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Unlike the proadaptive effects of acute stress exposure, repeated stress 

exposure results in maladaptive responses by mechanisms that are not 

completely understood. These maladaptive responses can lead to debilitating 

diseases such as depression, anxiety, and drug addiction. During a stressful 

event, the dynorphins, a family of endogenous opioids, are released and 

subsequently bind to and active the kappa opioid receptor (KOR), but how the 

dynorphin/KOR system mediates these adverse behaviors remains unknown.  

My dissertation sought to further our understanding of the role of the 

dynorphin/KOR system in stress-induced aversion and stress-induced 

potentiation of cocaine conditioned place preference (cocaine-CPP), and to 



elucidate downstream molecular targets. First, I attempted to understand the 

behavioral mechanisms underlying stress-induced potentiation of cocaine-CPP 

by modulating the temporal relation between cocaine treatment and stress 

exposure. I determined that stress-induced potentiation of cocaine-CPP was 

through modulation of cocaine or cocaine-associated cues, and not through 

modulation of associative learning or memory recall mechanisms. From this, I 

hypothesized that stress-induced aversion mediates potentiation of drug reward 

through modulation of drug or drug-associated cues. I next set out to determine 

whether the signal transduction mechanisms underlying stress-induced aversion 

and stress-induced potentiation of cocaine-CPP are the same. I determined that, 

like stress-induced aversion, stress-induced potentiation of drug reward is 

mediated by GRK3 and p38α MAPK in serotonergic neurons. These results 

support the hypothesis that stress-induced activation of the dynorphin/KOR 

system mediates the aversive component of stress to produce potentiation of 

drug reward. Finally, I investigated potential downstream targets of p38α MAPK 

in order to further understand the molecular processes underlying the adverse 

consequences of repeated stress exposure. I demonstrated that stress-induced 

KOR activation increases the surface expression of the serotonin transporter 

(SERT) specifically in the ventral striatum in a GRK3 and p38α MAPK dependent 

manner, and hypothesize that this regulation leads to a hyposertonergic tone. 

Future work elucidating the downstream effects of hyposerotonergic tone in the 

ventral striatum is required, but the current thesis advances the knowledge base 



regarding the role of the dynorphin/KOR system and serotonin in the adverse 

consequences of repeated stress exposure.  
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Chapter 1. 

Introduction to Stress, Depression, Drug Addiction, the Dynorphin/KOR System, 

p38 MAPK, and Serotonin 

 

Stress 

Homeostasis is a body’s ability to regulate and maintain stability and 

function, even in the face of major changes to internal or external parameters. A 

body’s homeostasis is constantly challenged by environmental factors such as 

disease, toxins, and other stressful events. Additionally, because an organism 

must expend energy and resources in order to bring its body back to equilibrium 

and homeostasis, maintaining homeostasis can also be considered a form of 

metabolic stress. Hans Selye was the first to describe stress as both the initial 

insult to homeostasis and the subsequent response by the body to restore 

equilibrium (Selye, 1956). Exposure to a brief acute stressor is generally thought 

to be proadaptive. An example of a proadaptive stress response is the “flight or 

fight response,” which prepares an organism to respond to a challenge. During 

the flight or fight response activation of the sympathetic nervous system occurs, 

increasing heart rate, blood pressure, and alertness, and inactivation of 

nonessential body functions such as the immune and digestive systems occur. A 

second example is the enhanced learning and memory sometimes seen after an 

acute stress exposure (Schwarzer, 2009).  Conversely, exposure to a prolonged 

or repeated stressor is generally thought to produce a maladaptive response. 

Chronic stress can lead to immune system dysfunction, chronic fatigue, 
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hypertension and ulcers (Anderson, 1998; Metcalfe et al., 2003). Additionally, 

repeated stress can result in the increased risk for mood disorders such as 

depression and anxiety, and the increased risk for drug abuse and relapse of 

drug seeking behaviors in humans and experimental animals. (Kreek and Koob, 

1998; Gold and Chrousos, 2002; Krishnan and Nestler, 2008). While the 

mechanisms underlying the physiological response to acute stress are well 

understood, much remains unknown regarding the mechanisms underlying 

responses to chronic stress. My thesis aimed to understand the behavioral and 

biochemical mechanisms underlying the adverse consequences of repeated 

stress exposure.  

 

Dynorphin/Kappa Opioid Receptor System 

During a stressful event, a variety of neurotransmitters and 

neuromodulators are released, including the dynorphin opioid peptides (Bruchas 

et al., 2010). The endogenous dynorphin peptides were discovered in the early 

1980s (Goldstein et al., 1981; Seizinger et al., 1981; Weber et al., 1981; Cone et 

al., 1983). Dynorphin A (amino acids 1-17) was the first to be discovered and 

was considered a principal endogenous opioid ligand like enkephalin and b-

endorphin, but it was soon followed by other dynorphins in this family including 

big-dynorphin (amino acids 1-32; dynorphin A and dynorphin B linked by Lys-

Arg), dynorphin A1-8 (amino acids 1-8), dynorphin B1-13 (tridecapeptide; 

rimorphin), and α and β-neoendorphin (Kangawa and Matsuo, 1979; Minamino et 

al., 1980; Goldstein et al., 1981; Minamino et al., 1981; Fischli et al., 1982b, a). 



	
   3	
  

All the dynorphins were found to be derived from a common biologically inactive 

precursor protein: prodynorphin, and preprodynorphin processing is carried out 

by various endopeptidases (Schwarzer, 2009). Importantly, the prodynorphin 

gene contains four CRE sites that may be responsible for the regulation of 

prodynorphin seen following neuronal excitation (Schwarzer, 2009).  

Each dynorphin peptide shares structural features conferring selectivity for 

the kappa opioid receptor (KOR) (Chavkin and Goldstein, 1981; Chavkin et al., 

1982; Chavkin, 2000). KOR is widely expressed throughout the brain, spinal 

cord, and peripheral tissue. The physiological effects of these peptides were first 

examined in the peripheral nervous system including the guinea pig ileum and 

mouse vas deferens where KOR stimulation resulted in an inhibition of smooth 

muscle contraction (Chavkin and Goldstein, 1981; Cox and Chavkin, 1983) and 

antinociceptive responses (Herman and Goldstein, 1985; Spampinato and 

Candeletti, 1985).  Additionally, dynorphin was shown to have a role in the 

central nervous system where release results in a blockade of long-term 

potentiation (LTP) induction in the hippocampus (Wagner et al., 1993). KOR 

activation has also been shown to play a role in temporal lobe epilepsy 

(Schwarzer, 2009).  

KOR is a seven transmembrane spanning, G-protein coupled receptor 

(GPCR) coupled to Gi/o protein and thus KOR-mediated effects are pertussis 

toxin sensitive (Akil et al., 1984).  Based on pharmacology, multiple subtypes 

have been suggested but likely result from alternative splicing and post-

translational modifications (Dhawan et al., 1996). Although KOR normally 
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couples to inhibitory G-proteins, it is important to note that sub-nanomolar ligand 

concentrations can result in coupling to the stimulatory Gαs protein (Bruchas and 

Chavkin, 2010). Stimulation of the inhibitory Gαi/o protein following KOR activation 

leads to inhibition of adenylyl cyclase and thus cAMP synthesis through the G 

alpha subunit (Sharma et al., 1977) and decreased calcium and increased 

potassium channel conductances through the G beta-gamma subunit 

(Surprenant et al., 1990; Dhawan et al., 1996).  The net effect of activation of this 

GPCR is decreased cell firing and neurotransmitter release.  Specifically, KOR 

activation can regulate glutamatergic and GABAergic synaptic transmission and 

the release of dopamine (DA) and serotonin (5HT) (Hjelmstad and Fields, 2001; 

Tao and Auerbach, 2002; Hjelmstad and Fields, 2003; Chefer et al., 2005).   

Following prolonged ligand binding and subsequent KOR activation, G-

protein receptor kinase 3 (GRK3) is recruited through interaction with the G beta-

gamma subunit (Daaka et al., 1997). The c-terminal tail of KOR is 

phosphorylated by GRK3 at serine 369 which increases the affinity of beta-

arrestin for the receptor complex (Appleyard et al., 1999).  GRK3 and beta-

arrestin recruitment are required for agonist dependent desensitization and 

internalization of KOR (McLaughlin et al., 2003b). Arrestin binding to the c-

terminal tail of the receptor prevents any further activation of the G-protein 

leading to desensitization (Pitcher et al., 1998).  Additionally, agonist-stimulated 

internalization results when the adaptor protein 2 (AP2) complex associates with 

KOR following beta-arrestin binding and leads to clathrin-mediated endocytosis 

(Ferguson, 2001).  
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Sustained KOR activation has also been demonstrated to lead to 

activation of the mitogen-activated protein kinase (MAPK) pathways including the 

extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and 

p38 MAPK (Belcheva et al., 2005; Bruchas et al., 2006; Bruchas et al., 2007b; 

Bruchas et al., 2008).  KOR activation leads to prolonged ERK phosphorylation 

via phosphoinositide 3-kinase, Protein Kinase C zeta (PKCζ), and Ca2+ 

mobilization (Belcheva et al., 2005). KOR-mediated p38 MAPK activation 

requires receptor phosphorylation by GRK3 and beta-arrestin recruitment 

(Bruchas et al., 2006).  

 

KOR and Stress and Mood 

 Major depressive disorder is a debilitating condition that can affect all 

aspects of an individual’s life. Major depressive disorder is characterized by a 

generally depressed mood, decreased interest in activities that were once 

enjoyed, a decrease in energy levels, and difficulty concentrating and paying 

attention. Suicidal thoughts and intentions are also common in people with major 

depressive disorder. Current therapies focus on increasing one or more of the 

monoamines (dopamine, serotonin and norepinephrine). Although there is a 

plethora of drugs available, many patients are not responsive to current 

antidepressant therapies, and the molecular basis of mood disorders is not fully 

understood.  In addition to the monoamines, numerous other signaling molecules 

such as corticotropin releasing factor (CRF), brain derived neurotrophic factor, 
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and dynorphin have been implicated in mood disorders such as major depressive 

disorder. 

Prolonged stress produces a multitude of maladaptive responses. Stress-

induced dynorphin relsease and subsequent KOR activation produces dysphoria 

in humans (Pfeiffer et al., 1986) and depressive like behaviors in rodents (Mague 

et al., 2003). Additionally, using in situ hybridization histochemistry, changes in 

prodynorphin mRNA have been detected in human beings with major 

depression, biopolar disorder, or suicidal tendencies as compared to normal 

control subjects (Hurd et al., 1997; Hurd, 2002), implicating the dynorphin/KOR 

system in mood disorders.  

Common experimental stressors used in animal research are forced swim 

stress (FSS), social defeat stress (SDS), foot shock stress, administration of CRF 

(which leads to the subsequent release of dynorphin) or direct KOR activation by 

the agonists U50,488 or Salvinorin A. Stress-induced KOR activation produces 

analgesia in rodent models, seen as an increase in tail-withdrawal latency in the 

tail flick assay, that is sensitive to the KOR antagonist norBNI and is absent in 

mice lacking dynorphin (McLaughlin et al., 2003a). Additionally, stress-induced 

KOR activation mediates swim stress-induced immobility in the FSS assay as 

immobility is not seen in mice pretreated with norBNI or in mice lacking the KOR 

or prodynorphin genes (McLaughlin et al., 2003a). During acute swim stress 

exposure, an animal engages in active coping behaviors such as swimming and 

climbing. On subsequent swims, the animal transitions from active coping to 

more passive coping behaviors such as immobility. Thus, this swim stress-
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induced immobility has been characterized as a depressive-like behavior and is 

sensitive to antidepressant treatment (Porsolt et al., 1977). Repeated social 

defeat stress produce defeated postural responses, again seen as passive 

coping and depressive-like, that can be blocked by pretreatment with norBNI and 

are absent in prodynorphin knockout mice (McLaughlin et al., 2006a). KOR 

antagonists were demonstrated to have anxiolytic properties in rodents, and KOR 

antagonists can block CRF1-R induced anxiety like behavior (Knoll et al., 2007; 

Bruchas et al., 2009c). Finally, U50,488 produces an increase in intracranial self-

stimulation (ICSS) threshold, an effect thought to represent a decrease in brain 

reward function (Carlezon et al., 2006; Tomasiewicz et al., 2008). ICSS 

thresholds are thought of as a measure of reward function, as decreases in 

threshold occur in response to rewarding stimuli such as drugs of abuse and 

increases in threshold occur in response to aversive stimuli such as KOR 

activation or drug withdrawal.  

KOR also plays a role in the motivational properties of stress; mice 

exposed to an odorant during FSS will later avoid that odorant when presented in 

the T-maze, opposite a neutral odorant not previously paired with FSS (Land et 

al., 2008). This avoidance behavior was blocked by pretreatment with norBNI 

and absent in prodynorphin knockout mice (Land et al., 2008).  Direct KOR 

activation by U50,488 also produced conditioned place aversion (CPA); when 

U50,488 is paired with a specific environmental context an animal will later avoid 

that context and this behavior is norBNI sensitive (Shippenberg and Herz, 1986; 

Bals-Kubik et al., 1993).  
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Stress-induced KOR activation occurs in multiple brain regions and 

neurotransmitter systems implicated in emotional control (Bruchas et al., 2009a; 

Schwarzer, 2009). KOR activation leads to the phosphorylation of serine-369 on 

its c-terminal tail, so in order to visualize activated KOR using 

immunohistochemistry, immunocytochemistry, or immunoblotting techniques, an 

antibody that recognizes phosphorylated serine-369 was developed (McLaughlin 

et al., 2003b). Land et al., (2008) used this antibody to study the brain regions 

and cell types showing KOR activation following stress exposure. Stress-induced 

KOR activation was seen in the amygdala, bed nucleus of the stria terminalis, 

throughout the cortex, dorsal raphe nucleus, hippocampus, nucleus accumbens, 

ventral pallidum, striatum, and ventral tegmental area (Slowe et al., 1999; Clarke 

et al., 2003; Bruchas et al., 2007a; Land et al., 2008). Additionally, stress-

induced KOR activation was seen to colocalize with serotonergic, dopaminergic, 

GABAergic, and astrocytic cells. Microinjection of U50,488 is sufficient to 

produce CPA when injected directly into the medial prefrontal cortex (PFC), 

nucleus accumbens, lateral hypothalamus, and ventral tegmental area but not 

the dorsal striatum or substantia nigra (Bals-Kubik et al., 1993). Together these 

data demonstrate that KORs are situated to modulate the excitability and signal 

transduction pathways of numerous brain regions and cell types implicated in 

stress and neuropsychiatric disorders such as depression and anxiety. One main 

goal of this dissertation is to understand the mechanisms underlying stress-

induced depression.  
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KOR and Drugs of Abuse 

 Drug addiction is a chronic relapsing disease where a person persists in 

their drug use even in the face of adverse consequences. Drug tolerance and 

withdrawal also result from prolonged drug use and drug use is seen as 

compulsive and repetitive. Initial drug intake is driven by the euphorigenic and 

rewarding properties of the drug of abuse. Prolonged drug use results in drug 

intake driven by a balance between the rewarding effects of the drug and 

avoidance of the negative withdrawal symptoms of drug use (Koob and Le Moal, 

2005). Prolonged drug use also increases the incentive salience of drug-

associated stimuli (Robinson and Berridge, 2003) and results in a transition to 

habit driven use (Everrit and Robbins, 2005) and dysfunction of decision making 

(Damasio, 1996).  

Stress has long been thought to play a negative role in drug abuse and 

addiction.  Like conditioned drug associated stimuli, stress can lead to increased 

drug reward and reinstatement of drug seeking and taking (Bruchas et al., 2010; 

Shalev et al., 2010). The dynorphin/KOR system has also long been thought to 

play a role in drug reward and addiction, and has been implicated in cocaine, 

amphetamine, nicotine, alcohol, and opioid abuse (Bruchas et al., 2010; Tejeda 

et al., 2012).  

Post-mortem human and animal tissues demonstrate changes in 

prodynorphin expression in reward-related regions following both acute and 

chronic psychostimulant intake (Hurd and Herkenham, 1993; Spangler et al., 

1997; Turchan et al., 1998; Frankel et al., 2008; Isola et al., 2009). At least in the 
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striatum, increased prodynorphin and dynorphin expression requires D1 and 

NMDA receptor activation and is postulated to be a compensatory mechanism to 

the increased medium spiny neuron (MSN) activity seen following 

psychostimulant administration (Daunais and McGinty, 1996; Carlezon and 

Thomas, 2009).  

Whether KOR activation inhibits or enhances drug reward has been a 

topic of controversy (Bruchas et al., 2010; Tejeda et al., 2012). Early reports 

suggested an inhibitory role for dynorphin on the rewarding effects of cocaine.  

The selective kappa agonist U50,488 decreases cocaine self-administration 

(Glick et al., 1995) and behavioral sensitization in rats (Heidbreder et al., 1993).  

Additionally, kappa agonists inhibit cocaine-CPP when administered immediately 

prior to cocaine conditioning (Suzuki et al., 1992; Shippenberg et al., 1996; 

Zhang et al., 2004a).  These affects have been attributed to KOR agonist’s ability 

to decrease psychostimulant-induced increases in striatal DA levels and thus act 

as a “brake” (Zhang et al., 2004b, a). 

Contrary to the above results, our lab and others have demonstrated 

proaddictive qualities of stress-induced KOR activation (Bruchas et al., 2010). 

Potentiation of cocaine-CPP following stress or direct KOR activation has been 

demonstrated (McLaughlin et al., 2003a; McLaughlin et al., 2006b; McLaughlin et 

al., 2006a). KOR activation 60 min prior to the cocaine-conditioning phase 

resulted in a near doubling (potentiation) of time spent in the drug-paired 

compartment during the subsequent preference test as compared to control 

animals. Similar results were seen with forced swim stress and social defeat 
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stress (McLaughlin et al., 2003a; McLaughlin et al., 2006a).  The potentiation of 

preference was blocked by pretreatment with the KOR antagonist norBNI prior to 

stress exposure and cocaine conditioning and was absent in animals with gene 

deletion for either prodynorphin or KOR. Stress-induced KOR activation also 

leads to reinstatement of cocaine seeking behavior. Forced swim stress, 

footshock stress, or direct KOR activation by agonist administration produced 

cocaine-CPP reinstatement that was sensitive to norBNI (Carey et al., 2007; 

Redila and Chavkin, 2008). Furthermore, stress-induced reinstatement of 

cocaine self-administration is attenuated by KOR antagonists and in KOR 

knockout mice (Beardsley et al., 2005), and direct KOR activation produces 

reinstatement (Valdez et al., 2007).  

One way to reconcile these differences is if repeated stress or agonist 

treatment resulted in phosphorylation, desensitization and thus depletion of the 

tonic inhibitory KOR tone (releasing the “brake”).  This possibility seems unlikely 

considering that norBNI pretreatment alone did not cause a potentiation of 

cocaine-CPP as would be expected if KORs were playing an inhibitory role in 

cocaine-CPP.  More likely the discrepancy seen between studies from our lab 

and other reports has to deal with the timing of agonist treatment; studies 

demonstrating an inhibitory role for KOR administered the agonist 5-10 minutes 

prior to cocaine whereas studies demonstrating a potentiating role for KOR 

administered U50,488 60 minutes prior to cocaine.  Importantly, the time 

dependence of these KOR-mediated behaviors raises the possibility that different 

signal transduction networks underlie the opposing effects. An alternative 
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explanation is that stress-induced KOR activation affects the associative learning 

or memory recall mechanisms required for CPP and self-administration. In 

contrast to the “brake” or the associative learning hypothesizes, our lab proposes 

an alternative explanation where stress-induced KOR activation produces a 

dysphoric state that enhances the rewarding valence of the psychostimulant or 

the cues associated with the psychostimulant (Bruchas et al., 2010). Further 

work is required to differentiate between these alternatives and it will be 

important to determine if the signal transduction pathways required for stress-

induced, KOR-mediated dysphoria are the same as those required for 

potentiation of drug reward and reinstatement. Thus, a major goal of this 

dissertation is to understand the behavioral mechanisms underlying stress-

induced potentiation of drug reward. 

 

Stress/KOR and p38 MAPK 

As stated above, stress-induced or direct KOR activation has been shown 

to activate p38 MAPK (Bruchas et al., 2006; Bruchas et al., 2007a). This 

activation requires GRK3 activation and β-arrestin recruitment (Bruchas et al., 

2006).  Importantly, p38 MAPK activation is only seen following repeated, but not 

acute stress (Bruchas et al., 2007a). There are four isoforms of p38 MAPK: α, β, 

δ, γ, with p38α and β being expressed in neurons and glia (Zhang et al., 2007).  

Using immunoprecipitation with isoform-selective antibodies and subsequent 

western blot analysis with a phospho-p38 selective antibody, we recently 
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determined that the p38 MAPK isoform specifically activated following KOR 

activation is p38α MAPK (Bruchas et al., 2011). 

Previous studies have demonstrated a role for GRK3 and p38 MAPK in 

KOR mediated behaviors (Bruchas et al., 2007a; Land et al., 2009a).  Mice 

lacking GRK3 show decreased immobility in the FSS assay and do not show 

CPA to an environment previously paired with the KOR agonist U50,488 

(Bruchas et al., 2007a). Likewise, mice pretreated with the p38 MAPK inhibitor 

SB 203580 show decreased FSS immobility and do not show CPA to U50,488 

(Bruchas et al., 2007a). Finally, increased FSS immobility, CPA to U50,488, and 

social defeat stress-induced cocaine-CPP reinstatement are not seen in mice 

lacking p38α MAPK in serotonergic neurons (Bruchas et al., 2011), implicating 

p38 MAPK and the serotonergic systems in these stress-induced behaviors. 

These effects seem specific to p38α MAPK in serotonergic neurons as animals 

with GFAP positive astrocytes lacking p38α MAPK show normal stress-induced 

behaviors (Bruchas et al., 2011).  

 

Stress/KOR, p38 MAPK, and Serotonin 

 The serotonergic system has long been implicated in stress and mood 

disorders (Coppen and Doogan, 1988; Torres et al., 2003; Haenisch and 

Bonisch, 2011; Paul et al., 2011). The dorsal raphe is the main serotonergic 

nuclei in the brain and sends dense projections to multiple forebrain areas 

implicated in stress-induced behaviors (Hensler, 2006; Land et al., 2009a). Once 

serotonin (5-HT) is released into the synaptic cleft, the main high-affinity reuptake 
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mechanism for 5-HT is the Na+/Cl—dependent 12-transmembrane serotonin 

transporter (SERT; SLC6A4) (Torres et al., 2003). Like 5-HT levels, altered 

SERT function has also been linked to stress, depression, and addiction (Lesch 

et al., 1996; Heinz et al., 1998; Malison et al., 1998; Sora et al., 2001; Lira et al., 

2003; Wellman et al., 2007), and SERT is a major target of traditional 

antidepressant treatments. SERT knockout mice display increased anxiety, 

stress responses, and cocaine reward responses (Holmes et al., 2003). 

