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ABSTRACT 

 It has been well established that there is a great deal of individual 

variability in the response to drugs of abuse as well as to stressful life events. The 

overall aim of this dissertation is to simply ask what are the neurobiological mechanisms 

that may make some individuals more to prone to succumb to addictive properties of 

drugs of abuse, and how may stressful life events alter susceptibility? In humans, the 

personality trait of sensation seeking has been highly correlated to “risky” behaviors 

including drug taking. In rats, there exists an animal model of sensation seeking in 

which a population of outbred rats can be termed High Responders (HR), or Low 

Responders (LR), based on their exploration of a novel environment. Past research has 

demonstrated that this model has predictive validity in that HR animals are more likely 

to become behaviorally sensitized to, and self-administer drugs of abuse than LR rats. 

In the first aim of this dissertation we ask what changes in gene expression within 

the mesolimbic circuitry may occur as a result of behavioral sensitization. In this study, 

adult Sprague-Dawley rats were injected daily with amphetamine (1mg/kg, i.p.) or saline 

for 9 days followed by a challenge injection seven days later. Our results showed that 

HR rats, but not LR rats, developed behavioral sensitization to the locomotor activating 

effects of amphetamine. Furthermore, only HR rats pretreated with amphetamine 

exhibited an increase in dopamine transporter mRNA in the ventral tegmental area 

(VTA) and substantia nigra (SN). These results demonstrate the existence of individual 

differences in behavioral sensitization to amphetamine and suggest that the dopamine 

transporter may be a critical factor in the development and expression of behavioral 

sensitization to the locomotor activating effects of amphetamine.  

In the second aim of this dissertation, we sought to examine in the context of 

individual differences, if exposure to repeated psychosocial stress, social defeat in 

particular, would alter the locomotor stimulating effects of an acute injection (0.5, 1.0, 

and 1.5 mg/kg i.p.) of amphetamine. In an effort to understand what mechanisms 

underlie stress-induced sensitization to amphetamine, we examined long-term changes 

in striatal gene expression of the D1 and D2 receptors, as well as TH and DAT 

expression in the VTA and SN. Additionally, we examined if repeated social defeat 

stress led to an increase in corticosterone release in response to an acute injection of 

 xi



 xii

amphetamine. Finally, we investigated if repeated social defeat was associated with 

changes in dendritic spine density in the hippocampus, prefrontal cortex and nucleus 

accumbens of rats that exhibit stress-induced sensitization. Following repeated social 

defeat, LR rats and HR rats were behaviorally identical in response to acute injections 

of amphetamine. Furthermore, HR non-defeated rats had less D2 mRNA expression in 

the nucleus accumbens core and dorsal striatum than did LR non-defeated rats. 

However, after repeated social defeat, HR and LR rats had identical D2 mRNA 

expression in both the core and dorsal striatum. Additionally, we have shown that in 

comparison to non-defeated rats, there is an enhancement of corticosterone release in 

LR defeated but not HR defeated rats in response to an amphetamine injection. Finally, 

there were no changes in TH, D1 and DAT expression in any of the areas examined nor 

did social defeat stress induce a change in dendritic spine density in any of the brain 

areas examined in LR rats.  

One fascinating aspect of sensation seeking in humans is that despite similar 

hormonal responses during risk taking behaviors, these individuals report a lower level 

of anxiety in these situations when compared to non-sensation seekers. Interestingly, in 

rats, it has been demonstrated that some individuals will find the “stress” hormone, 

corticosterone, reinforcing. Specifically, it has been demonstrated that HR rats will self 

administer corticosterone at levels that mimic circulating plasma levels of corticosterone 

observed during mildly stressful events. Furthermore, in humans, chronic use of 

glucocorticoids has been reported to have euphoric effects in some individuals, but 

aversive effects in others.  As such, in the final aim of this work, we asked if 

corticosterone itself has intrinsic rewarding properties. For these experiments we used a 

well established model of reward, termed conditioned place preference (CPP), in which 

a context is associated with the repeated pairing of a drug and subsequently tested to 

see if the chamber becomes preferred over the non-drug paired chamber. Here we 

report that corticosterone is not rewarding, nor is it aversive to rats. Furthermore, 

despite the reinforcing effects of corticosterone in HR rats, we observed no individual 

differences in the rewarding aspects of corticosterone. 

 

 



1. INTRODUCTION 
 

The mesolimbic dopamine circuitry has been widely implicated in the rewarding, 

reinforcing, and motivational aspects of a variety of stimuli. Perhaps the most powerful 

of these stimuli are drugs of abuse, which appear to take over the brain’s dopaminergic 

“reward pathway” and can eventually become the primary motivator for addicted 

individuals, dominating over natural rewards, such as food and sex.  Commonly abused 

substances, such as cocaine, morphine, and amphetamine, can drastically alter the 

mesolimbic dopaminergic circuitry in the brain and have been used to investigate the 

neurobiological basis of the dopaminergic system, as well as its effect on behavioral 

changes observed upon addiction to these drugs of abuse. As investigators of drug 

addiction are aware, the critical importance of the dopaminergic system in this problem 

is further complicated by the remarkable amount of information that suggests the 

presence of many other systems that can either modulate or directly affect its output. 

One important system that can both modulate the brain’s dopaminergic output and 

influence an animal’s behavior following exposure to drugs of abuse is the 

Hypothalamic–Pituitary-Adrenal (HPA) axis, which is frequently referred to as the stress 

response system; this definition, however, is certainly not inclusive of the many 

functions that this system performs in addition to modulating stress responses. 

The purpose of this dissertation is to describe these two systems, the interactions 

between them, and to investigate the neurobiological and behavioral mechanisms of 

underlying aspects of addictive behaviors. In addition, we examine factors that may 

allow some individuals to become more susceptible to the deleterious effects of drugs of 

abuse. The overall aim of these works is to examine why some individuals may be more 

prone to the deleterious effects of both stress and drugs of abuse 
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2. MESOLIMIBIC DOPAMINE CIRCUITRY 

 The striatum 

Figure 1 Schematic of the mesolimbic dopaminergic 

circuitry: adapted from (A)Pierce and Kumaresan 

(2006) (B) Pierce and Kalivas (1997) 

Drugs of abuse are thought to exert their effects through modulation of the 

mesolimbic dopamine circuitry (MLCD). In 

addiction research, a large portion of the 

literature has focused on projections from 

dopaminergic cell bodies in the ventral 

tegmental area (VTA) and substantia nigra 

(SN), which innervate the striatum (both 

dorsal and ventral). However, it is critical to 

consider that the emotional, contextual and 

affective information that is encoded about 

drugs of abuse are in part mediated through 

a more complex circuitry of limbic nuclei, 

including the amygdala, hippocampus and 

medial prefrontal cortex (mPFC). All these 

regions send major glutamatergic (excitatory) 

projections, which converge along with the 

dopaminergic inputs on targets in the 

striatum.  The output of the striatum through 

the ventral pallidum sends projections to the 

SN, VTA, and the thalamus (ventral lateral, 

ventral anterior and medial dorsal nuclei), 

which then closes the loop with afferents back 

to the prefrontal cortex. The circuitry above 

has been shown to be of critical importance 

in mediating various aspects of drug addiction (Pierce and Kalivas 1997a; Nestler and 

Aghajanian 1997). The focus of the research and review presented here will emphasize 

the projections of the midbrain dopaminergic neurons to the striatum, which is 

considered the main input of the basal ganglia. 

A 

Dorsal striatum 

SN 

B
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The striatum, so named for its striated or streaked appearance, is part of the 

larger basal ganglia circuitry, reviewed by Gerfen (1992), which receives input from 

nearly all cortical areas, including limbic-related areas as stated above (Gerfen 1992). 

The vast majority of cortico-striatal 

synapses project onto medium spiny 

neurons (MSNs), which account for 90-95% 

of the striatal neuron population (Graveland 

and Difiglia 1985). As the name suggests, 

these neurons have medium-sized cell 

bodies with radiating branched dendrites 

that are densely packed with spines on 

which cortical, thalamic, and midbrain  

projections make synaptic contact (Wilson 

and Groves 1980; Kemp and Powell 1971). 

In addition to MSNs, the remaining ~10% of 

the neuronal population of the striatum is comprised of local intrinsic neurons whose 

axons do not exit the striatum. These interneurons have been reported to have a 

profound role in both the functional, as well as the structural, organ

Figure 2: Golgi impregnation  of a medium spiny 

neuron.  From Li, Kolb and Robinson, (2003) 

ization of the 

striatum (reviewed in Gerfen 1992).  

While the mostly glutamatergic (excitatory) inputs from cortical fibers synapse 

onto the heads of the spines  of MSNs (Bouyer et al., 1984; Somogyi et al., 1981), a 

vast majority of the dopaminergic projections originating from the midbrain synapse onto 

the necks of these spines (Bouyer et al., 1984). This arrangement of synaptic 

architecture is suggestive of a modulatory role of dopamine in regulating glutamatergic 

inputs,  though it should be noted that this convergent synaptic contact appears to be 

region- (i.e., ventral striatum versus dorsal striatum) and species-specific (Sesack et al., 

2003).  Additionally, nearly all (85-87%) of these output neurons of the striatum appear 

to express the biochemical marker for glutamic acid decarboxylase (GAD), a key 

enzyme in the production of  gamma-aminobutyric acid (GABA), which is the major 

inhibitory neurotransmitter in the central nervous system. The high expression of GAD  
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sugges

daries 

betwee

ts that GABA is the primary neurotransmitter used by the output pathways of 

these neurons (Kita and Kitai 1988).   

