TPH2, the 5-HT synthesis enzyme isoform predominantly 

expressed in the DRN, are unknown at present. Addition of BDNF to the midbrain  of 

rats increased cortical levels of 5-HT, and also the 5-HT metabolite 5-

hydroxyindoleacetic acid (5-HIAA) within the hippocampus, cortex, striatum, substantia 

nigra, and hypothalamus (Siuciak et al., 1996). Striatal brain slices treated with potassium 

and BDNF exhibited a concentration-dependent release of 5-HT, which was inhibited by 

the TrkB antagonist K252A (Goggi et al., 2002). Furthermore, BDNF was also shown to 

prevent depression-like behaviors in two animal models: the learned helplessness 

paradigm as well as the forced swim test, behaviors that are partly dependent upon the 5-

HT system (Siuciak et al., 1997). Additionally, Celada and colleagues used extracellular 

electrophysiological recordings in anesthetized animals to show that BDNF infusion 

decreased the regularity of the spontaneous activity of serotonergic dorsal raphe neurons 

without concomitantly changing the mean firing rate or other measures of electrical 

activity (Celada et al., 1996). In addition, BDNF promotes the survival and sprouting of 
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serotonergic axons in the rat brain (Mamounas et al., 1995). Thus BDNF has effects on 5-

HT DRN activity at the biological level in vitro and in vivo in terms of 5-HT synthesis 

and firing patterns, and at the behavioral level in the learned helplessness and FST 

paradigms. We hypothesize that BDNF is another potential mediator of 5-HT plasticity 

during addiction. 

Gamma-aminobutyric acid (GABA) 

 Preliminary work from our lab indicates that following stress-induced 

reinstatement, GABA synaptic activity at 5-HT DRN neurons is increased (Staub et al., 

2012). This effect was seen in brain slices from rats that underwent stress-induced 

reinstatement of previously extinguished morphine CPP, and was measured as an 

increase in postsynaptic GABA receptor number or sensitivity within 5-HT cells, but not 

non 5-HT cells. This effect was not seen in slices from animals with a similar drug 

history but no stress exposure or from animals with no drug history but a similar stress 

exposure.  These results imply a unique interaction between drug history and stress 

exposure that sensitizes 5-HT DRN neurons to inhibitory GABA synaptic inputs. 

BDNF and CRF are two potential mediators underlying this augmented GABA 

sensitivity in 5-HT DRN neurons following stress-induced reinstatement.  Both BDNF 

and CRF systems target the DRN (Swanson et al., 1983;Sakanaka et al., 1987;Madhav et 

al., 2001;Merlio et al., 1992), respond to stress (Smith et al., 1995;Lupien et al., 2009) 

and opiates (Lightman and Young, III, 1988;Bolanos and Nestler, 2004), and modulate 

GABA neurotransmission (Brunig et al., 2001;Kirby et al., 2008). BDNF has been shown 

to decrease GABA synaptic activity (Brunig et al., 2001) while CRF has been shown to 

increase GABA synaptic activity (Kirby et al., 2008). More specifically, it has been 
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shown that BDNF inhibits GABA synaptic activity at the postsynaptic level in primary 

rat neuronal hippocampal cultures, an effect blocked by a protein kinase antagonist with a 

high affinity for the TrkB receptor, demonstrating that the effect was specific to BDNF 

(Brunig et al., 2001). An immunohistochemical study of the GABAA subunits α2, β2, β3, 

and γ2 indicates that the density of postsynaptic GABAA receptors is reduced in response 

to BDNF (Brunig et al., 2001). A time course study shows that these GABAergic effects 

begin 15 minutes after initial exposure to BDNF, and persist for 12 hours (Brunig et al., 

2001). Thus opiate exposure may upregulate BDNF expression within the DRN and 

consequently decrease GABA activity on 5-HT neurons leading to the elevated 5-HT 

output. In turn it is possible that BDNF expression may decrease during withdrawal 

driving an increase in GABA inhibition of 5-HT neurons.  

Cellular localization of receptors 

In order to understand the interactions of morphine, CRF, BDNF and GABA 

within the DRN it is helpful to have a model of receptor expression at the cellular level 

within the DRN. The DRN is a very heterogeneous nucleus (Michelsen et al., 2007) that 

is innervated by many neurotransmitters including dopamine (Ochi and Shimizu, 1978), 

GABA (Belin et al., 1979;Gamrani et al., 1979), glutamate (Kirby et al., 2007), 

enkephalin (Uhl et al., 1979), and CRF (Commons et al., 2003). Immunohistochemical 

studies of MOR expression have found that about 80% of GABA-positive DRN cells 

were also immunoreactive for the MOR, and about 25% of MOR immunoreactive cells 

also stained positive for GABA (Kalyuzhny and Wessendorf, 1997) . The same group 

found that serotonergic cells in the DRN seldom if ever expressed MOR 

immunoreactivity. However MOR immunoreactive processes were found adjacent to 5- 
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Figure 1.7. Cell types and receptors within the DRN. CRF-R1 receptors are found on both 
GABA and 5-HT neurons, while CRF-R2 receptors are localized to 5-HT neurons. MOR 
is limited to GABAergic neurons, as the effects of morphine are mainly dependent upon 
disinhibition of the 5-HT system. In contrast both GABAA and 5-HT1A are found on 5-HT 
neurons. GABAA functions as an ion channel allowing Cl- to flow in, and thus 
hyperpolarizing the cell. 5-HT1A functions as a somatodendritic autoreceptor that 
regulates the electrical activity of 5-HT DRN neurons in addition to regulating 5-HT 
synthesis and release. The BDNF receptor TrkB has not been directly localized, however 
indirect evidence suggests that it may be located on 5-HT DRN neurons. 
 
Note: CRF-R1, CRF-R2, 5-HT1A, and MOR are seven transmembrane G-protein coupled 
receptors. GABAA is an ion channel. TrkB is a tyrosine kinase receptor. 
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HT cells and seemed to outline 5-HT immunoreactive cells (Kalyuzhny et al., 1996).  The 

DR contains a large population of GABA interneurons that are stress-responsive, are 

innervated by CRF fibers, and express CRF-R1 and (Roche et al., 2003;Day et al., 

2004;Allers and Sharp, 2003) whereas CRF-R2 mRNA is expressed in both 5-HT and 

GABA cells (Day et al., 2004). Consistent with these data, electrophysiological studies 

from our laboratory indicate that CRF-R1 modulates GABA synaptic activity at 5-HT 

DRN neurons, while CRF-R2 has direct effects on  5-HT DRN neurons (Kirby et al., 

2008). Although TrkB expression has been demonstrated within the DRN (Madhav et al., 

2001;Merlio et al., 1992), it has not yet been determined which cell types express the 

receptor. However, one study showed that BDNF infusion promotes the sprouting from 

5-HT neurons targeting the hippocampus, suggesting that TrkB is present in 5-HT cells 

(Mamounas et al., 2000). See figure 1.7 for a diagram. 

With such a diverse array of receptors within this system it is also useful to 

consider the signal transduction cascades activated by each of these receptors. As 

mentioned above, stimulation of MOR inhibits cAMP formation (Akil et al., 1998). In 

contrast, CRF-R1 (Chen et al., 1986) and CRF-R2 (Bale and Vale, 2004) are linked to an 

increase in cAMP formation. Thus morphine and CRF are linked to opposing signaling 

pathways, thus would produce opposing effects in any neurons expressing their receptors, 

including GABA DRN neurons. The BDNF receptor TrkB, in contrast, has been shown 

to be coupled to three distinct signaling pathways: phospholipase C-gamma (PLC-γ), 

extracellular signal-regulated kinase (ERK), and Phosphatidylinositol 3-kinase (PI-3K) 

(Nakagawara et al., 1994). Finally it is well established that the GABAA receptor is 
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linked to a ion channel that allows the neuronal influx of Cl- thus causing neuronal 

inhibition (Olsen et al., 1999).  

Electrophysiology theory 

 In Aim 1 we will use in vitro electrophysiology techniques to examine the effect 

of opioid reinstatement on DRN physiology and to examine the effect of opioid history 

on CRF sensitivity of 5-HT DRN neurons.  Our lab employs the whole-cell patch-clamp 

technique to measure the postsynaptic electrical activity of a cell. Briefly, an electrode is 

brought to the membrane of a cell, forms a stable, electrically insulated giga-ohm seal, 

and the membrane patch is aspirated to achieve the whole-cell configuration. In this 

configuration, the electrode can then directly examine the voltage and current changes 

that occur across the cell membrane. Whole-cell patch-clamp techniques can be used to 

measure synaptic transmission. Under normal conditions, when a postsynaptic 5-HT cell 

receives GABAergic input, GABAA receptor-linked ion channels open, allowing Cl- to 

flow into the cell. This produces an inhibitory post synaptic current (IPSC) that 

hyperpolarizes the cell membrane, decreasing the chances that the cell will fire an action 

potential. However, under our recording conditions (membrane voltage clamped at -70 

mV, high chloride concentration in recording electrolyte) and with glutamate 

contributions blocked with glutamate receptor antagonists, IPSCs are measured as inward 

currents: rapid downward deflections which reflect the efflux of Cl- from the cell. Under 

voltage clamp conditions, a constant voltage difference between the inner and outer 

membranes is maintained by a computer. Thus the amount of charge required to maintain 

the constant voltage is measured.  MiniAnalysis software is used to analyze the frequency 
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and amplitude of the IPSCs, which reflect presynaptic GABA release and postsynaptic 

GABAA receptor sensitivity, respectively.  

 In contrast, excitatory post synaptic currents (EPSCs) reflect the flow of 

positively charged ions across the cell membrane. The excitatory amino acid transmitter 

glutamate is released into the synapse, binding to glutamate receptors, generating an 

EPSC within the post synaptic cell, causing it to depolarize and approach the threshold to 

allow the cell to fire an action potential. Under our recording conditions (membrane 

voltage clamped at -70 mV, low chloride concentration in recording electrolyte) and with 

GABA contributions blocked with GABA receptor antagonists, EPSCs are measured as 

inward currents: downward deflections which reflect the flux of Na+ into the cell. 

 Many properties can be inferred from the changes in current measured in these 

experiments. In both cases the frequency of the postsynaptic currents (PSCs) are a 

reflection of the total quanta of neurotransmitters released by the presynaptic cell, i.e. the 

greater the frequency, the more transmitter is released. In contrast, the amplitude of the 

PSCs are a reflection of the number or sensitivity of receptors in the post synaptic cell. 

Additionally, there are two types of synaptic activity data that are collected in 

electrophysiology experiments: spontaneous PSCs are recorded in the absence and 

miniature spontaneous PSCs in the presence of tetrodotoxin (TTX) which blocks voltage-

gated, Na+ ion channels. As a result, spontaneous and miniature spontaneous PSCs reflect 

total and non-action potential-dependent neurotransmitter release, respectively.  

 Additionally membrane characteristics can be measured using electrophysiology. 

Some of these characteristics include the resting membrane potential (Vm) of a neuron, 

which can be established under current clamp mode when no current is being applied to 
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the cell. This is a measure of the voltage difference between the inner and outer 

membrane of the cell. Furthermore, using the known variables V (the measured voltage) 

and I (the current injected into the cell), the membrane resistance can be calculated using 

Ohm’s Law, V = IR. Another property that can be determined is tau (τ), the membrane 

time constant. Tau is linearly proportional to the cell membrane resistance and the 

capacitance of the membrane (τ = RC; both R and C vary over time depending on 

whether ion channels are open or closed), and thus is a measure of the membrane 

capacitance, or the amount of charge stored by the cell membrane (Molleman, 2003). 

Additionally, action potential characteristics, dependent on Na+, Ca++ and K+ currents, 

can be measured including the amplitude (measured in mV), and the width (measured in 

msec). Finally the afterhyperpolarization (AHP) of the action potential can be measured. 

AHP properties include the amplitude (measured in mV) and duration, the length of time 

for the AHP to return to baseline. With action potential and AHP data, inferences can be 

made about cell firing patterns and excitability (ex: cells with narrow action potential 

width and brief AHP frequently exhibit fast spiking behavior (Bean, 2007). 

Quantitative real time PCR theory 

In Aim 2, quantitative real time polymerase chain reaction (Q-PCR) will be used to 

examine changes in gene expression in the DRN in response to opioid exposure, 

withdrawal and post-withdrawal stress.  Q-PCR is a molecular biological technique used 

to quantify messenger RNA (mRNA) in tissue. After total RNA is extracted, a reverse 

transcription reaction using poly T primers (complementary to the mRNA poly-A tail) is 

performed to create a 1:1 ratio of mRNA to complementary DNA (cDNA). 