Additionally, polymorphisms in the human serotonin transporter have been linked 

with increased anxiety, depression, and drug abuse (Holmes et al., 2003). 

KOR activation can decrease 5-HT release in both the dorsal raphe and 

the nucleus accumbens, although the mechanism underlying these effects 

remain unknown (Tao and Auerbach, 2002). Direct p38 MAPK activation can 

regulate plasma membrane SERT (Zhu et al., 2005), the net effect being a 

decrease in extracellular 5-HT. These data imply the potential for KOR 

modulation of SERT function as an underlying mechanism for the adverse 

consequences of stress exposure. The final chapter of this dissertation 

investigates if stress-induced KOR activation can regulate SERT function and 

whether this could be a potential explanation for the maladaptive responses to 

repeated stress.    
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Chapter 2. 

The Rewarding Valence of Cocaine-Associated Cues is Increased by Stress-

Induced Activation of the Dynorphin/Kappa Opioid Receptor System Without 

Affecting Associative Learning or Memory Retrieval Mechanisms* 

 

 

 

 

 

 

 

 

*This chapter was formatted for this thesis from the following article previously 

published:  

 

“Behavioral stress may increase the rewarding valence of cocaine-associated 

cues through a dynorphin/kappa opioid receptor mediated mechanism without 

affecting associative learning or memory retrieval mechanisms”. Schindler AG, Li 

S, Chavkin C (2010) Neuropsychopharmacology 35:1932-1942. 

 

A.G.S. designed and performed all of the experiments in this chapter except 

those in Figure 2.2 (S.L.) and wrote the paper.  
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Introduction 

 

In humans, stress exposure increases cocaine craving and induces 

relapse of cocaine use (Sinha et al., 2006), and in animal models, stressors 

facilitate cocaine self-administration, enhance conditioned place preference 

(CPP), and reinstate cocaine seeking (Goeders and Guerin, 1994; Haney et al., 

1995; Shaham et al., 2000; McLaughlin et al., 2003a; Covington and Miczek, 

2005; Carey et al., 2007; Redila and Chavkin, 2008; Land et al., 2009b). 

Although the adaptive responses to stress are generally protective, repeated and 

uncontrollable stress exposure can increase the risk of mood disorders (Gold and 

Chrousos, 2002). The mechanisms underlying these effects are still being 

resolved, but it is known that stress results in the release of key stress mediators 

including the dynorphin opioids (McLaughlin et al., 2003a; Bruchas et al., 2007a; 

Land et al., 2008). Dynorphins are a family of endogenous neuropeptides derived 

from a common precursor and sharing structural features conferring selectivity 

for the kappa opioid receptor (KOR) (Chavkin and Goldstein, 1981; Chavkin et 

al., 1982; Chavkin, 2000). In addition, the dynorphins seem to encode the 

dysphoric and aversive responses to stress (Koob and Le Moal, 2005; Land et 

al., 2008; Zhou et al., 2008; Knoll and Carlezon, 2009; Land et al., 2009b). 

Together these data suggest that KOR activation by endogenous dynorphins 

may mediate the negative affective changes caused by stress that increase drug 

addiction risk. 
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Previous reports demonstrated that prior activation of KOR potentiated the 

rewarding properties of cocaine subsequently administered in the CPP paradigm 

(McLaughlin et al., 2003a; McLaughlin et al., 2006b; McLaughlin et al., 2006a). In 

these studies KOR activation was caused either by exposure to repeated forced 

swim stress (FSS), repeated social defeat stress (SDS), or pharmacological 

activation of KOR by the selective agonist U50,488. We interpret these data to 

suggest that KOR activation by endogenous dynorphins induces a dysphoric 

state that enhances the rewarding properties of the subsequently experienced 

euphorigenic drug; however, the underlying mechanisms by which dynorphin 

may alter cocaine-CPP responses are not yet known. 

To define those mechanisms consistent with Pavlovian learning theory 

(Tzschentke 2007), the sequence of events during the CPP assay can be 

conceptualized as follows: 1) the animal is administered cocaine [an 

unconditioned stimulus (US)], 2) experiences a subjective rewarding 

euphorigenic effect [an unconditioned response (UR)], 3) learns to associate this 

UR with a specific environmental context [a conditioned stimulus (CS)], and when 

subsequently presented with the CS, 4) the animal exhibits approach behavior [a 

conditioned response (CR)] to the previously cocaine-paired CS. The rewarding 

valence of the US is not static (Koob and Le Moal, 2008), and the rewarding 

properties of cocaine (Figure 2.1; coefficient a) and the valence of the cocaine-

paired cues (Figure 2.1; coefficient c) may be controlled by external or internal 

parameters including the intrinsic hedonic state of the animal (Koob and Le Moal, 

2005; Koob and Kreek, 2007; Koob and Le Moal, 2008). In the context of these 
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experiments, rewarding valence is defined as the magnitude as well as the 

positive or negative sign of the hedonic response to cocaine. 

  Based on this conceptual scheme, the increase in the CR amplitude 

caused by prior KOR activation could be a consequence of an increased 

rewarding valence of the cocaine (“a”) or of the cocaine-associated cues (“c”). 

Alternatively, because stress exposure is also known to affect associative 

learning mechanisms (Schwarzer, 2009) and memory retrieval (de Quervain et 

al., 1998), stress-induced dynorphin release may potentiate the CPP by 

enhancing the associative learning mechanisms (“b”) or memory retrieval 

processes (“d”) involved. To distinguish among these alternatives, we first 

measured the dose-response relationship of cocaine-CPP in non-stressed and 

stressed animals. We distinguished between the valence and the associative 

learning hypotheses by adjusting the temporal relationship between KOR 

activation and cocaine administration. We tested whether KOR activation prior to 

the final preference test, but after the associative learning phases were already 

complete, also increased the CR. We hypothesize that if KOR activation 

enhances associative learning events, then the potentiation would be evident 

only when KOR activation and cocaine were temporally associated during the 

conditioning phase, but if KOR activation affects the rewarding valence of the 

stimulus or associated cues, then KOR activation should also potentiate CPP if 

presented just prior to the CS as diagrammed in Figure 2.3A. Finally, we utilized 

the novel object recognition (NOR) assay to investigate the effects of KOR 

activation on memory retrieval and expression mechanisms.  
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Figure 2.1. A cartoon diagramming the components underlying the CPP training 
paradigm. Conditioned place preference (CPP) is a technique used to evaluate 
preference for environmental stimuli that have been associated with a rewarding 
or aversive stimuli. In this conceptual analysis, the Unconditioned Stimulus (US) 
is cocaine which produces an Unconditioned Response (UR) as a consequence 
of its euphorigenic (rewarding) effects. Stress experienced prior to cocaine may 
adjust the magnitude of the UR caused by cocaine (i.e. its valence) by the action 
of dynorphin on KOR (coefficient ‘a’). Conditioned stimuli (CS) are the 
environmental cues in the CPP conditioning chamber that become associated 
with the UR during the training phase. Factors controlling the strength of the 
associative learning events are denoted by coefficient ‘b’. The Conditioned 
Response (CR) is the approach behavior to the drug-associated CS cues 
assessed during the final preference test, and we are testing the hypothesis that 
KOR activation may also affect the response to the CS by affecting the rewarding 
valence or memory retrieval processes controlling the amplitude of coefficient ‘c’.  
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Materials and Methods 

 

Animals and housing. Male C57Bl/6 mice (Charles River Laboratories, 

Wilmington, MA) weighing 20-30 g were used. Mice were group housed, 2-4 per 

cage, in self-standing plastic cages (28 cm L × 16 cm W × 13 cm H) lined with 

“Bed-o’Cobs” in an isolated, decentralized housing room. Housing room was 

maintained on a 12-h light/dark cycle (lights on at 07:00) with food pellets and 

water available ad libitum. Animal procedures were approved by the University of 

Washington Institutional Animal Care and Use Committee.  

 

Drugs and chemicals. Cocaine-HCl, Norbinaltorphimine (norBNI)-HCl and 

(±)U50,488 were provided by the National Institute of Drug Abuse Drug Supply 

Program (Bethesda, MD). Drugs were dissolved in 0.9% saline just prior to 

injection.  

 

Forced swim stress. Wild type (WT) C57Bl/6 mice were exposed to a modified 

Porsolt forced swim stress (FSS) as described previously (Porsolt et al., 1977; 

McLaughlin et al., 2003a). For studies involving KOR activation prior to drug 

training (Figure 2.2A), the experimental protocol was as previously described 

(McLaughlin et al., 2003a). Studies involving KOR activation prior to the final 

preference test examined the effects of a single episode of stress exposure 

(Figure 2.4A) or repeated stress exposure (Figure 2.4B) in different sets of mice. 

To examine the effects of acute stress exposure, mice were exposed to one 15 
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min swim in 30° ± 1°C water on day 4, 10 or 45 min prior to the final preference 

test. To examine the effects of repeated stress exposure, mice were exposed to 

one 15 min swim in 30° ± 1°C water 2 – 4 hr after completion of cocaine training 

on day 3, and then four 6 min swims in 30° ± 1°C water on day 4, 10 min prior to 

the final preference test. After each trial, mice were removed, towel dried, and 

returned to their home cage for at least 6 min before further testing. Time spent 

immobile was recorded using video capture (Canon ZR90) from above and 

analyzed using Noldus Ethovision software (version 3.0; Noldus, Wageningen, 

The Netherlands). To confirm dynorphin release and subsequent KOR activation 

following FSS, a modified warm water (52.5°C) tail withdrawal assay was used 

(McLaughlin et al., 2003a).  

 

Conditioned place preference. WT C57Bl/6 mice were used in a three-

compartment place-conditioning apparatus as described previously (McLaughlin 

et al., 2003a). The CPP apparatus consisted of two large Plexiglas outer 

compartments separated by a smaller inner compartment. The two outer 

compartments were made visually distinct with 2.5 cm wide alternating black and 

while strips oriented either vertically or horizontally, while the smaller inner 

chamber was completely white. Movement through each compartment was 

recorded using video capture (Canon ZR90) from above and analyzed using 

Noldus Ethovision software (version 3.0; Noldus, Wageningen, The Netherlands).  

For studies involving KOR activation prior to CPP training (Figure 2.2A) 

the experimental protocol was as previously described (McLaughlin et al., 
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2003a). Briefly, on day 1 of testing initial place preference bias was assessed by 

placing each animal in the small central compartment and recording time spent in 

each compartment while having free access to the entire apparatus for 30 min.  

Following initial preference testing, some mice were exposed to FSS. On days 2 

and 3, mice received cocaine (15 mg/kg, s.c.) in the morning and confined to 

their drug-paired compartment for 30 min, and then 4 h later received saline (10 

ml/kg of body weight, s.c.) in the afternoon and confined to their assigned saline-

paired compartment for 30 min. On day 2, cocaine training began within 10 min 

of the last FSS trial. On day 4, the final preference test was assessed by placing 

each animal in the small central compartment and allowing free access to the 

entire apparatus for 30 min and recording time spent in each compartment. 

Based on this behavioral protocol, it is conceivable that the chamber associated 

with exposure to FSS may become positively associated with ‘relief from stress’. 

We previously addressed this potential confound by training animals with saline 

in both chambers but having one of the chambers consistently associated with 

removal from the second day of FSS (the ‘relief’ chamber). Vehicle conditioned 

animals did not show a preference or aversion to the ‘relief’ chamber when either 

unstressed or exposed to FSS (McLaughlin et al., 2003a). 

For studies involving KOR activation prior to the final preference test, the 

outer compartment floors were both covered with a depth of approximately 1-2 

cm of shredded wood chip bedding (Beta chip, NEPCO, Warrensburg, NY), while 

the center chamber remained uncovered. To ensure a low basal stress level, 

experimental animals were briefly handled each day for 4 days and each mouse 
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received one mock s.c. and one mock i.p. injection prior to behavioral testing 

(‘mock’ means needle inserted but no fluid injected). On day 1 of testing, initial 

place preference bias was assessed by placing each animal in the small central 

compartment and recording time spent in each compartment while having free 

access to the entire apparatus for 30 min; mice spending more than 720 sec in 

the inner chamber or spending double the amount of time in one of the outer 

chambers over the other outer chamber were excluded from the study (n = 34). 

An unbiased design was used: approximately half the animals received cocaine 

in their non-preferred chamber (n = 134) and half in their preferred chamber (n = 

130), and pretest time spent in the subsequently drug paired box was equivalent 

to pretest time spent in the subsequently saline paired box (drug paired box 

mean = 669 ± 9.3 sec (n = 264); saline paired box mean = 680 ± 10.3 sec (n = 

264); unpaired samples t test; p>0.05). On days 2 and 3, mice received saline 

(10 ml/kg of body weight, s.c.) in the morning and confined to their assigned 

saline-paired compartment for 30 min, and then 4 h later received cocaine (15 

mg/kg, s.c.) in the afternoon and confined to their drug-paired compartment for 

30 min. On day 4, the final preference test was performed by placing each animal 

in the small central compartment and allowing free access to the entire apparatus 

for 30 min and recording time spent in each compartment. Cocaine-CPP scores 

were calculated as time spent in the drug-paired compartment pre-training 

subtracted from time spent in the drug-paired compartment post-training and 

plotted using Graph Pad Prism 4.0 (San Diego, CA). For studies involving 

U50,488 administration prior to the final preference test: animals were 
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administered saline (10 ml/kg of body weight, i.p.) 60 min prior or U50,488 (5 

mg/kg, i.p.) 5, 30, 60, 90, or 120 min prior to beginning the final preference test. 

Another set of animals were administered U50,488 (2.5, 5, or 10 mg/kg, i.p.) 60 

min prior to beginning the final preference test. Some animals received norBNI 

(10 mg/kg, i.p.) 2-18 hours prior to administration of either saline or U50,488 (5 

mg/kg, i.p.) 60 min prior to beginning the final preference test. NorBNI’s 

antagonistic effects are maximal at 1hr after administration and persist more than 

21 days (Bruchas et al., 2007b). For studies involving acute FSS exposure prior 

to the final preference test: animals were exposed to one 15 min FSS 10 or 45 

min prior to beginning the final preference test. Some animals received norBNI 

(10 mg/kg, i.p.) 2-18 hours prior to exposure to one 15 min FSS 10 min prior to 

beginning the final preference test. For studies involving repeated FSS exposure 

prior to the final preference test: animals were exposed to one 15 min FSS 4 

hours following completion of cocaine training on day 3. On day 4, animals were 

exposed to four 6 min swims and began the final preference test 10 min after 

FSS completion. Some animals received norBNI 2 hours prior to exposure to 

FSS on day 3.  

 

Novel Object Recognition (NOR) assay. The effects of KOR agonist 

administration on memory retrieval was assessed using the NOR assay. The 

NOR assay depends on an animal’s natural tendency to explore a novel object 

more than a familiar object (Ennaceur and Delacour, 1988). The NOR apparatus 

was an open field (40 x 20 x 20 cm). To ensure a low basal stress level, 
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experimental animals were briefly handled each day for 5 days, and each mouse 

received one mock i.p. injection prior to behavioral testing. On days 1-3, animals 

were habituated in the empty open field for 30 min. Multiple habituations were 

used to further lower basal stress levels. On day 4, animals received three 6 min 

training sessions each separated by 10 min in which they were presented with 

two identical objects (A1 and A2). The objects were coverslip boxes and were 

placed opposite each other 3.5 cm from each wall (see Figure 2.5Bi.) On day 5, 

animals were administered saline 60 min prior or U50,488 (5 mg/kg, i.p.) 15 or 60 

min prior to beginning the 6 min NOR test. Some animals were pretreated with 

norBNI (10 mg/kg, i.p.) 2 h prior to saline or U50,488 administration. In the NOR 

test, animals were exposed to a familiar object (A1) and a novel object (B) (see 

Figure 2.5Bi). The novel object was a top from a 1L bottle and A1 and B were 

placed in the same locations as A1 and A2 were placed in the training sessions. 

Object exploration was measured by stopwatch and ‘exploration’ was defined as 

sniffing or touching the object with the nose. Behavior was not scored as 

‘exploration’ when the animal was using the object to rear up or when the animal 

was sitting on the object. Data are expressed as a recognition index (RI). For 

each training session: RI = time exploring A1 / (total time spent exploring A1 + 

A2), and for the NOR test: RI = time exploring B / (total time spent exploring B + 

A2). In order to ensure that a pre-training bias did not exist for one object over 

the other, a separate group of mice were habituated to the open field for 30 min 

and then 10 min later received a NOR test. No basal differences in exploration of 

object A and B were detected (RI = 0.49 ± 0.02, n = 8). To assess locomotion, 
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each session was recorded using video capture (Canon ZR90) from above and 

analyzed using Noldus Ethovision software.  

 

Data analysis. Data are expressed as means ± SEM. Differences between 

groups were determined using one-way ANOVA followed by Dunnet’s post hoc 

(for comparisons between relevant groups to the control group) or Bonferroni 

post hoc test if the main effect was significant at p<0.05. Difference in maximal 

response was determined using a paired or unpaired samples t test. For 

experiments having a 2 × 2 factorial design, two-way ANOVAs followed by 

Fisher’s LSC Multiple-Comparison post hoc test or Bonferroni post hoc test if an 

interaction effect was significant at p<0.05. For the NOR assay, within-group 

comparisons were made using a paired samples t test in order to determine if 

there was an increase in RI from the training phase to the testing phase. 

Statistical analyses were conducted using Graph Pad Prism 4.0 (San Diego, CA). 

 

Results 

 

Forced swim stress prior to CPP training changes the cocaine-CPP dose-

response relationship.  

Previous reports have shown that activation of the kappa opioid receptor 

system prior to cocaine-CPP training, either via administration of the kappa 

agonist U50,488 or exposure to FSS, produce a time-dependent potentiation of 

cocaine-CPP (McLaughlin et al., 2003a; McLaughlin et al., 2006b). Mice in those 
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studies were trained using 15 mg/kg (s.c.) cocaine only; therefore, we first 

determined the dose-response relationship for cocaine-CPP following FSS and 

for non-stressed controls. In non-stressed controls, doses of 10, 15, and 30 

mg/kg cocaine gave equivalent CPP responses (10 mg/kg mean = 324 ± 43.2 

sec (n = 12), 15 mg/kg mean = 334 ± 40.2 sec (n = 22), 30 mg/kg mean = 297 ± 

47.5 sec (n = 16), one-way ANOVA; F2,49 = 0.19, p>0.5) (Figure 2.2). Mice 

subjected to repeated FSS prior to 3, 10, or 15 mg/kg cocaine conditioning 

showed enhanced CPP responses (3 mg/kg mean = 346 ± 46.1 sec (n = 17), 10 

mg/kg mean = 462 ± 49.6 sec (n = 15), 15 mg/kg mean = 488 ± 59.0 sec (n = 

11), one-way ANOVA; F2,40 = 2.29, p>0.5). The CPP responses were significantly 

potentiated at each of these doses (two-way ANOVA; main effect of swim, 

F1,129=7.54, p<0.05; main effect of cocaine dose, F4,129=11.54, p<0.0001; 

interaction of swim times cocaine dose, F4,129=2.45, p<0.05; Fisher’s LSD 

Multiple Comparison post hoc test, p<0.05) (Figure 2.2). In contrast, FSS did not 

significantly potentiate the CPP response to 30 mg/kg (Figure 2.2). The effect of 

FSS under these training conditions was to shift the cocaine-CPP dose-response 

curve upward (as shown by significantly enhanced response at 3, 10, and 15 

mg/kg cocaine) and to the left (as shown by a significant preference at 3 mg/kg 

cocaine for FSS exposed animals but not in mice not subjected to FSS. Analysis 

of the dose-response relationship indicates that the potentiation was not solely 

observed at one dose and suggests that the rewarding properties of cocaine 

were generally increased by prior stress-exposure. The lack of potentiation at 30 
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mg/kg cocaine is consistent with previous reports of an inverted U-shaped 

cocaine dose response (Bardo et al 1995; Caine et al 2000; Tzschentke 2007). 
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Figure 2.2. Exposure to FSS prior to CPP training affects the cocaine-CPP dose-
response relationship. A. diagram summarizing the training protocol. Mice were 
exposed to repeated FSS or allowed to remain in their home cage without 
swimming, prior to two days of cocaine and saline conditioning (see Materials 
and Methods). B. Mice were trained using cocaine doses of either 1, 3, 5, 10, 15, 
30 mg/kg (s.c.) and subsequent place preference times were measured to 
generate dose response relationships for stressed and unstressed animals. Data 
show a potentiation of cocaine-CPP in animals exposed to FSS prior to training 
as compared to untreated controls. Data are mean ± SEM. Untreated control 
mice trained with 10, 15 or 30 mg/kg cocaine showed significant place 
preference. * p<0.05, one-sample t test, n = 9-22 mice. FSS caused a significant 
potentiation compared with unstressed controls at 3, 10 or 15 mg/kg cocaine. & 
p<0.05, two-way ANOVA followed by Fisher’s LSC Multiple-Comparison post hoc 
test, n = 9-22 mice.  
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Potentiation of cocaine-CPP following direct KOR agonist-induced 

activation prior to expression of cocaine-CPP.  

 Mice were trained in the standard cocaine-CPP protocol, using 15 mg/kg 

cocaine (s.c.) without experiencing either U50,488 or FSS prior to the 

conditioning sessions. On day 4, cocaine-conditioned mice were administered 

U50,488 (5 mg/kg, i.p.) 5, 30, 60, 90, or 120 min prior to final preference testing 

(as illustrated in Figure 2.3A). Kappa opioid receptor activation by U50,488 60 

min prior to expression of cocaine-CPP significantly potentiated cocaine-CPP 

compared to saline-pretreated mice (n = 10-21; one-way ANOVA; F5,83= 4.96, 

p<0.0005; Dunnet’s post hoc U50,488-60 min (n = 21) vs. saline (n = 21), 

p<0.05). In contrast, kappa opioid receptor activation 5, 30, 90, or 120 min prior 

to expression of cocaine-CPP did not significantly alter place preference 

expression (p>0.05) (Figure 2.3A). We also asked if potentiation of cocaine-CPP 

following KOR activation by U50,488 prior to the final preference test was dose-

dependent by administering either 2.5, 5, or 10 mg/kg U50,488 (i.p.) at 60 min 

prior to expression of cocaine-CPP. Significant cocaine-CPP potentiation was 

obtained at the U50,488 dose of 5 mg/kg (n = 12 – 21; one-way ANOVA; F3,68 = 

3.09, p<.0328; Dunnet’s post hoc U50,488-5 mg/kg (n = 21) vs. saline (n = 21), 

p<0.05) but was absent at 2.5 and 10 mg/kg U50,488 (p>0.05), although there 

was a trend towards significance at 10 mg/kg U50,488 (Figure 2.3C). The 
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narrow dose-effect window may be a consequence of the hypo-locomotor effects 

at 10 mg/kg U50,488 as compared to 2.5 or 5 mg/kg U50,488 (Kuzmin et al., 

2000). 