Thus far, the discussion of the striatum has implied a homogeneous structure 

which is comprised of MSNs and a few local interneurons.  In reality, however, the 

striatum is a complex structure comprised of many divisions and subdivisions. These 

delineations are thought to be anatomically, histochemically, and of course, functionally 

critical. The most global distinction is that of the dorsal and ventral striatum. The ventral 

striatum, or  nucleus accumbens (NAc), has been referred to as the “interface”  between 

motivation and action (Mogenson et al., 1980). This observation was based somewhat 

on the evidence of strong projections from limbic areas, including the prefrontal cortex 

(PFC) and amygdala, to the NAc. The NAc itself is not a homogeneous structure, but 

instead is further comprised of the ventrally located shell and the more dorsal-like core 

nucleus. The subdivisions of the nucleus accumbens are not only anatomically distinct, 

but also differ histochemically. In comparison to the core, the NAc shell shows 

increased immunohistochemical staining for substance P and dopamine receptor 3 (D3) 

expression (Le Moine and Bloch 1996). In contrast, the NAc core has a higher 

expression of the endogenous opioid enkephalin and the dopamine transporter (DAT), 

as well as higher expression of the GABAa receptor (Zahm 1999). These distinct nuclei 

are also thought to embody different roles in addictive behaviors. For example, the NAc 

shell, with its strong anatomical connectivity with limbic structures, including the 

hypothalamus and medial dorsal thalamus, has often been implicated in the processing 

of motivationally significant information, such as the hedonic properties of drugs of 

abuse (Zahm 2000; Ghitza et al., 2004; Berns et al., 2001; Zahm and Brog 1992). In 

comparison, the NAc core has stronger connectivity with motor control centers, such as 

the VA/VL nuclei of the thalamus, and because of these connections, is thought to be 

implicated in the execution of drug-seeking behavior (Nicola 2007). While this 

compartmentalization is true in the rostral NAc, the relationship  and boun

n the two areas is a bit more complicated along the caudal extent of the striatum, 

leaving what has been referred to as a “transitional zone” (Zahm and Brog 1992). 

The dorsal striatum, like the ventral striatum, is comprised of MSNs that establish 

either the striosomal “patch” compartment or the surrounding “matrix.” The patch 
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compartments are histochemically identified by high μ-opioid receptor and low 

acetylcholinesterase levels (Graybiel and Ragsdale 1978), while the matrix is visualized 

by staining for calbindin and somatostatin fibers (Seifert et al., 1998). In addition to the 

distinct histochemical expression, the patch-matrix divisions are thought to diverge in 

their anatomical connectivity, which may denote differences in the functions of these 

two compartments. For example, the patch compartments receive a large innervation 

from limbic corticies, in comparison to the more sensory-motor inputs within the 

surrounding  matrix (Groves 1998). In comparison to the ventral striatum, there has 

been considerably less in the way of examination of the dorsal striatum in motivated 

behaviors and specifically in drug addiction. Indeed, once considered a motor center, 

the dorsal striatum is perhaps now recognized as playing a wider role in the brain's 

decision-making processes (Wickens et al., 2007), such as in the maintenance of  

stimulus-response habits,  which have been shown to  be critical for addictive behaviors 

(Hyman et al., 2006). Additionally,  the dorsal medial striatum appears crucial for 

instrumental learning (Yin et al., 2005b), as well as goal-oriented action (Yin et al., 

2005a). Recent data suggests that the dorsal striatum is far more than just a motor 

control structure, but instead may direct selection of reward-seeking actions in response 

to stimuli that may predict reinforcement (reviewed in Nicola 2007).  For instance, upon 

presentation of cues that predict reward, activity of the midbrain dopaminergic neurons 

projecting to the dorsal striatum increase their firing rate and this increase is directly 

proportional to the value of the reward, as firing tends to be greater when as the value 

of the reward increases (Tobler et al., 2005).  While much of the work in addictive 

behaviors has focused on the role of the ventral striatum, it has become abundantly 

clear th

urther 

categorized as direct or indirect output pathways, in part based on anatomical 

projections and histochemical expression (see figure 3).                                         

at more intense investigation examining the role of the dorsal striatum and how it 

may mediate motivated behaviors is overdue. 

 The output of striatal neurons, whether dorsal or ventral, can be f
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The direct pathway, so called for its direct connections with output neurons of the 

basal ganglia, projects from the striatum to substantia nigra (SN), with minor collaterals 

to the globus pallidus (GP) in primates, or the entopeduncular nucleus (EP) in rodents 

(Kawaguchi et al., 1990; Steiner and Gerfen 1998). This pathway is thought to facilitate 

movement by feed forward inhibition of output structures and thus disinhibition of their 

targets in the thalamus. The striatopallidal pathway, or indirect pathway, projects almost 

exclusively to the glutamatergic neurons of the subthalamic nucleus (STN), which then 

project to the classical output neurons of the SN, ultimately leading to inhibition of their 

targets in the thalamus (Nicola 2007; Steiner and Gerfen 1998). These two different 

pathways (direct and indirect) differ not only in their projections, but in their constitution 

of the two main dopamine receptor subtypes: D1 and D2. The medium spiny neurons 

that make up the direct pathway have a far greater expression of D1 and contain both 

the endogenous opioid receptor dynorphin, as well as substance P. Conversely, the 

indirect pathway is composed of mainly D2- and enkephalin-containing neurons 

 

Figure 3: a simplified schematic of the Direct and Indirect striatal pathways. From Steiner and Gerfen (1998) 
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(Missale et al., 1998). While the relative distribution of direct and indirect pathway 

neurons in the striatum appears to be equal (Gerfen 1992), it should be stated that only 

a select few neurons appear to contain both D1- and D2-type receptors (Gerfen 1992). 

The relative contribution of these pathways in motivated behaviors is discussed in 

greater detail below.  

 

Striatal Afferents: 

Prefrontal Cortex (Glutamate) and Midbrain (Dopamine) Projections 

Though the striatum receives input from a variety of regions including most of 

cortex and subcortical areas, perhaps the most well defined afferents in the context of 

motivated behaviors are the glutamatergic prefrontal cortical and midbrain dopaminergic 

projections. As such, the following section condenses the large body of literature 

describing both anatomical and functional relationships of these connections. 

The prefrontal cortex, activated by motivationally relevant events as well as 

stimuli that predict or are associated with such events, is thought to contribute to the 

initiation or suppression of behavioral responses (Kalivas and Volkow 2005).  

Consistent with the notion of acting in an executive and higher order role, the activation 

of the prefrontal cortex by rewarding stimuli is strongly influenced by the predictability of 

the reward (Berns et al., 2001). Observation of how the prefrontal cortex in conjunction 

with the striatum influences motivation and reward has led to intense investigation of the 

anatomical and functional arrangement of the cortical inputs, from primarily the limbic 

prefrontal cortex. Axonal tracing studies have demonstrated that afferent projections 

from primarily prelimbic divisions of the PFC project to both core and shell subregions of 

the NAc. In comparison, afferents arising from the dorsal cingulate and medial PFC 

have heavy projections to the more dorsal portions of the striatum (Sesack et al., 2003).  

Injections of a retrograde tracer directly into the NAc shell revealed dense staining in the 

prelimbic PFC, while injections directly into the core subregion  labeled the insular and 

cingulate cortices (Brog et al., 1993). Finally, the prefrontal cortex sends glutamatergic 

afferents back to the ventral tegmental area, which suggests a direct role in 

dopaminergic cell firing. 
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The massive dopaminergic innervations to the striatum originate from midbrain 

areas, specifically the ventral 

tegmental area (VTA) and substantia 

nigra (pars compacta and reticulata), 

which are collectively referred to as the 

mesencephalic DA cell group 

(Björklund 1984). Dopaminergic 

innervations of the ventral striatal 

areas originate largely from the VTA, 

with minor innervations from the pars 

compacta portion of the substantia 

nigra (SNc). The dorsal striatum 

receives most of the dopaminergic 

input from both the pars compacta and 

reticulata portions (SNc and SNr, 

respectively). In addition, nigral afferents to the dorsal striatum and afferents from the 

VTA also provide some dopaminergic input to the dorsal striatum (Bjorklund and 

Lindvall 1984).  These seemingly massive mesostriatal projections contain a highly 

organized and distinct topographical arrangement, which according to Fallon and Moore 

(Fallon and Moore 1978), appear to follow several general topographical principles, 

such as the notion that ventral cells tend to project to more dorsal terminal fields and 

more dorsal dopamine cell bodies have more ventral targets (see figure 4).  This 

topographical arrangement may also be implicated in  behavioral responses such as 

differential locomotor response to morphine (Bolanos et al., 2003). 

In addition to the large dopaminergic innervation to the striatum, many areas of 

the limbic system also receive dopaminergic input, including the prefrontal cortices. 