Quantification of cDNA is then measured through the use of a TaqMan probe. A TaqMan 
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probe consists of a single stranded DNA sequence, approximately 20 base pairs long, 

with a fluorophore covalently bound at the 5’ end of the sequence (Figure 1.8) (Koch, 

2004). The probe attaches between the forward and reverse primers that are included in 

the kit. The fluorophore is not visible to the Q-PCR machine because a quencher 

molecule, which absorbs light at the same wavelength emitted by the fluorophore, is 

covalently attached to the 3’ end of the primer (Koch, 2004). As long as the fluorophore 

and quencher are within close proximity of each other, there will be no signal. When the 

Taq DNA polymerase begins to synthesize DNA around the primer, the 5’ → 3’ 

exonuclease activity releases the nucleotides around the fluorophore and allows it to 

diffuse away from the quencher, thus allowing the real-time PCR thermal cycler to detect 

the signal (Koch, 2004). The signal detected is then directly proportional to the quantity 

of fluorophore released and the amount of DNA template present in the PCR reaction. In 

each PCR cycle, the number of copies of cDNA doubles and consequently so does the 

number of fluorophores. This is measured as an amplification curve (Figure 1.9). The Q- 

PCR software then calculates the cycle threshold (CT, blue in Figure 1.9), which 

intersects all amplification curves at the earliest point in the exponential phase of the 

amplification curve (Koch, 2004). Real Time Q-PCR is based on the principle that lower 

starting quantities of cDNA (measured in terms of RNA equivalents) will result in higher 

CT counts because more cDNA must be produced to enter the exponential phase. The CT 

bar is adjusted to the lowest possible value without intersecting any minor peaks that 

arise before the curve enters the exponential phase. Through the use of the delta CT 

method, raw CT counts can be converted to relative gene expression method as described 

by Schmittgen and Livak (Schmittgen and Livak, 2008). 
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Figure 1.8. Illustration of the TaqMan probe (Koch, 2004). The fluorphore 
remains inactive in the vicinity of the quencher. When the Taq polymerase 
nears the primer, the 5’ → 3’ exonuclease activity cleaves and releases the 
nucleotides attached to the fluorphore, allowing it to diffuse away from the 
quencher. The signal is then readable by the real time PCR thermal cycler. 
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Conclusions 

It has been observed that recovering opioid addicts in methadone and 

buprenophine treatment programs are most likely to relapse during the first three months 

of treatment. During this time, stress hormone levels have yet to normalize and certain 

withdrawal symptoms such as dysphoric mood states are often still present. The role of 

the 5-HT system in opioid addiction and relapse has been only minimally addressed by 

preclinical studies.  The current study proposes to investigate the physiology of the 5-HT 

system in an animal model of stress-induced opioid relapse as well as changes in gene 

expression within the 5-HT DRN in an animal model of opioid exposure, withdrawal, 

abstinence and post-withdrawal stress. With these studies, we hope to gain new insights 

into the cellular basis of opioid addiction, withdrawal and relapse. 

 
Figure 1.9. Q-PCR amplification curve. A typical amplification plot has four distinct 
sections: a. Plateau phase, b. Linear phase, c. Exponential (geometric phase), d. 
Baseline.  
 
http://tools.invitrogen.com/content/sfs/manuals/cms_046736.pdf 
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CHAPTER 2 

MORPHINE HISTORY SENSITIZES POSTSYNAPTIC GABA RECEPTORS ON  

DORSAL RAPHE SEROTONIN NEURONS IN A STRESS-INDUCED RELAPSE  

MODEL IN RATS 

 

Introduction 

It is well known clinically that drug relapse is a significant problem for recovering 

opioid addicts. In addition to reexposure to drugs and exposure to a drug taking 

environment, stress is a particularly potent trigger of opioid relapse in both the clinic and 

in animal models of drug abuse (de Wit H. and Stewart, 1981;de Wit H. and Stewart, 

1983;Self and Nestler, 1998;De Vries and Shippenberg, 2002;Shaham et al., 2003).  

Investigations of the neurobiology of drug abuse and relapse have largely focused 

on traditional dopaminergic reward pathways (Koob and Volkow, 2010). While the 

serotonin (5-hydroxytryptamine, 5-HT) system has long been known to play an important 

role in stress and stress-related psychiatric disorders such as anxiety and depression (for 

review see (Charney et al., 1990b;Charney et al., 1990a;Meltzer, 1990), it has more 

recently been implicated in drug reward and drug abuse (Ciccocioppo, 1999;Filip et al., 

2005;Kranz et al., 2010;Hayes and Greenshaw, 2011;Kirby et al., 2011). For example, 

genetic deletion of the dopamine transporter does not prevent mice from responding to 

the rewarding properties of cocaine as evidenced by self-administration (Rocha et al., 

1998a) and conditioned place preference (CPP) models (Sora et al., 1998), indicating that 

non-dopaminergic mechanisms may also contribute to psychostimulant reward. In 

addition, double dopamine/ 5-HT transporter knockout mice fail to show cocaine CPP 
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(Sora et al., 2001), indicating a role for 5-HT as well as dopamine in psychostimulant 

reward. The 5-HT system has also been shown to be involved in both euphoric effects of 

opioids (Glick and Cox, 1977;Carboni et al., 1988;Carboni et al., 1989;Alaei et al., 2002) 

and the dysphoric responses that are part of the withdrawal syndrome (Cervo et al., 

1981;Cervo et al., 1983;Harris and Aston-Jones, 2001;Goeldner et al., 2011). There is 

also a high degree of comorbidity of affective disorders such as major depression with 

opioid dependence (Woody et al., 1975;Rounsaville et al., 1982;Brooner et al., 1997;Pani 

et al., 1997;Mason et al., 1998). Indirectly, 5-HT circuits may also play a role in drug 

abuse via regulation of traditional dopaminergic reward pathways (Kapur and 

Remington, 1996;Bardo, 1998;Zahm, 1999). Ultimately, the 5-HT system may contribute 

to negative affective states which underlie vulnerability to both mood disorders as well as 

drug abuse, potentially via overlapping neural mechanisms. 

Anatomically, the dorsal raphe nucleus (DR) contains the majority of 5-HT 

neurons projecting to the forebrain (Jacobs and Azmitia, 1992) and is known to be a 

target of both stress neurohormones such as corticotropin-releasing factor (CRF) and 

opioids. CRF terminals densely innervate the DR (Kirby et al., 2000;Valentino et al., 

2001) and the two known CRF receptors are also expressed at high levels (Chalmers et 

al., 1995;Lovenberg et al., 1995;Day et al., 2004). The DR also expresses endogenous 

opioids (Martin-Schild et al., 1999;Neal, Jr. et al., 1999) and the major opioid receptors, 

µ, κ, and δ (Mansour et al., 1994a;Mansour et al., 1994b;Mansour et al., 1995b). 

Additional evidence for regulation of the 5-HT DR system by opioids and stress 

comes from in vivo microdialysis and electrophysiology studies. For example, swim 

stress stimulates 5- HT neurotransmission in the striatum but inhibits 5-HT 

neurotransmission in several different brain regions including the lateral septum, 

amygdala and DR (Chou et al., 1995;Kirby et al., 1995;Adell et al., 1997;Kirby et al., 

2000;Price et al., 2002;Kirby et al., 2007). Similarly CRF, at low and moderate doses, 

inhibits DR 5-HT neuronal activity and release via CRF-R1 receptors on GABA afferents 
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and stimulates DR 5-HT neuronal activity at higher doses via CRF-R2 receptors on 5-HT 

neurons; (Price et al., 1998;Kirby et al., 2000;Lowry et al., 2000;Price et al., 2002;Pernar 

et al., 2004;Kirby et al., 2008). Furthermore, swim stress-mediated inhibition of 5-HT 

release in the lateral septum is mediated by the endogenous release of CRF and actions at 

its receptors within the DR (Price et al., 2002). In contrast to the inhibitory effects of 

CRF produced by low to moderate doses, acute administration of opioids such as 

morphine have excitatory effects on 5-HT DR neurotransmission (Tao and Auerbach, 

1994b;Tao and Auerbach, 2002a;Tao and Auerbach, 2002b). These stimulatory effects of 

morphine have been shown to be indirect, mediated by the inhibition of GABAergic 

afferents to 5-HT DR neurons (Jolas and Aghajanian, 1997;Tao and Auerbach, 2002a). 

Based on the studies above indicating that stress and opioids converge on the DR 

to regulate 5-HT neurotransmission, we hypothesize that the 5-HT DR system plays a 

role in stress-induced opioid relapse. To test this hypothesis we used a morphine CPP 

model of opioid reward. In the first experiment we used forced swim stress to reinstate 

previously extinguished CPP, an established model of stress-induced drug relapse 

(Kreibich and Blendy, 2004;Ma et al., 2007). Next, we examined GABA synaptic activity 

in 5-HT DR neurons using whole-cell patch-clamp recordings in brain slices from these 

subjects. In the second experiment, in lieu of a stressor, we examined the sensitivity of 

DR neurons to in vitro application of the stress neurohormone CRF in brain slices from 

subjects exposed to morphine CPP followed by extinction. In summary, these 

experiments test the responses of DR neurons to interactions between opioid history and 

stressor/stress neurohormone exposure using an opioid relapse model. 
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Materials and methods 

Animals 

Male Sprague-Dawley rats (Taconic Farms, Germantown, NY) weighing 300—

350 g were housed 2 per cage under standard temperature (20 ºC) and humidity (40%). 

Rats were kept under a 12 h light/dark cycle (lights on at 7:00 AM). Food and water were 

provided ad libitum. Prior to the start of experiments, rats were handled for 5 min over 

3—5 days. Animal protocols were approved by the Temple University Institutional 

Animal Care and Use Committee and were conducted in accordance to the National 

Research Council Guide for the Care and Use of Laboratory Animals. 

Conditioned place preference 

The CPP chambers consisted of 20 H x 20 W x 40 L-cm custom- built Plexiglas 

boxes with a removable Plexiglas cover, divided into two distinct chambers, separated 

with a removable door. The chambers differ in wall design (1 cm vertical vs. horizontal 

black stripes on white background, 4 cm apart), floor texture (smooth black floor vs. wire 

mesh (1 cm squares) elevated 1 cm above a white floor) and cage top/lighting (black top 

vs. white top backlit with a small spotlight). All experimental work was performed during 

the light cycle under low lighting conditions. CPP chambers were designed so that 

animals would show no inherent preference for one side or another; all CPP experiments 

were conducted using an unbiased procedure. 

For morphine-conditioned subjects, the conditioning phase consisted of 4 days 

(days 1—4) of subcutaneous injections of morphine (5 mg/kg) or saline given alternately 

in morning (9 am) and afternoon (3 pm) sessions (6 h apart), each injection followed by 

immediate confinement of the rat to its drug-paired or saline-paired chamber for 45 min 

(Fig. 2.1). For saline-conditioned controls, rats were given only saline and exposed to one 

side of the CPP box during the morning session and the other side during the afternoon 

session for 45 min/session over 4 days. Injections were counterbalanced for chamber and 

injection time of day. On the 5th day rats were tested for conditioning by placing them in 
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the CPP chambers for 15 min with free access to both sides. Rats were videotaped in the 

conditioning test for later subjective behavioral scoring by raters blind to the treatment 

group. Rats were considered to have entered a chamber when both front paws were inside 

the chamber. Amount of time spent in each chamber was recorded for the 15 min session. 

Since the focus of this study was on reinstatement, it was necessary to eliminate subjects 

with weak conditioning or extinction. Successful conditioned place preference was 

defined as time in drug-paired minus saline-paired chamber >100 s. A 100 s criterion has 

been used previously as an effective discriminator of rats with stable morphine 

conditioned place preference (Herzig and Schmidt, 2004;Herzig and Schmidt, 2005). If 

the difference was below 100 s then the rat was removed from the experiment. 

The extinction phase consisted of 4 days (days 6—9), and had the same design as 

the conditioning phase (Fig. 2.1) except that no morphine was administered. In the 

extinction test (day 10), rats were placed in the CPP chambers for 15 min with free access 

to both sides and videotaped for later behavioral analysis as described above. Successful 

 
Figure 2.1 Experimental design time-line for morphine CPP paradigm with extinction 
and stress-induced reinstatement. Electrophysiology experiments in experiment 1 
were conducted following the stress-induced reinstatement test on day 11. 
Electrophysiology experiments in experiment 2 were conducted on day 11 at the same 
time as in experiment 1 but without stress-induced reinstatement. 
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extinction was defined as time in drug-paired minus saline-paired chamber <100 s. If the 

difference was greater than 100 s then the rat was removed from the experiment. 

Experiment 1 

On day 11, morphine (N = 18) and saline treated rats (N = 17) that had undergone 

successful conditioning and extinction were exposed to a 6 min forced swim stress 

(placed in a swim tank that is 20 cm in diameter and filled with 21—22 ºC water to a 

depth of 30 cm) followed by a 20 min drying off period, and then placed in the CPP 

chambers for 15 min with free access to both sides (Fig. 2.1). Animals were videotaped in 

the reinstatement test for later behavioral analysis as described above. Animals were 

sacrificed and brains prepared for electrophysiology within 30 min of the reinstatement 

test. Swim stress has been shown in previous studies to reinstate CPP in mice and rats 

under similar experimental conditions. Several studies employed a 6 min swim session 

(Kreibich and Blendy, 2004;Mantsch et al., 2010;Briand et al., 2010) and others a 10—15 

min swim session (Ma et al., 2007;Redila and Chavkin, 2008). The majority of the 

studies employed room temperature water (20-25 ºC; (Kreibich and Blendy, 2004;Ma et 

al., 2007;Briand et al., 2010;Mantsch et al., 2010) with one exception (30 ºC; (Redila and 

Chavkin, 2008)). 

Experiment 2 

In a separate group of subjects, on day 11, morphine (N = 12) and saline treated 

rats (N = 13) that had undergone successful conditioning, and extinction were sacrificed 

and brains prepared for electrophysiology to examine the sensitivity of 5-HT neurons to 

CRF in vitro in rats that had undergone extinction of CPP (Fig. 2.1). 