 

Potentiation of cocaine-CPP by direct KOR agonist-induced activation prior 

to expression of cocaine-CPP is blocked by norBNI pretreatment.  

 To confirm KOR mediation, mice were pretreated with the selective kappa 

receptor antagonist norBNI (10 mg/kg, i.p.). Pretreated mice did not show 

potentiation of cocaine-CPP following U50,488 (5 mg/kg, i.p.) administration 60 

min prior to the final preference test (n = 10-19; two-way ANOVA; interaction of 

norBNI x U50,488, F1,66=9.00, p<0.004; followed by Bonferroni’s post hoc, 

U50,488 (n = 21) vs norBNI + U50,488 (n = 19) p<0.01) (Figure 2.3D). 

Additionally, norBNI alone did not affect expression of cocaine-CPP as saline 

controls and mice administered norBNI prior to administration of saline show 

comparable cocaine-CPP. These results suggest that potentiation following 

U50,488 administration prior to expression of cocaine-CPP is mediated by 

activation of the kappa opioid receptor system. 
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Figure 2.3. Pretreatment with KOR agonist prior to the final preference test is 
sufficient to produce a time and dose-dependent potentiation of cocaine-CPP 
that is norBNI sensitive. A. Timeline of the protocol in which U50,488 was given 
prior to the final preference test. B. Preference test data demonstrating a time-
dependent U50,488 induced potentiation of cocaine-CPP. *p<0.05, significant 
difference in cocaine-CPP for mice treated with U50,488 60 min prior to 
preference test compared to saline treated mice, one-way ANOVA followed by 
Dunnet’s post hoc test, n = 10-20 mice per bar. C. Preference test data 
demonstrating a dose-dependent U50,488 induced potentiation of cocaine-CPP. 
Data show significant potentiation of cocaine-CPP with administration of U50,488 
at 5 mg/kg but not 2.5 or 10 mg/kg. *p<0.05, significant difference in cocaine-
CPP of U50,488 (5 mg/kg, i.p.) treated mice as compared to saline treated mice, 
one-way ANOVA followed by Dunnet’s post hoc test, n = 12 – 20. D. Preference 
test data demonstrating a norBNI sensitive, U50,488 induced potentiation of 
cocaine-CPP. Data show that potentiation of cocaine-CPP by U50,488 was 
blocked by pretreatment with norBNI. NorBNI alone had no effect on cocaine-
CPP as compared to saline treated animals. *p<0.05, significant difference in 
cocaine-CPP of U50,488 treated mice as compared to saline controls, **p<0.01, 
significant difference in cocaine-CPP of U50,488 treated animals as compared to 
norBNI pretreated, U50,488 treated animals, two-way ANOVA followed by 
Bonferroni’s post hoc test, n = 10-19. Data are mean ± SEM. 
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Potentiation of cocaine-CPP following repeated FSS, but not acute FSS, 

prior to expression of cocaine-CPP.  

 To assess whether acute exposure to FSS would also potentiate cocaine-

CPP when given after conditioning, mice were exposed to one 15 min FSS 

episode and then began preference testing within 10 min of being taken out of 

the water and towel dried (Figure 2.4A). As evident in Figure 2.4C, mice exposed 

to a single FSS episode did not show potentiation of cocaine-CPP (n = 11-20; 

one-way ANOVA; F3,64=0.953, p>0.05 compared to non-stressed saline controls). 

Pretreatment of acutely stressed animals with 10 mg/kg norBNI (i.p.) also did not 

affect cocaine-CPP (Figure 2.4C). To confirm that the single FSS exposure 

released dynorphin, a modified warm water tail withdrawal assay was used 

(McLaughlin et al., 2003a). As previously shown, the single 15 min episode of 

FSS produced significant norBNI-sensitive increase in tail withdrawal latency 

(mean pre-swim = 1.41 ± 0.08 sec; post-swim = 3.4 ± 0.19 sec, norBNI-treated 

pre-swim = 1.15 ± 0.07 sec, norBNI-treated post-swim = 1.98 ± 0.14 sec; n = 18-

20; two-way ANOVA; interaction of norBNI times swim, F1,73=5.82, p<0.018).  

 Potentiation was seen following U50,488 administration at 60 but not 30 

min prior to the final preference test. The acute swim began 25 min prior to the 

final preference test and thus may not have resulted in potentiation because this 

time point fell before the required hour time point seen with U50,488. Therefore, 

a different set of animals was exposed to one 15 min FSS and then began the 

final preference test 45 min after being taken out and towel dried (Figure 2.4A). 

As with the acute swim occurring 25 min prior to the final preference test, these 
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animals did not display cocaine-CPP potentiation as compared to control animals 

(n = 11-20; one-way ANOVA; F3,64=0.9525, p>0.05) (Figure 2.4C). As with the 25 

min group, these animals also demonstrated an increase in tail withdrawal 

latency (mean pre-swim = 1.8 ± 0.07 sec; post-swim = 3.1 ± 0.24 sec) suggesting 

that the dynorphin/KOR system was activated.  

 To assess whether repeated exposure to FSS would potentiate cocaine-

CPP when given after conditioning, mice were exposed to one 15 min FSS on 

day three, 2-4 hours following completion of cocaine associative learning and 

four 6 min swims on day 4, ending 10 min prior to expression of place preference 

(Figure 2.4B). Mice exposed to repeated FSS showed significant potentiation of 

cocaine-CPP as compared to saline controls (n = 10-21; one-way ANOVA; 

F2,39=4.14, p<0.023; followed by Bonferroni’s post hoc, saline (n = 21) vs saline + 

swim (n = 10) p<0.05) (Figure 2.4D). The magnitude of potentiation was 

equivalent to that produced by direct KOR activation via administration of 

U50,488 (5 mg/kg, i.p.) 60 min prior to final preference test (mean U50,488-60 

min = 334 ± 32.1 sec; n = 21; mean FSS = 319 ± 39.8 sec; n = 10.) The 

potentiation produced by repeated FSS was blocked by pretreatment with KOR 

antagonist norBNI (10 mg/kg, i.p.); administration of norBNI 2 hr prior to the first 

FSS on day 3 produced a subsequent cocaine-CPP response that did not 

significantly differ from untreated saline controls, but did differ from repeated FSS 

animals pretreated with saline (Bonferroni’s post hoc, saline (n = 21) vs swim + 

norBNI (n = 13) p>0.05 and swim (n = 10) vs norBNI + swim (n = 13) p<0.05). 

After the second day of FSS, tail-withdrawal latencies were also significantly 
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increased in a norBNI-sensitive manner (mean pre-swim = 1.84 ± 0.16 sec, post-

swim = 2.98 ± 0.15 sec, norBNI-pretreated pre-swim = 1.74 ± 0.11 sec, norBNI-

pretreated post-swim = 2.2 ± 0.18 sec; n = 10-20; two-way ANOVA; interaction of 

norBNI times swim, F1,37=12.45, p<0.032) confirming that stress-induced 

dynorphin release was initiated following repeated FSS. Together, these results 

suggest that KOR activation by either agonist or repeated FSS, but not acute 

FSS, induced release of endogenous dynorphins to enhance the rewarding 

valence of the cocaine-associated cues.  



	
   36	
  

 

 

 

Figure 2.4. Prior exposure to repeated forced swim stress, but not acute forced 
swim stress, prior to the final preference test is sufficient to produce a 
potentiation of cocaine-CPP. A. Timeline for acute FSS prior to the final 
preference test of cocaine-CPP. B. Timeline for repeated FSS prior to the final 
preference test of cocaine-CPP. C. Preference test data demonstrating a lack of 
cocaine-CPP potentiation following acute exposure to FSS. Data show no 
potentiation of cocaine-CPP in animals exposed to acute FSS occurring either 10 
or 45 min prior to final preference testing. n.s. p>0.42, one-way ANOVA followed 
by Bonferroni’s post hoc test, n = 11 – 21. D. Preference test data demonstrating 
repeated FSS-induced potentiation of cocaine-CPP. *p<0.05, significant 
difference in cocaine-CPP of repeated FSS exposed animals as compared to 
saline treated animals and as compared to norBNI pretreated repeated FSS 
exposed animals, one-way ANOVA followed by Bonferroni’s post hoc test, n = 10 
– 20. Data are mean ± SEM. 
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U50,488 administration 60 min prior to NOR testing does not alter memory 

retrieval.  

 The NOR assay was used to investigate the effects of KOR agonist-

induced activation on memory retrieval (Ennaceur and Delacour, 1988). Mice 

were given saline (10 ml/kg of body weight, i.p.) or U50,488 (5 mg/kg, i.p.) 60 min 

prior to NOR testing on day 5 (Figure 2.5A). Saline treated mice displayed an 

increase in recognition index (RI) during NOR testing as compared to the NOR 

training phase (n = 16; paired samples t test; p<0.005) (Figure 2.5C). Animals 

administered U50,488 60 min prior to NOR testing also showed an increase in RI 

during NOR testing as compared to the NOR training phase (n = 12; paired 

samples t test; p<0.0001). Separate groups of animals were pretreated with 

norBNI (10 mg/kg, i.p.) 2 hours prior to saline or U50,488 administration. Animals 

pretreated with norBNI and then administered saline prior to NOR testing 

displayed an increase in RI (n = 10; paired samples t test; p<0.003) and animals 

pretreated with norBNI and then administered U50,488 60 min prior to NOR 

testing also displayed an increase in RI (n = 8; paired samples t test; p<0.04). All 

four groups showed equivalent RIs during training and equivalent RI increase 

during NOR testing (training: n = 8-16; one-way ANOVA; F4,47=2.2, p>0.05; 

testing: n = 8-16; one-way ANOVA; F4,47=1.8, p>0.05) (Figure 2.5C).  

 Because KOR activation can produce anxiety like responses (Bruchas et 

al., 2009c), we recorded distance traveled during the NOR test and found no 

difference across the groups (n = 8-16; one-way ANOVA; F4,47=0.7, p>0.05) 

(Figure 2.5D). Both saline and U50,488 treated animals crossed the center of the 
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open field and representative traces of locomotion are shown for saline (Figure 

2.5Bii) and U50,488 (Figure 2.5Biii) treated animals. Previous reports 

demonstrated an effect of acute KOR activation on memory retrieval (Castellano 

et al., 1988; Daumas et al., 2007), therefore we also investigated the effects of 

acute U50,588 administration on NOR retrieval. Animals receiving U50,488 (5 

mg/kg, i.p.) 15 min prior to NOR testing did not display a significant increase in RI 

(n = 8; paired sample t test; p>0.07) (Figure 2.5C) confirming that acute U50,488 

administration inhibits memory retrieval. 
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Figure 2.5. KOR agonist-induced activation has a time dependent effect on 
memory retrieval as assessed by the NOR assay. A. Timeline of NOR assay. B.i. 
Representative picture of the NOR testing chamber. The object of the left is the 
novel object (B) and the object on the right is the familiar object (A2). During 
training, novel object B was replaced with another object identical to A2 and is 
called A1. B.ii. Representative trace of a 6 min locomotion pattern for an animal 
administered saline 60 min prior to NOR testing. B.iii. Representative trace of a 6 
min locomotion pattern for an animal administered U50,488 60 min prior to NOR 
testing. C. U50,488 treatment 15 but not 60 min prior to NOR testing inhibits 
memory retrieval. The recognition index (RI) increase from training session to 
NOR testing does not differ for animals administered U50,488 60 min prior to 
NOR testing as compared to saline controls. Pretreatment with norBNI also does 
not change the RI increase as compared to saline controls. Animals receiving 
U50,488 15 min prior to NOR testing show an inhibition of memory 
retrieval.*p<0.05 significant increase in RI from training to testing sessions, 
paired samples t test, n= 8-16. D. Locomotion in NOR testing does not change 
following either U50,488 and/or norBNI administration. There were no significant 
differences between treatment groups.  n.s. p >0.63, one-way ANOVA, n= 8-16). 
Data are means ± SEM. 
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Discussion 

 

The principal finding of this study is that stress-induced dynorphin release 

or U50,488 administration and subsequent KOR activation prior to the 

presentation of cocaine-associated cues enhances approach behaviors to those 

cues. Based on our evidence, the alternative hypotheses that KOR mediated 

potentiation of cocaine-CPP is dependent on enhanced associative learning 

mechanisms or memory retrieval were not supported. These results suggest that 

the stress-induced potentiation of cocaine-CPP previously described (McLaughlin 

et al., 2003a; McLaughlin et al., 2006b; McLaughlin et al., 2006a) maybe caused 

by a dynorphin/KOR-dependent increase in the rewarding valence of cocaine 

and cocaine-associated cues.  

In order to investigate the possibility that stress may shift the 

pharmacological dose-response relationship between cocaine and subsequent 

place preference, we characterized the amount of place preference conditioned 

by administering different doses of cocaine to mice that had either been exposed 

or not to FSS. These data suggest that FSS-treated animals show a leftwards 

shift in their cocaine dose-response relationship as FSS-treated animals 

demonstrated a significant preference for 3 mg/kg cocaine whereas control, 

unstressed animals did not. Additionally, the potentiation of cocaine-CPP does 

not appear to be equivalent to an increase in dose; maximal cocaine-CPP 

response was significantly greater in those animals exposed to FSS than those 

not exposed. This result is consistent with Haile et al, (2001) who demonstrated a 
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leftward shift in the dose-response relationship for cocaine-CPP following chronic 

unpredictable stress in rats. Additionally, rhesus monkeys trained to choose 

between cocaine and food that were administered U50,488 also showed a 

leftward shift in the cocaine-choice, dose-response curve and a decrease in ED50 

for U50,488 treated animals at 0.32 mg/kg/h cocaine (Negus, 2004).  

Interestingly, mice trained on 30 mg/kg cocaine did not show a significant 

potentiation of cocaine-CPP following FSS exposure. Previous studies have 

shown that cocaine has an inverted U-shaped dose-response where the highest 

doses produce a diminished response (Bardo et al 1995; Caine et al 2000; 

Tzschentke 2007). This inverted U-shaped dose-response curve in a CPP assay 

is rationalized as resulting from aversive effects of high cocaine doses. The lower 

response of FSS-treated mice at 30 than 15 mg/kg cocaine is consistent with a 

leftward shift in the inverted U-shaped dose-response. Although a full inverted U-

shaped dose-response curve was not generated for control mice in the present 

study, it seems plausible that doses higher than 30 mg/kg would be aversive and 

decrease place preference based on published work (Bardo et al 1995; Caine et 

al 2000; Tzschentke 2007).  Haile et al, (2001) also found similar results; rats 

exposed to chronic unpredictable stress demonstrated a potentiated place 

preference to 5 mg/kg cocaine as compared to controls but a lower response to 

7.5 mg/kg cocaine, suggesting an inverted U-shaped dose-response for animals 

exposed to unpredictable stress.  Interestingly, control animals in that prior study 

also did not demonstrate a full inverted U-shaped dose-response, which is similar 

to the dose-response function generated using our control mice.  Thus, our data 



	
   42	
  

fit with the model that stress causes shifts in the dose-response relationship, and 

we conclude that FSS exposure increases the apparent efficacy for cocaine.  The 

increase in apparent cocaine efficacy seen following FSS may contribute to a 

dynorphin/KOR-dependent increase in the rewarding valence of cocaine and 

cocaine-associated cues and thus underlie stress-induced potentiation of 

cocaine-CPP.  

The alternative explanation that stress-induced dynorphin release may 

potentiate cocaine-CPP amplitude by enhancing associative learning processes 

was also plausible (Schwarzer, 2009). However, dynorphin is generally thought 

to suppress learning mechanisms, and activation of KOR blocks LTP induction in 

the hippocampus (Wagner et al., 1993), an important neuronal process and brain 

region for learning and memory. In addition, animals having elevated 

hippocampal dynorphin levels show memory deficits, not enhancements (Sandin 

et al., 1998). CA3 hippocampal microinjections of U50,488 decreased context-

induced freezing in a fear conditioning paradigm (Daumas et al., 2007), and prior 

exposure to FSS produced deficits in a novel object recognition task (Carey et 

al., 2009) suggesting a negative effect of KOR activation on learning. However, 

following administration of various KOR agonists, some reports have shown 

positive effects on learning (Hiramatsu and Hoshino, 2004; Hiramatsu and 

Watanabe, 2006; Kuzmin et al., 2006), although in these prior studies norBNI did 

not completely reverse the effects and thus the agonist may be acting through 

non-kappa opioid sites.  In the present study, potentiation of cocaine CPP could 

be evoked by stress-induced dynorphin release or U50,488-induced KOR 
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activation after the conditioning had been completed, thus, we conclude that an 

enhancement of associative learning mechanisms was not responsible.  

The other phases of learning and memory subsequent to the initial 

associative learning phase are ‘consolidation,’ ’retrieval’ and ‘expression’ 

processes. Consolidation occurs during the hours following a learning event 

(McGaugh et al., 1996; McGaugh, 1999), and could potentially be affected by 

KOR activation. However, U50,488 administration 30 min after cocaine 

conditioning failed to affect place preference (McLaughlin et al 2006 a). In the 

present paradigm, the potentiation of cocaine CPP by U50,488 occurred more 

than 24hrs after the associative learning sessions were completed. Thus, we 

conclude that an effect on consolidation mechanisms is unlikely. 

Acutely, KOR activation has been shown to inhibit memory retrieval 

(Castellano et al 1988), and this was confirmed in the present study using the 

NOR test. When U50,488 was administered prior to passive avoidance testing, 

mice displayed decreased memory retention (Castellano et al., 1988). 

Additionally, rats showed a decreased performance in a water-maze spatial 

memory task following footshock given prior to retention testing (de Quervain et 

al., 1998). One advantage of the NOR test of memory retrieval for this analysis of 

stress mechanisms is that both the passive avoidance and the water-maze assay 

are inherently stressful to the animal, whereas NOR is not (Ennaceur and 

Delacour, 1988). Although a separate effect on memory expression could not be 

distinguished from an effect on retrieval in the NOR assay, no evidence of 

enhancement of either retrieval or expression by agonist induced KOR activation 
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was evident in the present study. Lack of enhancement theoretically may have 

been the result of a ceiling effect in the NOR assay, although based on previous 

literature demonstrating an inhibitory, not enhancing, effect of stress or KOR 

activation on memory retrieval, this alternative explanation seems unlikely.  In 

sum, because KOR activation acutely suppresses learning and memory 

mechanisms and no enhancement of these parameters was evident during the 

critical time interval necessary for KOR-dependent enhancement of cocaine 

CPP, the most parsimonious explanation for the potentiation of CPP is that KOR 

activation enhanced the rewarding valence of cocaine without affecting 

associative learning mechanisms responsible for acquisition, consolidation, 

retrieval or expression. 

The potentiation of cocaine CPP by repeated FSS or U50,488 was 

blocked by norBNI pretreatment in this study, and in previous studies potentiation 

was not evident in knockout mice lacking functional dynorphin of KOR genes 

(McLaughlin et al 2003; McLaughlin et al 2006a). These results indicate that 

stress-induced release of dynorphin and subsequent activation of the KOR 

system mediates the potentiation of cocaine reward. While dynorphin dependent 

effects are evident following an acute swim session (Redila and Chavkin, 2008; 

Bruchas et al., 2009c), multiple swims are required to see stress-dependent 

effects such as immobility in the FSS (McLaughlin et al., 2003a) and activation of 

the mitogen activated protein kinases (MAPK) p38 and ERK (Bruchas et al., 

2007a; Bruchas et al., 2008). Additionally, activation of p38 MAPK is required for 

KOR-mediated place aversion (Bruchas et al., 2007a; Land et al., 2009b), 
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therefore lack of cocaine-CPP potentiation seen following a single FSS may be a 

result of lack of p38 MAPK activation and the animal’s subsequent aversive 

experience. In contrast, p38 MAPK activation is evident following a single 

injection of U50,488, which suggests that pharmacological activation may be a 

more sustained or robust stimulus. Consistent with this distinction, a single 

injection of U50,488 was found to potentiate CPP in this study, whereas multiple 

FSS trials were required. 

Stress induced potentiation of the rewarding properties of drugs of abuse 

has been previously established (Piazza et al., 1990; Will et al., 1998; 

McLaughlin et al., 2003a; Covington and Miczek, 2005; Koob and Kreek, 2007). 

Stress or direct KOR activation has also been shown to reinstate cocaine-CPP 

(Sanchez and Sorg, 2001; Carey et al., 2007; Redila and Chavkin, 2008; Land et 

al., 2009b). Stress-induced dynorphin release and pharmacological activation of 

KOR also results in conditioned place aversion in rodents (Shippenberg and Herz 

1986; Land et al 2008), and kappa agonists induce reports of dysphoria in 

humans (Pfeiffer et al 1986). Whether the dynorphin-dependent mechanisms 

underlying potentiation, reinstatement and aversion are identical is not yet clear. 

They may have roots in similar dysphoria/anxiety mechanisms or may result from 

actions on distinct neuronal circuits. Further analysis of the brain circuits, cellular 

sites, and signaling mechanisms responsible will be important in identifying the 

fundamental mechanisms.   

The concept that modulation of hedonic state can affect cocaine valence 

and subsequent motivation has been previously suggested (Ahmed et al., 2002; 
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Negus, 2004; Solinas et al., 2008) and draws from the allostatic model of 

addiction (Koob and Le Moal, 2008; Bruchas et al., 2009b). Ahmed et al, (2002) 

demonstrated that increases in ICSS threshold lead to increases in cocaine 

intake and attributed these effects to a decrease in hedonic state resulting from 

prolonged cocaine withdrawal. Using a concurrent self-administration procedure 

Negus (2004) investigated the effects of U50,488 on cocaine self-administration 

in rhesus monkeys. Importantly, the author attributes the U50,488 induced 

leftward shift in the cocaine-choice dose-effect curve to increased reinforcing 

value of cocaine in comparison to food. Alternatively, Solinas et al (2008) 

demonstrated that environmental enrichment, a manipulation shown to be anti-

depressive, attenuated cocaine-CPP. KOR activation produces dysphoria in 

humans (Pfeiffer et al., 1986) and depression-like behaviors in rodents (Mague et 

al., 2003). Specifically KOR activation results in swim stress induced immobility 

and social defeat behaviors during social defeat stress (SDS) (McLaughlin et al., 

2003a; McLaughlin et al., 2006a) and an increase in ICSS (Carlezon et al., 2006; 

Tomasiewicz et al., 2008). More recent work has examined the effects of KOR 

activation on the motivational effects of stress (Land et al., 2008). In this study, 

mice that learned to associate a neutral odorant with FSS later showed 

conditioned place aversion (CPA) to that odorant. Dynorphin gene deletion or 

administration of the selective KOR antagonist norBNI blocked this avoidance 

behavior. Additionally, direct KOR activation, via treatment with the kappa 

agonist U69593, results in CPA (Shippenberg and Herz, 1986). Although the 

present study did not directly test the conclusion that KOR activation can 
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modulate reward valence, from the current results and previous data, it is 

plausible to hypothesize that KOR activation produces hedonic deficits that may 

subsequently increase the rewarding and motivational properties of cocaine 

and/or associated cues in order to return the animal to a state of hedonic 

equilibrium 

In conclusion, this study supports the hypothesis that KOR activation 

potentiates place preference by modulating the valence of cocaine and/or 

cocaine-associated cues and suggests a possible mechanism for stress-induced 

potentiation of cocaine-CPP. This study highlights the potential for the 

dynorphin/KOR system as drug targets for treatment of disorders such as 

addiction and depression. 
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Chapter 3. 