Dopaminergic innervations to the mPFC (infralimbic and prelimbic subareas) arise 

predominantly from the VTA (and to a small extent in the medial SN) (Bjorklund and 

Björklund 1984; Swanson 1982; Tzschentke 2001). The cortical pyramidal cells, 

specifically the deeper layers (V, VI) (Ciliax et al., 1995), appear to be the primary 

targets of dopaminergic afferents to the PFC (Goldman-Rakic et al., 1989). Synaptic 
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contact of the dopaminergic afferents can often be found in close opposition to 

excitatory synapses presumably from  thalamocortical or corticocortical inputs 

(Tzschentke 2001), and in this way, this “triad” organization is thought to allow 

dopaminergic cells direct influence on glutamatergic cells that will ultimately project to 

the striatum. 

 

 Dopamine transmission 

The primary neurotransmitter synthesized in the cells of the VTA and SN is the 

catecholamine, dopamine (DA). DA synthesis, like that of all catecholamines, originates 

from the amino acid precursor, L-tyrosine, which is transported across the blood-brain 

barrier into dopaminergic neurons. Once tyrosine enters the cell, tyrosine hydroxylase 

(TH) begins the rate-limiting enzymatic conversion of tyrosine into L-

dihydroxyphenylalanine (L-DOPA), which is then converted by L-aromatic amino acid 

decarboxylase into the neurotransmitter dopamine. Dopamine is stored in synaptic 

vesicles located in the terminal boutons of neurons, until it is released in response to a 

local rise in intracellular calcium levels. Once dopamine is released into the synaptic 

cleft, the removal and subsequent reuptake back into the presynaptic neurons is of 

critical importance in controlling DA neurotransmission. The primary mechanism for its 

reuptake is through the DAT (Giros and Caron 1993), which is a 619 amino acid protein, 

comprised of 12 transmembrane domains, that is classified as a sodium/potassium  

ATPase-dependent pump (Giros and Caron 1993). The surface expression of DAT 

appears to be mediated by several factors, one of which is phosphorylation, via protein 

kinase C (PKC)-dependent pathways (Foster et al., 2006). A large proportion of 

dopamine that is removed from the synaptic cleft is transported back into the neuron 

and recycled back into synaptic vesicles or converted into dihydroxyphenylacetic acid 

(DOPAC) by resident monoamine oxidases (MAOs).  Additionally, dopamine released 

into the synaptic space can be converted to homovanillic acid (HVA) through the 

sequential actions of cathechol-O-methyltransferase (COMT) and MAOs (Cooper 1996). 

Indirect assessment of in vivo dopamine release and dopaminergic neuronal activity can 

be obtained using high pressure liquid chromatography (HPLC) to measure 

accumulation of both DOPAC and HVA in the brain and serum plasma in rats. 
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The release of dopamine and the subsequent activation of dopamine receptors 

leads to a cascade of intracellular events, which is based on the dopamine receptor 

subtype. Dopamine receptors are generally classified into two families: the D1-like 

family (D1 and D5) and the D2-like family (D2 (long and short isoforms), D3, and D4), 

based on whether they are positively  (Gs), or negatively (Gi/o) coupled to adenylyl 

cyclase activity (reviewed in Self and Nestler 1998; Self 2004). 

Receptors that are in the D1 family of dopamine receptors are positively coupled to 

adenylyl cyclase and, upon stimulation, result in an increase in cytosolic levels of cyclic 

AMP (cAMP), which can further activate protein kinase A (PKA) (Surmeier et al., 2007). 

PKA can have many intracellular targets and consequences, including activation of the 

phosphoproteins including  DARPP-32 (Svenningsson et al., 2004).  PKA activation can 

also influence the function and trafficking of glutamatergic receptors (Snyder et al., 

2000; Hallett et al., 2006). In modulating the surface expression and function of both 

AMPA- and NMDA-type glutamate receptors, it is thought that D1 receptor activation 

may modulate corticostriatal synaptic strength (Hallett et al., 2006).  

The D1 receptor is the most widespread dopamine receptor in the CNS (Weiner et al., 

1991; Missale et al., 1998). For example, D1 expression has been found in the striatum 

(primarily found on MSNs that comprise the direct pathway) and in limbic areas, such as 

the PFC (primarily localized to interneurons) (Vincent et al., 1995), the amygdala, the 

hypothalamus and the thalamus (Missale et al., 1998; Weiner et al., 1991). Additionally, 

there is D1 receptor expression in the midbrain (VTA and SN); however, mRNA 

expression has not been demonstrated.  The D5 receptors, which are D1-like in their 

pharmacology, are not widely expressed in the rodent brain, with localization mainly 

restricted to areas of cortex, hippocampus, mammillary bodies, and diffuse expression 

found in thalamic nuclei. There is little expression of D5 receptors in the ventral striatum 

(Meador-Woodruff et al., 1992). 

 Dopamine receptors that are in the D2-like family (D2,D3 and D4) are coupled to 

the Gi proteins, which act in opposition to D1-like receptor activation, specifically via the 

reduction of adenylyl cyclase (Stoof and Kebabian 1984; Hallett et al., 2006).  In 

contrast to D1-like receptors, activation of the D2 family of dopamine receptors can lead 

to increases in diacylglycerol (DAG) and protein kinase C (PKC), which initiate 
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mobilization of intracellular calcium (Surmeier et al., 2007). D2 activation can also result 

in an enhancement of potassium conductance (Missale et al., 1998) and, like D1, can 

lead to changes that include, but are certainly not limited to, biophysical membrane 

properties, such as changes in calcium channel properties, and changes in 

glutamatergic signaling, via regulation of glutamate receptors (Hernandez-Lopez et al., 

2000; Hakansson et al., 2006). Additionally, D2-like receptors (particularly the D2 and 

D3 receptor subtypes) may serve as higher affinity (nanomolar affinity) dopaminergic 

auto-receptors (i.e. receptors on the dopaminergic cell itself), both on presynaptic 

terminals as well as on the cell soma (Missale et al., 1998).  

Striatal (both dorsal and ventral) D2 receptor expression is primarily found in the 

medium spiny neurons that make up the indirect pathway. Additionally, D2 expression 

has been documented in limbic areas, such as in the PFC, hippocampus, 

hypothalamus, amygdala, and septum. D2 receptors are also present in dopaminergic 

neurons of both the substantia nigra and ventral tegmental area (Meador-Woodruff et 

al., 1989; Jackson and Westlind-Danielsson 1994). The D2 receptors in the PFC  have 

been localized on both pyramidal cells as well as colocalized with D1 on interneurons 

(Vincent et al., 1995; Steketee 2003). The  D3 receptor has a relatively specific 

distribution to mesolimbic areas, such as the ventral medial shell region of the NAc 

(specifically, the Islands of Calleja), dopaminergic neurons of the SN and VTA (Diaz et 

al., 2000), as well as relatively low expression levels found in the hippocampus and 

septum (Landwehrmeyer et al., 1993b; 1993a).  

  

 

3: BEHAVIORAL SENSITIZATION 

Locomotor Sensitization to Psychostimulants 

A cursory search of the literature reveals ample evidence to support the claim 

that the mesolimbic dopamine circuitry is widely implicated in the rewarding, reinforcing 

and motivational aspects of various stimuli, including those of drugs of abuse (Pierce 

and Kalivas 1997a). The phenomenon of behavioral psychomotor sensitization has 

been widely studied in an effort to investigate neuroadaptations that occur in the 

dopaminergic circuitry after repeated exposure to drugs of abuse, and to 
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psychostimulants in particular. Behavioral sensitization, or reverse tolerance, is 

described as a progressive and long lasting increase in the psychomotor stimulating 

properties of drugs of abuse, such as amphetamine or cocaine, after repeated exposure 

to these substances (Robinson and Becker 1986). Behavioral sensitization is 

traditionally measured as the locomotor activity of an animal immediately following its 

exposure to drugs of abuse. The exploration of this phenomenon of behavioral 

sensitization is of clinical importance because of the commonly held assumption that the 

neuronal plasticity changes that occur during/after repeated drug administration and that 

lead to the sensitized state may be the same as, or overlap with, those changes 

associated with the rewarding properties of drugs of abuse. Furthermore, it is thought 

that some of  these same neurobiological  changes may lead to an addicted state in the 

organism (Robinson and Berridge 2000; 2001).  

One important concept in the link between behavioral sensitization and addiction 

is that commonly abused drugs should share the ability to produce long-lasting neuronal 

and behavioral changes in the organism. The most commonly used measure of 

sensitization is locomotor activation, which is very pronounced after psychostimulant 

administration, as well as after exposure to many non-psychostimulant drugs of abuse, 

including morphine (Badiani et al., 2000), nicotine (Saito et al., 2005; Amrinder S. Bhatti 

2007) and ethanol (Cunningham et al., 2002; Phillips et al., 1994). Furthermore, 

following repeated administration of one drug (e.g., amphetamine), there is an 

enhanced sensitivity to the locomotor effect of another drug (e.g., cocaine). This 

phenomenon is referred to as cross-sensitization (Collins and Izenwasser 2004; Lessov 

and Phillips 2003; Bonate et al., 1996; Schenk et al., 1991). Cross-sensitization is 

common across a wide class of abused substances, including ethanol, which has been 

shown to cross-sensitize with cocaine and amphetamine (Manley and Little 1997; Itzhak 

and Martin 1999). The evidence of cross-sensitization between different compounds 

and different classes of drugs of abuse lends a great deal of support to the notion that 

addictive drugs share both common behavioral consequences as well as common 

neurobiological targets.  