Electrophysiology 

Brain slice preparation and electrophysiology were performed as described 

previously (Kirby et al., 2008). Subjects were rapidly decapitated and brains were placed 

into ice-cold artificial cerebrospinal fluid (ACSF) in which sucrose (248 mM) was 

substituted for NaCl. Slices (200 mm thick) were cut through the DR using a Vibratome 
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3000 Plus (Vibratome, Bannockburn, IL) and placed in ACSF ((in mM): 124 NaCl, 2.5 

KCl, 2 NaH2PO4, 2.5 CaCl2, 2 MgSO4, 10 dextrose, and 26 NaHCO3) with l-tryptophan 

(50 mM) at 35 ºC bubbled with 95% O2/5% CO2 for 1 h. Slices were then maintained in 

room temperature ACSF bubbled with 95% O2/5% CO2. 

Slices were transferred to a recording chamber (Warner Instruments, Hamden, 

CT) and continuously perfused with ACSF at 1.5—2.0 ml/min at 32—34 ºC maintained 

by an in-line solution heater (TC-324; Warner Instruments). Only one cell was recorded 

per brain slice. DR neurons were visualized using a Nikon E600 upright microscope 

(Optical Apparatus, Ardmore, PA). The resistance of the electrode was 4—8 MΩ when 

filled with an intracellular solution ((in mM): 70 Kgluconate, 70 KCl, 2 NaCl, 4 EGTA, 

10 HEPES, 4 MgATP, 0.3 Na2GTP, 0.1% biocytin, pH 7.3). 

Spontaneous inhibitory postsynaptic current (IPSC) recordings were made 

primarily in cells located in the ventromedial subdivision of the DR where 5-HT neurons 

are most densely populated. Whole-cell recordings were conducted in voltage-clamp 

mode (Vm = -70 mV) with a Multiclamp 700B (Molecular Devices, Sunnyvale, CA) or 

HEKA patch-clamp EPC-10 amplifier (HEKA Elecktronik Lambrecht/Pfalz, Germany). 

Series resistance was monitored throughout the experiment. Signals were filtered at 1 

kHz and digitized at 10 kHz. The liquid junction potential was ≈9 mV between the 

pipette solution and the ACSF and was not subtracted from the data obtained. 

The non-NMDA glutamate receptor antagonist 6,7-dinitroquinoxaline- 

2,3(1H,4H)-dione (DNQX; 20 µM) was bath applied to isolate GABAergic IPSCs. Total 

spontaneous IPSCs (sIPSCs) were recorded in the absence and miniature spontaneous 

IPSCs (mIPSCs) in the presence of tetrodotoxin (TTX; 1 µM) to block action potential-

dependent events. To examine the CRF response (Experiment 2), 10 nM ovine CRF 

(generously provided by Dr. Jean Rivier, Clayton Foundation Laboratories for Peptide 

Biology, The Salk Institute, La Jolla, CA) was added, followed by recording for 9 min. 

Ovine CRF is about 8× more selective for the CRF-R1 than CRF-R2 subtype (Lovenberg 
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et al., 1995b). The 10 nM dose has been previously shown to have neurophysiological 

effects in brain slices (Liu et al., 2004;Nie et al., 2004;Tan et al., 2004;Kash and Winder, 

2006). In addition, while more selective for CRF-R1, previous experiments in our lab 

used selective CRF receptor antagonists to show that the 10 nM dose of ovine CRF 

produces both CRF-R1-mediated (increased GABA synaptic activity) as well as CRF-R2-

mediated (inward current) effects in 5-HT DR neurons (Kirby et al., 2008). Therefore this 

dose of ovine CRF is capable of engaging both CRF receptor subtypes in DR brain slices. 

Immunohistochemistry 

Following electrophysiology experiments, brain slices were postfixed in 4.0% 

paraformaldehyde and standard fluorescent immunohistochemical methods (Beck et al., 

2004) were used to visualize the recorded biocytin-filled cell and tryptophan hydroxylase 

as a marker of 5-HT neurons. Mouse α tryptophan hydroxylase antibody (1:500; Sigma—

Aldrich, St. Louis, MO) was visualized using an Alexa 647-conjugated donkey anti-

mouse secondary antiserum (1:200; Molecular Probes, Eugene, OR). Biocytin was 

visualized using Alexa 488-conjugated streptavidin (1:200; Molecular Probes). Sections 

were viewed and images captured by Leica DMIRE2 confocal microscope (Leica 

Microsystems, Exton, PA). Cells were excluded from the study if they could not be 

conclusively identified by immunohistochemistry. 

Data analysis 

MiniAnalysis software (Synaptosoft, Decatur, GA) was used to analyze IPSC 

events on the basis of amplitude, rate of rise, duration, and area. Initially, noise analysis 

was conducted for each cell and amplitude detection thresholds set to exceed noise 

values. Events were automatically selected, analyzed for double peaks, and then visually 

inspected and confirmed. Event amplitude histograms were generated and compared to 

noise histograms to ensure that they did not overlap. Holding current was recorded and 

GABA synaptic activity analyzed for frequency, amplitude, rise time (calculated from 10 

to 90% of peak amplitude) and decay time (calculated by averaging 200 randomly 
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selected events and fitting a double-exponential function from 10 to 90% of the decay 

phase to generate an initial fast component and a subsequent slow component of the 

decay phase). All data are represented as mean ± SEM, except for rise time, which is 

represented as median ± SEM. For behavioral testing the time spent on the drug-paired 

side minus the unpaired side was analyzed using a two-way repeated measures ANOVA 

and post hoc Tukey tests employing drug treatment (morphine vs. saline) and type of 

behavioral test (conditioning, extinction, and reinstatement) as the independent variables. 

Electrophysiological results from the forced swim stress-induced reinstatement rats were 

compared between morphine- and saline-conditioned groups via unpaired Student’s t-

tests or Mann—Whitney Rank Sum tests when appropriate. The amplitude of IPSC 

events in individual cells was also illustrated as a cumulative probability graph for 

amplitude in saline-versus morphine-conditioned subjects and compared by the 

Kolmogorov—Smirnov test. Electrophysiological results from CRF treated sections were 

analyzed with a two-way repeated measures ANOVA and post hoc Tukey tests 

employing conditioning treatment (morphine vs. saline) and drug (ACSF vs. CRF) as the 

independent variables. The relationship between behavioral responses during the CPP 

paradigm and subsequent electrophysiological measures in DR neurons was examined 

with Pearson product-moment correlation. All statistical analyses were done using 

SigmaStat 3.1 (Systat Software Inc., Chicago, IL). A probability of p < 0.05 was 

considered significant. 

 

 

 

 

 

 

 



 

46 

Results 

Behavior 

CPP was used to evaluate drug reward during conditioning, extinction, and forced 

swim stress-induced reinstatement prior to electrophysiology (Fig. 2.2). Because the 

focus of this study was on stress-induced reinstatement, animals that did not reach the 

success criteria of the conditioning or extinction tests (see Methods, Section 2.2) were 

removed from this study. The success rate of morphine conditioning was 67% in 

Experiment 1 and 62% in Experiment 2. The success rate of extinction of morphine 

conditioning was 66% in Experiment 1 and 64% in Experiment 2. The success rates of 

the conditioning and extinction phases are comparable (Blander et al., 1984;Bruchas et 

al., 2011;Land et al., 2009);  and in some cases exceed (Rossi and Reid, 1976;Katz and 

Gormezano, 1979;Sherman et al., 1980;Redila and Chavkin, 2008) the rates published in 

earlier rodent CPP studies. No animals were removed from the stress-induced 

reinstatement group in order to determine the relationship between the strength of 

 
Figure 2.2 Experiment 1: morphine conditioned place preference, extinction and swim 
stress-induced reinstatement in saline or morphineconditioned subjects. Data 
represent mean ± SEM from saline (N = 17) and morphine conditioned (N = 18) 
subjects. Asterisks indicate *p < 0.05 and **p < 0.01 by post hoc Tukey test. 
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reinstatement and electrophysiological measures as well as to determine the impact of 

stress exposure on electrophysiological measures.  

There was a significant main effect of drug treatment (F(1, 33) = 5.639, p < 0.05) and 

a significant interaction between drug and behavioral test (F(2, 66) = 3.507, p < 0.05) but no 

main effect of behavioral test. Post hoc Tukey tests showed that in the conditioning 

phase, morphine-conditioned rats (N = 18) spent significantly more time on the drug-

paired side when compared to saline controls (N = 17; p < 0.05). In the extinction phase 

there was no significant difference between morphine- and saline-treated rats. Forced 

swim significantly increased time spent on the drug-paired side in morphine-treated rats 

when compared to saline controls (Fig. 2.2, p < 0.01). Furthermore there was no 

significant difference within the saline-conditioned group between any of the test phases. 

In morphine-conditioned rats there was a significant difference between conditioning vs. 

extinction ( p < 0.01) and extinction vs. forced swim stress-induced reinstatement ( p < 

0.05). There was no significant difference within the morphine-treated rats between 

conditioning vs. forced swim stress-induced reinstatement (Fig. 2.2). Similar behavioral 

results were seen with the second group of rats that underwent conditioning and 

extinction without forced swim stress-induced reinstatement (Table 2.1). 

Electrophysiology 

Experiment 1: GABA synaptic activity in DR neurons following forced swim stress-

induced reinstatement 

Twenty three 5-HT cells (Fig. 2.3D) and 5 non-5-HT cells (Fig. 2.4D) were 

recorded from 18 morphine-conditioned rats; 15 5-HT cells and 4 non-5-HT cells were 

recorded from 17 saline-conditioned rats. 5-HT neurons (N = 23) from morphine- 

conditioned rats exposed to forced swim stress-induced reinstatement had a greater 

amplitude of sIPSCs (t(36) = 3.232; p < 0.01) and mIPSCs (t(36) = 2.331; p < 0.05) 

compared to 5-HT neurons (N = 17) from saline controls (Fig. 2.3A, B, B’, C, and C’).  



 

48 

 

 

 

 

 

 
Figure 2.3 GABA synaptic activity is selectively sensitized in 5-HT DR neurons 
following swim stress-induced reinstatement of previously extinguished morphine CPP. 
sIPSC and mIPSC amplitudes were greater in the 5-HT DR neurons from the morphine 
conditioned group (N = 23) than in saline controls (N = 15) (A). Mean sIPSC and 
mIPSC amplitudes (±SEM) are shown in 5-HT neurons from the two groups (A) and in 
a representative 5-HT DR neuron (B and C).  Representative traces are averaged from 
200 randomly selected IPSC events. B’ and C’ show raw traces of sIPSCs (B’) and 
mIPSCs (C’). B’’ and C’’ show a significant shift to the right of the cumulative probability 
graph of IPSC amplitude of 5-HT cells in the morphine group vs. saline controls by 
Kolmogorov—Smirnov test, p < 0.01. Immunohistochemical identification of the 
biocytin-filled recorded neuron (green) with TPH-IR (red) is shown in a 5-HT cell that is 
double-labeled (yellow) in the merged panel (D). Asterisks represent *p < 0.05 and **p 
< 0.01 when compared to saline controls by unpaired Student’s t-test. 
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Figure 2.4 GABA synaptic activity is unchanged in non-5-HT DR neurons following swim 
stress-induced reinstatement of previously extinguished morphine CPP. There was no 
difference in sIPSC or mIPSC amplitude in non-5-HT DR neurons from morphine-
conditioned subjects (N = 5) compared to saline controls (N = 4) (A). Mean sIPSC and 
mIPSC amplitudes (±SEM) are shown in 5-HT neurons from the two groups (A) and in a 
representative non-5-HT neuron (B and C). Representative traces are averaged from 
200 randomly selected IPSC events. B' and C' show no shift of the cumulative probability 
graph of IPSC amplitude of 5-HT cells in the morphine group vs. saline controls.  
Immunohistochemical identification of the biocytin-filled recorded neuron (green) with 
TPH-IR (red) is shown in a non-5-HT neuron (D). Morphine and saline groups were 
compared by unpaired Student’s t-test (A) or Kolmogorov—Smirnov test (B' and C'). 
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Cumulative probability graphs of sIPSC and mIPSC amplitude for an individual cell (Fig. 

2.3B’’ and C’’) illustrate a significant shift to the right in the morphine- vs. saline- 

conditioned subjects (sIPSC: Z = 3.42, p < 0.01; mIPSC: Z = 3.61, p < 0.01). This 

increase in amplitude is an indication of postsynaptic receptor sensitization. There was no 

difference in sIPSC or mIPSC frequency in 5-HT neurons from morphine- vs. saline-

conditioned rats following forced swim stress-induced reinstatement. There was no 

significant difference in non-5-HT neurons (morphine subjects: N = 5; saline subjects: N 

= 4; see Fig. 2.4) from morphine and saline-conditioned subjects in amplitude of sIPSCs 

(t(7) = -0.00410; n.s.) or mIPSCs (t(7) = 1.203; n.s.; Fig. 2.4A, B, and C) or frequency of 

sIPSCs (t(7) = 1.152; n.s.) or mIPSCs (t(7) = -0.187; n.s.). Unlike in 5-HT neurons (see 

Fig. 2.3B’’ and C’’) cumulative probability graphs of sIPSC and mIPSC amplitude for an 

individual non-5-HTcell (Fig. 2.4B’ and C’) illustrate no difference between morphine- 

vs. saline-conditioned subjects (sIPSC: Z = 0.75, n.s.; mIPSC: Z = 1.13, n.s.). No 

significant differences between saline- and morphine conditioned groups were seen in 

holding current or mIPSC kinetics (rise time, fast or slow decay) from 5-HT or non-5-HT 

neurons (Table 2.2A). 