KOR Activation Mimicking That Used to Produce Conditioned Place Aversion 

Increases the Function of the Serotonin Transporter Without Modulating the 

Function of Low-Affinity, High-Capacity Transporters* 

 

 

 

 

 

 

 

*This chapter was formatted for this thesis from the following article previously 

published.  

 

“Selective p38alpha MAPK deletion in serotonergic neurons produces 

stress resilience in models of depression and addiction”. Bruchas MR, Schindler 

AG, Shankar H, Messinger DI, Miyatake M, Land BB, Lemos JC, Hagan CE, 

Neumaier JF, Quintana A, Palmiter RD, Chavkin C (2011) Neuron 71:498-511. 

 

A.G.S. designed and performed all of the experiments in this chapter except 

those in Figure 3.1A (M.R.B.).  
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Introduction 

 

Stress-induced or direct KOR activation by agonist treatment leads to the 

downstream activation of p38 MAPK (Bruchas et al., 2006; Bruchas et al., 

2007a). This activation requires phosphorylation of KOR by GRK3 and the 

subsequent recruitment of β-arrestin (Bruchas et al., 2006). p38 MAPK activation 

is seen following repeated, but not acute, stress exposure (Bruchas et al., 

2007a).  

GRK3 and p38 MAPK activation are required for swim stress-induced 

immobility and kappa-mediated conditioned place aversion (Bruchas et al., 

2007a; Land et al., 2009a), but the molecular targets of p38 MAPK following 

stress exposure are unknown. In transfected cells and midbrain synaptosomes, 

direct p38 MAPK activation has been shown to increase the function of the 

serotonin transporter (SERT) (Samuvel et al., 2005; Zhu et al., 2005). 

Additionally, administration of the kappa antagonist norBNI into either the dorsal 

raphe or the nucleus accumbens, the main serotonergic nuclei and a projection 

area of the dorsal raphe respectively, blocks kappa-mediated CPA (Land et al., 

2009a), implicating the serotonin system in stress-induced behaviors. 

In order to investigate if stress-induced p38 MAPK activation regulates the 

serotonin transporter I used rotating disk electrode voltammetry (RDEV), a 

biochemical technique used to measure neurotransmitter uptake kinetics. In 

addition to measuring 5-HT uptake by SERT, I also investigated the effects of 

stress on 5-HT uptake by low-affinity, high capacity transporters. Serotonin has 
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long been implicated in stress, mood disorders and drugs of abuse (Coppen and 

Doogan, 1988; Torres et al., 2003; Haenisch and Bonisch, 2011; Paul et al., 

2011).  Therefore, stress-induced regulation of SERT may be a mechanism 

underlying the adverse consequences of stress.  

 

Methods 

 

Animals: Male C57BL/6 mice (20-30 gm) were group-housed, four to a cage, in 

ventilated mouse cages (Thoren Caging Systems, Hazelton, PA) within the 

Animal Core Facility at the University of Washington, given access to food pellets 

and water ad libitum, and maintained in specific pathogen-free housing. Mice 

were transferred at least 1 wk before testing into a colony room adjacent to the 

behavioral testing room to acclimate to the study environment. Housing rooms 

were illuminated on a 12-hr light/dark cycle with lights on at 7 A.M. All procedures 

with mice were approved by the University of Washington Institutional Animal 

Care and Use Committee in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals.   

 

Generation of serotonin-specific conditional knockout mice: Mice (Nishida et al., 

2004) with loxP sites flanking the third exon of p38α MAPK (Mapk14lox/+) were 

obtained from the RIKEN Bioresearch Center.  Mapk14lox/+ mice were crossed to 

Mox2-Cre mice (Tallquist and Soriano, 2000) to generate MapkD/+ mice so that 

the null allele would not be susceptible to Cre recombination and thereby guard 
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against ectopic germline Cre-mediated excision of the Mapk14lox allele by Cre 

recombinase.  Backcrossing with C57BL/6 wild-type mice allowed the MapkD  

allele to be segregated away from the Mox2-Cre allele.   

 

Slc6a4-Cre has the Cre gene knocked into the promoter region of the 

endogenous serotonin transporter gene locus. ePetCre is a transgene driven by 

an enhancer element for the Pet1 transcription factor that is uniquely expressed 

in serotonergic neurons (Scott et al., 2005).  These mice were then mated with 

Mapk14lox/lox mice, which in the case of MapkD/+ :Slc6a4-Cre  parent would yield 

MapkD/lox conditional knockout progeny as well as MapkD/+ progeny  with or 

without lacking Slc6a4-Cre, regarded as littermate controls carrying one or two 

functional p38α alleles, respectively.  These were the three primary classes of 

mice used in behavioral and biochemical studies.  All types of p38αCKO mice 

were produced in expected Mendelian frequency and showed no discernible 

differences in growth, lifespan or overt health from either their p38αΔ/lox 

(heterozygote) or functionally wild-type (p38α+/lox) littermates.  As reported 

previously (Nishida et al, 2004), p38αlox/lox mice are behaviorally indistinguishable 

from wild type p38α+/+.  

 

Genotyping of mouse lines: DNA was isolated from tail tissue obtained from 

weanling mice (21-28 days of age), and PCR screening was performed using the 

following primers: A3 (5’-ATGAGATGCAGTACCCTTGGAGACCAGAAG-3’) and 

A4 (5’-AGCCAGGGCTATACAGAGAAAAACCCTGTG-3’) for the floxed and wild 
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type (+) p38α alleles, giving bands of 230 and 180, respectively.  Primers A1 (5’-

CCACAGAAGAGATGGAGCTATATGGATCTC-3’) and A4 were used to detect 

the null p38αΔ allele as a 420-bp PCR product. The SERTCre allele (450-bp band) 

was differentiated from wild type (350-bp) using 5’-CATCCGACCACT 

GACTGACCA-3’, 5’-GGCACTAACCTCCACCATTCTG-3’ and 5’-GAACGAAC 

CTGGTCGAAATCAG-3’, while the Mox2 and ePet1Cre transgenes were detected 

using 5’-AGCGTTCGAACGCACTGATTTCG-3’ and 5’-

CGCCGTAAATCAATCGATGAGTTG-3’, yielding a 330-bp band.   

 

Conditioned Place Aversion: Mice were trained in an unbiased, balanced three-

compartment conditioning apparatus as described (Land et al., 2009, Bruchas et 

al., 2007). Briefly, mice were pre tested by placing individual animals in the small 

central compartment and allowing them to explore the entire apparatus for 30 

min. Time spent in each compartment was recorded with a video camera (ZR90; 

Canon) and analyzed using Ethovision software (Noldus). Mice were randomly 

assigned to saline and drug compartments and received saline in the morning 

(10 mL/kg, i.p.) and drug in the afternoon at least 4 h after the morning training 

on 2 consecutive days (3 for CPP reinstatement). CPA was assessed on day 4 

by allowing the mice to roam freely in all three compartments and recording the 

time spent in each. Scores were calculated by subtracting the time spent in the 

drug paired compartment post-test minus the pre-test. 
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Purification and biotinylation of synaptosomes: Synatosomes were prepared from 

whole brain according to published protocols (Hagan et al., 2010; Ramamoorthy, 

2007). Briefly, brain was homogenized in 4 mL homogenizing buffer (300 mM 

Sucrose, 10 mM Hepes) using a Dounce homogenizer. The homogenates were 

transferred to polycarbonate tube (Beckman, Palo Alto, CA) and centrifuged at 

1000xg (~3000 rpm) for 10 min at 4°C using a JA-21 rotor. The supernatants 

were transferred to fresh tubes and centrifuged at 15,900 x g. The crude 

synaptosomal pellets were then washed with 10-15 ml of Krebs-Ringer-Hepes 

buffer (KRH, 124 mM NaCl, 1.8 mM KCl, 1.3 mM MgSO4, 1.24 mM KH2PO4, 2.5 

mM CaCl2, 26 mM NaHCO3, 10 mM glucose) and spun at 15,900 x g two times. 

The synaptosomal preparations were re-suspended in 5 ml pre-oxygenated 

Krebs-Ringer-Hepes buffer and maintained blanketed with 95% O2, 5% CO2 gas 

in a 50 mL conical tube on ice. 

 

Rotating Disk Electrode Voltammetry: Rotating disk electrode voltammetry 

(RDEV) was used to measure initial velocities of serotonin (5-HT) transport into 

mouse synaptosomal preparations as previously described (Hagan et al. 2010). 

Synaptosomes (480 µl) were placed in the glass electrochemical well, a constant 

+550 mV potential (the previously defined optimum working potential for 

serotonin; Hagan et al, 2010) was applied to the carbon electrode, and the 

electrode was rotated at 3000 rpm.  Each synaptosomal aliquot was allowed to 

stabilize for 10 min, and once a stable baseline was reached, 10 µl of 5 µM 5HT 

was added (100 nM final concentration) and uptake was recorded for 3 min. All 
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experiments were performed in the presence of 1 µM GBR12935 (Sigma-Aldrich) 

and 100 nM nisoxetine (Sigma-Aldrich).  SERT specific uptake was defined as 

the difference in the initial rates in the presence and absence of 1 uM paroxetine 

(Sigma-Aldrich).  

 

Results 

 

p38α MAPK and KOR modulate SERT activity 

To define the mechanism for the effects of p38α MAPK, we looked to 

studies in heterologous gene expression systems that previously suggested the 

plasma membrane serotonin transporter could be a p38 MAPK substrate (Zhu et 

al., 2005; Samuvel et al., 2005). Building on in vitro data showing that p38 MAPK 

increases SERT activity, we first asked whether the serotonergic p38α-

dependent CPA response was sensitive to the selective SERT reuptake inhibitor 

citalopram (Ravna et al., 2003). Mice were conditioned as previously described 

with a KOR agonist and then assayed for preference to the stressor-paired 

context. Control mice showed normal place aversion to the U50,488-paired 

compartment, whereas citalopram pretreated mice (15 mg/kg, i.p 30 min prior to 

KOR agonist) showed significantly less U50,488 place aversion (Figure 3.1A) 

(ANOVA, F(2,15) = 4.082, Bonferroni, p < 0.05 vs. saline). These behavioral data 

strongly implicate the regulation of extracellular serotonin as a plausible 

mechanism for p38α-dependent effects.  
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To determine if p38α MAPK activation actually modulates SERT function 

in vivo, we used rotating disk electroe voltammetry (RDEV), a validated measure 

of monoamine transport kinetics (McElvain 1992; Burnette et al. 1996; Earles and 

Schenk, 1998; Hagan et al., 2010), to measure 5HT uptake rates in 

synaptosomes isolated from stressed or unstressed mice. To isolate G-protein 

coupled receptor mediated p38α MAPK activation and to mimic the conditioned 

aversion paradigm described above, mice received either saline or U50,488 (2.5 

mg/kg, i.p.) 24 hr prior to and again 30 min prior to preparation of whole-brain 

synaptosomes. Synaptosomes isolated from mice injected with KOR agonist 

(Figure 3.1C) showed a marked increase rate of SERT specific 5HT clearance 

compared with synaptosomes from control, saline injected mice (Figure 3.1B,D). 

This increase in uptake rate was blocked by in vivo pretreatment with norBNI 

(2x2 ANOVA, significant effect of pretreatment, p < 0.05) (Figure 3.1D). We then 

determined whether deletion of p38α in serotonergic cells blocked the KOR 

induced increase in SERT uptake. Both wild type (p38α+/+) (t-test vs. saline 

control, p < 0.05) and control Mapk14Δ/lox mice (t-test vs. saline control, p < 

0.001) showed a significant U50,488-mediated increases in SERT uptake as 

compared to saline treated animals of the same genotype (Figure 3.1E). In 

contrast, KOR stimulation did not significantly increase 5HT uptake in 

p38αCKOSERT (Mapk14Δ/lox: Slc6a4-Cre) mice (t-test vs. control, p < 0.01) (Figure 

3.5E), suggesting that p38α MAPK deletion prevented modulation of SERT 

activity. Because 5HT can also be taken up by a low-affinity, high-capacity 

transporter (Daws, 2009), we also examined the rate of 5HT uptake in the 
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combined presence of selective NET, SERT, DAT inhibitors. The low affinity 

transport was not significantly changed by treatment with KOR agonist in vivo 

(Figure 3.1F). Taken together these results strongly suggest that SERT activity in 

nerve terminals of serotonergic neurons is positively modulated in a p38αMAPK-

dependent manner. 
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Figure 3.1. Investigation of 5HT uptake by SERT. (A) Place preference scores (± 
SEM) following conditioning of wild type mice treated either with U50,488 (2.5 
mg/kg) (U50/Saline), with the selective SERT reuptake inhibitor citalopram 
(CPM) (15 mg/kg, i.p., 30 min prior to U50,488) (U50/CPM), or with citalopram 
alone (Saline/CPM). Citalopram prior to KOR agonist significantly blocked 
U50,488 CPA (ANOVA, p < 0.05, n =8-10) (B,C). Representative RDEV traces of 
5-HT uptake from paroxetine (red traces) and non-paroxetine (black traces) 
treated synaptosomes isolated from control (B) or U50,488 (2.5 mg/kg, i.p. x2) 
treated animals (C). Note the larger difference in slope for U50,488 treated than 
control animals. (D) Administration of U50,488 (2.5 mg/kg, i.p. x2 24hr apart) to 
mice, 30 min prior to synaptosomal isolation, increased 5-HT uptake by SERT 
compared to saline treated controls (n = 10-16, * P < 0.01). This effect of 
U50,488 was blocked by pretreatment of the mice with norBNI (10 mg/kg). (E) 
Administration of U50,488 (2.5 mg/kg, i.p., x2), increased serotonin uptake by 
SERT in synaptosomes generated from p38α+/+, p38αΔ/lox, and p38α+/+,SERTcre 
mice, but not from p38αCKOSERT mice (n =10-16, * p < 0.05). (F) Administration 
of U50,488 (2.5 mg/kg, i.p. x2) 30 min prior to preparation of synaptosomes, did 
not significantly increase serotonin uptake by the low-affinity transporters (n=10-
16).  
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Discussion 

 

The main finding of the current study was that agonist-induced KOR 

activation modulates serotonin transporter function in a p38α dependent manner. 

Kappa agonist administration in a dose and timing that mimics those used in 

conditioned place aversion increased the rate of serotonin uptake by SERT. This 

study demonstrated the previously unknown link between KOR activation and 

p38α MAPK regulation of SERT function. Increased SERT function would lead to 

a hyposerotonergic state, and decreased serotonin has been associated with 

stress exposure, depression, and drug addiction and withdrawal. These results, 

in combination with the data demonstrating that SSRI administration blocks 

U50,488 CPA, suggest that kappa-mediated regulation of SERT may be a 

potential mechanism by which kappa agonists lead to conditioned place 

aversions and dysphoria. Additional experiments are required to elucidate 

whether stress-induced kappa activation also regulates SERT, whether kappa-

mediated SERT regulation is a function of increased Vmax or decreased Km (or 

both), and which brain regions expressing both KOR and SERT are modulated in 

this fashion. 



	
   59	
  

Chapter 4. 

Increased Serotonin Transporter Function in the Ventral Striatum Mediates the 

Prodepressive and Proaddictive Effects of Stress Exposure* 

 

 

 

 

 

 

 

*This chapter was formatted for this thesis from the following article previously 

prepared. The article is currently under review by the Editors of the Journal of 

Neuroscience. 

 

“Stress produces aversion and potentiates cocaine reward by releasing 

endogenous dynorphins in the ventral striatum to locally stimulate serotonin 

reuptake.” Schindler AG, Smith, JS, Haripriya H, Messinger DI, Gustin RM, 

Schattauer S, Chavkin NW, Hagan CE, Neumaier JF, Chavkin C (2012) 

Submitted. 

 

A.G.S. designed and performed all of the experiments in this chapter. 
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Introduction  

 

Although acute stress exposure normally produces proadaptive 

responses, prolonged stress exposure can produce maladaptive responses 

including increased risk for mood disorders and drug addiction (Koob, 2008; 

Krishnan and Nestler, 2008). The mechanisms underlying these stress-induced 

responses are not yet resolved. Repeated stress results in release of the 

endogenous dynorphin opioids (McLaughlin et al., 2003a; Land et al., 2008), 

which in turn bind to and activate the kappa opioid receptor (KOR) (Chavkin and 

Goldstein, 1981; Chavkin et al., 1982).  Stress-induced KOR activation produces 

dysphoric or aversive responses, potentiates cocaine conditioned place 

preference (cocaine-CPP), and causes reinstatement of cocaine preference 

(Bruchas et al., 2007a; Land et al., 2008; Redila and Chavkin, 2008; Schindler et 

al., 2010). Additionally, many of these stress-induced behaviors require KOR 

activation in the serotonergic dorsal raphe nucleus (DRN) and the dopaminergic 

and serotonergic target region the nucleus accumbens (NAc) (Land et al., 

2009a), raising the possibility that stress, through KOR activation, modulates the 

serotonin and/or dopamine systems to produce prodepressive and proaddictive 

behaviors.   

Following release into the synaptic cleft, the main high-affinity transport 

mechanism for 5-HT clearance is the serotonin transporter (SERT, SLC6A4), and 

for DA clearance is the dopamine transporter (DAT, SLC6A3) (Torres et al., 

2003).  Altered SERT and DAT function have also been linked to stress, 
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prodepressive and proaddictive behaviors (Kuhar, 1992; Lesch et al., 1996; 

Heinz et al., 1998; Malison et al., 1998; Laasonen-Balk et al., 1999; Sora et al., 

2001; Lira et al., 2003; Wellman et al., 2007). Interestingly, previous reports have 

demonstrated a role for p38 mitogen-activated protein kinase (MAPK) in the 

modulation of SERT and DAT function in vitro (Zhu et al., 2004; Samuvel et al., 

2005; Zhu et al., 2005), implicating this MAPK in monoamine regulation. 

Sustained KOR activation leads to the phosphorylation and activation of 

MAPK pathways including p38 (Bruchas and Chavkin, 2010). Previous studies 

have demonstrated a role for p38 MAPK in stress/KOR mediated aversion 

(Bruchas et al., 2007a; Land et al., 2009a; Bruchas et al., 2011), although a role 

for p38 MAPK in stress/KOR mediated potentiation of cocaine-CPP has not been 

studied.  Recently, KOR-mediated regulation of SERT by p38α MAPK has been 

suggested (Bruchas et al., 2011), although the underlying kinetic mechanisms, 

brain region(s) involved, and if stress-induced KOR activation regulates DAT 

function remains unknown. 

Monoamines can also be transported by low-affinity, high-capacity 

transporters such as the organic cation transporters (Oct) and the plasmalemmal 

monoamine transporters (PMAT) (Daws, 2009; Hagan et al., 2011).  

Interestingly, stress exposure has been shown to decrease the function of Oct3 

at micromolar concentrations of 5-HT (Baganz et al., 2010), although a role for 

KOR was not investigated. 

In the present study, we used rotating disk electrode voltammetry (RDEV) 

to measure neurotransmitter uptake kinetics in synaptosomal preparations 
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(Earles and Schenk, 1998; Schenk et al., 2005; Hagan et al., 2010). To ascertain 

if stress exposure can regulate these various transporters, we measured uptake 

of 5-HT by SERT, DA by DAT, and 5-HT and DA by low-affinity, high-capacity 

transporters following acute or repeated stress exposure, direct KOR activation, 

or during nicotine withdrawal. We also used various knockout mice to investigate 

the signal transduction pathway(s) involved in KOR-mediated regulation of these 

monoamine transporter, KOR-mediated aversion, and stress-induced 

potentiation of cocaine-CPP.  

 

Methods 

 

Animals and housing: Male C57Bl/6 mice (Charles River Laboratories, 

Wilmington, MA), or transgenic mice on a C57BL/6 genetic background weighing 

20-30 g were used in these experiments. Homozygous GRK3 knockout (-/-), 

SERT knockout (-/-), and respective wild-type (+/+) littermate control mice were 

prepared by heterozygous crosses and genotyped as described previously (Xu et 

al., 2004; Hagan et al., 2010). Mice were group housed, 2-4 per cage, and the 

housing rooms were maintained on a 12-hr light/dark cycle (lights on at 07:00) 

with food pellets and water available ad libitum.  Animal procedures were 

approved by the University of Washington Institutional Animal Care and Use 

Committee. 

 

Generation of p38α Conditional Knockout (p38α CKOePet) transgenic mice: 
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Breeding: A floxed p38α MAPK line (Nishida et al., 2004) with loxP sites 

flanking the third exon of p38α was obtained from the RIKEN Bioresearch Center 

(Tsukuba, Japan).  p38αlox/+ heterozygotes were crossed to mice broadly 

expressing Cre recombinase under the Mox2 promoter (Tallquist and Soriano, 

2000) in order to generate p38αΔ/+; Mox2Cre/+ heterozygotes bearing a null p38α 

allele no longer susceptible to Cre recombination, thereby guarding against 

ectopic germ-line excision of the floxed p38α allele during later generations of 

breeding. The null p38αΔ allele was segregated away from the Mox2-Cre allele 

by backcrossing with C57BL/6 wild-type mice. 

The p38αΔ/+ mice globally heterozygous for p38α were then crossed to the 

ePet1-Cre line (Scott et al., 2005) to yield p38αΔ/+ mice also heterozygous for 

ePet1-Cre.  ePet1-Cre is a transgene driven by an enhancer element for a 

transcription factor (Pet1) uniquely expressed in serotonergic neurons (Scott et 

al., 2005).  These mice were then mated with p38αlox/lox mice to give p38αΔ/lox; 

ePet1Cre conditional knockout progeny (p38αCKOePet) as well as p38αΔ/lox 

(p38αΔ/lox) and p38αlox/+ (p38α+/+) mice, that can be regarded as littermate 

controls carrying one or two functional p38α alleles, respectively.   Conditional 

knockout mice showed no apparent differences in growth, lifespan or overt health 

from either their p38αΔ/lox (heterozygote) or functionally wild-type littermates, and 

were produced in expected Mendelian frequency (Bruchas et al., 2011). 