It is crucial to note that behavioral sensitization directly measures neither  the 

reinforcing nor rewarding properties of drugs of abuse per se (Wise and Bozarth 1987), 
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but instead is thought to represent a  model by which we may study  the behavioral and 

neurobiological changes as a result of repeated exposure to drugs of abuse that may 

lead to addiction. It is expected that these changes should overlap with alterations in 

other models of addiction. Indeed, in the literature, there are several studies indicating 

that previously sensitized rats have an altered motivation to take drugs and actually find 

these substances more rewarding following sensitization to a different addictive 

substance.  For example, there is evidence to suggest that prior exposure to 

psychostimulants may enhance the reinforcing properties of drugs of abuse, as 

measured by an increase in operant responding in self-administration paradigms (Lett 

1989; Horger et al., 1992; Valadez and Schenk 1994; Pierre and Vezina 1997). 

Furthermore, it is thought that sensitization may increase the rewarding properties of 

these substances (Horger et al., 1990; Orsini et al., 2004; Orsini et al., 2005). 

Additionally, previous exposure to psychostimulants can increase break point 

responding for drugs of abuse and this augmentation is thought to be indicative of an 

increase in motivation for drug-seeking in general (Lorrain et al., 2000; Taylor and 

Horger 1999).  As stated by Vanderschuren et al. (1999), “…it appears that the 

neuroadaptive phenomena underlying locomotor sensitization may also underlie drug 

seeking behavior”.  The changes observed in the reward, motivation, and reinforcement 

of drugs of abuse after behavioral sensitization may play a role in the development of 

escalated drug intake and addiction-like states in the animal.  

Behavioral sensitization to drugs of abuse can also alter the hedonic or 

motivational properties of non-drug rewards. Indeed, prior sensitizing regimens have 

been shown to alter the animal’s motivation for natural stimuli, including sexual and 

parental behaviors. This is best illustrated by work conducted by Fiorino and Phillips 

(1999a;1999b), who demonstrated that amphetamine pretreatment facilitated male 

sexual behavior and this facilitation was accompanied by an increase in dopamine in 

the nucleus accumbens. Similarly, maternal behavior is also enhanced  in cocaine-

sensitized female rats (Febo and Ferris 2007). This evidence suggests that the neuronal 

adaptations that result from repeated exposure to drugs of abuse may not be only 

implicated in the rewarding aspects of drugs of abuse (i.e. addiction), but may also be 

mediating changes in the value of other (naturally rewarding) stimuli. Despite the 
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obvious societal and human health implications, the role of sensitization to drugs of 

abuse and the subsequent neurobiological changes that occur after sensitization, 

including the impact that these adaptations may have on social  behaviors, has been 

relatively poorly studied. 

When discussing the phenomenon of behavioral sensitization, it is important to 

take into consideration some key factors which are associated with the repeated 

exposure to psychostimulants. Indeed, while repeated intermittent administration of 

drugs of abuse often results in a sensitized animal, this phenomenon is powerfully 

modulated by learning and also by the environmental circumstances that surround the 

drug administration (Robinson and Berridge 2000). Perhaps the most profound example 

of modulation of sensitization can be seen in context-dependent sensitization 

(Anagnostaras and Robinson 1996), which is a powerful form of associative learning. 

Rats that are chronically treated in their home cages fail to become sensitized (or as 

sensitized) to low doses of amphetamine, cocaine, or morphine; in contrast, rats treated 

in a novel environment reliably demonstrate behavioral sensitization to low doses of 

drugs of abuse (Badiani et al., 1995a; Badiani et al., 1997; Browman et al., 1998b; 

1998a; Fraioli et al., 1999) The ability of factors in the environment to modulate 

behavioral sensitization has been attributed to potentially differential neurobiological 

changes.  For example, repeated injections of amphetamine in the home cage leads to 

activation of primarily D1-containing neurons, in contrast to the activation of both D1 

and D2 neurons in animals treated in a novel environment (Badiani et al., 1999). 

Additionally, context-specific sensitization coincides with alterations in the pattern of 

neuronal activation, as assessed by expression of the immediate early genes c-fos  

(Ostrander et al., 2003; Ostrander et al., 1998; Day et al., 2001) and arc (Klebaur et al., 

2002). Taken together, these data suggest that while drugs of abuse have very powerful 

neurobiological consequences and subsequent behavioral effects, sensitization to 

repeated administration of drugs of abuse is not an inevitable outcome,  as both the 

neural and behavioral changes can be mediated by several environmental factors 

(Robinson and Berridge 2000). 

For many, the question remains as to the validity of behavioral sensitization as a 

model of addiction. Studying the neurobiology underlying sensitization is arguably the 
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method from which we get the best evidence that sensitization may at least overlap with 

some of the changes seen with addiction. If sensitization-related neuroadaptations 

occur within the mesolimbic dopaminergic circuitry, these changes should  be very 

similar to changes that are critical for mediating the drug’s rewarding properties 

(Robinson and Berridge 2000). 

Behavioral sensitization is often examined in the context of having two distinct 

temporal and anatomical components: initiation (development) and expression  of 

behavioral sensitization (Pierce and Kalivas 1997a). Initiation of sensitization refers to 

the molecular and neurobiological events that occur after acute exposure to a drug of 

abuse, whereas expression refers to the long-lasting neuronal changes that result from 

repeated drug exposure and is usually examined via a drug challenge after an extended 

period of drug abstinence. It has been shown that while initiation of sensitization occurs 

primarily in the VTA, there appears to be a molecular and anatomical shift to the 

striatum during expression (Pierce and Kalivas 1997a). However, to many, these 

classifications may seem arbitrary and circular in nature:  

People are generally confused and overstate the distinction between 

the development phase and the expression phase of behavioral 

sensitization. In a behavioral study all one can ever measure is expression. 

One may infer induction or expression because a behavior is changed. This 

phenomenon is similar to a learning situation. One never measures 

"learning" directly. One measures changes in behavior (performance) and 

infers that learning has occurred. In the same way, the development of 

"sensitization” is inferred by changes in the expression (performance). Thus 

it is really difficult to dissociate development and expression in a simple 

way. Development is inferred because of "expression (behavior changes)” 

(adapted from M. Kabbaj, personal communication). 

 Accordingly, the following section will examine neurobiological and molecular 

changes associated with behavioral sensitization as a whole and make reference to 

initiation or expression when necessary in order to clarify the interpretation of the data. 
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The Role of Dopamine in Behavioral Sensitization 

Perhaps the most consistent and reliable neurobiological adaptation following 

sensitization is the enhancement of striatal dopaminergic transmission (Paulson and 

Robinson 1995;; Robinson et al., 1988; Kalivas and Duffy 1993; Pierce and Kalivas 

1997b; but see Segal and Kuczenski 1992a; Segal and Kuczenski 1992b) Indeed, there 

have been many behavioral studies that have been complemented with neurochemical 

assays showing that previously exposed animals have an increase in extracellular 

levels of dopamine in the striatum during the challenge exposure.  For example, 

Paulson and Robinson (Paulson and Robinson 1995) demonstrated that behavioral 

sensitization to amphetamine is accompanied by a decrease in basal dopamine only in 

the dorsal striatum during early withdrawal from amphetamine.  However, upon 

amphetamine challenge twenty eight days later, the authors reported that in all areas of 

the striatum (dorsal and ventral), there was a significant increase in extracellular 

dopamine following a low dose challenge. In these experiments, there was excellent 

correspondence between the enhancement of dopamine transmission and behavioral 

sensitization, as rats that failed to become sensitized also showed no increase in 

dopamine following the amphetamine challenge.  Although there are studies that have 

demonstrated an enhancement of dopamine transmission after chronic exposure to 

drugs of abuse, some reports have indicated no increase in extracellular dopamine 

(Wolf et al., 1993), or even a decrease in dopamine  (Hurd et al., 1992; Segal and 

Kuczenski 1992a). Many of these discrepancies may be explained as a function of time 

from last drug exposure. As proposed by Robinson and colleagues (Paulson and 

Robinson 1995), neither differences in drug regimen used to induce sensitization, nor 

the challenge doses used to elicit the subsequent dopamine transmission, can account 

for these discrepancies. Instead, Robison postulates, it is rather the time after 

withdrawal which may be the critical factor.  This suggests that at some level, the 

neuroadaptations responsible for sensitization are very likely dynamic and change 

considerably over time. 

A number of genes and mRNAs that encode neurotransmitter-related molecules 

have been studied at a variety of time points during and after behavioral sensitization.  

For example, the enzyme tyrosine hydroxylase has been shown to be transiently 
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increased during behavioral sensitization (Todtenkopf et al., 2000; Fukamauchi et al., 

1996).  Another transmitter-related molecule that appears to be of critical importance in 

sensitization and addiction to psychostimulants is the dopamine transporter. Firstly, 

DAT is the obligatory site of action for both amphetamine and cocaine to exert their 

effects on the dopaminergic system. Cocaine is known to bind to DAT, preventing 

reuptake, while amphetamine both blocks reuptake, and, through a reversal mechanism 

of the NA+/ Cl- pump, affects release of cytosolically stored dopamine (Giros and Caron 

1993). Secondly, since DAT is the primary mechanism by which dopamine is removed 

from the synaptic cleft, it reasons that the regulation of DAT could significantly modulate 

dopaminergic transmission after psychostimulant treatment. In this vein, there have 

been reports of increased DAT in the VTA and SN of psychostimulant-sensitized rats 

(Shilling et al., 1997; but see Cerruti et al., 1994). Moreover, in mice, knockout of the 

DAT gene attenuates sensitization; however, it fails to alter the rewarding properties of 

amphetamine (Giros et al., 1996). 