In order to examine the relationship between the behavioral reinstatement in the 

CPP protocol and the subsequent observed GABAergic sensitization of 5-HT DR 

neurons, data from saline- and morphine-conditioned subjects were pooled and 

correlational analyses performed. There was no correlation between preference for the 

drug-paired side during the stress-induced reinstatement tests and sIPSC or mIPSC 

amplitude. When morphine-conditioned and saline-conditioned subjects were examined 

separately, there were no significant correlations between stress-induced reinstatement 

and sIPSC or mIPSC amplitude (Table 2.3A). 

Experiment 2: CRF responses of DR neurons following extinction 

Eleven 5-HTcells and 5 non-5-HTcells were recorded from 12 morphine-conditioned 

rats; 12 5-HTcells and 7 non-5-HTcells were recorded from 13 saline-conditioned rats. 
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There was no difference in basal holding current in 5-HT neurons from morphine- and 

saline-conditioned subjects following extinction (Table 2.2A). 5-HT neurons (N = 11) 

from morphine-conditioned rats had a greater inward current response to CRF in vitro, 

which is a reflection of cellular depolarization, when compared to 5-HT neurons (N = 12) 

from saline controls (Fig. 2.5A). There was a significant main effect of drug on inward 

current (F(1, 21) = 13.013, p < 0.01) and a significant interaction between drug and 

conditioning treatment (F(1, 21) = 4.397, p < 0.05) but no main effect of conditioning 

treatment. Post hoc Tukey tests showed that bath applied CRF produced a significant 

inward current response compared to vehicle treatment (ACSF) in 5-HT DR neurons 

from morphine-conditioned ( p < 0.01) but not saline- conditioned subjects. This inward 

current response in the morphine group was significantly greater than the response in the 

saline group ( p < 0.01). Saline-conditioned subjects had a slightly smaller CRF-inward 

current at 4.6 ± 2.7 pA and morphine-conditioned subjects had a significantly greater 

CRF-inward current than either of the other groups at 21.9 ± 3.1 pA. Given an input 

resistance of DR 5-HT neurons of 637 MΩ (Beck et al., 2004), the CRF-induced inward 

current response in morphine-conditioned subjects would indicate a 13.9 mV neuronal 

depolarization as compared to 2.9 mV in saline-conditioned controls. CRF had no effect 

on mIPSC frequency or amplitude in either treatment group (Fig. 2.5B and C). 

To examine the relationship between behavior during CPP and sensitivity to CRF, 

data from morphine-conditioned and saline-conditioned rats were pooled and 

correlational analyses performed. There was no correlation between any of the behavioral 

responses during the CPP (conditioning or extinction) and CRF-R2-mediated inward 

current (Table 2.3B). However, when analyzed separately, morphine-conditioned animals 

showed a significant positive correlation between preference for the drug-paired chamber 

during the extinction trial and CRF-R2-mediated inward current (R = 0.62, p < 0.05; 

Table 2.3B). 
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Figure 2.5 Following extinction of morphine CPP, the CRF-induced inward current 
response is sensitized in 5-HT DR neurons. This effect, previously shown in naïve 
subjects to be CRF-R2-mediated (Kirby et al., 2008), is present in the morphine (N = 
11) but not saline group (N = 12) (A). In contrast, responses previously shown to 
involve the CRF-R1 receptor, elevation of mIPSC frequency and mIPSC amplitude 
(Kirby et al., 2008), are absent in both groups (B and C). Data indicate mean ± SEM. 
Asterisks indicate **p < 0.01 by post hoc Tukey test. 
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In contrast to the IPSC amplitude sensitization in 5-HT DR neurons from 

morphine-conditioned subjects following stress-induced reinstatement (Fig. 2.3), there 

was no significant difference in basal sIPSC or mIPSC frequency or amplitude of 5-HT 

neurons between morphine- and saline-conditioned subjects following extinction with no 

stress exposure (Fig. 2.5B and C). There was also no significant difference in basal IPSC 

frequency or amplitude between non-5-HT neurons from morphine- (N = 5) and saline-

conditioned subjects (N = 7) or in mIPSC kinetics in 5-HT or non-5-HT neurons from 

morphine- vs. saline-conditioned subjects (Table 2.2). 
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Table 2.1: Preference for drug-paired side during conditioning and extinction tests in 
Experiment 2.  Data (in seconds) represent mean ± SEM.  Two-way repeated measures 
ANOVA indicate a significant main effect of drug treatment [F(1,24) = 8.15, p < 0.01], 
behavioral test [F(1,24) = 8.19, p < 0.01] and a significant interaction [F(1,51) = 27.26, p 
< 0.01].  Asterisks indicate significant difference compared to saline control and pound 
signs indicate significant difference from conditioning trial (p < 0.01) by post-hoc Tukey 
test. 

 

 Conditioning Extinction 

Saline (N = 14) -199 ± 43 9 ± 76 

Morphine (N = 12) 332 ± 40 * -108 ± 54 # 

 
Table 2.2. Additional electrophysiology data. 

 
A. Basal holding current and mIPSC kinetics in 5-HT and non-5-HT neurons from saline 
and morphine subjects in Experiment 1 and 2.  Data represent mean (holding current, 
fast and slow decay) or median (rise time) ± SEM. 

 
 Experiment 1 Experiment 2 

Saline 5-HT neurons (N= 15) Non 5-HT neurons (N= 4) 5-HT neurons (N= 12) Non 5-HT neurons (N= 7) 

Holding current (pA) -28.9 ± 4.4 -34.3 ± 12.8 -23.7 ± 6.7 -37.6 ± 9.0 

mIPSC rise time (ms) 1.10 ± 0.15 1.26 ± 0.37 0.67 ± 0.10 0.59 ± 0.05 

mIPSC fast decay (ms) 5.39 ± 1.01 4.38 ± 1.19 4.92 ± 1.31 2.57 ± 0.16 

mISPC slow decay (ms) 39.9 ± 9.0 39.4 ± 18.1 21.7 ± 7.6 11.4 ± 1.7 

Morphine 5-HT neurons (N= 23) Non 5-HT neurons (N= 5) 5-HT neurons (N= 11) Non 5-HT neurons (N= 5) 

Holding current (pA) -35.5 ± 4.1 -43.3 ± 13.3 -38.8 ± 3.3 -43.8 ± 20.8 

mIPSC rise time (ms) 0.99 ± 0.08 1.06 ± 0.12 0.60 ± 0.10 0.67 ± 0.12 

mIPSC fast decay (ms) 3.88 ± 0.50 2.91 ± 0.53 4.12 ± 1.11 4.92 ± 1.06 

mISPC slow decay (ms) 28.7 ± 8.7 16.1 ± 5.8 25.4 ± 7.8 12.7 ± 2.8 

B. Basal mIPSC frequency and amplitude in non 5-HT neurons, experiment 2.  Data 

represent mean ± SEM. 

 

 mIPSC frequency (ms) mIPSC amplitude (pA) 

Saline (N = 7) 3.87 ± 0.89 18.4 ± 5.5 

Morphine (N = 5) 3.09 ± 0.69 16.0 ± 4.5 
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Table 2.3. Correlation analyses. 
 

A. Correlation analysis of relationship between the behavioral reinstatement in the CPP 
protocol and the subsequent observed GABAergic sensitization of 5-HT DR neurons.  
Pearson correlations were conducted to compare preference for the drug-paired side 
during reinstatement (sec) and subsequent electrophysiology (sIPSC and mIPSC 
amplitude; pA) in 5-HT neurons from those individuals.  Correlations were conducted in 
separate drug treatment groups as well as in pooled subjects from both groups.  

 

 Reinstatement vs. IPSC amplitude Pearson coefficient 

Morphine group (N = 23) sIPSC R = 0.05, n.s. 

mIPSC R = -.0.05, n.s. 

Saline group (N = 15) sIPSC R = -0.03, n.s. 

mIPSC R = -0.11, n.s. 

Pooled subjects (N = 38) sIPSC R = 0.16, n.s. 

mIPSC R = 0.06, n.s. 
 
 
B. Correlation analysis of relationship between conditioning or extinction in the CPP 
protocol and the subsequent observed CRF-R2-mediated inward current in 5-HT DR 
neurons.  Pearson correlations were conducted to compare preference for the drug-
paired side during conditioning or extinction tests (sec) and subsequent 
electrophysiology (inward current; pA) in 5-HT neurons from those individuals.  
Correlations were conducted in separate drug treatment groups as well as in pooled 
subjects from both groups.  

 

 Place preference vs. inward current Pearson coefficient 

Morphine group (N = 11) conditioning R = -0.13, n.s. 

extinction R = 0.62, p < 0.05 

Saline group (N = 12) conditioning R = -0.02, n.s. 

extinction R = -0.05, n.s. 

Pooled subjects (N = 23) conditioning R = 0.34, n.s. 

extinction R = 0.14, n.s. 
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Discussion 

Morphine history sensitized 5-HT DR neurons at a postsynaptic level to GABA 

synaptic activity following stress exposure. This sensitization was (1) not observed in 5-

HT neurons from stress exposed saline controls, (2) not observed in 5-HT neurons from 

morphine-conditioned subjects that were not exposed to stress, and (3) not observed in 

non-5-HT neurons from morphine-conditioned subjects exposed to stress. Morphine 

history also sensitized 5-HT DR neurons to some of the effects of the stress 

neurohormone CRF. Specifically, this group exhibited augmented CRF-induced elevation 

of inward current compared to both saline-conditioned controls. These data show a 

unique response of 5-HT DR neurons to an interaction between opioid history and 

stress/stress hormones that may contribute to vulnerability to stress-induced opioid 

relapse. 

Forced swim stress was able to reinstate opioid reward in morphine-treated rats in 

a CPP model. Recently forced swim has been used to model stress-induced cocaine 

relapse in mice (Kreibich and Blendy, 2004;Briand et al., 2010;Mantsch et al., 2010) and 

stress-induced morphine relapse in rats (Ma et al., 2007). Consistent with our behavioral 

data, Ma and colleagues (Ma et al., 2007) also showed that forced swim induced opioid 

reinstatement of a similar magnitude to the initial CPP in morphine-treated animals. 

These studies and our own indicate that forced swim stress can reliably reinstate opioid 

reward in rodents. 

Forced swim-induced reinstatement increased IPSC amplitude of 5-HT neurons 

from morphine-conditioned rats compared to saline controls, which is an indication of 

greater postsynaptic GABA receptor sensitivity or receptor density on 5-HT neurons. 

This receptor sensitization would lead to greater inhibition of 5-HT neurons in the DR. 

Previous studies have shown that acute morphine increases 5-HT release through the 

inhibition of GABA in the DR (Tao and Auerbach, 1994b;Jolas and Aghajanian, 

1997;Jolas et al., 2000);. Furthermore the increase in 5-HT from acute morphine adapts 
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following chronic exposure (Tao et al., 1998;Jolas et al., 2000), and is inhibited during 

morphine withdrawal via an increase of GABA synaptic activity at 5-HT DR neurons 

(Tao et al., 1998;Jolas et al., 2000). The current study further shows adaptations of the 

interaction between GABA and 5-HT neurons during different phases of an opioid 

reward, extinction and relapse model, specifically indicating that 5-HT neurons are 

sensitized to GABA after stress-induced opioid reinstatement, which could lead to a 

decrease in 5-HT neurotransmission similar to that seen during withdrawal; (Tao et al., 

1998;Jolas et al., 2000;Goeldner et al., 2011). 