Genotyping: Mice weaned at 28 days of age were briefly anesthetized with 

isoflurane (Hospira, Lake Forest, IL) and a 0.5 cm tail biopsy was obtained.  Tail 

tissue was digested by proteinase K overnight and genomic DNA purified using 
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Qiagen DNEasy columns (Qiagen Inc., Valencia, CA) according to 

manufacturer’s instructions. Tail DNA was then used as a template for 

polymerase chain reaction (PCR) using Promega GoTaq Flexi polymerase 

(Promega, Madison, WI) with one of two buffers (5X Green GoTaq Flexi, 

Promega Cat. #M8911 or Taq DNA polymerase 10X PCR reaction buffer, 

Promega Cat. #M1902) used depending on the reaction.  PCR products were 

then resolved on a 1.5% agarose electrophoresis gel and photographed under 

UV illumination for analysis. 

PCR screening was performed using the following primers: A3 (5’-

ATGAGATGCAGTACCCTTGGAGACCAGAAG-3’) and A4 (5’-

AGCCAGGGCTATACAGAGAAAAACCCTGTG-3’) for the floxed and wild type 

p38α alleles, giving bands of 230 and 180, respectively.   Primers A1 (5’-

CCACAGAAGAGATGGAGCTATATGGATCTC-3’) and A4 were used to detect 

the null p38αΔ allele as a 420-bp PCR product.  The Mox2-Cre and ePet1-Cre 

transgenes were detected using 5’-AGCGTTCGAACGCACTGATTTCG-3’ and 

5’-CGCCGTAAATCAATCGATGAGTTG-3’, yielding a 330-bp band. 

 

Drugs and chemicals:  Norbinaltorphimine (norBNI)-HCl and (±)U50,488 were 

provided by the National Institute of Drug Abuse Drug Supply Program 

(Bethesda, MD) and were dissolved in 0.9% saline. (−)-Nicotine hydrogen tartrate 

salt [(−)-1-methyl-2-(3-pyr-idyl)pyrrolidine (+)-bitartrate salt] (nicotine) was 

purchased from Sigma (St. Louis, MO) and was dissolved in 0.9% saline.  KCl, 

MgSO4, paraformaldahyde, and Tween-20 were from Fisher Scientific (Pittsburg, 
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PA). CaCl2, KH2PO4, NaCl, and NaHCO3 were from JT Baker Chemical Co. 

(Philipsburg, NJ). Bovine serum albumin (BSA), CHAPS, EDTA, glucose, 

HEPES, Na-deoxycholate, Ponceau, sodium dodecyl sulfate, sucrose, Tris, and 

Triton-X 100 were from Sigma (St. Louis, MO).  GBR 12935 (DAT inhibitor), 

nisoxetine hydrochloride (NET inhibitor), and paroxetine hydrochloride (SERT 

inhibitor) were from Sigma (St. Louis, MO) and were dissolved in physiological 

buffer as previously described (Hagan et al., 2010).  Dopamine hydrochloride 

and serotonin hydrochloride were from Sigma (St. Louis, MO) and were 

dissolved in pH 7.2 PBS as previously described (Hagan et al., 2010).  Glycine 

and milk were from Biorad (Hercules, CA).  EZ link Sulfo NHS-SS-Biotin was 

from Pierce (Rockford, IL). 

 

Forced swim stress: Mice were exposed to a modified Porsolt forced swim stress 

as previously described (Porsolt et al., 1977; McLaughlin et al., 2003a). Acute 

stress exposure (A-FSS): mice were exposed to one 15 min swim in 30° ± 1°C 

water 10 min prior to decapitation and synaptosome generation.  Repeated 

stress exposure (R-FSS): mice were exposed to one 15 min swim in 30° ± 1°C 

water and 24 hr later were exposed to four 6 min swims in 30° ± 1°C water 10 

min prior to decapitation and synaptosome generation or final cocaine-CPP 

posttest (see below). Repeated stress exposure recovery (R-Recovery): mice 

were exposed to one 15 min swim in 30° ± 1°C water, 24 hr later were exposed 

to four 6 min swims, each separated by a 6-min break in the home cage, in 30° ± 

1°C water, and then 24 hr later were decapitated and synaptosomes were 
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prepared. Acute stress exposure recovery (A-Recovery): mice were exposed to 

one 15 min swim in 30° ± 1°C water, and then 24 hr later were decapitated and 

synaptosomes were prepared. After each trial, mice were removed, towel dried, 

and returned to their home cage for at least 6 min before further testing. 

 

Cocaine conditioned place preference: Mice were used in a balanced three-

compartment place-conditioning apparatus as previously described (Schindler et 

al., 2010). Noldus Ethovision software (version 3.0; Norldus, Wageningen, The 

Netherlands) was used to analyze movement through each compartment 

previously recorded using video capture (Canon ZR90) from above. Briefly, on 

day 1 mice were tested for initial place preference bias. Mice spending more than 

720 sec in the middle chamber or spending double the amount of time in one of 

the outer chambers over the other outer chamber were excluded from the study. 

An unbiased design was used. On day 2 and 3, mice were administered saline 

(10 ml/kg of body weight, s.c.) and confined to their assigned saline-paired 

compartment for 30 min in the morning, and then 4 h later were administered 

cocaine (15 mg/kg, s.c.) and confined to their assigned drug-paired compartment 

for 30 min in the afternoon. On day 4 of testing mice were assessed for final 

place preference. Some mice were exposed to one 15 min FSS 2 hours following 

completion of cocaine training on day 3 and then on day 4 were exposed to four 

6 min swims prior to final preference testing. Cocaine-CPP scores were 

calculated as time spent in the drug-paired compartment pre-training subtracted 

from time spent in the drug-paired compartment post-training.  
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Conditioned place aversion (CPA): Methods are the same as those used for 

cocaine-CPP except on day 2 and 3, mice were administered saline (10 ml/kg of 

body weight, i.p.) and confined to their assigned saline-paired compartment for 

30 min in the morning, and then 4 h later were administered U50,488 (2.5 mg/kg, 

i.p.) and confined to their assigned drug-paired compartment for 30 min in the 

afternoon. U50,488 CPA scores were calculated as time spent in the drug-paired 

compartment pre-training subtracted from time spent in the drug-paired 

compartment post-training. 

 

Chronic nicotine exposure: Mice were administered saline (4 injections of 10 

ml/kg of body weight, s.c., 2 hours apart) or nicotine (20 mg/kg/day s.c.; 4 

injections of 5 mg/kg, 2 hours apart) for six days.  RDEV was carried out on day 

8. 

 

Preparation of brain synaptosomes: Mice were decapitated, whole or specific 

brain regions were dissected, and synaptosomes prepared as previously 

described (Hagan et al., 2010). The synaptosomal preparations were re-

suspended in 5 ml pre-oxygenated Krebs-Ringer-Hepes buffer (KRH, 124 mM 

NaCl, 1.8 mM KCl, 1.3 mM MgSO4, 1.24 mM KH2PO4, 2.5 mM CaCl2, 26 mM 

NaHCO3, 10 mM glucose) and maintained blanketed with 95% O2, 5% CO2 gas 

in a 50 mL conical tube on ice. 
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Rotating disk electrode voltammetry (RDEV): RDEV is an electrochemical 

technique used to measure neurotransmitter uptake kinetics (Earles and Schenk, 

1998; Schenk et al., 2005; Hagan et al., 2010).  A potential sufficient to oxidize 

an electroactive neurotransmitter is applied to the synaptosome solution. When 

5-HT or DA is added, a small proportion of substrate transfers electrons to the 

electrode surface, producing a highly temporally resolved detection current 

proportional to the concentration of extra-synaptosomal 5-HT or DA.  RDEV can 

be used to measure uptake kinetics for DAT, NET, SERT, and low-affinity, high-

capacity transporter systems (Burnette et al., 1996; Earles and Schenk, 1998; 

Schenk et al., 2005; Hagan et al., 2010; Hagan et al., 2011).    

As previously described (Hagan et al., 2010), a Pine Instruments Inc. 

(Grove City, PA) AFMD03 glassy carbon electrode was used. The electrode was 

lowered into an electrochemical well and rotated at 3,000 rpm for 5-HT uptake 

studies and 2000 rpm for DA uptake studies.  A constant potential of +550 mV 

was applied for 5-HT uptake studies and +450 mV for DA uptake studies relative 

to a Ag/AgCl reference electrode. After background subtraction, the initial 

velocities of 5-HT or DA uptake by synaptosomal preparations were calculated 

from the linear slope of the initial zero order portion of the plot of [5-HT] vs. time 

or [DA] vs. time.  Data was normalized to protein concentration using a 

bicinchoninic acid (BCA) colorimetric based assay (Pierce; Rockford, IL) using 

BSA as the standard.  Uptake rate was expressed as fmol 5-HT or DA / sec*mg 

protein. 
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5-HT studies: SERT specific uptake: For control experiments, 

synaptosomal preparations were allowed to stabilize for 10 min in the presence 

of 100 nM nisoxetine and 1 µM GBR 12935 (Figure 4.2A control trace).  To 

measure nonspecific 5-HT uptake, synaptosomal preparations were allowed to 

stabilize for 10 min in the presence of 100 nM nisoxetine, 1 µM GBR 12935, and 

1 µM paroxetine (Figure 4.2A paroxetine trace).  Once a stable baseline was 

reached, 5-HT was added (10, 30, 100, 300, or 1000 nM final concentration) and 

uptake was recorded for 3 min. The slope of uptake by the paroxetine 

(paroxetine) treated synaptosomes was subtracted from the slope of uptake by 

the non-paroxetine (control) treated synaptosomes to obtain SERT specific 

uptake velocities (see Figure 4.2A).  For all studies except the SERT kinetic 

analysis experiments, 100 nM 5-HT (final concentration) was used, as 100 nM 

was previously determined to be the SERT Km using RDEV and a synaptosomal 

preparation (Hagan et al, 2010). Low-Affinity uptake: Synaptosomal preparations 

were allowed to stabilize for 10 min in the presence of 100 nM nisoxetine, 1 µM 

GBR 12935, and 1 µM paroxetine.  Once a stable baseline was reached, 5-HT 

was added (10, 30, 100, 300, or 1000 nM final concentration) and uptake was 

recorded for 3 min. The slope of uptake by the paroxetine (paroxetine) treated 

synaptosomes was used to obtain 5-HT uptake by low-affinity, high-capacity 

transporters (see Figure 4.2A). 

DA studies: DAT specific uptake: For control experiments, synaptosomal 

preparations were allowed to stabilize for 10 min in the presence of 100 nM 

nisoxetine and 1 µM paroxetine.  To measure nonspecific DA uptake, 
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synaptosomal preparations were allowed to stabilize for 10 min in the presence 

of 100 nM nisoxetine, 1 µM paroxetine, and 1 µM GBR 12935. Once a stable 

baseline was reached, DA was added (30, 100, 300, 1000, or 3000 nM final 

concentration) and uptake was recorded for 3 min. The slope of uptake by the 

GBR 12935 (GBR 12935) treated synaptosomes was subtracted from the slope 

of uptake by the non-GBR 12935 (control) treated synaptosomes to obtain DAT 

specific uptake velocities. Low-Affinity uptake: Synaptosomal preparations were 

allowed to stabilize for 10 min in the presence of 100 nM nisoxetine, 1 µM 

paroxetine, and 1 µM GBR 12935.  Once a stable baseline was reached, DA was 

added (30, 100, 300, 1000, or 3000 nM final concentration) and uptake was 

recorded for 3 min. The slope of uptake by the GBR 12935 (GBR 12935) treated 

synaptosomes was used to obtain DA uptake by low-affinity transporters. 

 

Purification, biotinylation and western blotting of synaptosomes: Whole and brain 

region specific synaptosomes were prepared as previously described (Hagan et 

al.) except protease and phosphatase inhibitors (Calbiochem, La Jolla, CA) were 

added to each buffer. To purify, synaptosomes were layered over a sucrose 

gradient consisting of 2.6 ml each of 0.85 M, 1.0 M, 1.2 M sucrose (top to 

bottom) and were centrifuged at 85,000 X g for 2 hr at 4°C. Purified 

synaptosomes were collected and appeared as a creamy colored band at the 

interface of the 1.0 M and 1.2M sucrose fractions.  The purified synaptosomes 

were washed once with 0.32 M sucrose and then once with KRH buffer. After 

protein concentration determination, the purified synaptosomes were biotinylated 
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using the EZ-link-Sulfo-NHS-SS-Biotin to label cell surface proteins, according to 

manufacturer’s instructions. Excess biotin was quenched with 100 mM glycine 

and synaptosomes were lysed in RIPA lysis buffer (10 mM Tris-HCL, pH 7.4, 150 

mM NaCl, 1 mM EDTA, 1% Triton-X-100, 0.1% sodium dodecyl sulfate, 1% 

sodium deoxycholate, 1% CHAPS, and protein and phosphatase inhibitors). The 

lysates were rocked at 4°C for 45 min and then centrifuged at 15,000 rpm for 45 

min. Supernatants were incubated with neutravidin beads (Pierce Biotechnology, 

Rockford, IL) overnight at 4°C to capture the cell surface biotinylated proteins. 

Beads were then pelleted, an aliquot of the supernatant (nonbiotinylated 

proteins) was saved, and the remaining supernatant was aspirated. Beads were 

then washed with RIPA buffer and bound proteins were eluted with Laemmli’s 

buffer. To obtain total SERT protein levels, the biotinylated lysates (prior to 

binding to beads) were eluted with Laemmli’s buffer. Surface (biotinylated), 

intracellular (nonbiotinylated), and total samples were then electrophoresed in a 

10% tris-glycine gel and processed for western blotting. The blots were first 

stained with Ponceau stain. Blots were then washed repeatedly with water and 

1X Tris buffered saline, Tween-20 (TBS-T), and then blocked for 1 hr in block 

buffer (2.5% milk, 2.5% BSA, 1X TBS-T). Blots were then probed overnight at 

room temperature in 2.5% BSA, 2.5% Milk, 1X TBS-Tween 20 with the anti-

SERT antibody (1:500, Santa Cruz Biotechnology, Santa Cruz, CA) which 

recognizes predominantly the 75 kDa SERT species and the anti-calnexin 

antibody (1:4000, Enzo Life Sciences, Farmingdale, NY) to asses the extent of 

biotinylation of intracellular proteins. Blots were washed 3 times with 1X TBS-
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Tween 20 and then incubated for 1 hr at room temperature with 680 donkey anti-

goat or 800 donkey anti-rabbit (1:10000, Li-Cor, Lincoln, NE) in Li-Cor Blocking 

buffer and 2.5% BSA, 2.5% Milk, 1X TBS-Tween 20 (1:1 dilution).  Blots were 

then washed 3 times with 1X TBS-Tween 20 and imaged as previously described 

(Bruchas et al., 2007). The band densities for surface and total SERT samples 

were quantified and normalized by the densities of calnexin in the corresponding 

total SERT sample as previously described (Samuvel et al., 2005). 

 

Viral vector design and production: Lenti-hSERT was developed based on the 

lentiviral construct expressing the beta2 subunit of the nicotinic acetylcholine 

receptor under the mouse phosphoglycerol kinase (PGK) promoter, published by 

the Changeux group (Maskos et al., 2005).  The beta2 subunit was replaced with 

the human SERT sequence using XhoI and XbaI restriction sites.  The lenti-

hSERT vector is a bicistronic construct expressing human SERT and GFP; eGFP 

is preceded by an internal ribosomal entry sequence (IRES2) allowing for 

separate translation of eGFP from the same transcript.  Gene expression is 

under the control of the PGK promoter.  The integrated virus is rendered 

replication incompetent by deletion of the U3 region of the 3’ long terminal repeat 

(Zufferey et al., 1998; Sirven et al., 2001).  Sequences have been incorporated to 

enhance RNA stability, transgene expression, and infection of nondividing cells 

(Maskos et al., 2005).  The viral expression plasmid was inserted into the pUC18 

plasmid. As previously described (Land et al., 2009a), a commercial service at 

the Fred Hutchinson Cancer Research Center produced the viral particles. In 
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brief, viral particles were produced by cotransfection of the vector plasmid with a 

packaging plasmid and the VSV-G envelope plasmid; media was collected and 

viral particles isolated by filtration and ultracentrifugation 24-72 h following 

transfection. Viral titer obtained was 6.2x107 TU/ml.  Virus was tested for 

replication competent lentivirus by ELISA against the p24 capsid protein over a 

course of 4 weeks.   

 

Stereotaxic microinjections (norBNI and Lentiviral constructs): Isoflurane-

anesthetized mice were mounted on a stereotaxic alignment system (David Kopf 

Instruments). Mice were injected bilaterally in the ventral striatum (1.00 mm 

lateral, 0.98 mm anterior, 5 mm depth from bregma) or in unilaterally in the dorsal 

raphe (0.00 mm lateral, 4.65 mm posterior, 3.85 mm depth) with 2.5 ug/side of 

norBNI or the lentiviral construct (dorsal raphe only), as described previously 

(Bruchas et al., 2009, Smith et al., 2012). Animals were allowed to recover for at 

least 5 days after norBNI injection before sacrifice, or 3 weeks after lentiviral 

injection before CPA testing. 

 

Data analysis:  Data are expressed as means ± SEM. Student’s unpaired, two-

sample t-test was used to determine statistical differences between pair-wise 

comparisons. Differences between groups were determined one-way ANOVA 

followed by Bonferroni post hoc test if the main effect was significant at p<0.05. 

For experiments having a 2 × 2 factorial design, a two-way ANOVA was used 

followed by Bonferroni post hoc test.  Concentration-response curves were fit 
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using non-linear regression analysis (Michaelis-Menten equation) to obtain best-

fit values for Km and Vmax, and to determine if best-fit values for each parameter 

were significantly different after R-FSS exposure. Statistical analyses were 

conducted using Graph Pad Prism 4.0 (San Diego, CA). 

 

Results 

 

Stress-induced potentiation of cocaine-CPP is mediated by GRK3 and p38α 

MAPK in serotonergic neurons. 

 GRK3 and p38α MAPK in serotonergic neurons are required for KOR-

mediated CPA but the signal transduction pathway required for stress-induced 

potentiation of cocaine-CPP remains unknown. To assess the role of GRK3 in 

KOR-mediated potentiation of cocaine-CPP, GRK3 (-/-) and GRK3 (+/+) 

littermates were exposed to one 15 min FSS on day 3, 2 h after completion of 

cocaine training, and four 6 min FSS on day 4, finishing 10 min before the final 

CPP posttest. GRK3 (+/+) mice exposed to repeated FSS showed a significant 

potentiation of cocaine-CPP (n = 13-20; two-way ANOVA; interaction of genotype 

+ R-FSS, F1,57 = 9.638, p<0.003; followed by Bonferroni’s post hoc, GRK3 (+/+) 

control vs. GRK3 (+/+) R-FSS p<0.05) (Figure 4.1A). Alternatively, GRK3 (-/-) 

mice exposed to repeated FSS did not show a change in cocaine-CPP 

(Bonferroni’s post hoc, GRK3 (-/-) control vs. GRK3 (-/-) R-FSS p>0.05) (Figure 

4.1A). These data suggest that GRK3 is required for stress-induced potentiation 
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of cocaine-CPP and raises the possibility that this effect may be p38 MPAK 

mediated. 

To directly assess the role for p38 MAPK in R-FSS induced potentiation of 

cocaine-CPP, we generated conditional knockout (CKO) mice that lack p38α 

MAPK in serotonergic cells (see methods for detailed description of CKO 

generation).  p38αΔ/lox and p38αCKOePet mice were exposed to one 15 min FSS 

on day 3, 2 h after completion of cocaine training, and four 6 min FSS on day 4, 

finishing 10 min before the final CPP posttest. p38αΔ/lox control mice exposed to 

repeated FSS showed a significant potentiation of cocaine-CPP (n = 15-19; two-

way ANOVA; interaction of genotype + R-FSS, F1,58 = 5.729, p<0.02; followed by 

Bonferroni’s post hoc, p38αΔ/lox control vs. p38αΔ/lox R-FSS p<0.05) (Figure 4.1B). 

Alternatively, p38αCKOePet mice exposed to repeated FSS did not show a 

change in cocaine-CPP (Bonferroni’s post hoc, p38αCKOePet control vs. 

p38αCKOePet R-FSS p>0.05), demonstrating that p38α MAPK in serotonergic 

neurons is required for stress-induced potentiation of cocaine-CPP.  
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Figure 4.1. GRK3 and p38α MAPK in serotonergic neurons mediate stress-
induced potentiation of cocaine-CPP. (a) Preference test data demonstrating that 
GRK3 is required for stress-induced potentiation of cocaine-CPP. * denotes 
p<0.05, significant difference for cocaine-CPP of R-FSS exposed GRK3 (+/+) 
mice as compared to control GRK3 (+/+) mice, *** denotes p<0.001, significant 
difference for cocaine-CPP of R-FSS exposed GRK3 (+/+) mice as compared to 
R-FSS (GRK3 -/-) mice, two-way ANOVA followed by Bonferroni’s post hoc test, 
n = 13-20. (b) Preference test data demonstrating that p38α MAPK in 
serotonergic neurons is required for stress-induced potentiation of cocaine-CPP. 
* denotes p<0.05, significant difference for cocaine-CPP of R-FSS exposed 
p38αΔ/lox mice as compared to control p38αΔ/lox mice or as compared to R-FSS 
p38αCKOePet mice, two-way ANOVA followed by Bonferroni’s post hoc test, n = 
13-20. Data are mean ± SEM.  
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Repeated swim stress, nicotine withdrawal-induced stress or 

pharmacological stress increases 5-HT uptake by SERT in a norBNI 

dependent manner. 

To determine if stress exposure modulates 5-HT uptake by SERT, rotating 

disk electrode voltammetry (RDEV) was used to measure SERT function 

following the addition of 5-HT to the electrochemical well containing a suspension 

of mouse brain synaptosom (Hagan et al., 2010). Representative traces showing 

the rate of 100 nM 5-HT uptake by synaptosomes prepared from C57Bl/6 mice 

exposed to repeated forced swim stress (R-FSS) (Figure 4.2B) showed a greater 

difference in the 5-HT clearance rates of control treated vs. paroxetine treated 

synaptosomes as compared to traces by synaptosomes prepared from control 

C57Bl/6 mice (Figure 4.2A). SERT (+/+) littermate mice showed 5-HT uptake via 

SERT, whereas SERT (-/-) mice showed no significant 5-HT uptake via SERT 

(Figure 4.2A inset), demonstrating that SERT specific uptake had been isolated. 