 The role of D1 receptors in behavioral sensitization has been relatively well 

documented. It is largely agreed that during sensitization, repeated treatments with 

psychostimulants cause a change towards supersensitivity of D1 (Henry and White 

1991), rather than a change in the number of D1 receptors, per se (Richtand et al., 

1997; Bonhomme et al., 1995 Mayfield, 1992 ) (however, please see Kleven et al., 

1990). Indeed, it appears that chronic cocaine treatment enhances the ability to inhibit 

the medium spiny GABAergic neurons (thus inhibiting the chronic inhibition of the direct 

pathway to SN) and this phenomenon is largely due to postsynaptic D1 supersensitivity, 

as measured by local application of D1 agonist (Henry and White 1995). In this vein, 

development of behavioral sensitization to amphetamine can be prevented by a D1 

receptor antagonist directly infused into the VTA (Stewart and Vezina 1989) or given 

systemically (Vezina 1996) but see (Mattingly et al., 1994). Similarly, repeated intra-VTA 

infusions of the D1 agonist SKF-38393 produces an enhanced or sensitized behavioral 

response, as well as an increase in dopaminergic transmission to a subsequent cocaine 

or amphetamine challenge (Pierce et al., 1996). In the NAc, intracellular signaling as a 

result of D1 activation has been implicated in response to drugs of abuse and, 

specifically, behavioral sensitization. A wide variety of drugs of abuse have been shown 
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to lead to cAMP and protein kinase A (PKA) activity,  presumably through D1  

stimulatory activity (Self 2004), and this increase in PKA appears to mediate behavioral 

sensitization following exposure to psychostimulants (Miserendino and Nestler 1995; 

Cunningham and Kelley 1993). Specifically, rats concurrently treated with 8-bromo-

cAMP (an analog of cAMP which stimulates PKA) and cocaine showed a more robust 

behavioral sensitization to the psychostimulant drug (Miserendino and Nestler 1995; but 

see Crawford et al., 2004). 

The role of D2 in sensitization appears to be less clearly defined. Some studies 

have failed to find a change in expression of striatal or VTA D2 receptors in the 

development of behavioral sensitization to AMPH (Richtand et al., 1997) or cocaine 

(Wallace et al., 1996). In the literature, there have been reports of diminished D2 

receptor expression and function in the striatum during the late withdrawal period from 

amphetamine (Chen et al., 1998); in contrast, other studies have demonstrated that D2 

agonist can illicit greater psychostimulant induced stereotypy (Ujike et al., 1990).  

It is possible that it is not the expression of D2 that changes during and after 

behavioral sensitization, but instead the receptor sensitivity. In this regard, it has been 

demonstrated that the D2 autoreceptor has a reduced response, or subsensitivity,  to 

the D2/D3 agonist, quinpirole (Yi and Johnson 1990; Pierce et al., 1995), and this 

subsensitivity may alter the dopaminergic feedback mechanism, possibly leading to an 

enhanced dopamine release (Vanderschuren et al., 1999). 

The overall discrepancy in the role of D2 in behavioral sensitization after chronic 

exposure to psychostimulants may lie in the degree of difficulty in parsing out pre- and 

post-synaptic D2 effects, as both pre- and post-synaptic neurons in the striatum express 

the D2 receptor. Despite the discrepancy in  expression levels of D2 following repeated 

exposure to drugs of abuse, it is important to note the role D2 plays in the reinforcing, 

rewarding, and motivational aspects of addictive substances.  For example, in rats, D2 

antagonism facilitates cocaine seeking (Self et al., 1996). In humans, lower levels of D2 

expression (binding)  have been shown to predict the reinforcing properties and 

subjective “liking” of methylphenidate (Volkow et al., 2002). Finally, high levels of basal 

D2 in the striatum have been ascribed a possible “protective” function against familial 

alcoholism (Volkow et al., 2006).  
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 The Role of Glutamate in Behavioral Sensitization 

While much of the early focus in examination of the neurobiology of sensitization 

focused on the mesencephalic dopamine system, it has become increasingly clear that 

the processes that underlie behavioral sensitization are mediated by the interaction 

between many neurotransmitter systems, rather than just dopamine alone.  A large 

focus of research has investigated the interactions between dopamine and glutamate in 

behavioral sensitization. Indeed, an either acute systemic or intracranial injection of 

psychostimulants induces an increase in glutamate transmission in mesolimbic areas 

such as the VTA, NAc and striatum (Vanderschuren and Kalivas 2000). Sensitizing 

regimens of psychostimulant exposure enhances the glutamatergic stimulation of 

midbrain dopaminergic neurons (White et al., 1995), while reducing NAc neuronal 

responsiveness to iontophoretically applied glutamate (White et al., 1995; White and 

Kalivas 1998). Blockade of the ionotropic glutamate receptor, NMDA, within the NAc 

modulates both the psychostimulating properties as well as the  reinforcing effects of 

cocaine (Pulvirenti et al., 1994; Pulvirenti et al., 1992), whereas both NMDA and AMPA 

receptor antagonists prevent the induction of psychostimulant sensitization (reviewed in 

White and Kalivas 1998).  Additionally, it is thought that the dopamine autoreceptor (D2) 

subsensitivity  and D1 receptor supersensitivity  typically observed after amphetamine 

pretreatment are NMDA dependent, as co-administration of amphetamine and the 

competitive NMDA antagonist MK801 attenuates both of these phenomena (Wolf et al., 

1994).  

The excitatory glutamatergic projections from PFC to the striatum have been 

extensively studied in models of learning and memory and synaptic plasticity. Indeed, 

drug addiction and  learning and memory have been shown to use similar neuronal and 

molecular pathways (Berke and Hyman 2000; Hyman and Malenka 2001; Hyman et al., 

2006), including those involving glutamatergic signaling. The highly excitatory effect of 

glutamate in the NAc appears to be  mediated largely through the AMPA receptors, as 

nearly 80% of all MSNs in slice culture preparations express the  ionotropic AMPA 

glutamate receptors (Wolf et al., 2004). Membrane depolarization, as a result of AMPA 

receptor activation and subsequent calcium entry into the cell, can in turn allow for 
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activation of NMDA receptors. This occurs via removal of the magnesium block in 

NMDA channels that occurs at depolarized voltages. There is some evidence to 

suggest that behavioral sensitization to cocaine may be associated with an increased 

ratio of cell surface to intracellular expression of AMPA receptor subunits (Boudreau 

and Wolf 2005), which is thought to possibly alter the biophysical properties of the cell, 

although the exact consequences in vivo have not been fully explored. 

Glutamatergic signaling is highly implicated in synaptic plasticity.  Two forms of 

synaptic plasticity that have been widely investigated are long term potentiation (LTP) 

and long term depression (LTD), and indeed both types of plasticity have been 

demonstrated to occur in the striatum (Hyman and Malenka 2001; Hyman et al., 2006). 

Interestingly, in the dorsal striatum, glutamatergic and dopaminergic activation is 

needed  for the generation of LTP, while only activation of dopamine receptors is 

necessary for induction of LTD, which occurs presumably through a rise in calcium, via 

activation of voltage gated calcium channels (Calabresi et al., 2000; Hyman and 

Malenka 2001).  Induction of LTP in the dorsal striatum requires the activation of both 

D1-like and D2-like dopamine receptors by endogenously released dopamine, while 

LTD induction in dorsal striatum is D1 dependent but facilitated by D2 activation (Hyman 

and Malenka 2001). In the NAc, unlike the dorsal striatum, induction of LTP or LTD 

does not require activation of dopamine receptors but instead is dependent on NMDA 

activation (Pennartz et al., 1993; Kombian and Malenka 1994). Interestingly, in the case 

of the NAc, if amphetamine is applied during LTP stimulation (tetanus) this local 

increase of dopamine blocks LTP induction (Yong  and Kauer 2004).  Taken together 

the neuronal adaptations that occur both in the VTA and NAc as a result of drug 

exposure may overlap with similar adaptations typically associated with changes in 

synaptic strength involved in learning and memory and suggest a role for common 

mechanisms of action.  

Changes in glutamatergic-dopaminergic interactions are not confined to the 

striatum, but include synaptic plasticity of midbrain dopamine neurons, which has been 

shown to play a critical role in the development of sensitization.  For example, an acute 

injection of a psychostimulant causes an enhancement of  synaptic strength  in midbrain 

neurons (Ungless et al., 2001), and this synaptic strengthening appears to be 
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dependent on NMDA as NMDA receptor antagonists  infused into the VTA prevent 

sensitization (Kalivas and Alesdatter 1993). While both LTP and LTD can be elicited in 

the VTA (Bonci and Malenka 1999; Thomas et al., 2000), LTP, but not LTD, appears to 

be NMDA dependent (Hyman et al., 2006). 