Our results indicate that the 5-HT DR system demonstrates unique neurochemical 

adaptations following stress-induced opioid reinstatement. Previous studies have shown 

that 5-HT has a role in reinstatement of previously extinguished cocaine self-

administration, and this is dependent on the 5-HTreceptor involved (for review, see (Filip 

et al., 2010)). For example, whereas pharmacological blockade of 5-HT2A receptors 

suppresses reinstatement elicited by priming doses of cocaine (Fletcher et al., 2002;Filip 

et al., 2005) or cocaine associated cues; (Burmeister et al., 2004;Filip et al., 2005;Nic 

Dhonnchadha et al., 2009), stimulation of 5-HT2C  receptors suppresses cocaine- (Grottick 

et al., 2000;Neisewander and Acosta, 2007), cue- (Neisewander and Acosta, 

2007;Burbassi and Cervo, 2008;Fletcher et al., 2008a;Cunningham et al., 2011) and 

stress-induced cocaine reinstatement (Fletcher et al., 2008b), indicating an oppositional 

effect of these two receptor subtypes on cocaine-seeking behavior. More global 

stimulation of the 5-HT system with 5-HT- selective reuptake inhibitors or 5-HT 

releasing agents suppresses both cue-elicited cocaine reinstatement (Baker et al., 

2001;Burmeister et al., 2003) and also footshock-induced reinstatement of alcohol 

seeking behavior in rats (Le et al., 1999). Together these studies indicate that increased 5-

HT, though dependent on the receptor subtype that is engaged under those conditions, 

can attenuate cue- and stress-induced drug reinstatement in animal models, and moreover 

imply that lower 5-HT levels may contribute to vulnerability to drug relapse in humans. 
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CRF applied in vitro increased the inward current of 5-HT neurons from rats with 

a morphine history compared to saline controls, without affecting mIPSC frequency or 

amplitude. Previous work by Kirby and colleagues (Kirby et al., 2008) using the same 

(10 nM) and higher doses of CRF (100 nM) in combination with CRF receptor subtype-

selective antagonists, has shown in naïve subjects that CRF-induced increases in inward 

current of 5-HT neurons occur primarily though the CRF-R2 receptor whereas CRF-

induced increases in mIPSC frequency and amplitude involve the CRF-R1 receptor. An 

additional finding of the current study indicated a significant positive correlation between 

preference for the drug-paired chamber during the extinction trial and CRF-R2-mediated 

inward current in 5-HT DR neurons from morphine-conditioned subjects. These data 

indicate that animals with the weakest extinction of morphine CPP (retaining some 

preference for the drug-paired side) have the greatest sensitivity to CRF-R2 receptor 

stimulation. Though these CRF-R2-sensitive subjects do not show stronger initial 

morphine CPP, it is possible that sensitization of CRF-R2 receptors in 5-HT DR neurons 

confers a more persistent morphine CPP that is resistant to extinction. The CRF-induced 

inward current was similar in magnitude between saline controls in the present study and 

naïve controls in the previous study (Kirby et al., 2008), though it did not reach statistical 

significance in saline controls, likely due to reduced statistical power from the smaller 

number of subjects in the current study. In addition, the CRF-induced increase in mIPSC 

frequency and amplitude (naïve subjects; (Kirby et al., 2008)) was absent in 5-HT DR 

neurons from both morphine- and saline-conditioned subjects, potentially reflecting a 

desensitization of the CRF-R1 receptor in response to the stressors that are inherent to the 

CPP model (e.g. injections, handling). In support of this theory, a recent study showed 

that acute forced swim stress can alter CRF-R1 and CRF-R2 receptor distribution in 5-

HT neurons in the DR (Waselus et al., 2009). Waselus and colleagues (2009) suggest that 

this receptor switch coincides with the switch from active behavioral coping to passive 

coping responses as seen during repeated forced swim exposures. Future work will have 
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to determine if this redistribution of CRF-R1 and -R2 receptors also occurs during the 

CPP paradigm. Nonetheless, sensitization of the CRF-R2 response in subjects with an 

opioid history may confer a predisposition to the adoption of passive coping strategies in 

response to stressors which may contribute to increased relapse vulnerability (Valentino 

et al., 2010). 

A number of studies have shown that systemic or i.c.v.- administered CRF can 

induce reinstatement in opioid-conditioned rats (Shaham et al., 1997;Shaham et al., 

1998), and that stress- or CRF-induced reinstatement can be attenuated by CRF receptor 

antagonists (Shaham et al., 1997;Shaham et al., 1998;Lu et al., 2000b). Furthermore, 

systemic administration of the select CRF-R1 receptor antagonist CP-154,526 reduces 

footshock- induced cocaine or opioid reinstatement in rats (Shaham et al., 1998;Lu et al., 

2000a). While these earlier studies implicate a role for the CRF-R1 rather than the CRF-

R2 receptor subtype in opioid reinstatement, a number of methodological differences 

between these experiments and the current study exist, leaving open potential 

contributions from both receptor subtypes. For example, Shaham and colleagues (1998) 

demonstrated CRF-R1-mediated stress induced opioid reinstatement with a different drug 

and behavioral test: footshock-induced reinstatement of heroin self-administration. Lu 

and colleagues (2000) employed a morphine CPP model with significant methodological 

distinctions from the current procedure: a 6-day conditioning period followed by a 28-day 

home cage extinction period with reinstatement initiated by a footshock stressor.  

CRF failed to induce a significant inward current in non-5-HT neurons from 

either saline treated or morphine-treated rats that had undergone CPP followed by 

extinction. In contrast, previous work in our laboratory has shown that CRF induces a 

significant inward current in non-5-HT neurons in the DR from naïve untreated rats 

(Kirby et al., 2008). It is possible that CPP exposure itself alters CRF receptor expression 

or function on this population of non-5-HT neurons as described above, accounting for 

this difference in comparison to naïve animals. However, comparisons between these two 
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studies are limited by the fact that the identity of these non-5-HT neurons and whether 

they represent the same or different populations in the two studies is unknown. It is 

possible that some of these non-5- HT neurons are GABAergic as previous work has 

shown that the DR contains a large population of GABA interneurons that express CRF-

R1 and are innervated by CRF fibers (Roche et al., 2003;Allers and Sharp, 2003;Day et 

al., 2004). Furthermore these GABA interneurons have increased c-Fos expression 

following forced swim stress (Roche et al., 2003), indicating their engagement by this 

stressor. The role of this neuronal population in the DR in stress-induced opioid relapse 

will need to be the subject of future study. 

Based on the current data as well as previous studies in other laboratories, Fig. 2.6 

describes a conceptual model of serotonergic involvement in mood dysfunction which 

may drive relapse during the opioid addiction cycle. Acute opioid administration results 

in euphoric mood and the activation of the 5-HT system (shown in blue in Fig. 2.6) via 

inhibition of GABA afferents (Tao and Auerbach, 1994a;Jolas and Aghajanian, 

1997;Jolas et al., 2000). Cessation of opioids results in dysphoric mood and the 

restoration of GABAergic inhibition of the 5-HT system (Tao et al., 1998;Jolas et al., 

2000). Relapse can be conceptualized as a form of ‘self-medication’, normalizing both 5-

HT dysregulation and mood dysfunction (Markou et al., 1998). In support of this model, 

a recent study has shown that mice exposed to chronic morphine followed by protracted 

abstinence exhibit behavioral symptoms of mood dysfunction such as decreased social 

behaviors and behavioral dispair that gradually replace the initial somatic symptoms of 

withdrawal (Goeldner et al., 2011). 5-HT levels are reduced in several forebrain 

structures and in the DR itself after acute withdrawal and remain low during protracted 

abstinence in the DR when compared to saline controls (Goeldner et al., 2011). Our data 

indicate that, in subjects with an opioid history, stress sensitizes 5-HT neurons  
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Figure 2.6 Conceptual model of serotonergic involvement in mood dysfunction which 
drives relapse during the opioid addiction cycle. The 5-HTsystem is activated (denoted 
by a thick blue arrow) via disinhibition by acute opioids (Jolas et al., 2000; Tao and 
Auerbach, 1994; Jolas and Aghajanian, 1997), resulting in euphoric mood. Following 
cessation of the opioid and restoration of GABAergic inhibition, withdrawal is 
characterized by 5-HT inhibition (Jolas et al., 2000; Tao et al., 1998) (denoted by a thin 
blue arrow), resulting in dysphoric mood. Our data indicate that in subjects with an opioid 
history, stress sensitizes 5-HT neurons to GABAergic inhibition. We hypothesize that this 
sensitization inhibits the 5-HT system in a manner that mimics opioid withdrawal, 
resulting in dysphoric mood which then drives opioid relapse. Re-exposure to opioids 
during relapse normalizes both 5-HT dysregulation and mood dysfunction. 
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to GABAergic inhibition. We hypothesize that this sensitization inhibits the 5-HTsystem 

in a manner that mimics opioid withdrawal, resulting in dysphoric mood which then 

drives opioid relapse. 

By contrast, our CRF findings are somewhat preliminary in nature and therefore 

not represented in this model (Fig. 2.6). While we propose that the sensitized inward 

current response in morphine-exposed subjects is CRF-R2-mediated based on previous 

studies (Kirby et al., 2008), this hypothesis needs to be confirmed using selective 

antagonists in future studies. An inward current would depolarize 5-HT neurons, an effect 

which would oppose the GABA-mediated hyperpolarization illustrated in the proposed 

model for opioid-exposed subjects (Fig. 2.6). Ultimately, the relative contributions of 

GABA- and CRF-mediated regulation of 5-HT DR neurons in subjects with an opioid 

history and their net effects on 5-HT DR neuron excitability and forebrain 5-HT release 

will need to be determined in vivo. 

In summary, this study shows that forced swim-induced reinstatement of 

previously extinguished morphine CPP sensitizes 5-HT neurons to GABAergic 

inhibition. This sensitization, specific to 5-HT DR neurons, is produced by the unique 

interactions between opioid history and stress and may lead to hypoactivity of the 5-HT 

system. Reductions in 5-HT neurotransmission have long been associated with negative 

affect and vulnerability to mood disorders (Charney et al., 1990a) and may also increase 

vulnerability to drug abuse, potentially via similar neural mechanisms and 

neuroanatomical substrates. We also demonstrated that opioid history sensitizes 5-HT DR 

neurons to some of the effects of the stress neurohormone CRF. Either or both of these 

adaptations of 5- HT DR neurons may contribute to enhanced relapse vulnerability in 

these subjects. 
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CHAPTER 3 

OPIATE EXPOSURE AND WITHDRAWAL DYNAMICALLY REGULATE 

mRNA EXPRESSION IN THE SEROTONERGIC DORSAL RAPHE NEUCLEUS 

 

Introduction 

The serotonin (5-hydroxytryptamine, 5-HT) system plays an important role in 

stress-related psychiatric disorders and substance abuse (Charney et al., 1990a;Meltzer, 

1990;Valentino et al., 2010;Kirby et al., 2011;Waselus et al., 2011). Previous studies 

from our laboratory and others have shown that the serotonergic dorsal raphe nucleus 

(DRN) expresses receptors for the stress neuropeptide corticotrophin-releasing factor 

(CRF) (Swanson et al., 1983;Sakanaka et al., 1987;Chalmers et al., 1995) and is densely 

innervated by CRF terminals (Kirby et al., 2000;Valentino et al., 2001;Waselus and Van 

Bockstaele, 2007). Both CRF and forced swim stress (FS) have the capacity to inhibit 5-

HT output to specific forebrain regions (Price et al., 1998;Kirby et al., 2000;Kirby et al., 

2008;Waselus et al., 2009;Valentino et al., 2010). Furthermore, CRF release within the 

DRN mediates the inhibitory effects of FS on 5-HT release (Price et al., 2002). 

Electrophysiology studies have demonstrated that intra-DRN CRF inhibits 5-HT neuronal 

activity (Price et al., 1998;Kirby et al., 2000), potentially via stimulation of GABAergic 

synaptic activity at 5-HT DRN neurons (Kirby et al., 2008).  
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In addition to an abundance of CRF receptors, the DRN expresses receptors for a 

number of other potential regulatory neuropeptides associated with drug abuse including 

opiates (Mansour et al., 1994a;Neal, Jr. et al., 1999) and brain-derived neurotrophic 

factor (BDNF) (Madhav et al., 2001;Merlio et al., 1992). Opiate exposure has been 

shown to increase 5-HT output from the DRN through disinhibition of inhibitory GABA 

afferents caused by the activation of the µ-opioid receptor (MOR) (Jolas and Aghajanian, 

1997;Tao and Auerbach, 2002b). Interestingly, during opiate withdrawal, 5-HT levels 

decrease below baseline (Tao et al., 1998), an effect caused by MOR-mediated 

stimulation of GABA synaptic activity at 5-HT DRN neurons (Jolas et al., 2000). There 

is also a high degree of comorbidity of affective disorders including major depression 

with opioid dependence (Woody et al., 1975;Rounsaville et al., 1982;Brooner et al., 

1997;Pani et al., 1997;Mason et al., 1998). Additionally, stress has been shown to be a 

potential trigger of opioid relapse in both the clinic and in animal models of drug abuse 

(de Wit H. and Stewart, 1981;de Wit H. and Stewart, 1983;Self and Nestler, 1998;De 

Vries and Shippenberg, 2002;Shaham et al., 2003;Brown and Lawrence, 2009). Thus the 

5-HT system may contribute to negative affective states which underlie vulnerability to 

both mood disorders as well as drug abuse, potentially via overlapping neural 

mechanisms. 

Recent work from our lab have shown that FS can trigger reinstatement of 

previously extinguished morphine conditioned place-preference along with concomitant 

stimulation of GABA synaptic activity of 5-HT DRN neurons (Staub et al., 2012). In the 

current study we hypothesize that the dynamic regulation of the 5-HT system during 

opiate exposure, withdrawal and stress-induced relapse is mediated by adaptations in 
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neuropeptides and neurotransmitters within the DRN. To test this hypothesis we 

measured the expression of genes that potentially regulate 5-HT DRN transmission in a 

model for opiate dependence, withdrawal and post withdrawal stress exposure. 

Nine genes were chosen to study under the conditions of our model: BDNF, 

TrkB, CRF-R1, CRF-R2, GABAA-α1, MOR, 5-HT1A, tryptophan hydroxylase2 (TPH2) 

and 5-HT transporter (SERT).  BDNF (Boyarskikh et al., 2013) and its receptor TrkB 

(Madhav et al., 2001;Merlio et al., 1992) are known to be expressed within the DRN. 