Synaptosomes prepared from mice exposed to R-FSS showed a significantly 

increased rate of 100 nM 5-HT uptake by SERT as compared to synaptosomes 

prepared from control animals (n = 6-9; two-way ANOVA; effect of pretreatment, 

F1,28 = 9.077, p<0.005, effect of treatment, F1,28 = 7.19, p<0.012; followed by 

Bonferroni’s post hoc, Control vs. R-FSS p<0.05) (Figure 4.2C).  The increase in 

SERT uptake rate by R-FSS was blocked by pretreatment with the KOR 

antagonist norBNI (10 mg/kg, i.p.) 24 hr prior to the initial swim (Bonferroni’s post 

hoc, R-FSS vs. norBNI + R-FSS p<0.05) and was not evident when 
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synaptosomes were prepared 24 hr following R-FSS (n = 6-8; unpaired, two-

tailed, t-test; t12 = 0.48; p>0.05) (Figure 4.2C).  

KOR activation was evident following acute FSS exposure (A-FSS), but 

was not sufficient to cause KOR-induced potentiation of cocaine-CPP (Schindler 

et al., 2010).  In order to investigate if A-FSS exposure could increase 100 nM 5-

HT uptake by SERT, C57Bl/6 mice were exposed to one 15 min swim prior to 

synaptosomal preparation. A-FSS exposure did not increase 100 nM 5-HT 

uptake rate by SERT as compared to control mice (n = 6-8; one-way ANOVA; 

F2,19 = 0.063, p>0.05) (Figure 4.2D).  R-FSS exposure occurred over two days.  

Thus, it is possible that A-FSS exposure could cause an increase in 5-HT uptake 

by SERT if a 24 hr period passed between A-FSS exposure and synaptosomal 

generation.  To investigate this possibility, mice were exposed to A-FSS and then 

synaptosomes were prepared 24 hr later (A-Recovery) (Figure 4.2D).  

Synaptosomes form mice exposed to A-Recovery did not show a significantly 

different 100 nM 5-HT uptake rate from control mice (n = 6-8; one-way ANOVA; 

F2,19 = 0.063, p>0.05). Together, these results suggest that repeated KOR 

activation by R-FSS caused an increase in 100 nM 5-HT uptake by SERT that 

recovered 24 hr after the final swim. 

To assess the generality of the stress-induced changes in SERT function, 

we next examined changes in SERT function during withdrawal from repeated 

nicotine exposure, which can be considered stressful (Koob and Le Moal, 2005) 

and aversive (Kenny and Markou, 2001). Synaptosomes prepared from mice in 

withdrawal 24 hr following repeated exposure to nicotine (20 mg/kg/day s.c) for 
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six days, showed a significantly increased rate of 100 nM 5-HT uptake by SERT 

as compared to synaptosomes prepared from mice administered saline (10 ml/kg 

of body weight, i.p.) on the same schedule (n = 7-8; two-way ANOVA; interaction 

of norBNI + Nicotine, F1,27 = 8.712, p<0.007; followed by Bonferroni’s post hoc, 

Saline vs. Nicotine p<0.05) (Figure 4.2E).  The increase in SERT uptake rate 

evident during nicotine withdrawal was blocked by pretreatment with the KOR 

antagonist norBNI (10 mg/kg, i.p.) 1 hr prior to the start of the nicotine treatment 

paradigm (Bonferroni’s post hoc, Nicotine vs. norBNI + Nicotine p<0.01), and 

norBNI pretreatment alone had no effect on 100 nM 5-HT uptake by SERT 

(Bonferroni’s post hoc, Saline vs. norBNI + Saline p>0.05). NorBNI is a selective 

KOR antagonist whose effects last >21 days following a single dose (Horan et 

al., 1992; Bruchas et al., 2007). 

The KOR agonist U50,488 can be used as a form of pharmacological 

stressor and may provide a more selective KOR activation than FSS or 

withdrawal from repeated nicotine administration.  Synapsotomes prepared from 

mice administered U50,488 (5 mg/kg, i.p.) 60 min prior to synaptosome 

generation showed a significantly increased rate of 100 nM 5-HT uptake by 

SERT as compared to synaptosomes prepared from mice administered saline 

(10 ml/kg of body weight, i.p.) 60 min prior to synaptosome generation (n = 9-11; 

two-way ANOVA; effect of pretreatment, F1,35 = 4.234, p<0.047, effect of 

treatment, F1,35 = 4.825, p<0.035; followed by Bonferroni’s post hoc, Saline vs. 

U50,488 p<0.05) (Figure 4.2F). This dose and timing was used based on 

behavioral studies in which U50,488 administration significantly potentiated 
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cocaine-CPP when given 60 min prior to cocaine (Schindler et al.). The increase 

in SERT uptake rate by U50,488 was blocked by pretreatment with the KOR 

antagonist norBNI (10 mg/kg, i.p.) 24 hr prior to U50,488 administration 

(Bonferroni’s post hoc, U50,488 vs. norBNI + U50,488 p<0.05), and norBNI 

pretreatment alone had no effect on 100 nM 5-HT uptake by SERT (Bonferroni’s 

post hoc, Saline vs. norBNI + saline p>0.05). 
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Figure 4.2. R-FSS, direct KOR activation, withdrawal from repeated nicotine, but 
not A-FSS, increases the rate of 5-HT uptake by SERT in a norBNI dependent 
manner. (a) Representative traces from control and paroxetine treated 
synaptosomes prepared from control mice.  Inset: 5-HT uptake by SERT is 
present in SERT (+/+) littermates, but absent in SERT (-/-) mice, demonstrating 
isolation of SERT specific uptake. (b) Representative traces from control and 
paroxetine treated synaptosomes prepared from mice exposed to R-FSS.  (c) 
RDEV data demonstrating that R-FSS increases the rate of 5-HT uptake by 
SERT, that is blocked by pretreatment with norBNI and is recovered 24 hr post 
final stress.  * denotes p<0.05, significant difference in 100 nM 5-HT uptake by 
SERT for synaptosomes prepared from mice exposed to R-FSS as compared 
with synaptosomes prepared from control mice or prepared from norBNI 
pretreated, R-FSS exposed mice; two-way ANOVA followed by Bonferroni’s post 
hoc test, n = 6-9.  (d) RDEV data demonstrating that A-FSS does not increase 
the rate of 100 nM 5-HT uptake by SERT, and that 24 hr incubation period is not 
required for a FSS effect.  (e) RDEV data demonstrating that withdrawal from 
repeated nicotine increases the rate of 5-HT uptake by SERT, and is blocked by 
pretreatment with norBNI.  * denotes p<0.05, significant difference in 100 nM 5-
HT uptake by SERT for synaptosomes prepared from mice exposed to 
withdrawal from repeated nicotine as compared with synaptosomes prepared 
from mice administered saline; ** denotes p<0.01, significant difference in 100 
nM 5-HT uptake by SERT for synaptosomes prepared from mice exposed to 
withdrawal from repeated nicotine as compared with synaptosomes prepared 
from norBNI pretreated mice exposed to withdrawal from repeated nicotine; two-
way ANOVA followed by Bonferroni’s post hoc test, n = 7-8. (f) RDEV data 
demonstrating that direct KOR activation by U50,488 increases 100 nM 5-HT 
uptake by SERT, and is blocked by pretreatment with norBNI. * denotes p<0.05, 
significant difference in 5-HT uptake by SERT for synaptosomes prepared from 
mice administered U50,488 as compared with synaptosomes prepared from mice 
administered saline or prepared from norBNI pretreated, U50,488 administered 
mice; two-way ANOVA followed by Bonferroni’s post hoc test,  n = 9-11. Data are 
mean ± SEM. 
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Repeated swim stress increases SERT Vmax without affecting SERT Km. 

An increase in 5-HT uptake by SERT following R-FSS exposure could 

result from a stress-induced increase in SERT Vmax (increased SERT synthesis 

or increased SERT at the membrane) or a decrease in SERT Km (increased 

catalytic activity of SERT).  In order to obtain values for Vmax and Km, saturation 

kinetic analyses of 5-HT uptake by SERT were conducted with synaptosomes 

prepared from control or R-FSS exposed C57Bl/6 mice.  R-FSS significantly 

increased the rate of 5-HT uptake by SERT at 100 nM (n = 6-10; two-way 

ANOVA; interaction of concentration and R-FSS, F5,74 = 2.348, p<0.049; followed 

by Bonferroni’s post hoc, Control vs. R-FSS p<0.05), 300 nM (Bonferroni’s post 

hoc, Control vs. R-FSS p<0.05), and 1 µM (Bonferroni’s post hoc, Control vs. R-

FSS p<0.001) 5-HT, but not at 10 or 30 nM (Bonferroni’s post hoc, Control vs. R-

FSS p>0.05) 5-HT, as compared to the rate of 5-HT uptake by SERT from control 

synaptosomes at the corresponding 5-HT concentration (Figure 4.3A).  R-FSS 

significantly increased SERT Vmax for 5-HT (n = 6-10; nonlinear regression 

followed by comparison of fits; F1,82  = 4.913, p<0.029) without affecting SERT 

Km for 5-HT (n=6-10; nonlinear regression followed by comparison of fits; F1,82  = 

0.356, p>0.05) (see Figure 4.3A inset). 
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Figure 4.3. R-FSS increases SERT Vmax without affecting SERT Km and does 
not modulate DAT or low-affinity, high-capacity transporters. (a) Kinetic RDEV 
data demonstrating that R-FSS exposure increases SERT Vmax but does not 
change SERT Km. * denotes p<0.05 and *** denotes p<0.001, significant 
difference in 5-HT uptake by SERT for synaptosomes prepared from mice 
exposed to R-FSS as compared with synaptosomes prepared from control mice 
at the same 5-HT concentration; two-way ANOVA followed by Bonferroni’s post 
hoc, n = 6-10. (b) Kinetic RDEV data demonstrating that R-FSS exposure does 
not change the rate of DA uptake by DAT at any concentration tested; two-way 
ANOVA, n = 6-11. (c) Kinetic RDEV data demonstrating that R-FSS does not 



	
   85	
  

modulate 5-HT uptake by low-affinity, high-capacity transporters at any of the 
concentrations tested; two-way ANOVA, n = 6-10. (d) Kinetic RDEV data 
demonstrating that R-FSS does not modulate DA uptake by low-affinity, high-
capacity transporters at any of the concentrations tested; two-way ANOVA, n = 6-
11. Data are mean ± SEM. 
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Repeated swim stress does not increase DA uptake by DAT or 5-HT or DA 

uptake by low-affinity, high-capacity transporters. 

In order to obtain values for DAT Vmax and Km (not previously 

established for this animal species, cellular preparation, or technique), saturation 

kinetic analyses of DA uptake by DAT were conducted with synaptosomes 

prepared from control or R-FSS exposed C57Bl/6 mice.  Synaptosomes 

prepared from mice exposed to R-FSS did not show a significantly different rate 

of DA uptake by DAT at any concentration of DA tested (n = 6-11; two-way 

ANOVA; interaction of concentration and R-FSS, F5,75 = 1.240, p<0.299; followed 

by Bonferroni’s post hoc, Control vs. R-FSS p>0.05), as compared to 

synaptosomes prepared from control mice at the corresponding 5-HT 

concentration (Figure 4.3B). Similarly, R-FSS did not significantly change DAT 

Vmax for DA (n = 6-11; nonlinear regression followed by comparison of fits; F1,83  

= 0.359, p>0.05) or DAT Km for DA (n=6-11; nonlinear regression followed by 

comparison of fits; F1,83  = 0.009, p>0.05) (see Figure 4.3B inset) suggesting that 

R-FSS does not modulate DA uptake by DAT under these assay conditions. 

In addition to 5-HT uptake by SERT and DA uptake by DAT, both 

monoamines can be cleared by low-affinity, high-capacity transporters (Daws, 

2009; Hagan et al., 2011).  The contribution to uptake of these low-affinity, high-

capacity transporters increases as 5-HT concentration increases (Baganz et al., 

2010; Hagan et al., 2011).  In order to investigate if stress-induced KOR 

activation regulates these alternative uptake mechanisms, we examined the 

uptake rate of 5-HT or DA in the presence of DAT, NET, and SERT inhibitors 
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following repeated stress (Figure 4.3C and 4.D). A concentration response curve 

was constructed from synaptosomes prepared from control and R-FSS exposed 

mice. Synaptosomes prepared from mice exposed to R-FSS did not show a 

significantly different rate of 5-HT uptake by low-affinity, high-capacity 

transporters at any concentration of 5-HT tested (n = 6-9; two-way ANOVA; 

interaction of concentration and R-FSS, F5,74 = 0.717, p<0.612; followed by 

Bonferroni’s post hoc, Control vs. R-FSS p>0.05), as compared to synaptosomes 

prepared from control mice at the corresponding 5-HT concentration (Figure 

4.3C). One µM 5-HT is still below a saturating concentration for these low-affinity, 

high-capacity transporters, and it is therefore possible that R-FSS has effects at 

concentrations higher than those used in the current study.  

Similar to R-FSS exposure on 5-HT uptake by low-affinity, high-capacity 

transporters, no effect of R-FSS was seen at any concentration of DA tested as 

compared to synaptosomes prepared from control mice at the corresponding DA 

concentration (n = 6-11; two-way ANOVA; interaction of concentration and R-

FSS, F5,73 = 0.259, p<0.934; followed by Bonferroni’s post hoc, Control vs. R-

FSS p>0.05) (Figure 4.3D). 3 µM DA is still below a saturating concentration for 

these low-affinity, high-capacity transporters, and it is therefore possible that R-

FSS has effects at concentrations higher than those used in the current study.  

Together, these data suggest that at the monoamine concentrations tested, KOR 

activation specifically increases 5-HT uptake by SERT but does not affect DA 

uptake by DAT or 5-HT or DA uptake by low-affinity, high-capacity transporters.   
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Repeated swim stress increases SERT surface expression 

An increase in SERT Vmax could arise from an increase in SERT surface 

expression or an increase in SERT synthesis. To determine if R-FSS increased 

SERT surface expression, purified synaptosomes from control, R-FSS, norBNI, 

norBNI + R-FSS, and R-Recovery exposed C57Bl/6 mice were biotinylated to 

label cell surface proteins.  In order to determine if intracellular proteins were also 

labeled with the cell impermeant biotin, surface, intracellular, and total samples 

were eluted with Laemmli’s buffer and processed for western blotting with the 

calnexin antibody. Calnexin is an integral protein of the endoplasmic reticulum 

and thus should not be available for labeling by biotin (Samuvel et al., 2005). As 

shown in figure 4.4A, calnexin-ir is seen in the flowthrough and total protein 

samples but is absent in the surface samples, suggesting that the majority of 

synaptosomes in each preparation were intact and biotin labeling of intracellular 

proteins did not occur.  

To determine if R-FSS increased SERT surface expression, surface 

proteins were eluted with Laemmli’s buffer and processed for western blotting 

with the SERT antibody.  We found that R-FSS increased surface SERT-ir 

compared to controls (n = 6-8; two-way ANOVA; effect of pretreatment, F1,24 = 

7.284, p<0.013, effect of treatment, F1,24 = 10.02, p<0.004; followed by 

Bonferroni’s post hoc, Control vs. R-FSS p<0.01) (Figure 4.4B).  The increase in 

SERT surface expression by R-FSS was blocked by pretreatment with the KOR 

antagonist norBNI (10 mg/kg, i.p.) 24 hr prior to the initial swim (Bonferroni’s post 

hoc, R-FSS vs. norBNI + R-FSS p<0.05) and was not evident when 
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synaptosomes were prepared 24 hr following R-FSS (n = 6-8; unpaired, two-

tailed, t-test; t12 = 0.339; p>0.05) (Figure 4.4B).  

To determine if R-FSS increased total SERT expression, total proteins 

were eluted with Laemmli’s buffer and processed for western blotting with the 

SERT antibody.  We found no change in total SERT-ir following various forms of 

RSS (n = 6; two-way ANOVA; interaction of norBNI and R-FSS, F1,20 = 0.528, 

p>0.05) (Figure 4.4C), suggesting that the increase in SERT Vmax following R-

FSS was not a result of increased synthesis of SERT. Together these data 

suggest that R-FSS increases SERT Vmax for 5-HT by increasing SERT plasma 

membrane surface expression. 
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Figure 4.4. R-FSS increases SERT Vmax by increasing SERT surface 
expression. (a) Representative western blot images demonstrating biotinylation 
of only surface proteins. (b) Representative western blot images and 
corresponding analysis showing that R-FSS increases SERT surface expression 
in a norBNI dependent manner that is recovered 24 hours post-swim. ** denotes 
p<0.01, significant difference in SERT surface expression for synaptosomes 
prepared from mice exposed to R-FSS as compared with synaptosomes 
prepared from control mice, * denotes p<0.05, significant difference in SERT 
surface expression for synaptosomes prepared from mice exposed to R-FSS as 
compared with synaptosomes prepared from norBNI + R-FSS exposed mice; 
two-way ANOVA followed by Bonferroni’s post hoc, n = 6-8. (c) Representative 
western blot images and corresponding analysis showing that the R-FSS does 
not change total SERT expression. Data are mean ± SEM. 
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GRK3 and p38α MAPK are required for R-FSS induced increases in SERT 

function and surface expression. 

Activation of p38 MAPK has previously been shown to regulate SERT 

function and surface membrane expression (Zhu et al., 2004; Samuvel et al., 

2005; Zhu et al., 2005), and kappa receptor activation of p38 MAPK has been 

previously shown to occur by a GRK3-arrestin dependent mechanism in vivo and 

in vitro (Bruchas et al., 2006).  To assess the role of GRK3 in KOR-mediated 

SERT regulation, GRK3 (-/-) and GRK3 (+/+) littermates were exposed to R-FSS 

or remained in the home cage prior to synaptosomal generation.  R-FSS 

significantly increased the rate of 100 nM 5-HT uptake by SERT in GRK3 (+/+) 

littermate controls (n = 6-8; two-way ANOVA; interaction of genotype x R-FSS, 

F1,24 = 16.82, p<0.0004; followed by Bonferroni’s post hoc, GRK3 (+/+) control vs. 

GRK3 (+/+) R-FSS p<0.001) (Figure 4.5A).  GRK3 (-/-) control mice did not differ 

from GRK3 (+/+) control mice (Bonferroni’s post hoc, GRK3 (+/+) control vs. 

GRK3 (-/-) control p>0.05), suggesting that GRK3 does not basally regulate 

SERT function.  Alternatively, GRK3 (-/-) mice exposed to R-FSS did not show 

an increase in SERT uptake rates as compared to GRK3 (-/-) control mice 

(Bonferroni’s post hoc, GRK3 (-/-) control vs. GRK3 (-/-) R-FSS p>0.05) (Figure 

4.5A).  These data suggest that GRK3 is required for KOR-induced increases in 

5-HT uptake by SERT and raises the possibility that this effect may be p38 

MAPK mediated. 

To determine if p38α MAPK in serotonergic neurons is required for R-FSS 

induced increase in 5-HT uptake by SERT, p38αΔ/lox and p38αCKOePet mice were 
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exposed to R-FSS or remained in their home cage prior to synaptosomal 

generation.  R-FSS increased the rate of 100 nM 5-HT uptake by SERT in 

p38αΔ/lox mice (n = 6-8; two-way ANOVA; interaction of genotype x R-FSS, F1,24 = 

6.073, p<0.021; followed by Bonferroni’s post hoc, p38αΔ/lox control vs. p38αΔ/lox 

R-FSS p<0.01) as compared to control mice of the same genotype (Figure 4.5B).  

R-FSS had no effect on the rate of 100 nM 5-HT uptake by SERT in 

p38αCKOePet mice (Bonferroni’s post hoc, p38αCKOePet control vs. p38αCKOePet 

R-FSS p>0.05) (Figure 4.5B), demonstrating that p38α was required for R-FSS 

effects on SERT function. 

To determine if GRK3 was required for R-FSS induced increase in SERT 

surface expression, we isolated purified synaptosomes from control and R-FSS 

exposed GRK3 (+/+) and GRK3 (-/-) mice, eluted surface proteins with Laemmli’s 

buffer, and performed western blotting with the SERT antibody.  We found that 

R-FSS increased surface SERT-ir as compared to controls in the GRK3 (+/+) 

genotype (n = 4; two-way ANOVA; interaction of genotype and R-FSS, F1,12 = 

7.267, p<0.02; followed by Bonferroni’s post hoc, GRK3 (+/+) control vs. GRK3 

(+/+) R-FSS p<0.01) (Figure 4.5C).  The increase in SERT surface expression by 

R-FSS was not seen in the GRK3 (-/-) genotype (Bonferroni’s post hoc, GRK3 (-

/-) control vs. GRK3 (-/-) R-FSS p>0.05) (Figure 4.5C), suggesting that GRK3 

was required for stress-induced increase in surface SERT expression. 

To determine if p38 MAPK in serotonergic neurons was required for R-

FSS induced increase in SERT surface expression, we isolated purified 

synaptosomes from control and R-FSS exposed p38αΔ/lox and p38αCKOePet mice, 
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eluted surface proteins with Laemmli’s buffer, and performed western blotting 

with the SERT antibody.  We found that R-FSS increased surface SERT-ir as 

compared to controls in the p38αΔ/lox genotype (n = 5-8; two-way ANOVA; 

interaction of genotype and R-FSS, F1,22 = 4.604, p<0.043; followed by 

Bonferroni’s post hoc, p38αΔ/lox control vs. p38αΔ/lox R-FSS p<0.01) (Figure 4.5D).  

The increase in SERT surface expression by R-FSS was not seen in the 

p38αCKOePet genotype (Bonferroni’s post hoc, p38αCKOePet control vs. 

p38αCKOePet R-FSS p>0.05) (Figure 4.5D), demonstrating that p38α MAPK in 

serotonergic neurons was required for R-FSS effects on SERT surface 

expression. 

To assess if GRK3 or p38α MAPK expression changes total SERT levels, 

total proteins were eluted with Laemmli’s buffer and processed for western 

blotting with the SERT antibody.  As with WT mice, we found no change in total 

SERT-ir across GRK3 genotypes or following R-FSS (n = 4; two-way ANOVA; 

interaction of genotype and R-FSS, F1,12 = 2.676, p>0.05) (Figure 4.5E). 

Similarly, we found no change in total SERT-ir across p38α genotypes or 

following R-FSS (n = 6-8; two-way ANOVA; interaction of genotype and R-FSS, 

F1,18 = 0.853, p>0.05) (Figure 4.5F). Together these data suggest that the 

increase in SERT function and surface expression following R-FSS is mediated 

by GRK3 and p38α MAPK in serotonergic neurons. 