Figure 5: Schematic of the MAP K pathway. Adapted from Sweatt (2004) 

Dopamine  

It is clear from the work cited above that behavioral sensitization is the result of 

an interaction of signaling and neurotransmission pathways involving both dopamine 

and glutamate. It can be hypothesized that these converging extracellular signals give 

rise to a limited number of specific molecular and cellular events that may mediate 

responses to psychostimulants. One possible candidate that appears, in part, to fulfill 

this role is the Extracellular Regulated Kinase (ERK). ERK, which is part of the bigger 

Mitogen Activated Protein Kinase (MAPK) pathway, is thought to serve as an integrator 

of a variety of 

intracellular signals 

and is a key mediator 

of  these events and 

their  regulation  of 

gene transcription 

(Goldin and Segal 

2003; Sweatt 2004).   

Several lines of 

evidence indicate the 

involvement of ERK 

in long-term 

responses to drugs of 

abuse (Valjent et al., 

2006). In the striatum (both dorsal and ventral), amphetamine induces ERK activation 

through a combination of glutamatergic and D1 receptor activation (Valjent et al., 2005), 

and pharmacological blockade of ERK attenuates behavioral sensitization to cocaine 

(Ferguson et al., 2006).  Additionally, in the VTA, repeated cocaine treatments 

specifically increase the active phosphorylated ERK (pERK), while not changing overall 

ERK expression levels. Interestingly, in comparison to the increase observed after 
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chronic cocaine injections, acute infusions do not alter ERK activity, suggesting that 

ERK may be implicated only after long-term exposure to drugs (Berhow et al., 1996). In 

the NAc, activated pERK controls the state of phosphorylation of transcription factors, 

such as the cyclic adenosine 3′,5′-cyclic monophosphate  (cAMP) response element 

binding protein (CREB), a critical molecule in the  modulation of the hedonic effects of 

drugs of abuse (Nestler 2004). In particular, overexpression of CREB in the NAc 

diminishes the rewarding value of cocaine and also decreases locomotor sensitization 

to psychostimulants (Carlezon et al., 1998; Sakai et al., 2002). It has been hypothesized 

that activation of CREB alters the mesolimbic dopaminergic tone, which may induce a 

state of anhedonia, possibly leading to depression-like state  (Carlezon et al., 2005). 

However, the underlying mechanism by which cocaine-induced locomotor sensitization 

is attenuated after the overexpression of CREB has not been fully investigated.  

 

Morphological Changes Associated with Sensitization 

Life experiences, such as learning, can induce reorganizational changes and 

structural plasticity within the nervous system. Much of the research investigating 

structural plasticity has been on the morphology of neuronal dendrites and dendritic 

spines in particular. Spines are neuronal protrusions, which are the recipients of 90% of 

the excitatory neurotransmission in the brain (Harris and Kater 1994). They contain 

neurotransmitter receptors, organelles, and signaling systems essential for synaptic 

function and plasticity. These structures are morphological measures of synaptic 

connections and changes in their number and density are observed as result  of 

experiences such as spatial learning or environmental enrichment (Comery et al., 1996; 

O'Malley et al., 2000) and are thought to represent greater synaptic potency.  Increased 

density and altered morphological shapes of spines as a result of experience have been 

shown to have functional significance, by altering synaptic strength (e.g. greater LTP) 

and stability (Nimchinsky et al., 2002; Tada and Sheng 2006). Behavioral sensitization 

is a behavioral phenomenon that has marked neurobiological consequences, among 

which are the dramatic ability of drugs of abuse to modify both density and quality of 

synaptic contacts. There is a great deal of evidence to suggest that both amphetamine 

(Robinson and Kolb 1997; 1999) and cocaine (Norrholm et al., 2003) increase both 
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dendritic complexity and spine density of MSNs in the NAc (the shell and core), dorsal 

striatum (Robinson and Kolb 2004) and  pyramidal cells of the prefrontal cortex 

(Selemon et al., 2006; Robinson and Kolb 1997). The question one may ask then is 

whether mere exposure to drugs of abuse is sufficient to induce plastic changes, or if 

perhaps these adaptations are indicative of the degree of behavioral sensitization. Two 

lines of evidence suggest that the latter assumption is true. First, along a range of 

doses, there appears to be a linear relationship between dose of drug 

(psychostimulants in particular) and behavioral sensitization (Kalivas and Stewart 

1991a) and this relationship holds true for spinogenesis in the NAc shell subregion.  

Secondly, it has been demonstrated that repeated injections of a drug  in a novel 

environment produced a far more reliable and robust sensitization in comparison to 

animals only injected in their home cages (Badiani et al., 2000; Badiani et al., 1997).  

Using this comparison, an experimenter can keep the exposure to a drug the same and 

examine neurobiological changes in those animals that develop sensitization to the drug 

versus those that do not. Using this paradigm, Li et al (Li et al., 2004) demonstrated that 

behavioral sensitization to cocaine is highly associated with an increase in spine density 

in the core of the NAc, whereas both groups (sensitized v. non sensitized) had an 

increased spine density in the NAc shell after cocaine treatment. Together, these data 

suggest that exposure to psychostimulants may induce plastic changes in the brain, but 

selectivity in specific anatomical areas may underlie the persistent behavioral changes.  

 

 

4. CONDITIONED PLACE PREFERENCE 

Reward versus Reinforcement  

While behavioral sensitization is a useful model for the investigation of 

neuroadaptations as a consequence of repeated administration of drugs of abuse, 

sensitization fails to examine the rewarding or reinforcing effects of these substances. 

Many researchers have chosen to use to Conditioned Place Preference (CPP) as a 

protocol for measuring drug "reward", rather than "reinforcement", in order to distinguish 

it from the drug self-administration protocol. Reinforcement is typically defined as any 

experimental contingency (operant or Pavlovian) that increases the probability of a class 
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of behaviors, whereas reward typically refers to the appetitive nature of a given stimulus 

(Bardo and Bevins 2000). Because the classes of behaviors that are reinforced during 

CPP conditioning trials are ambiguous, the term reward seems more appropriate to 

describe drug-induced CPP. To this end, many researchers have employed the use of 

an associative learning paradigm, in which animals are “asked” during a non-drug state 

to choose between environments that have been previously paired with either drug or 

saline. In the (CPP) paradigm, the primary motivational properties of a drug or non-drug 

treatment serve as an unconditioned stimulus (UCS) that is repeatedly paired with a 

previously neutral set of environmental stimuli, which acquire, throughout the course of 

conditioning, secondary motivational properties such that they can act as conditioned 

stimuli (CS). These conditioned stimuli can elicit approach or withdrawal, depending on 

whether  the primary motivational properties of the treatment were appetitive 

(rewarding) or aversive, respectively (Tzschentke 2007). In this way, researchers are 

able to determine if the subject found the substance rewarding (i.e., spending more time 

in the drug-paired chamber) or aversive (i.e., spending more time in the vehicle-paired 

chamber).  There appears to be concordance between the reinforcing properties, as 

measured by operant responses in self-administration paradigms, and that of CPP, 

suggesting that CPP and self-administration represent two alternative methods for 

measuring a common reward process (Bardo and Bevins 2000). However, since the 

degree of place preference is not always correlated with the reinforcement rate for the 

same drug in the same individual, it appears as self-administration and CPP may 

indeed be measuring two distinct properties (e.g., reinforcement vs. reward, 

respectively). Additionally, some substances such as pentobarbital and PCP have been 

found to have reinforcing properties (Collins et al., 1984; Marquis et al., 1989), but are 

not rewarding as measured by the conditioned place preference paradigm (Acquas et 

al., 1989; Lew and Parker 1998; Barr et al., 1985). These inconsistencies for drugs such 

as PCP and pentobarbital have given further support that reinforcement, as measured 

by self-administration, and reward, as measured by CPP, may in fact be different 

processes involved in drug addiction. 

The Role of Dopamine and Glutamate in Conditioned Place Preference 
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As hypothesized by Robinson and Berridge (2000), the neuromechanisms 

implicated in the initiation/development and expression of behavioral sensitization 

should overlap with the changes that influence the rewarding aspects of addiction. 

Indeed, there is a good deal of evidence to support this premise. For example, both D1 

and D2 agonists can illicit a CPP (White et al., 1991; Abrahams et al., 1998). Consistent 

with the agonist studies,  D1-like antagonists administered systemically or through intra-

accumbal infusion block psychostimulant-elicited conditioned place preference (Baker 

1998; Nazarian et al., 2004), as did D2 antagonism (Hiroi and White 1991). As with 

behavioral sensitization, glutamatergic signaling appears to be critical in the formation of 

a conditioned place preference. Indeed, CPP to amphetamine and cocaine  is blocked 

by administration of metabotropic glutamate receptor (mGluR) antagonists (Gerdjikov 

and Beninger 2006; McGeehan 2003). It is clear that both behavioral sensitization and 

the formation of conditioned place preference share common neurobiological 

mechanisms. In particular, both phenomena appear to be mediated through an 

interaction between dopaminergic and glutamatergic activation.  