Additionally intracerebroventricular BDNF administration has been shown to increase 5-

HT activity (Siuciak et al., 1996). The receptors CRF-R1, CRF-R2, GABAA, and MOR 

are known to affect 5-HT DRN activity under our experimental conditions (Jolas and 

Aghajanian, 1997;Kirby et al., 2008). The α1 subunit of the GABAA receptor was 

specifically chosen because it is expressed at high levels in the DRN (Sieghart and Sperk, 

2002) and is the most abundantly expressed subunit in 5-HT DRN neurons (Lemos et al., 

2010). Finally, 5-HT1A, TPH2 and SERT are widely known to have more global effects 

on 5-HT regulation (Jacobs and Azmitia, 1992;Shishkina et al., 2007;Donner et al., 

2012). 
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Materials and methods 

Animals 

Male Sprague-Dawley rats (Taconic Farms, Germantown, NY) between 8-9 

weeks of age were housed 2 per cage under standard temperature (20 ºC) and humidity 

(40%). Rats were kept under a 12 h light/dark cycle (lights on at 7:00 AM). Food and 

water were provided ad libitum. Animal protocols were approved by the Temple 

University Institutional Animal Care and Use Committee and were conducted in 

accordance to the National Research Council Guide for the Care and Use of Laboratory 

Animals.  

Surgery & post operative care 

Prior to the start of experiments, rats were handled for 5 min over 2 days after 

which one rat per cage was assigned to either the placebo or morphine group. Before 

surgery two 2 cellulose placebo pellets or 2 morphine pellets (75 mg each pellet) (The 

National Institute on Drug Abuse (NIDA), Rockville, MD) were encased in a 1 x 1-cm 

square nylon mesh bag for each animal undergoing surgery. Rats were anesthetized with 

isoflurane after which nylon mesh bags containing either the placebo or morphine pellets 

were implanted subcutaneously in the scruff of the neck. In some groups, pellets were 

surgically removed 72 after implantation under isoflurane anesthesia.  Rats were weighed 

and monitored daily for the duration of the experiment. 

Animal behavior and experimental groups 

One baseline and six experimental groups were generated by euthanasia at 

different time-points during a model of opiate exposure, withdrawal and post-withdrawal 

stress exposure (Figure 3.1) followed by tissue collection for PCR analysis.  In addition 
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to the baseline (untreated) group, the experimental group was implanted with placebo or 

morphine pellets and then sacrificed 3 hr post-pellet implantation (group 1, acute 

morphine), 72 hr post-pellet implantation (group 2, chronic morphine), 72 hr post-pellet 

implantation with naloxone injection (1mg/kg, subcutaneous injection) (group 3, 

precipitated withdrawal), 18 hr post-pellet removal (group 4, spontaneous withdrawal), 7 

days following pellet removal (group 5, abstinence) or 7 days following pellet removal 

with subsequent exposure to swim stress (group 6, abstinence + stress) to examine the 

effects of opiate history x stress interactions.  

Animals undergoing withdrawal were recorded on video camera in a behavioral 

chamber and assessed for behavioral quantified signs of withdrawal including wet dog 

 
Figure 3.1. Experimental groups. Gene expression at the mRNA level was assessed 
at the following seven time points: baseline, 3 hours of morphine exposure, 72 hours of 
morphine exposure, precipitated withdrawal (naloxone injection following 72 hours of 
morphine exposure), spontaneous withdrawal (18 hours following surgical removal of 
morphine pellets), abstinence (seven days following surgical removal of morphine 
pellets), and abstinence with forced swim (6 minutes of swim stress following seven 
days of abstinence). Placebo pellet controls were included for each experimental group. 
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shakes, jumping, teeth chattering and writhing as well as the presence or absence of 

chromodacryorrhea, eye-twitching, ptosis, rhinorrhea, salivation and diarrhea over a 15 

min period, then euthanized 30 minutes later (Cerletti et al., 1975). 

RNA processing 

Rats were sacrificed by decapitation and their brains were rapidly frozen on dry 

ice and stored at -80 ºC for RNA extraction and real time PCR processing. Rat brains 

were sliced (200 µm) in a cryostat at -20 ºC and mounted on slides while RNA Later Ice 

 
Figure 3.2. DRN tissue collection. Brains were sliced into 200 µm sections on a 
cryostat and incubated for 24 hours in RNA Later ICE solution to preserve RNA integrity.  
Fifteen DRN tissue punches (500 µm diameter) from five brain slices (7.32-8.26 mm 
posterior to Bregma) were collected as indicated by grey circles (Paxinos and Watson, 
2007). Tissue punches were pooled together placed immediately into TRIzol solution for 
RNA extraction. 

Aq = aqueduct; LPAG = lateral periaqueductal gray; VLPAG = ventrolateral 
periaqueductal gray; LDTg = lateral dorsal tegmental nucleus; DRD = dorsal raphe 
nucleus, dorsal part; DRV = dorsal raphe nucleus, ventral part; DRL = dorsal raphe 
nucleus, lateral part; PDR = posterodorsal dorsal raphe nucleus; Rbd = rhabdoid 
nucleus; mlf = medial longitudinal fasciculus; 4N = trochlear nucleus. 
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(Ambion) was added to maintain RNA stability. Following at least 24 hours of incubation 

with RNA Later Ice, 15 punches were collected from 5 sections spanning the DR using a 

0.5 mm circular punch (Ted Pella, Inc., Redding, CA) (see Figure 3.2), pooled together 

and placed in TRIzol (Invitrogen, Grand Island, NY) utilizing the small tissue extraction 

method supplied by Invitrogen. Briefly, tissues were added to 800 µl of TRIzol, and 

homogenized using an electric tissue homogenizer. Samples were spun down to remove 

cellular debris and genomic DNA was sheared by passing TRIzol solution through a 26 

gauge needle before adding chloroform. RNA was then precipitated by addition of 

isopropanol and glycogen (GlycoBlue, Invitrogen). Samples were further cleaned through 

ethanol precipitation. Following RNA purification integrity of the samples was measured 

by spectrophotometry. All samples had A260/280 ratios between 1.8-2.0. Samples were 

run on a formaldehyde gel to confirm RNA integrity. 

Following resuspension, 1 µg of total RNA went through a DNase I digestion 

protocol (Invitrogen) and was reverse transcribed using Affinity Script QPCR cDNA 

Synthesis Kit (Agilent Technologies, Santa Clara, CA). The cDNA samples were then 

diluted to a concentration of 2 ng/µl and stored for real time PCR. 

Housekeeping gene selection 

Three potential housekeeping genes: β actin (actb, Rn00667869_m1), GAPDH 

(Gapdh, Rn01775763_g1), HPRT (Hprt1, Rn01527840_m1) were tested at sample 

timepoints including 3 hours, 72 hours, precipitated withdrawal, and 7 days abstinence to 

assess consistency under the experimental conditions. Both Data Assist Software 

(Applied Biosystems, Foster City, CA) and REST Software (Qiagen, Germantown, MD) 

indicated that β actin showed the least differences between the treatment groups. 
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Real time quantitative PCR 

Real time PCR was performed using TaqMan gene expression assays with 

TaqMan universal PCR master mix (both Applied Biosystems). Assays utilized were: 

BDNF (Bdnf, Rn02531967_s1), TrkB (Ntrk2, Rn01441749_m1), CRF-R1 (Crhr1, 

Rn00578611_m1), CRF-R2 (Crhr2, Rn00575617_m1), 5-HT1A (Htr1a, Rn00561409_s1), 

TPH2 (Tph2, Rn00598017_m1), GABAA-α1 (Gabra1, Rn00788315_m1), MOR (Oprm1, 

Rn01430371_m1), SERT, (Slc6a4, Rn00564737_m1) and β actin (Actb, 

Rn00667869_m1). Each well consisted of 20 µl reaction mixture containing 10 µl master 

mix, 1 µl enzyme, 5 µl cDNA and 4 µl double autoclaved deionized water. Reactions 

were performed in triplicate using an ABI 7500 under manufacturers recommended 

settings.  

Data analysis 

Gene expression analysis was performed using the comparative CT method as 

described by Schmittgen and Livak (Schmittgen and Livak, 2008). A one tailed Student’s 

T test was used for morphine to placebo comparisons as well as baseline to morphine 

comparisons, as all comparisons were a priori planned. 
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Results 

The hypothesis of the study is that the regulation of the 5-HT system across the 

opiate addiction cycle is mediated by adaptations in regulatory neurotransmitter and 

neuropeptide systems within the DRN. To test the hypothesis we measured the amount of 

mRNA for genes that could potentially regulate 5-HT DRN neurotransmission within a 

model for opiate dependence, withdrawal, and stress exposure. All mRNA levels were 

normalized to a naïve baseline group or to placebo controls (Figs. 3.5-10; Table 1). The 

genes examined were BDNF, TrkB, CRF-R1, CRF-R2, 5-HT1A, TPH2, GABAA-α1, 

MOR, and SERT.  

Withdrawal behavior 

For precipitated withdrawal, following 72 hours of placebo or morphine exposure 

the animals were weighed, given a single injection of naloxone (1 mg/kg), and observed 

for 15 minutes for withdrawal symptoms. All other animals had the placebo or morphine 

pellets surgically removed and 18 hours later were observed for withdrawal symptoms for 

15 minutes. Animal experiencing both precipitated and spontaneous withdrawal 

experienced significant weight loss (precipitated: p < 0.01; spontaneous: p < 0.01) 

(Figure 3.3A). Both groups of animals were monitored for withdrawal behavior as well. 

In the precipitated and spontaneous withdrawal group, morphine-treated subjects showed 

a significant elevation of wet dog shakes compared to placebo controls (precipitated: p < 

0.01; spontaneous: p < 0.01) (Figure 3.3B). In contrast, jumping behavior was seen in 

morphine treated animals undergoing precipitated but not spontaneous withdrawal (p < 

0.05 vs. placebo controls) (Figure 3.3C).  Additionally, we observed the presence of  
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Figure 3.3. Withdrawal syndrome. Physiological and behavioral withdrawal symptoms 
were measured in animals undergoing both precipitated withdrawal (PWD) and 
spontaneous withdrawal (SWD). For PWD, weights were recorded before and 30 
minutes after subcutaneous naloxone injection and behavior was scored over 15 min 
following naloxone injection. For SWD animals, weights were recorded immediately and 
18 hours after surgical pellet removal and behavior was scored over 15 min at the 18-
hour time-point. Data indicate mean ± SEM. 
 
** P < 0.01 vs. placebo; # P < 0.05 vs. PWD, ## P < 0.01 vs. PWD by Student’s t-test. 
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diarrhea in both withdrawal groups as well as writhing within the precipitated withdrawal 

group.  These data indicate somatic and behavioral signs of withdrawal in both 

withdrawal groups, though in precipitated withdrawal the behavioral signs are most 

prominent whereas in spontaneous withdrawal, somatic elements (i.e. weight loss) 

predominate. 

mRNA expression 

Utilizing all baseline groups, the mRNA of each gene was compared to CRF-R1, 

the lowest expressed gene. Generally we found that CRF-R1, CRF-R2, MOR and BDNF 

mRNA had low levels of expression. GABAA-α1, 5-HT1A and TrkB were expressed at a 

middle level. Finally SERT and TPH2 mRNA were found to be expressed at high levels. 

mRNA levels were measured at baseline, 3 hours and 72 hours after pellet implantation, 

following precipitated and spontaneous withdrawal, and 7 days following pellet removal 

with and without forced swim. Expression of BDNF mRNA was significantly decreased 

after 72 hours of morphine exposure compared to baseline (Figure 3.4D, p<0.05). In 

contrast precipitated withdrawal increased BDNF mRNA compared to placebo (Figure 

3.4B, p<0.05) and then by 7 days following pellet removal, BDNF mRNA was 

downregulated in the morphine group compared to placebo (Figure 3.4C, p<0.05). The 

BDNF receptor TrkB was significantly decreased compared to placebo after 3 hours of 

morphine exposure (Figure 3.5A, p<0.05) and again 7 days following morphine pellet 

removal compared to placebo (Figure 3.5C, p<0.05). TrkB mRNA was also elevated in 

the placebo group at 7 days post-pellet removal compared to baseline (Figure 3.5E, p< 

0.05). CRF-R1 mRNA was decreased after 3 hours of morphine exposure (Figure 3.6A, 

p<0.05) and again 7 days following pellet removal compared to placebo (Figure 3.6C, 
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p<0.05). Seven days after morphine pellet removal, CRF-R2 mRNA was significantly 

increased compared to baseline (Figure 3.7D, p<0.01). The 5-HT1A receptor mRNA was 

significantly decreased after 3 hours of morphine exposure compared to placebo (Figure 

3.8A, p<0.01) and baseline (Figure 3.8D, p<0.01). 5-HT1A receptor mRNA was also 

elevated in the placebo group at 7 days post-pellet removal compared to baseline (Figure 

3.8E, p<0.05). The TPH2 mRNA was significantly decreased compared to placebo 7 days 

following morphine pellet removal in the forced swim group (Figure 3.9C, p<0.05). All 

other non-significant expression data can be found in Table 3.1. 
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Figure 3.4. BDNF mRNA expression. BDNF mRNA was quantified relative to placebo 
(A-C), and baseline (D and E). No differences were seen at 3 hours and 72 hours of 
morphine exposure (A). Precipitated withdrawal elevated BDNF mRNA expression (B), 
while seven days of abstinence reduced BDNF mRNA expression (C). BDNF mRNA 
expression was also decreased following 72 hours of morphine exposure compared to 
baseline (D). There were no differences in the placebo groups compared to baseline (E). 
Data indicate mean ± SEM. 
 