	
   94	
  



	
   95	
  

Figure 4.5. R-FSS induced increases in 5-HT uptake by SERT and SERT 
surface expression require GRK3 and p38α MAPK in serotonergic neurons. (a) 
RDEV data demonstrating that the R-FSS induced increase in the rate of 5-HT 
uptake by SERT requires GRK3.  *** denotes p<0.001, significant difference in 5-
HT uptake by SERT for synaptosomes prepared from GRK3 (+/+) mice exposed 
to R-FSS as compared with synaptosomes prepared from GRK3 (+/+)  control 
mice or prepared from GRK3 -/-, R-FSS exposed mice; two-way ANOVA 
followed by Bonferroni’s post hoc test, n = 6-8. (b) RDEV data demonstrating that 
R-FSS increases the rate of 5-HT uptake by SERT in p38αΔ/lox but not in 
p38αCKOePet  mice. ** denotes p<0.01, significant difference in 100 nM 5-HT 
uptake by SERT for synaptosomes prepared from p38αΔ/lox mice exposed to R-
FSS as compared with synaptosomes prepared from p38αΔ/lox control mice, * 
denotes p<0.05, significant difference in 100 nM 5-HT uptake by SERT for 
synaptosomes prepared from p38αΔ/lox mice exposed to R-FSS as compared with 
synaptosomes prepared from p38αCKOePet mice exposed to R-FSS; two-way 
ANOVA followed by Bonferroni’s post hoc test, n = 6-8. (c) Representative 
western blot images and corresponding analysis showing that R-FSS increases 
SERT surface expression in a GRK3 dependent manner. ** denotes p<0.01, 
significant difference in SERT surface expression for synaptosomes prepared 
from GRK3 (+/+)  mice exposed to R-FSS as compared with synaptosomes 
prepared from GRK3 (+/+)  control mice or GRK3 (-/-) mice exposed to R-FSS; 
two-way ANOVA followed by Bonferroni’s post hoc test, n = 4. (d) Representative 
western blot images and corresponding analysis showing that R-FSS increases 
SERT surface expression in a p38α MAPK dependent manner. ** denotes 
p<0.05, significant difference in SERT surface expression for synaptosomes 
prepared from p38αΔ/lox mice exposed to R-FSS as compared with synaptosomes 
prepared from p38αΔ/lox control mice, * denotes p<0.05, significant difference in 
SERT surface expression for synaptosomes prepared from p38αΔ/lox mice 
exposed to R-FSS as compared with synaptosomes prepared from p38αCKOePet 

mice exposed to R-FSS; two-way ANOVA followed by Bonferroni’s post hoc test, 
n = 5-8. (e) Representative western blot images and corresponding analysis 
showing that the GRK3 genotype or R-FSS does not change total SERT 
expression; two-way ANOVA, n = 4. (f) Representative western blot images and 
corresponding analysis showing that the p38α MAPK genotype or R-FSS does 
not change total SERT expression; two-way ANOVA, n = 6-8.  Data are mean ± 
SEM. 
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Repeated swim stress selectively increases SERT surface expression in 

the ventral striatum.  

 SERT expression is seen in multiple brain regions (Torres et al., 2003). In 

order to determine which brain region(s) show increased surface SERT 

expression following R-FSS, brain region specific purified synaptosomes from 

control and R-FSS exposed mice were biotinylated to label cell surface proteins.  

Surface proteins were eluted with Laemmli’s buffer and processed for western 

blotting with the SERT antibody.  Surprisingly, we found that R-FSS increased 

surface SERT-ir compared to controls only in the ventral striatum (VS) (n = 6; 

unpaired, two-tailed, t-test; t10 = 2.862, p<0.017) (Figure 4.6A, red box). R-FSS 

did not change surface SERT-ir compared to controls in the medial prefrontal 

cortex (mPFC) (n = 4; unpaired, two-tailed, t-test; t6 = 0.171, p>0.05), 

hippocampus (Hippo) (n = 6; unpaired, two-tailed, t-test; t10 = 0.312, p>0.05), 

dorsal striatum (DS) (n = 6; unpaired, two-tailed, t-test; t10 = 0.773, p>0.05), 

amygdala (Amyg) (n = 4; unpaired, two-tailed, t-test; t6 = 0.879, p>0.05), or the 

dorsal raphe (DR) (n = 4; unpaired, two-tailed, t-test; t6 = 0.776, p>0.05) (Figure 

4.6A).  

To assess if R-FSS changes total SERT levels in each brain region, total 

proteins were eluted with Laemmli’s buffer and processed for western blotting 

with the SERT antibody.  As with WT mice, we found no change in total SERT-ir 

across the brain regions examined: mPFC (n = 6; unpaired, two-tailed, t-test; t10 

= 0.294, p>0.05), Hippo (n = 6; unpaired, two-tailed, t-test; t10 = 1.487, p>0.05), 

DS (n = 6; unpaired, two-tailed, t-test; t10 = 0.073, p>0.05), VS (n = 6; unpaired, 
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two-tailed, t-test; t10 = 1.573, p>0.05), Amyg (n = 3-4; unpaired, two-tailed, t-test; 

t5 = 0.886, p>0.05), and DR (n = 4; unpaired, two-tailed, t-test; t6 = 1.053, p>0.05) 

(Figure 4.6B). Together these data demonstrate that R-FSS increases surface 

SERT expression specifically in the ventral striatum without changing total SERT 

levels or affecting other brain regions. 
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Figure 4.6. SERT surface expression is selectively increased in the ventral 
striatum following R-FSS. (a) Representative western blot images and 
corresponding analysis showing that R-FSS increases SERT surface expression 
only in the ventral striatum. * denotes p<0.05, significant difference in SERT 
surface expression for synaptosomes prepared from mice exposed to R-FSS as 
compared to control mice; unpaired, two-tailed, t-test, n = 4-6. (b) Representative 
western blot images and corresponding analysis showing that R-FSS does not 
change total SERT expression in any of the brain regions investigated; two-way 
ANOVA, n = 4-6.  Data are mean ± SEM. mPFC = medial prefrontal cortex, 
Hippo = hippocampus, DS = dorsal striatum, VS = ventral striatum, Amyg = 
amygdala, DR = dorsal raphe. 
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Repeated swim stress increases surface SERT expression in the ventral 

striatum through activation of local kappa receptors. 

KOR receptors are expressed on the cell bodies of serotonergic DR 

neurons and on the afferent nerve terminals projecting to the VS (Tao and 

Auerbach, 2002; Land et al., 2009a), thus it is possible that KOR activation in the 

DR or VS could mediate the increase in surface SERT seen following R-FSS. In 

order to determine which pool of KORs mediate this effect we stereotaxically 

injected the long-lasting KOR antagonist norBNI into the DR or VS. Following 

recovery from surgery, VS purified synaptosomes from control and R-FSS 

exposed mice were biotinylated to label cell surface proteins. Surface proteins 

were eluted with Laemmli’s buffer and processed for western blotting with the 

SERT antibody. We found that R-FSS increased surface SERT-ir in the VS as 

compared to controls when norBNI was injected into the DR (n = 3-5; two-way 

ANOVA; interaction of brain region and R-FSS, F1,12 = 13.50, p<0.003; followed 

by Bonferroni’s post hoc, norBNI DR control vs. norBNI R-FSS p<0.01) (Figure 

4.7A).  Conversely, the increase in SERT surface expression in the VS by R-FSS 

was not seen when norBNI was injected into the VS (Bonferroni’s post hoc, 

norBNI VS control vs. norBNI VS R-FSS p>0.05) (Figure 4.7A), suggesting that 

local KOR in the VS mediate the stress-induced increase in surface SERT 

expression. 

To assess if norBNI into the DR or VS changes total SERT levels in the 

VS, total proteins were eluted with Laemmli’s buffer and processed for western 

blotting with the SERT antibody.  As with WT mice, we found no change in total 
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SERT-ir regardless of the region norBNI was injected or R-FSS exposure (n = 3-

5; two-way ANOVA; interaction of brain region and R-FSS, F1,12 = 0.477, p>0.05) 

(Figure 4.7B). Figure 4.7C shows the proposed mechanism by which stress-

induced KOR activation leads to increased SERT surface expression in the VS.  
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Figure 4.7. Local KORs mediate increased SERT surface expression in the 
ventral striatum following R-FSS. (a) Representative western blot images and 
corresponding analysis showing that R-FSS increases SERT surface expression 
in the ventral striatum when norBNI is microinjected into the dorsal raphe but not 
into the nucleus accumbens. ** denotes p<0.01, significant difference in SERT 
surface expression for synaptosomes prepared from mice microinjected with 
norBNI into the dorsal raphe and exposed to R-FSS as compared to control mice 
microinjected with norBNI into the dorsal raphe, *** denotes p<0.001, significant 
difference in SERT surface expression for synaptosomes prepared from mice 
microinjected with norBNI into the dorsal raphe and exposed to R-FSS as 
compared to mice microinjected with norBNI into the nucleus accumbens and 
exposed to R-FSS; two-way ANOVA followed by Bonferroni’s post hoc test, n = 
3-5. (b) Representative western blot images and corresponding analysis showing 
that norBNI microinjection into the dorsal raphe or nucleus accumbens or R-FSS 
does not change total SERT expression in the ventral striatum; two-way ANOVA, 
n = 3-5.  Data are mean ± SEM. (c) Cartoon depiction modeling the proposed 
mechanism by which local stress-induced KOR and p38α MAPK activation lead 
to an increase in surface SERT expression within the ventral striatum and a 
subsequent decrease in extracellular serotonin levels.  
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KOR-mediated CPA requires SERT 

 Serotonergic projections from the DR to the NAc are required for U50,488 

CPA (Land et al., 2009a). Additionally, CPA is absent in mice unable to increase 

surface SERT expression following stress exposure (Bruchas et al., 2011). In 

order to further investigate a role for SERT and the serotonin system in KOR-

mediated CPA, SERT knockout (-/-), heterozygous (+/-), and littermate controls 

(+/+) were used. SERT (+/-) and (-/-) mice do not show avoidance to the 

environment previously paired with U50,488 (n = 7-12; one-way ANOVA; F2,25 = 

4.023, p<0.031; followed by Bonferroni’s post hoc, SERT (+/+) vs. SERT (+/-) 

p<0.05, SERT (+/+) vs. SERT (-/-) p<0.05), demonstrating that SERT is required 

for kappa-mediated aversion (Figure 4.8B). We next generated a bicistronic 

lentiviral vector, based on the lenti-KOR construct previously developed in the 

laboratory (Land et al., 2009b), to express SERT-GFP under the PGK promoter 

(lenti-SERT) in SERT (-/-) mice (Figure 4.8A). In order to assess if KOR 

regulation of SERT is sufficient for U50,488 CPA, we stereotaxically injected 

lenti-SERT into the DR of SERT (-/-) mice. We have previously demonstrated 

that there are no nonspecific effects of viral-mediated gene transfer on behavior 

(Land et al., 2009b). Lenti-SERT injected mice showed a recovery of kappa-

mediated CPA (n = 4-7; unpaired, two-tailed, t-test; t9 = 2.857, p>0.018). In order 

to assess if the lenti-SERT vector was functional upon expression, we generated 

synaptosomes from control and R-FSS exposed SERT (-/-) mice injected with 

lenti-SERT into the DR. Similar to wildtype mice, we found that injection of lenti-

SERT into the DR produced SERT surface expression that was increased 
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following R-FSS (Figure 4.8C). These data suggest that serotonergic projections 

from the DR to the VS are required for kappa-mediated CPA.  
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Figure 4.8. SERT is required for kappa-mediated conditioned place aversion. (a) 
Schematic of lentiviral construct for expression of SERT-GFP. LTR - long 
terminal repeat; RRE - rev response element; FLAP - 99 base pair DNA “flap” - 
enhances infection of nondividing cells; PGK - human PGK promoter; IRES2 - 
internal ribosomal entry sequence; WPRE - woodchuck hepatitis B virus post-
transcriptional regulatory element - enhances RNA stability and transgene 
expression; ∆U3 - deletion of U3 region of 3’ long terminal repeat - renders 
integrated virus replication incompetent. (b) Preference test data demonstrating 
that SERT is required for conditioned place aversion to the KOR agonist 
U50,488. * denotes p<0.05, significant difference for CPA of SERT (+/+) mice as 
compared to SERT (-/+) or SERT (-/-) mice or significant difference for CPA of 
SERT (-/-) mice as compared to SERT (-/-) + lenti-SERT mice, one-way ANOVA 
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followed by Bonferroni’s post hoc test, n = 7-12. (c) Representative western blot 
images showing that R-FSS increases SERT surface expression when lenti-
SERT is expressed in SERT (-/-) mice. 
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Discussion 

 

The principal finding of the study was that prodepressive and proaddictive 

behaviors following stress exposure are mediated by GRK3, p38α MAPK in 

serotonergic neurons, and increased SERT surface expression in the ventral 

striatum. Although both SERT and KOR regulation have been implicated in many 

stress-induced behaviors, the present study demonstrates a link for these two 

players in potentiation of cocaine-CPP and U50,488 CPA, elucidates the brain 

region involved, and suggests that a component of KOR-mediated stress 

behaviors results from modulation of SERT function in the ventral striatum. 

The FSS assay is a behavioral paradigm that is sensitive to 

antidepressants and KOR antagonists, although the signal transduction 

pathways and neurotransmitter systems involved in this stress assay have not 

been fully described. Withdrawal from drugs of abuse such as repeated nicotine 

treatment can be considered stressful and mRNA levels of prodynorphin are 

increased during nicotine withdrawal (Kenny and Markou, 2001; Awtry and 

Werling, 2003; Koob and Le Moal, 2005; Jackson et al., 2010). However, a role 

for KOR in nicotine withdrawal-induced regulation of SERT has not been 

investigated. Numerous studies have examined the effects of various stressors 

on 5-HT turnover (an indirect measure of serotonergic activity), 5-HT release 

using microdialysis, [3H]-5-HT uptake in brain tissue, and [3H]-paroxetine binding 

to SERT in multiple rodent species and strains with variable results reported 

(Watanabe et al., 1993; Kirby et al., 1995; Adell et al., 1997; Berton et al., 1999; 
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Connor et al., 1999b; Martin et al., 2000; El Yacoubi et al., 2003; Racca et al., 

2005; Lee et al., 2007). Importantly, no studies thus far have identified a role for 

swim stress or withdrawal from repeated nicotine and the kappa opioid receptor 

in the regulation of SERT or used the FSS paradigm that we have previously 

shown to cause a norBNI-sensitive decrease in immobility, odorant-swim stress 

aversion, and potentiation of cocaine-CPP. 

Rotating disk electrode voltammetry (RDEV) is an especially sensitive ex 

vivo neurochemical method for detecting neurotransmitter uptake kinetics that 

does not show effects of diminished electrode sensitivity or a dependence on 

diffusion (Hagan et al., 2010).  Thus the present study used this kinetically 

resolved technique to investigate the effects of stress and direct KOR activation 

on SERT function.  We found that R-FSS, direct KOR activation by U50,488, or 

withdrawal from repeated nicotine increased the rate of 5-HT uptake by SERT in 

a norBNI dependent manner.  Interestingly, KOR activation in the dorsal raphe 

nucleus (DRN) or nucleus accumbens (NAC) have been shown to decrease 

extracellular 5-HT levels in each respective brain region, although whether this 

was a direct effect on 5-HT release, an indirect effect on glutamatergic afferents 

to the DRN, or an effect on SERT function was not determined (Tao and 

Auerbach, 2002). Although an acute 15 min FSS exposure causes dynorphin 

release and subsequent KOR activation, it is not sufficient to cause a norBNI-

sensitive decrease in immobility, potentiation of cocaine-CPP, or p38 MAPK 

activation (McLaughlin et al., 2003a; Bruchas et al., 2007a; Schindler et al., 

2010). Interestingly, A-FSS exposure had no effect on SERT function, raising the 
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possibility that increased SERT function is required for R-FSS mediated 

immobility and potentiation of cocaine-CPP.  Only one concentration of 5-HT 

(100 nM) was investigated following A-FSS exposure, thus it is possible that an 

acute stress could affect SERT function at higher 5-HT concentrations.  The 

effect of R-FSS on SERT function had recovered 24 hr following the final swim, a 

result that corresponds with a chronoamperometry study showing that 15 days of 

FSS has no effect on SERT function 24 hr following the final swim (Baganz et al., 

2010). 

SERT Km and Vmax can be modulated by numerous GPCRs such as the 

adenosine receptor (AR), the serotonin 1B receptor (5-HT1B), and the α2 

adrenergic receptor (α2-AR) in addition to PKC, PKG, and p38 MAPK (Steiner et 

al., 2008; Ramamoorthy et al., 2011).  Similar to the effects of AR agonist 

treatment and PKG activation, we show that R-FSS increased SERT Vmax 

without affecting Km, suggesting that repeated stress increases surface SERT 

expression.   

Increased Vmax could result from increased SERT synthesis or increased 

SERT surface expression.  Using a biotinylation approach, we found that while 

there was no change in total SERT, there was a norBNI dependent increase in 

surface SERT expression following R-FSS.  Like stress-induced KOR activation, 

stimulation of AR3, another GPCR, increases SERT surface expression (Zhu et 

al., 2004).  Zhu et al. (2004) determined that this AR3 mediated increase in SERT 

surface expression was due to an increase in SERT exocytosis and not a 

decrease in endocytosis of existing surface SERT.  Similar experiments will be 
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required to determine if stress-induced increase in surface SERT expression is 

due to increased exocytosis or decreased endocytosis of SERT.  

Like SERT, DAT can be modulated by stress exposure and numerous 

GPCRs and kinases (Ramamoorthy et al., 2011).  In the present study we found 

that R-FSS had no effect on DAT function.  Using RDEV, DAT Vmax was 

increased 5 days after repeated footshock exposure as compared to naive rats, 

although sham shock rats also had a similar increase in DAT Vmax, making 

interpretation of results difficult (Meiergerd et al., 1997). In the present study, the 

effects of A-FSS exposure or direct KOR activation on DAT function were not 

examined and thus it is still possible that stress/KOR activation may modulate 

DAT under other conditions. 

Recent studies have demonstrated a role for low-affinity, high-capacity 

transporters such as Oct and PMAT in the reuptake of monoamines (Daws, 

2009; Hagan et al., 2011).   In the present study we found that R-FSS did not 

regulate 5-HT or DA uptake by these low-affinity, high-capacity transporters. In 

both cases, the concentrations of 5-HT or DA were well below that required to 

saturate these low-affinity, high-capacity transporters and thus an effect of 

stress/KOR activation may be seen at higher concentrations of 5-HT or DA.  In 

this vein, Baganz et al. (2010) found an effect of 15 days of FSS on 5-HT uptake 

by Oct3, but only when the concentrations of 5-HT were in the micromolar range.  

Additionally, Hagan et al. (2011) found that the contribution of these low-affinity, 

high-capacity transporters increases as 5-HT concentration increases.  

Therefore, it will be important to investigate if these transporters are modulated 
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by KOR activation at concentrations of 5-HT or DA in the micromolar or millimolar 

range. 

There are 4 isoforms of p38 MAPK, p38α, β, δ, and γ, with p38α and β 

being expressed in neurons and glia (Zhang et al., 2007).  p38α knockout mice 

are embryonic lethal (Nishida et al., 2004), therefore to determine if p38α 

regulates swim stress-induced increases in SERT function, we used a conditional 

knockout approach. In the present study, p38αΔ/lox mice show normal R-FSS 

induced increases in SERT function and surface expression and p38αCKOePet 

mice do not. In RN46A serotonergic neuroblastoma cells, direct p38 MAPK 

activation decreases SERT Km but does not change Vmax, and the authors 

conclude that p38 MAPK does not regulate SERT surface expression (Zhu et al., 

2005).  Conversely, in rat midbrain synaptosomes, inhibition of p38 MAPK 

decreases SERT function, Vmax, and surface expression, and the authors 

conclude that p38 MAPK regulates SERT surface expression (Samuvel et al., 

2005).  In addition, Samuvel et al. (2005) find that p38 MAPK increases the 

phosphorylation state of SERT and it’s interaction with PP2a.  Thus, it will be 

important to determine if KOR-mediated R-FSS causes an increase in SERT 

phosphorylation and/or increased interaction with PP2a.  

GRK3 and p38 MAPK are required for KOR-mediated, R-FSS induced 

immobility and U50,488 CPA (Bruchas et al., 2007). Additionally, p38α MAPK in 

serotonergic neurons has been shown to mediate adverse stress responses 

(Bruchas et al., 2011). Here we demonstrated that stress-induced potentiation of 

cocaine-CPP was also GRK3 and p38α MAPK dependent. These data suggest 
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that the mechanisms underlying both the prodepressive and proaddicitve effects 

of stress are the same. The idea that stress exposure results is a dysphoric or 

aversive state that leads to potentiation of drug seeking and drug reinstatement 

has previously been suggested (Koob, 2008; Bruchas et al., 2010; Schindler et 

al., 2010).  

While SERT is expressed in multiple brain regions implicated in stress and 

drug addiction (Torres et al., 2003), we found that R-FSS only increased surface 

SERT expression in the ventral striatum. KOR activation in the DR or VS could 

mediate the increase in surface SERT seen following R-FSS because KOR 

receptors are expressed on the cell bodie of serotonergic DR neurons and on the 

afferent nerve terminals projecting to the VS (Tao and Auerbach, 2002; Land et 

al., 2009a). Previous studies from the lab have demonstrated that KOR receptors 

on terminals of DR neurons projecting to the NAc are required for KOR-mediated 

aversion (Land et al., 2009a). Using microinjections of the KOR antagonist 

norBNI, here we determined that the local KOR receptors in the VS mediated the 

stress-induced increase in surface SERT expression seen in the VS, raising the 

possibility that increased SERT surface expression in this brain region may 

underlie stress-induced behaviors.  Likewise, KOR activation in the NAc has 

previously been shown to produce CPA (Bals-Kubik et al., 1993).  

R-FSS increases dynorphin immonreactivity in the NAc (Shirayama et al., 

2004). cAMP response element-binding protein (CREB) within the NAc is 

increased in response to stress and positively regulates dynorphin gene 

expression in that brain region (Carlezon et al., 1998; Pliakas et al., 2001). 
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Overexpression of CREB within the NAc produces prodepressive effects, and 

this is blocked by the KOR antagonist norBNI, suggesting that CREB-induced 

expression of dynorphin mediates the prodepressive effects seen (Carlezon et 

al., 1998; Pliakas et al., 2001). Ultrastructural localization studies have 

demonstrated that dynorphin islocalized in GABAergic D1 type medium spiny 

neuron dendrites and terminals, and dynorphin expressing terminals appose 

KOR containing terminals within the NAc (Svingos et al., 1999; Ma et al., 2003; 

Hara et al., 2006). Thus, stress-induced, CREB-mediated, local release of 

dynorphin from MSNs may lead to activation of KORs expressed on DR afferents 

to the NAc, leading to increased serotonin uptake and a hyopserotonergic tone 

within the VS.  

Extracellular serotonin levels are thought to regulate mood and anhedonia 

(Coppen and Doogan, 1988; Haenisch and Bonisch, 2011), and increased SERT 

function has been shown to increase behavioral despair in mice (Zhu et al., 

2010). Here we demonstrated that KOR-mediated aversion is absent in SERT 

KO mice, demonstrating an integral role for SERT in this behavior. Additionally, 

5-HT depletion has been shown to increase cocaine-seeking (Walsh and 

Cunningham, 1997). Taken together, it is thus possible that stress-induced 

behaviors result from a KOR-mediated increase in SERT function and surface 

expression, resulting in decreased extracellular 5-HT in the ventral striatum. 