 

5. STRESS AND THE HYPOTHALAMIC-PITUITARY-ADRENAL-AXIS IN 

BEHAVIORAL SENSITIZATION 

Stress Response Pathway 
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There is a strong correlation between traumatic and stressful life events and drug 

seeking and craving, which may ultimately lead to substance abuse disorders (Dansky 

et al., 1999; Sinha 2001).  Interest in the interaction between drug abuse and stress has 

found a receptive audience because of several factors. First, it has been suggested that 

stress-induced drug craving and drug seeking may share some of the same 

neurobiological changes that are associated with behavioral psychomotor sensitization 

to these drugs of abuse (Shaham and Hope 2005).   Secondly, in humans as well as in 

rats, acute administration of psychostimulants increases levels of stress hormones 

(Mello and Mendelson 1997; Budziszewska et al., 1996). Finally, exposure to stressors 

in animal models (Covington and Miczek 2001; 

Piazza et al., 1990; Weiss et al., 2001), as well as in 

human reports, have implicated stressors as playing 

a role in behavioral sensitization, the acquisition of 

drug taking behavior, as well as reinstatement of 

drug taking following a period of abstinence (for 

review see  Goeders 2002; Goeders 2003). This 

evidence strongly suggests that environmental 

factors such as stressful life events may indeed 

influence the addictive process.  

Figure 6.  Schematic of the 

hypothamic pituitaty axis circuitry as 

published in Koob and LeMoel 2004 

Activation of the Hypothalamic-Pituitary-

Adrenal (HPA) axis in response to stressful life 

events causes a release in corticotropin–releasing 

factor (CRF) primarily from the paraventricular 

nucleus of the hypothalamus (PVN),  but also from 

extra-hypothalamic limbic structures such as the 

amygdala and bed nucleus of the stria terminalis 

(BNST) (Sawchenko et al., 1993; Merchenthaler 

1984).  Release of CRF from the PVN and 

subsequent binding in the anterior pituitary results in 

release of Adrenocorticotrophin Hormone (ACTH) into the bloodstream and 

subsequently stimulates the adrenal cortex. Activation of the adrenals initiates synthesis 
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and release of many hormones, including glucocorticoids (such as corticosterone in 

rats; cortisol in humans). Glucocorticoids are known to bind to two types of receptors 

within the CNS. Type I mineralocorticoid receptors (MR) have a high affinity for 

mineralocorticoids, such as aldosterone, and glucocorticoids, but are considered 

saturated at basal levels of circulating glucocorticoids. While MRs have been shown to 

have an important role in basal hormonal stress regulation, little if any data has 

demonstrated a critical role of mineralocorticoids or MRs in drug abuse.  Type II 

receptors, known as glucocorticoid receptors (GR), have a lower affinity for 

corticosterone when compared to type I receptors and are typically activated during 

peak circadian levels or during/following stressful events (de Kloet et al., 2005). GRs 

belong to a super family of nuclear receptors and, once they are bound by 

glucocorticoids, an inhibitory heat shock protein is released and the entire complex 

enters the nucleus of the cell as either a GR homodimer or an MR/GR heterodimer.  

Inside the nucleus, this complex binds to a glucocorticoid response element (GRE), 

which, when bound to DNA, can modulate gene transcription or interfere with the 

activity of other transcriptional factors, such as activating protein (AP-1) and nuclear 

factor-kappa B (NF-κB) (Auphan et al., 1995).  In addition to these genomic effects, 

glucocorticoids are known to have so-called “fast” or non-genomic effects, which can 

have an impact on both neurotransmission and subsequent behavior (Makara and 

Haller 2001). However, the role of these immediate effects in drug addiction and 

behavioral sensitization has been largely unexplored.  

 

The Role of Glucocorticoids in Behavioral Sensitization 

Historically, glucocorticoids have been viewed as the primary hormones that help 

an organism mobilize the resources necessary for the fight-or-flight response. It is 

generally believed that glucocorticoids mediate the “primary” effects of stress, which 

have been described by some as the aversion- and avoidance-inducing properties that 

are essential and advantageous to an organism’s survival.  Thus, it is proposed that 

glucocorticoids may act to “energize the goal-directed behaviors”.  If an organism is 

facing a situation where there are many stimuli present, it may be the glucocorticoids 

that help determine which stimuli should receive the appropriate amount of attention.  
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Marinelli and Piazza (2002) speculated in a recent review that glucocorticoids may also 

act as secondary response to compensate for and reduce the aversive effects of stress 

and, in this way, increase the coping capacities of the organism.  To offer evidence of 

this theory, it has been shown that not only are glucocorticoids released during times of 

stress, but secretion also occurs before goal-seeking behaviors, such as feeding 

(Nicholson et al., 2002; Honma et al., 1984) and mating behaviors (Taylor et al., 1987). 

The hypothesis that glucocorticoids are released as a compensatory mechanism, 

thereby allowing the animal to attend to goal-oriented behaviors, is further strengthened 

by data suggesting that some rats are motivated to self-administer doses of 

corticosterone that correlate to levels within the range of endogenous release seen 

during a mild stressor (Piazza et al.,  1993). 

While it is not known what the exact mechanisms of glucocorticoid actions in the 

reward pathway are, or, for that matter, why this “stress” hormone could be so involved 

in such a pathway, researchers are continuing their efforts to examine possible sites of 

action of glucocorticoids in the CNS and, specifically, in the mesolimbic dopamine 

system. Indeed, immunocytochemistry has shown co-localization of GRs on 60% of 

mesolimbic dopaminergic neurons (Harfstrand et al., 1986; Ahima et al., 1991), owing 

mostly to the strong co-localization  of GR and D1 immunocytochemistry in PFC, 

striatum, and midbrain (particularly VTA) neurons (Czyrak and Chocyk 2001). The co-

localization of GRs on dopaminergic neurons may underlie perhaps the most well-

characterized mechanism by which glucocorticoids may facilitate dopaminergic related 

behaviors- via modulation of dopaminergic transmission.  Circulating corticosterone has 

been shown to have facilitatory effects on mesolimbic dopamine transmission (Piazza et 

al., 1996a; Barrot et al., 2000), whereas suppression of corticosterone has the opposite 

effect, resulting in a suppression of dopamine release (Piazza et al., 1996a).  

Along these lines, a variety of stressors have been shown to increase mesolimbic 

dopamine release (Abercrombie et al., 1989; Imperato et al., 1991). Acute restraint 

stress, for example, has been shown to increase dopamine release in the NAc 

(Pacchioni et al., 2006) and trigger a common NMDA-dependent enhancement of 

excitatory synapses of dopaminergic neurons in the VTA (Saal et al., 2003).  Repeated 

footshock stress (5 days) in rats enhanced the cocaine-induced extracellular 
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concentrations of dopamine in comparison to sham (non-shocked) animals (Sorg and 

Kalivas 1991; Kalivas and Duffy 1995). Additionally, there is evidence provided by 

Kalivas and Duffy (1989) which suggests that prior daily exposure to a stressor (foot 

shock)  may “sensitize” mesolimbic dopamine transmission to future stressors in both 

the prefrontal cortex and NAc in a similar manner to that observed with repeated 

cocaine exposure (Kalivas and Duffy 1989). Finally, it should be noted that changes in 

dopaminergic transmission following  stressors depend on the nature, controllability, 

and duration of the stressor, as there have been reports in which stressors did not elicit 

a change in extracellular dopamine release (for review see Bland et al., 2003; Cabib 

and Puglisi-Allegra 1996).  For example, rats exposed to 21 days of chronic stress 

(inescapable shock) exhibit both a decrease in dopamine levels as well as a blunted 

dopamine release in response to cocaine administration (Gambarana et al., 1999). Rats 

that were subjected to repeated tail shock but were able to terminate the stimulus 

through an operant response do not have an increase in prefrontal cortical dopamine 

release in comparison to non-shocked rats. However, the yoked counterparts, which 

were unable to control the duration of aversive stimulus in these experiments, 

demonstrated enhanced dopamine transmission in the PFC compared to controls, 

suggesting that controllability of the stressful stimulus is just as critical of a factor as 

both the duration and intensity of the stimulus (Bland et al., 2003). 

Other molecular markers of the dopaminergic circuitry were also shown to be 

altered by various chronic stressors. For example, chronic, variable and unpredictable 

stress increases protein levels of TH, the rate-limiting enzyme in catecholamine 

production (Ortiz et al., 1996).  In the visual burrowing paradigm, subordinate male rats 

have a blunted stress response, an increase in dopamine receptor 2 (D2), and a 

decrease in DAT binding in NAc (Lucas et al., 2004).  Similarly, chronic restraint stress 

induces a decrease in dopamine D2-like receptors in the ventral tegmental area (VTA) 

in DBA/2 mouse strains (Cabib et al., 1998). Two studies have examined prolonged 

treatment of corticosterone on D2 receptors and have found differing results. Lammers 

(1999) (Lammers et al., 1999) reported that implantation of corticosterone pellets that 

continuously release circulating levels of stress hormones observed during mild 

stressors, resulted in a significant decrease in D2 mRNA expression; in contrast, Czyrak 
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(2003) (Czyrak et al., 2003) reported that chronic corticosterone caused no change in 

D2 binding or receptor mRNA.  Additionally, repeated administration of corticosterone  

results in an increase in D1 receptor binding in the VTA, with little effect in striatal 

regions, and this increase can be blocked using the corticosterone synthesis inhibitor, 

metyrapone (Czyrak et al., 1997). Taken together, these data suggest that various 

stressors alter the dopaminergic system in a manner that may enhance the vulnerability 

of animals to the deleterious effects of drugs of abuse. 