* P < 0.05 vs. placebo; # P < 0.05 vs. baseline by Student’s t-test 



 

76 

 

 

 

 

 

 

 

 
Figure 3.5. TrkB mRNA expression. TrkB mRNA was quantified relative to placebo (A-
C), and baseline (D and E). TrkB mRNA expression was decreased after 3 hours of 
morphine exposure; no differences were seen at 72 hours of morphine exposure (A). No 
differences were seen in either withdrawal group (B). TrkB mRNA expression was also 
decreased following seven days of abstinence (C). There were no differences in the 
morphine groups compared to baseline (D), but there was a significant increase in 
placebo at 7 days (E). Data indicate mean ± SEM. 
 
* P < 0.05 vs. placebo; # P < 0.05 vs. baseline by Student’s t-test. 
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Figure 3.6. CRF-R1 mRNA expression. CRF-R1 mRNA was quantified relative to 
placebo (A-C), and baseline (D and E). CRF-R1 mRNA expression was decreased after 
3 hours of morphine exposure; no differences were seen at 72 hours of morphine 
exposure (A). No differences were seen in either withdrawal group (B). CRF-R1 mRNA 
expression was also decreased following seven days of abstinence (C). There were no 
differences in the morphine or placebo groups compared to baseline (D and E). Data 
indicate mean ± SEM. 

 
* P < 0.05 vs. placebo by Student’s t-test 
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Figure 3.7. CRF-R2 mRNA expression. CRF-R2 mRNA was quantified relative to 
placebo (A-C), and baseline (D and E). No differences were seen in any group with 
respect to placebo (A-C). CRF-R2 mRNA expression was significantly higher than 
baseline following seven days of abstinence (D). There were no differences in the 
placebo groups compared to baseline (E). Data indicate mean ± SEM. 
 
## P < 0.01 vs. baseline by Student’s t-test 
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Figure 3.8. 5-HT1A mRNA expression. 5-HT1A mRNA was quantified relative to placebo 
(A-C), and baseline (D and E). 5-HT1A mRNA expression was decreased after 3 hours of 
morphine exposure; no differences were seen at 72 hours of morphine exposure (A). No 
differences were seen in either withdrawal group or in abstinence with or without stress 
(B and C). 5-HT1A mRNA expression was also decreased following 3 hours of morphine 
exposure compared to baseline (D) and there was a significant increase in placebo at 7 
days + FS compared to baseline (E). Data indicate mean ± SEM. 
 
** P < 0.01 vs. placebo; # P < 0.05 and ## P < 0.01 vs. baseline by Student’s t-test 
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Figure 3.9. TPH2 mRNA expression. TPH2 mRNA was quantified relative to placebo 
(A-C), and baseline (D and E). TPH2 mRNA expression was not changed after 3 hours 
or 72 hours of morphine exposure (A). No differences were seen in either withdrawal 
group (B). TPH2 mRNA expression was decreased following seven days of abstinence 
with swim stress (C). There were no differences in the morphine or placebo groups 
compared to baseline (D and E). Data indicate mean ± SEM. 
 
* P < 0.05 vs. placebo by Student’s t-test 
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Table 3.1.  Direction of mRNA expression changes with respect to placebo 
Treatment Group     

Morphine: 3 D 5-HT1A ↓ TrkB ↓ CRF-R1 ↓   

Morphine: PWD BDNF ↑          

Morphine: 7D Abstinence BDNF ↓ TrkB ↓ CRF-R1 ↓  
Morphine: 7D + Swim TPH2 ↓          

Data represent the direction of mRNA changes compared to placebo 
controls. Treatment groups include 3 hours of morphine exposure, 
morphine precipitated withdrawal, seven days abstinence from morphine 
and seven days abstinence from morphine with forced swim. 
 

 

 

Table 3.2.  Direction of mRNA expression changes with respect to baseline 
Treatment Group     

Morphine: 3 H 5-HT1A ↓    

Morphine: 72 H BDNF ↓    

Morphine: 7D Abstinence CRF-R2 ↑    

Data represent the direction of mRNA changes compared to baseline 
group. Treatment groups include 3 hours of morphine exposure, 72 hours 
of morphine exposure and seven days abstinence from morphine. 
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Table 3.3.  GABAA-α1, MOR and SERT mRNA Expression 
Gene and  

treatment group 

Fold change  

(vs. Placebo) 

 Fold change  

(vs. 

Baseline) 

 

     
GABA-α1 Placebo  Morphine Placebo Morphine 

BL (N = 7)   1.00 ± 0.13 1.00 ± 0.13 

3 H (N = 6) 1.00 ± 0.09 0.91 ± 0.07 0.95 ± 0.09 0.86 ± 0.06 

72 H (N = 6-7) 1.00 ± 0.13 0.97 ± 0.09 1.02 ± 0.13 0.99 ± 0.10 

PWD (N = 6-7) 1.00 ± 0.13 1.31 ± 0.12 0.98 ± 0.13 1.28 ± 0.12 

SWD (N = 5) 1.00 ± 0.11 1.08 ± 0.09 1.22 ± 0.13 1.31 ± 0.11 

7D (N = 6) 1.00 ± 0.12 0.98 ± 0.21 1.24 ± 0.15 1.21 ± 0.26 

7D + FS (N = 6) 1.00 ± 0.12 1.05 ± 0.16 1.12 ± 0.13 1.18 ± 0.18 

     

MOR Placebo Morphine Placebo Morphine 

BL (N = 7)   1.00 ± 0.27 1.00 ± 0.27 

3 H (N = 6) 1.00 ± 0.34 0.64 ± 0.18 1.11 ± 0.38 0.72 ± 0.20 

72 H (N = 6-7) 1.00 ± 0.18 1.14 ± 0.17 0.92 ± 0.16 1.05 ± 0.15 

PWD (N = 6-7) 1.00 ± 0.14 1.25 ± 0.17 0.90 ± 0.13 1.13 ± 0.10 

SWD (N = 5) 1.00 ± 0.16 0.95 ± 0.15 1.20 ± 0.19 1.14 ± 0.18 

7D (N = 6) 1.00 ± 0.30 0.81 ± 0.29 1.33 ± 0.39 1.08 ± 0.38 

7D + FS (N = 6) 1.00 ± 0.11 1.13 ± 0.23 0.99 ± 0.10 1.12 ± 0.23 

     

SERT Placebo Morphine Placebo Morphine 

BL (N = 8)   1.00 ± 0.13 1.00 ± 0.13 

3 H (N = 6) 1.00 ± 0.20 0.92 ± 0.17 1.13 ± 0.22 1.03 ± 0.19 

72 H (N = 6-7) 1.00 ± 0.14 1.08 ± 0.20 0.87 ± 0.12 0.95 ± 0.18 

PWD (N = 6-7) 1.00 ± 0.12 1.14 ± 0.12 1.05 ± 0.12 1.20 ± 0.12 

SWD (N = 5) 1.00 ± 0.25 1.37 ± 0.22 0.91 ± 0.23 1.25 ± 0.20 

7D (N = 5-6) 1.00 ± 0.20 0.83 ± 0.16 1.52 ± 0.31 1.26 ± 0.24 

7D + FS (N = 6) 1.00 ± 0.09 0.91 ± 0.18 1.07 ± 0.09 0.97 ± 0.19 

     

Data represent mean ± SEM. BL = baseline, FS = forced swim, MOR = µ-
opioid receptor, PWD = precipitated withdrawal, SERT = 5-HT transporter, 
SWD = spontaneous withdrawal. 
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Discussion 

The main results of this study show that morphine dependence, withdrawal, and 

post withdrawal stress bring about differential regulation of genes for the BDNF 

pathway, CRF receptors, and 5-HT regulation in the rat DRN. 

Baseline DRN mRNA expression 

We ranked mRNA levels in three distinct groups based on relative expression. 

Our results are consistent with published literature in many cases. CRF-R2 mRNA has 

previously been shown to be expressed at higher levels than CRF-R1 mRNA within the 

DRN (Van Pett et al., 2000;Day et al., 2004). BDNF mRNA has only recently been 

shown to be expressed in the DRN by quantitative PCR (Boyarskikh et al., 2013) as early 

in situ hybridization studies failed to measure expression in the raphe (Hofer et al., 

1990;Wetmore et al., 1990;Gall et al., 1992), indicating that the high sensitivity of 

quantitative PCR is necessary to detect BDNF mRNA in the DRN. Genes for the 5-HT 

synthetic enzyme TPH2, the 5-HT transporter and the 5-HT1A autoreceptor were, as 

expected, abundant in the serotonergic DRN. 

Opiate regulation of BDNF and TrkB mRNA expression 

The neurotrophin BDNF and its receptor TrkB have been implicated in addiction-

related neural plasticity in several monoaminergic nuclei (Koo et al., 2012;Mashayekhi et 

al., 2012) and reward-related brain regions (Berglind et al., 2007;Graham et al., 2007). 

More generally, BDNF activation of TrkB has been proposed to play a role in blocking 

the default pro-apoptotic pathway that is theoretically present in all neurons (Ichim et al., 

2012). Additionally BDNF signaling is involved in neural differentiation and maturation 

(Waterhouse et al., 2012), regulating dendrite structure, modulation of synapse strength 
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and circuit formation (English et al., 2012). Decreases in BDNF and TrkB activity have 

been associated with neuronal atrophy in both the hippocampus and frontal cortex as well 

as depression (for a review see (Gray et al., 2012) and (Duman, 2009) respectively). Our 

data show that following 3 hours of morphine exposure TrkB mRNA was decreased in 

the DRN relative to placebo, while a decrease in BDNF mRNA relative to baseline was 

seen after 72 hours. This suppression of BDNF mRNA and TrkB mRNA persisted, seen 

7d following pellet removal compared to placebo controls. The only exception to these 

findings of opioid suppression of the BDNF system was a transient upregulation of DRN 

BDNF mRNA following precipitated opiate withdrawal. While withdrawal-induced 

upregulation of BDNF and TrkB have been observed in other brain regions ((Numan et 

al., 1998;Grimm et al., 2003;McGinty et al., 2010), the effect that we see in the DRN is 

less persistent. More experiments are needed to determine the functional implications of 

such a transient BDNF mRNA response. Both chronic and repeated morphine exposure 

has been shown to reduce the number and complexity of dendritic spines in several 

reward-related brain regions including nucleus accumbens medium spiny neurons, medial 

prefrontal cortex and hippocampus pyramidal neurons (for a review see (Russo et al., 

2009)). Opioid exposure has also been shown to impact morphology of neurons within 

the mesocorticolimbic dopamine system.  Ventral tegmental area (VTA) dopamine 

neurons in rats treated with chronic morphine were shown to have a decreased area (≈20-

25%) as well as reduced process length (≈30%), results that were prevented by BDNF 

pretreatment followed by administration of a mixture of BDNF and morphine (Sklair-

Tavron et al., 1996). Both chronic morphine and heroin self-administration in rats led to 

significant decreases in the surface area of VTA dopamine neurons (Russo et al., 2007). 
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These morphological effects in VTA dopamine neurons persist when opioids are 

removed, lasting beyond the withdrawal phase. Fourteen days following opiate 

withdrawal, VTA neurons are reduced in size (Chu et al., 2007;Russo et al., 2007), an 

effect that is accompanied by a significant reduction in BDNF positive cells and VTA 

BDNF content (Chu et al., 2007).  In a similar fashion, our data indicate that both BDNF 

mRNA and TrkB mRNA were downregulated compared to placebo seven days after the 

removal of morphine pellets. It is interesting to speculate that the decrease in 

neurotrophic support in the DRN following opiate exposure could potentially lead to a 

decrease in cellular surface area, process length or overall synaptic activity within DRN 

neurons, potentially contributing to hypofunction of the 5-HT system that has been 

observed during protracted abstinence from chronic morphine (Goeldner et al., 2011). 

These possibilities open further areas of additional study. 

Opiate regulation of CRF receptor mRNA expression 

Anatomical data indicate that CRF axonal projections are present throughout the 

DRN and make contact with both GABA and 5-HT neurons (Roche et al., 2003;Kirby et 

al., 2000;Waselus et al., 2005). Electrophysiology studies further show that CRF 

stimulates inhibitory GABA synaptic activity at 5-HT DRN neurons at the pre- and 

postsynaptic levels with contributions from both CRF-R1 and –R2 receptor subtypes 

(Kirby et al., 2008). Stress has been shown to induce a cellular redistribution of CRF 

receptor subtypes in DRN neurons. Although CRF-R2 is expressed at higher levels than 

CRF-R1 within the DRN (Van Pett et al., 2000;Day et al., 2004), most of the CRF-R2 

protein is intracellular, leaving a higher functional ratio of CRF-R1/CRF-R2 on the cell 

surface (Waselus et al., 2009). Following stress, CRF-R1 becomes internalized while a 
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greater number of CRF-R2 receptors are recruited to the membrane, effectively reversing 

the functional ratio of CRF-R1/CRF-R2 receptors on 5-HT DRN neurons (Waselus et al., 

2009). Waselus et al (2009) further hypothesize that this functional CRF receptor 

redistribution underlies the switch from active to passive behavioral strategies to cope 

with the initiating stressor.  Our results show that following 7 days of opiate abstinence 

CRF-R1 mRNA expression is decreased compared to placebo, while CRF-R2 mRNA 

expression is increased compared to baseline. These results indicate that this functional 

reversal of CRF receptors in the DRN may occur more ubiquitously, in this case 

produced by opiate history rather than by stress, and may occur at the level of the genes 

that encode CRF receptors as well as at the level of cell surface expression of the receptor 

protein (Waselus et al., 2009).  It is also possible that this shift in CRF receptor mRNA 

expression in the DRN has similar behavioral consequences, predisposing subjects to 

passive, depression-like behaviors that might contribute to opiate relapse vulnerability. 