Further studies are required to elucidate the downstream effects of a stress-

induced hyposerotonergic state in the ventral striatum. 
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In conclusion, the present study demonstrates that repeated but not acute 

swim stress increases SERT function and ventral striatum surface expression 

through a KOR and p38α MAPK dependent manner, and implicates this 

molecular process in stress-induced behaviors such as immobility, aversion, and 

addiction risk. Additionally this study raises the possibility that KOR antagonists 

can be protective against harmful stress exposure, and further implicates the 

kappa receptor in the negative aspects of the stress response. 
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Chapter 5. 

Perspectives and Conclusions 

 

One principal finding of the research presented in this dissertation 

demonstrates that stress-induced aversion and stress-induced potentiation of 

cocaine conditioned place preference are mediated by the same signal 

transduction pathways, namely KOR, GRK3, and p38α MAPK. These results 

support the hypothesis that stress-induced potentiation of cocaine-CPP arises as 

a result of the aversive component of stress exposure. Furthermore, the 

presented research strongly suggests that at least some of the maladaptive 

responses to stress exposure (e.g. aversion and potentiation of drug reward) are 

mediated by an increased surface expression of the serotonin transporter on 

serotonergic afferents to the nucleus accumbens, which results in a 

hyposerotonergic state in this brain region. 

 Drug addiction is increasingly thought to be driven by both positive and 

negative reinforcers. The rewarding and euphorigenic properties of drugs of 

abuse act as positive reinforcers during the initial stages of drug intake. With 

prolonged drug use, the so called “dark side” of addiction, the negative 

reinforcers, takes over (Koob and Le Moal, 2005). During separation from and 

withdrawal to the drug of abuse there is an aversive emotional state that 

potentially drives subsequent drug use. The animal is now driven by this negative 

emotional state to consume drug in order to return to a baseline hedonic state, 

and this cycle is thought to, at least in part, drive drug addiction (Koob and Le 
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Moal, 2005; Koob, 2008). This “anti-reward” system is thought to limit reward in a 

type of opponent process or homeostasis method. This concept can also be 

applied to stress/KOR-induced potentiation of drug reward and reinstatement, as 

we hypothesize that it is the aversive component of stress/KOR activation that 

drives the increased or renewed drug seeking.   

Withdrawal from drugs of abuse can be considered stressful (Koob and Le 

Moal, 2005) as withdrawal from drugs such as cocaine, nicotine, alcohol, and 

opiates can produce conditioned place aversion and deficits in brain reward 

function (Myers and Carlezon; Shram et al., 2008; Chester and Coon, 2010).  

Additionally, withdrawal from drugs of abuse activates the dynorphin/KOR 

system (Kenny and Markou, 2001; Awtry and Werling, 2003; Koob and Le Moal, 

2005; Jackson et al., 2010). Specifically, pretreatment with the kappa antagonist 

norBNI attenuated the cocaine withdrawal-induced increase in intracranial self-

stimulation (ICSS) thresholds, suggesting that KOR mediates this withdrawal 

induced aversive state (Chartoff et al., 2012).  Likewise, mRNA levels of 

prodynorphin are increased during cocaine or nicotine withdrawal, and KOR 

antagonists can alleviate somatic symptoms of nicotine withdrawal, implicating 

KOR in these behaviors (Turchan et al., 1998; Isola et al., 2008, 2009; Jackson 

et al., 2010). Furthermore, stress-induced kappa activation mediates swim stress 

immobility and produces CPA and a decrease in brain reward function as 

measured by ICSS thresholds (Shippenberg and Herz, 1986; Bals-Kubik et al., 

1993; McLaughlin et al., 2003a; Carlezon et al., 2006; Tomasiewicz et al., 2008). 

Thus, regulation of this “anti-reward” system is hypothesized to be mediated by 
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the dynorphin/KOR system (Koob and Le Moal, 2005; Koob, 2008), among other 

transmitter systems. If drug addiction is at least in part driven by this “anti-

reward” system, understanding the underlying mechanisms of kappa-mediated 

aversion becomes an important step in elucidating the pathogenesis of drug 

abuse and stress-induced potentiation and reinstatement. A second important 

step would then be to compare the mechanisms underlying aversion with those 

underlying stress-induced drug seeking in order to determine if a common 

pathway is used. 

Although a role for dopamine in aversion and depression has long been 

suggested (Nestler and Carlezon, 2006), the role of serotonin in kappa-mediated 

aversion is a new concept that has been gaining momentum in the past years. 

Numerous studies and reviews have focused on the role of VTA dopamine 

neurons and subsequent NAc dopamine levels in kappa-mediated aversion. 

Kappa receptors are located on the cell bodies of VTA neurons, on their synaptic 

terminal projections to the NAc, as well as on D1-type NAc neurons (Mansour et 

al., 1987; Mansour et al., 1996; Svingos et al., 1999; Ma et al., 2003). Direct 

kappa agonist administration into the VTA decreases VTA cell firing (Margolis et 

al., 2003) and is sufficient for kappa-mediated CPA (Bals-Kubik et al., 1993), but 

surprisingly does not decrease dopamine in the NAc (Margolis et al., 2006). 

Conversely, direct kappa agonist administration into the NAc is sufficient for 

kappa-mediated CPA and does decrease NAc dopamine levels, and effect 

thought to be mediated by presynaptic inhibition of release (Spanagel et al., 

1992; Bals-Kubik et al., 1993). Furthermore, 6-hydroxydopamine lesions of 
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dopamine neurons or D1 antagonism block kappa-mediated CPA (Shippenberg 

and Herz, 1988; Shippenberg et al., 1993), suggesting that dopamine is required.  

In opposition to the above data, the kappa agonist U50,488 causes CPA 

in dopamine deficient mice, with a trend towards being slightly greater than in 

wildtype littermates (Land et al., 2009a), demonstrating that dopamine is not 

required for CPA. In the same study kappa receptors on NAc terminals from the 

serotonergic dorsal raphe are required for CPA, implicating the serotonergic 

system in kappa-mediated aversion. Like dopamine, kappa agonist 

administration into the NAc decreases local serotonin levels (Tao and Auerbach, 

2002), but whether this is a direct effect on release or an effect on transporter 

function was not investigated. Results from the present thesis demonstrate that 

stress-induced kappa activation leads to an increase in the surface expression of 

the serotonin transporter specifically in the ventral striatum, which would then 

result in a hyposerotonergic tone in that brain region. Supporting a role for 

serotonin, the results of this thesis also demonstrate that SERT expression is 

required for kappa-mediated aversion. Combined with the fact that kappa 

agonists into the VTA produce CPA but do not decrease NAc dopamine levels, 

the above data suggests that other neurotransmitters, such as serotonin, may be 

mediating this effect.  

The role for p38 MAPK in stress/KOR-induced behaviors was first 

suggested in 2007 (Bruchas et al., 2007a). Intracerebroventricular administration 

of a p38 MAPK inhibitor blocks stress-induced immobility and kappa-mediated 

CPA (Bruchas et al., 2007a). p38 MAPK has long been implicated in cellular 
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stress systems such as osmotic shock and apoptosis (Raman et al., 2007; 

Coulthard et al., 2009), but the 2007 study was the first to describe a role for p38 

MAPK in behavioral stress responses. Bruchas et al. (2011) later demonstrated 

that it is specifically p38α MAPK in serotonergic neurons that are required for the 

maladaptive responses to stress exposure, implicating this transmitter system in 

aversion and stress-induced drug seeking.  

A major goal of my thesis was thus to discover the mechanisms by which 

p38 MAPK mediates these behaviors. A clue came from work conducted by Dr. 

Randy Blakely’s laboratory. His group has demonstrated that p38 MAPK 

upregulates the serotonin transporter and leads to behavioral despair (Zhu et al., 

2004; Zhu et al., 2005; Steiner et al., 2008; Zhu et al., 2010). Early reports using 

[3H]5-HT uptake in and cell surface biotinylation of rat basophilic leukemia 2H3 

(RBL-2H3) cells demonstrated that p38 MAPK mediates the increased intrinsic 

activity of SERT seen following adenosine receptor stimulation, but does not 

mediate the increased surface expression (Zhu et al., 2004). A follow-up study 

demonstrated that in RNA6A and RBL-2H3 cells, direct p38 MAPK activation by 

anisomycin increased [3H]5-HT uptake by SERT, by decreasing the Km of SERT, 

but did not change cell surface expression (Zhu et al., 2005).  They also found 

that anisomycin increased the phosphorylation state of SERT and its interaction 

with protein phosphatase 2A (PP2A) (Zhu et al., 2005). Conversely, an early 

report from Dr. Sammanda Ramamoorthy’s group using [3H]5-HT uptake in and 

cell surface biotinylation of rat midbrain synaptosomes demonstrated that p38 

MAPK inhibition decreases SERT uptake rates and surface expression (Samuvel 
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et al., 2005). This study also demonstrated that p38 MAPK inhibition decreased 

the phosphorylation of SERT and SERT’s interactions with syntaxin 1A and 

PP2A (Samuvel et al., 2005). The conflicting results regarding whether p38 

MAPK affects SERT surface expression may be explained by the different cell 

types and preparations used, and Samuvel et al. (2005) never demonstrated that 

direct p38 MAPK activation leads to an increase in SERT surface expression. 

Importantly, no studies thus far have looked at the effects of stress or KOR 

induced activation of p38 MAPK on SERT function and surface expression. 

In contrast to the above studies, I used rotating disk electrode voltammetry 

(RDEV) and mouse whole brain synaptosomes in order to investigate the effects 

of stress-induced KOR activation on SERT function. RDEV is an electrochemical 

technique used to measure neurotransmitter uptake kinetics (Earles and Schenk, 

1998; Schenk et al., 2005; Hagan et al., 2010).  A potential sufficient to oxidize 

an electroactive neurotransmitter is applied to the synaptosome solution. When 

the neurotransmitter is added, a small proportion of substrate transfers electrons 

to the electrode surface, producing a highly temporally resolved detection current 

proportional to the concentration of extra-synaptosomal 5-HT or DA.  RDEV can 

be used to measure uptake kinetics for DAT, NET, SERT, and low-affinity, high-

capacity transporter systems (Burnette et al., 1996; Earles et al., 1998; Schenk et 

al., 2005; Hagan et al., 2010; Hagan et al., 2011). We chose RDEV over the 

more traditional methods because RDEV offers subsecond, kinetically resolved, 

real time data that allows for increased sensitivity as compared to radiolabled 5-

HT uptake techniques (not real time and appreciable loss of signal due to 



	
   122	
  

filtration) and overcomes diffusion issues commonly associated with 

chronoamperometry (Hagan et al., 2010).  Additionally, RDEV allows for the 

isolation of specific uptake mechanisms, a parameter not possible with 

chronoamperometry (Hagan et al., 2010). One drawback of RDEV when using 

synaptosomes is that a large amount of protein is required for each sample, thus 

I was only able to use whole brain synaptosomes.  

Using RDEV I determined that both multiple forms of stress or direct KOR 

activation by agonist treatment increases the rate of 5-HT uptake by SERT. I also 

found that the increase was dependent on GRK3 and p38 MAPK. The increase 

in uptake rate was a function of increased Vmax for SERT while there was no 

change in Km. These results are consistent with those seen by Samuvel et al. 

(2005). Again, the lack of correspondence to the results obtained from Blakely’s 

group may be due to the cell types used in those studies (RBL-2H3 cells vs. 

synaptosomes). Additionally, those studies treated the cells directly with agonists 

and/or antagonists, while my studies involved stress exposure or agonist 

treatment prior to decapitation and synaptosomal preparation, thus a more intact 

system may be required.  

To further investigate the effects of stress-induced KOR activation on 

SERT function, I used a cell-impermeant biotinylation approach to isolate cell 

surface proteins, similar to the methods used by both Blakely and 

Ramamoorthy’s groups. Supporting the RDEV data, I found that repeated stress 

or direct KOR activation increases the surface expression of SERT, and this 

effect was GRK3 and p38 MAPK mediated. Unlike RDEV, I was also able to 
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make brain region specific synaptosomes to be used for biotinylation. As KOR is 

expressed in multiple brain regions, we were surprised to discover that repeated 

stress only increased SERT surface expression in the ventral striatum and not in 

any of the other brain regions tested.  

The serotonergic dorsal raphe sends dense projections to both the core 

and the shell of the nucleus accumbens, with greater projections to the shell (Van 

Bockstaele and Pickel, 1993; Van Bockstaele et al., 1996). KOR expression on 

the presynaptic terminals of serotonergic afferents to the NAc is sufficient for 

kappa-mediated CPA (Land et al., 2009a), but how KOR activation on these 

neurons mediates the CPA was not elucidated. Likewise, KOR agonists 

administered directly into the NAc decrease extracellular 5-HT levels in the NAc 

(Tao and Auerbach, 2002), but again no mechanism was determined. For both of 

these studies, KOR activation could be affecting the release of 5-HT through 

regulation of ion channel conductance. KOR activation could also be affecting 

transporter function. Finally, KOR activation could be affecting the function of 

serotonergic autoreceptors that are also located on the presynaptic terminals. 

The results from the current thesis, while not ruling out an effect on ion channels 

or autoreceptors, suggest that KOR activation on these presynaptic terminals 

functions to increase the surface expression of SERT, leading to a decrease in 

extracellular 5-HT levels following repeated stress exposure.  

Both increases and decreases in serotonergic tone within the NAc have 

previously been linked to stress and various neuropsychiatric diseases. 

Withdrawal from chronic cocaine, an aversive event, leads to a decrease of 
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serotonin in the NAc (Parsons et al., 1995), supporting the hypothesis that 

aversion arises at least in part through decreased NAc serotonin. Serotonin 

depletion in the NAc impaired the acquisition of responding on the differential 

reinforcement of low-rate schedule task (a measure of impulsivity) (Fletcher et 

al., 2009). Both seven days and three weeks of unavoidable stress lead to a 

decrease in cocaine-induced accumulation of serotonin in both the NAc and the 

medial prefrontal cortex, potentially demonstrating stress-induced deficits in 

reward function (Mangiavacchi et al., 2001). Olfactory bulbectomized rats, a 

rodent model of depression, are hyposerotonergic in the NAc and display a 

blunted serotonergic response to stress exposure (Connor et al., 1999a). Wistar-

Kyoto rats, a rodent model hyperresponsive to stress, demonstrate decreased 

serotonergic responsivity in the NAc (De La Garza and Mahoney, 2004), and the 

Finders Sensitive Line, a genetic model of depression, have decreased serotonin 

turnover (5-HIAA/5-HT) in the NAc as compared to Sprague-Dawley control rats 

(Zangen et al., 1997).  

Conversely, air puff stress, a mild stressor, resulted in an increase in 5-

hydroxindole-3-acetic acid (5-HIAA), a serotonin metabolite, within the NAc 

(Merali et al., 1997), and acute restraint stress rapidly increases 5-HIAA 

microdialysis levels within the NAc of male rats (Fleckenstein et al., 1994). 

Inescapable footshock also increased NAc 5-HT efflux in Sprague-Dawley rats 

(Bland et al., 2003). Thirty minutes of forced swim stress caused a prolonged 

elevation in NAc serotonin levels as measured by microdialysis (Kirby et al., 

1995), but one 15 minute swim followed 24 hours later by one 5 minute swim 
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resulted in no change to NAc serotonin levels (Kirby and Lucki, 1997). The mixed 

results are potentially due to differences in measurement technique used, 

species/strain differences, and most importantly, the type and timing of the stress 

exposure. 

Importantly, the pattern of KOR activation used during CPA training (2.5 

mg/kg, x2 days, sacrifice 30 min post injection) or that used during potentiation of 

cocaine-CPP (5 mg/kg, 1 hour prior to sacrifice) both resulted in increased SERT 

surface expression and 5-HT uptake, suggesting signal transduction 

commonality between KOR-mediated aversion and potentiation of drug reward, 

again supporting our hypothesis that stress-induced potentiation of drug reward 

and reinstatement is a result of the aversive component of stress. Additionally, 

the results of this thesis do not rule out a role for dopamine in stress-induced 

disorders. There is a large body of literature addressing the interactions between 

serotonin and dopamine (Di Giovanni et al., 2010), NAc dopamine levels 

decrease during swim stress exposure  (Rossetti et al., 1993), and D1 

antagonists produce CPA (Shippenberg and Herz, 1988). Depending on 

stimulation of serotonin receptor subtype, serotonin can have a negative or 

positive affect on NAc GABAergic neurons and subsequent dopamine release in 

the NAc (Shirayama and Chaki, 2006), with effects occurring on both 

postsynaptic receptors on NAc neurons and on presynaptic receptors of afferents 

to the NAc. It is generally thought that stimulation of NAc 5-HT receptors type 1a, 

1b, 2a, 3, and 4 facilitate and receptors type 2c inhibit dopamine function and 

release in the NAc (Shirayama and Chaki, 2006; Di Giovanni et al., 2010). 
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Serotonin applied directly to the NAc results in an increase in extracellular 

dopamine levels in the NAc as measured by microdialysis (Parsons and Justice, 

1993). One proposed mechanism for how serotonin causes an increase in NAc 

dopamine is through regulation of acetylcholine (ACh) levels. ACh in the NAc 

opposes the action of dopamine in this brain region (an effect of M1 receptors on 

GABAergic MSNs), and serotonin inhibits acetylcholine (ACh) release in the NAc 

(an effect of 5-HT 1a receptors) (Rada et al., 1993; Chau et al., 2011). Thus, 

serotonin may be facilitating dopamine release in the NAc by inhibiting ACh 

release and thus decreasing the activation of M1 receptors on MSNs. A 

hyposerotonergic tone as a result of stress exposure may then result in 

decreased NAc dopamine because serotonin is no longer working to limit ACh 

release into the NAc. In support of this hypothesis, NAc ACh is increased 

following swim stress exposure (Rada et al., 2006), M1 antagonists administered 

directly into the NAc produces antidepressant like effects (Chau et al., 2001), and 

fluoxetine, a SSRI, infused into the NAc decreases ACh and increases active 

coping behavior in the forced swim test (Chau et al., 2011). Drugs that 

antagonize 5-HT 2c and activate 5-HT 3 receptors, both which would result in 

increased NAc dopamine release, have also been proposed as potential 

antidepressants (Di Giovanni et al., 2010). The lack of receptor subtype specific 

pharmacological tools has limited the conclusions that can be drawn from these 

studies. Further studies are required to elucidate which of the serotonin 

receptor(s) located in the NAc, and the afferents or efferents they regulate, 

mediate the adverse effects of stress exposure. 
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One of the major assumptions we are making in this thesis is that the 

increase in surface expression of SERT seen following stress actually results in a 

hyposerotonergic tone within the NAc. An important study will be to examine the 

effects of our two-day swim stress protocol on extracellular serotonin levels 

within the NAc, both before, during, and after stress exposure, using 

microdialysis procedures. Other useful experiments would be examining the 

effects of stress and/or KOR activation on NAc microcircuitry using fast scan 

cyclic voltammetry (FSCV) and a slice preparation. Ultimately, in vivo FSCV is 

desired, but because of the difficulties of in vivo FSCV for serotonin and the 

much larger dopamine signal seen in the NAc, advances in technique may be 

required before such experiments can be conducted.  

While the current thesis advances knowledge regarding stress, the 

dynorphin/KOR system, and drug abuse, many unanswered questions still 

remain. For example, experiments are required to determine the signal 

transduction pathway(s) between KOR/GKR3/arrestin and p38 MAPK activation. 

Like all MAPKs, p38 MAPK requires dual phosphorylation of its activation loop in 

order to become activated, and this occurs in a kinase activation cascade 

(MAPKKK activates MAPKK which then activates the MAPK), with scaffolding 

and anchoring proteins organizing and regulating these cascades (Garrington 

and Johnson, 1999). In addition to activation by this kinase cascade, p38 MAPK 

can autophosphorylate (Kang et al., 2006). Determining the kinase cascade 

activated following stress-induced KOR activation may lead to additional novel 

drug targets for the inhibition of p38 MAPK. A similar unanswered question is 
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how p38 MAPK activation leads to subsequent regulation of the serotonin 

transporter. SERT has been shown to interact with a variety of associated 

proteins such as PP2A, syntaxin 1A, and Hic-5 (Steiner et al., 2008), and it has 

been suggested that p38 MAPK regulates SERT indirectly through PP2A 

(Samuvel et al., 2005; Zhu et al., 2005). Whether stress-induced p38 MAPK 

regulation of SERT is through direct interaction or through one of these 

associated proteins will need to be investigated and again may lead to novel drug 

targets for stress, depression, and drug abuse. Finally, the larger question of how 

does regulation of serotonin levels within the NAc fit into the multitude of data 

demonstrating that numerous brain regions, neurotransmitters, and signal 

transduction pathways contribute to the adverse consequences of stress 

exposure needs to begin to be addressed. A decrease in serotonin within the 

NAc is sure to be just one aspect of a wide variety of events occurring during and 

following stress exposure, and understanding how these events are orchestrated 

and organized will be a very important step in elucidating a common pathway 

between stress exposure and neuropsychiatric disorders such as depression and 

drug addiction.  

One ultimate goal of this research is to elucidate novel drug targets in 

order to better develop therapeutics for people dealing with repeated stressful life 

events who also have a history of drug abuse and/or depression. Both drug 

addiction and depression are chronically relapsing diseases and stress is a 

common relapse trigger. Developing a drug to block the effects of stress on drug 

or mood disorder relapse would be highly beneficial for patients who have 
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recently gone through successful rehabilitation. Although SSRIs and other similar 

antidepressant treatments are successful for some patients, there is a large 

population of treatment-resistant people, and there is currently no approved 

pharmacological treatment for drug addiction. SSRIs increase serotonin levels in 

all brain regions where SERT is expressed. By targeting the dynorphin/KOR 

system and thus only blocking the regulation of SERT by stress exposure, we 

may be able to better target pharmacological interventions. The KOR antagonist 

JDTic is currently in clinical trials and it will be interesting to see the results from 

these and future studies.  

In conclusion, stress-induced activation of the dynorphin/KOR system is 

increasingly being examined as a potential therapeutic target for the treatment of 

stress-induced disorders such as depression and drug addiction and relapse. 

The current thesis advances the dynophin/KOR body of knowledge and has 

suggested that stress-induced aversion mediates potentiation of drug reward, 

and that the adverse consequences of stress exposure is at least in part through 

regulation of SERT, and thus extracellular serotonin levels, within the nucleus 

accumbens. Additional work is required to expand upon these results, but future 

projects in the Chavkin laboratory will hopefully build upon the current thesis in 

order to further our understanding of the adverse consequences of stress and 

elucidate new and different therapeutic targets for neuropsychiatric diseases.  
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