Previous studies from our lab (Staub et al., 2012) show that animals with an opiate 

history show sensitization of CRF-mediated inward current in 5-HT DRN neurons (a 

CRF-R2-mediated response; (Kirby et al., 2008) but CRF-R1-mediated stimulation of 

presynaptic GABA release that is normally seen in naïve subjects (Kirby et al., 2008) is 

absent in these animals. This opiate-induced shift in CRF receptor sensitivity of 5-HT 

DRN neurons is consistent with, and may be the result of the upregulation of the CRF-R2 

mRNA and downregulation of the CRF-R1 mRNA that we observe in animals with 

opiate history in the current study. 
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Opiate regulation of serotonin-related genes 

In the DRN the 5-HT1A receptor is located on the soma and dendrites of 5-HT 

neurons and effectively functions as an autoreceptor to maintain 5-HT homeostasis by 

regulating DRN electrical activity as well as 5-HT synthesis and release (Sprouse and 

Aghajanian, 1987;Hamon et al., 1988;Sharp et al., 1989). Expression of 5-HT1A receptor 

mRNA was significantly decreased following 3 hours of morphine exposure compared to 

both placebo and baseline, yet remained at baseline for the duration of the experiment. 

Given that acute opiate exposure increases 5-HT output (Jolas and Aghajanian, 1997), 5-

HT1A mRNA downregulation may be an acute compensatory adaptation to elevated 5-HT 

levels. The net effect of this downregulation would be to further increase 5-HT levels. 

Therefore this mechanism may contribute to the overall stimulation of 5-HT in response 

to acute morphine exposure. The fact that the expression remains at baseline through the 

rest of the experiment indicates that this 5-HT1A mRNA response may not be recruited 

beyond the acute response phase of the 5-HT system to morphine exposure. 

Expression of TPH2 mRNA in contrast, was unchanged for all timepoints except 

for a significant decrease at seven days of abstinence with swim stress. In addition, SERT 

mRNA expression was also unchanged at all timepoints examined. These results indicate 

that 5-HT synthesis and uptake are unlikely to underlie the dynamic changes in 5-HT 

neurotransmission that are induced by opiate exposure and withdrawal (Jolas and 

Aghajanian, 1997;Tao et al., 1998;Jolas et al., 2000;Tao and Auerbach, 2002a). The 

TPH2 gene is well-established to be responsive to stressors (see (Chen and Miller, 2013) 

for review). A previous report showed that repeated swim stress increased TPH2 mRNA 

expression within the DRN (Shishkina et al., 2008), indicating that 5-HT synthesis may 
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be more generally responsive to this stressor, albeit with opposite effects produced by 

acute vs. repeated forced swim. It is also possible that opiate history qualitatively alters 

the response of TPH2 mRNA to stress, supporting the idea that opiate exposure can 

fundamentally change the dynamic regulation of the 5-HT DRN system and its responses 

to environmental stimuli. 
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CHAPTER 4 

CONCLUSIONS 

 
To investigate the role of the 5-HT DRN system in opioid addiction and relapse, 

we examined 5-HT DRN physiology and DRN gene expression during morphine 

exposure, withdrawal, abstinence and stress-induced reinstatement. We began by utilizing 

CPP to model drug reward, abstinence, and stress-induced reinstatement. We showed that 

forced swim can induce reinstatement of CPP following extinction. Utilizing whole-cell 

patch-clamp in DRN brain slices, 5-HT neurons from animals exposed to forced swim 

stress-induced opioid reinstatement of previously extinguished morphine CPP showed an 

increase in IPSC amplitude. This change was specific to 5-HT cells in animals with both 

a morphine history and stress exposure, indicating that stress and opioid history interact 

to sensitize 5-HT DRN neurons to GABAergic inhibition. 5-HT neurons from animals 

that underwent CPP and extinction also showed altered sensitivity to the stress 

neurohormone CRF. Specifically, 5-HT neurons from these subjects showed a 

sensitization of CRF-R2-mediated inward current and a desensitization of CRF-R1-

mediated increases in GABA synaptic activity.  These data indicate that the 5-HT system 

is changed by opioid history such that it is more vulnerable to some of the effects of 

stressors. Dysregulation of the 5-HT system under these circumstances may contribute to 

mood dysfunction and opioid relapse.  
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In the second series of experiments, we examined DRN gene expression changes 

in response to opioid exposure, withdrawal, and post-withdrawal stress exposure. The 

major observations occurred 7d after morphine pellets were removed. At this time-point, 

BDNF, TrkB and CRF-R1 mRNA were downregulated compared to placebo, while CRF-

R2 mRNA was increased compared to baseline. These data indicate that opioid history 

may decrease neurotrophic support for the 5-HT DRN system, increasing susceptibility to 

neuronal atrophy and dysfunction, and further contributing to mood dysfunction and 

relapse vulnerability. The CRF mRNA data indicate that opiate history may induce a 

functional reversal of CRF receptor activity in the DRN. Such a functional switch of 

CRF-R1/CRF-R2 expression has previously been observed in the DRN and was linked to 

a behavioral switch from active coping strategies to the adoption of passive, depression-

like behaviors in response to stress (Waselus et al., 2009),  another potential contribution 

to relapse vulnerability.  Expression of TPH2 was unchanged for all timepoints except for 

a significant decrease 7 days following morphine pellet removal in swim stress-exposed 

subjects.  Numerous studies have shown that TPH2 gene expression is particularly 

responsive to stress (Chen and Miller, 2013).  Since our data show responsiveness to 

stress only in opioid-exposed subjects, it is possible that opiate history qualitatively alters 

the response of the DRN system to stress at the level of 5-HT synthesis.  In sum, these 

data collectively identify several novel mechanisms and circuits that may contribute to 

opioid dysregulation of 5-HT neurotransmission, consequent mood dysfunction, and 

vulnerability to stress-induced relapse. 

What we were not able to do, however is directly measure the net effects of these 

changes on 5-HT output to the brain. It has been established that forced swim has 
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differential effects on 5-HT release as well as levels of 5-hydroxyindoleacetic acid (5-

HIAA, the main 5-HT metabolite) that vary by brain region (Kirby et al., 1995). Levels 

of 5-HT and 5-HIAA also vary by the type of stressor, with swim stress, tail pinch and 

immobilization having qualitatively different effects and time courses (Kirby et al., 

1997). Additionally forced swim and CRF infusion to the DRN have also been shown to 

have differential effects on the DRN firing rate (Kirby et al., 2000;Price et al., 2002). 

Further studies directly measuring 5-HT and 5-HIAA levels through microdialysis could 

directly confirm the hypothesis that opioid history impacts 5-HT release in terminal fields 

of the DRN. 

To directly test this, animals would first undergo CPP and extinction and then 

microdialysis would be performed before and after forced swim exposure. Previous work 

in naïve animals shows that swim stress elevates 5-HT in the striatum, while 

simultaneously decreasing 5-HT in the amygdala and lateral septum (Kirby et al., 1995). 

Given that our data suggests opioid-induced hypofunctioning of the DRN as well as 

altered stress/CRF responsivity, it would be logical to predict a reduction in basal 

extracellular 5-HT in those DRN-projecting regions prior to stress exposure as well as 

augmented 5-HT responses to forced swim exposure. Additionally, we could examine the 

effects of opiate history on 5-HT DRN activity by measuring firing rates. This could be 

an additional method for confirming opioid-induced hypoactivity of the DRN system. 

An additional area that remains to be explored is the ramifications of opioid-

induced decrease in trophic support to the DRN. Morphine has been shown to bring about 

a BDNF dependent decrease in the surface area of VTA dopamine neurons (Russo et al., 

2007) as well as reduction in the number and complexity of dendritic spines and or cell 
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body size in many brain regions including nucleus accumbens, prefrontal cortex and 

hippocampus (Russo et al., 2009). While some of the cellular effects of opiates are 

potentially reversible (Russo et al., 2007), behavioral effects can last longer (Goeldner et 

al., 2011) and clinical evidence suggests that these problems can last years and 

potentially be lifelong (Darke et al., 2009;O'Brien and Cornish, 2006). BDNF 

downregulation has also been shown to result in neuronal atrophy and apoptosis (Gray et 

al., 2012). Studies in CRF-R2 KO mice exposed to stress have found a decrease in cell 

number and other apoptotic markers within the DRN (McEuen et al., 2008). While this is 

different from rats with an opiate history, it could be worthwhile to examine if there are 

any apoptotic markers within the DRN following opioid exposure. Even if they are not 

immediately present, it is possible that abstinence following opiate dependence could 

result in decreased resilience of cells in the DRN that may not present themselves unless 

the subject encounters a suitable stressor or toxic insult. Thus it would be useful to 

examine apoptotic markers in abstinent animals before and after swim stress. 

Additionally, it has been established that localized caspase and apoptotic activity can be 

limited to neuronal processes (for a review see (Glantz et al., 2006)). Examining 

alterations in the expression of both pro and anti apoptotic markers such as Bcl2, as well 

as caspases 3, 7 and 9 either at the level of mRNA or protein could determine if there are 

similar sub-lethal apoptotic pathways being engaged within the DRN. Furthermore Golgi 

silver staining (Ranjan and Mallick, 2012) could be used to visualize any morphological 

changes in 5-HT dendrites or axons (i.e. decreased dendritic spines and dendritic 

arborization) that may result from loss of neurotrophic support, leading to 

hypofunctioning of the 5-HT system. 
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From a behavioral perspective, it could also be useful to examine the effects of 

BDNF and TrkB within the DRN. A recent study utilized an adeno associated virus 

(AAV) to selectively knock down BDNF and TrkB in two separate strains of floxed mice 

(Koo et al., 2012). Reducing either BDNF or TrkB expression in the VTA but not the 

NAc increased morphine CPP (Koo et al., 2012). However intra-VTA administration of 

BDNF prevented conditioning (Koo et al., 2012). Since opioid-induced downregulation 

of BDNF is seen in both the VTA (Koo et al., 2012)) and DRN in our studies, it would be 

reasonable to hypothesize that an intra-DRN BDNF infusion could potentially prevent 

either morphine CPP or stress-induced opioid reinstatement. Similarly knocking down 

BDNF or TrkB expression within the DRN (such as with intra-DRN viral delivery of Cre 

in SERT-floxed mice) could not only increase the conditioning score, but also the 

putative atrophy of the DRN produced by morphine exposure. 

Additionally, BDNF has been shown to dynamically regulate the number of 

clusters of GABAA over time in culture (Elmariah et al., 2004). Following 24 hours of 

BDNF administration there is a small but significant decrease in the amount of GABAA, 

however by 36 hours of BDNF treatment the number of GABAA clusters doubled and 

remained steady through 48 hours, data obtained through an antibody that recognizes 

both the β2 and β3 GABAA subunits (Elmariah et al., 2004). Given that sensitization of 

GABAA receptors by opioid and stress exposure from our first study, it was surprising to 

find no changes in DRN GABAA-α1 expression within the second study, particularly in 

the group with both opioid and swim stress exposure. It is possible that if we had 

examined the GABAA β2 and β3 subunits we might have found the increased GABAA 

expression that we originally hypothesized would be present.  
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In the DRN of naïve animals CRF-R2 is expressed at higher levels than CRF-R1 

(Van Pett et al., 2000;Day et al., 2004) and most of the CRF-R2 protein is intracellular, 

leaving a higher functional ratio of CRF-R1/CRF-R2 on the cell surface (Waselus et al., 

2009). As described earlier, stress causes CRF-R1 internalization and CRF-R2 

recruitment to the membrane, effectively reversing the functional ratio of CRF-R1/CRF-

R2 receptors on 5-HT DRN neurons (Waselus et al., 2009). Our gene expression data hint 

at the possibility that a similar rearrangement could be seen in subjects with a morphine 

history. A further useful experiment that could be done is to perform the Waselus 

protocol on our morphine treated animals to confirm this hypothesis.  Specifically, with 

electron microscopy we could directly examine the cellular distribution of CRF-R1 and 

CRF-R2 receptors in naïve animals as well as those with a morphine history. Specifically, 

we would predict greater cytoplasmic expression (internalization) of CRF-R1 and greater 

expression of CRF-R2 on the plasma membrane in animals with a morphine history when 

compared to naïve controls. 

 Opiate addiction and relapse is a major public health crisis that effects hospitals in 

addition to the criminal justice system (O'Brien and Cornish, 2006). The fundamental 

goals of this work are to comprehend opiate addiction at the cellular, molecular and 

pharmacological levels in the hope that new treatments can be discovered. Our lab is 

already showing promising behavioral results with intra-DRN GABAergic 

pharmacological treatments that built on work from the first aim. Specifically, intra-DRN 

GABAA agonists induce reinstatement whereas intra-DRN GABAA antagonists block 

swim stress-induced morphine reinstatement (Li et al., submitted). Within the second 

aim, the potentially most promising result is the opioid-induced decrease in DRN trophic 



 

95 

support. Although this is more theoretical rather than practical, it suggests a partial 

mechanism for why opiate abuse has long-term negative consequences. 
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