Investigations of the influence of glucocorticoids on the psychostimulating 

properties of amphetamine and cocaine have repeatedly demonstrated that 

corticosterone facilitates the locomotor-activating aspects of these substances. For 

example, removal of the adrenal glands (ADX) results in a decrease in locomotor 

activation (33%) after an acute injection of amphetamine (Cador et al., 1993) and 

cocaine (Marinelli et al., 1994), and this effect can be mimicked by acute injections of 

the corticosteroid  antagonists, spironolactone plus Mifepristone (RU38486) (Marinelli et 

al., 1997). In ADX rats, locomotor reactivity to amphetamine and cocaine increases  

with corticosterone treatment in a dose-dependent fashion (Cador et al., 1993; Marinelli 

et al., 1997). It is of interest to note that in the studies by Marinelli, the decrease in 

locomotor activation following cocaine injections was highly influenced by circulating 

levels of corticosterone at the time of adrenalectomy.  Indeed, an injection of 

corticosterone before ADX was sufficient to block the ADX attenuation of the locomotor 

activation (Marinelli 1997).  

While there is ample evidence to confirm that the locomotor response to 

psychostimulants is highly dependent on the circulating levels of glucocorticoids, there 

appears to be some controversy as to the role of corticosterone in behavioral 

sensitization with repeated exposure to cocaine or amphetamine. Within the body of 

literature, there are reports that ADX can prevent the induction of sensitization to 

amphetamine (Rivet et al., 1989)  and cocaine (Prasad et al., 1996; Przegalinski et al., 

2000). In contrast, others have reported that ADX is without effect on behavioral 

sensitization in either a novel or home cage setting (Badiani et al., 1995b).  Finally, 

subcutaneous (s.c.) injections of the GR antagonist Mifepristone blocked the expression 

of sensitization in rats pretreated with amphetamine (De Vries et al., 1996), but  removal 

 30



of the adrenal glands after repeated exposure to cocaine did not prevent a sensitized 

response to the challenge injection (Przegalinski et al., 2000).  In conclusion, some 

studies have demonstrated the importance of glucocorticoids, while others have found 

limited or no role for glucocorticoids in behavioral sensitization to psychostimulants. 

However, it should be noted that in most studies, it is hard to compare ADX rats to intact 

animals, as the total locomotion in response to psychostimulants is reduced in ADX 

rats, even if the progressive increase after repeated exposures to the drug is not.  

Through the use of molecular genetics, experimental animals have been created 

with deletions of selective genes, in particular the glucocorticoid receptor (GR1).  Using 

the Cre/loxP recombinant system, Tronche et al. (1999) (Tronche et al., 1999) 

developed a tissue-specific knock-out for GR1. This mutant, where GR1 knock-out is 

confined to nervous system tissue, allows for a viable adult mouse lacking the functional 

GR.  Unlike adrenalectomized rats or rats treated with a competitive GR antagonist 

(Mantsch and Goeders 1999), these mutants show no deficit in acquisition of self-

administration; however, a pronounced flattening of the dose response was evident 

(Deroche-Gamonet et al., 2003).  While chronic pre-treatment with cocaine produced 

robust and reliable sensitization, demonstrated by increased locomotion in wild-type 

mice, mutant mice lacked any sensitization, regardless of pre-treatment. The increased 

neuronal activation, as measured by the immediate early gene c-fos mRNA, was also 

absent in mutant mice. Pre-treated, and thus sensitized, wild-type mice showed a robust 

increase in c-fos mRNA in NAc (core and shell), while mutant knock-out mice showed 

no increase in neuronal activation in the NAc, regardless of pre-treatment.   

A variety of stressors have been shown to increase the locomotor-stimulating  

effects of psychostimulant drugs, a phenomenon often referred to as stress-induced 

sensitization (Marinelli and Piazza 2002; Kalivas and Stewart 1991a) . In this regard, 

stressors have been shown to potentiate psychostimulating responses to drugs of 

abuse, such as cocaine, amphetamine, and morphine. Indeed, an increase in the 

behavioral response to psychostimulants has been observed following repeated daily 

exposure to experimental stressors, such as tail pinch, inescapable foot shock, and 

restraint, as well as to more chronic stressful conditions such as food restriction 

(Carlson et al., 1987; Marinelli et al., 1996; Pacchioni et al., 2002; Piazza et al., 1990; 
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Rouge-Pont et al., 1995; Deroche et al., 1995). In the case of experiments conducted by 

Rouge-Pont (1995), food restriction (to 90% of free-feeding body weight) induced a 

large augmentation in locomotor response to an acute injection of cocaine in 

comparison to free-feeding controls, as well as an accompanying increase in 

extracellular striatal dopamine.  Both of these stress-induced increases in response to a 

cocaine challenge were attenuated by the corticosterone synthesis inhibitor, 

Metyrapone (given s.c.). Interestingly, whether corticosterone inhibition was initiated 

before (one day before stressor and continued for eight days) or after 8 days of food 

restriction (and continued for an additional eight days), it did not alter the efficacy of 

corticosterone inhibition to significantly attenuate the increase in extracellular dopamine 

release or locomotor response to the cocaine challenge.  It is worth noting that the food 

restriction paradigm used in these studies was ongoing at the time of cocaine challenge. 

This is fairly unique as comparisons to other stressors may prove difficult in that the 

technical feasibility of continuing the stressor while conducting locomotor or 

microdialysis analyses would be impractical.  

There are several studies that examine how stressors may impact the rewarding 

properties of several drugs of abuse. The effects of stress-induced enhancement of 

conditioned place preference (CPP), like that of stress-induced dopamine release, may 

be dependent on the controllability of the stressor. For example, when compared to 

control non-stressed animals or to rats that had controllability of the duration of tail 

shocks,  rats that were exposed to an uncontrollable tail shock had a greater degree of 

place preference to morphine, but not amphetamine (Will et al., 1998). The findings in 

this report are of great significance for at least two reasons.  First, stress-potentiated 

CPP was directly proportional with the ability of the animal to control the aversive 

stimulus (control of its environment).   Secondly, while many studies have shown stress-

induced locomotor activation to both amphetamine and morphine after stress (for 

example see Deroche et al., 1995), this paradigm of controllable versus uncontrollable 

stress only changed the rewarding properties of morphine and not amphetamine, 

although the nature of the divergent results are unknown at this time. Additional 

experimental criteria such as duration of the stressor may also influence the interaction 

between stress and rewarding properties of drugs of abuse. For instance, stressors 
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such as repeated footshocks, of a relatively high intensity, administered chronically  but 

not acutely, will increase the rewarding effects of morphine (Li et al., 2007). Likewise, 

corticosterone given chronically at doses that mimic circulating levels observed after a 

mild stressor enhances the rewarding effects of morphine (Li et al., 2007).  Finally, 

corticosterone may also increase the rewarding properties of non-illicit drugs, such as 

ethanol.   Brooks et al., (2004), report that corticosterone significantly decreases the 

doses of ethanol needed to induce a conditioned place preference (Brooks et al., 2004 ) 

(but see Chester and Cunningham 1998). 

  

 

 Morphological Targets of Stress and Psychostimulants 

One of the common neurobiological targets of both stress and drugs of abuse in 

the mesolimbic circuitry are dendritic spines.  Exposure to stress can induce 

morphological changes to neurons in the mesolimbic circuitry.  The type of stress, 

duration of exposure, and developmental stage of the animal (or neuron) can result in 

differing effects on morphological measures.   Morphological measures can be 

observed as changes in the complexity of the neuron, the overall length of dendrites, 

and the shape and density of dendritic spines. For example, repeated depletion of 

essential minerals causes an increase in dendritic branching and spine density in the  

NAc shell (Roitman et al., 2002), while prolonged chronic restraint stress decreases  

spine density  as well  as apical dendritic  length in the PFC and the hippocampus 

(Radley et al., 2006). There appears to be some sex differences in morphological 

changes that occur at the level of stress-induced spinogenesis. Indeed, Shors et al. 

(2001) (Shors et al., 2001) reported that one session of intermittent tail shock was 

sufficient to increase spine density in the CA1 region of hippocampus of male rats, while 

having the opposite effect in female rats. Interestingly, in this study, the degree of 

spinogenesis (or loss of spines, if in females) correlated not with the amount of 

circulating glucocorticoids, but instead with gonadal hormones.  

The role of the primary stress hormone, corticosterone, in modulation of these 

morphological changes has been investigated both in vivo and in vitro.  In a study by 

McEwen’s group (1990) (Woolley et al., 1990), the authors report that chronic (21 days) 
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corticosterone treatment resulted in alterations in  dendritic arbor complexity, decreased 

dendritic length,  and decreased cell size of pyramidal cells in the CA3 area of 

hippocampus compared to vehicle treated rats.  Administration of high levels of the 

synthetic glucocorticoid dexamethasone has  been shown to induce a rapid (1h) 

increase in hippocampal spinogenesis (Komatsuzaki et al., 2005). It should be noted, 

however, that to date, the exact mechanism by which glucocorticoids mediate these 

rapid effects on spine and dendritic alterations has not been fully elucidated. One 

possibility is that glucocorticoid receptors on the cell bodies may mediate a genomic 

effect in the nucleus, leading to a change in gene transcription that would in turn alter 

synaptic plasticity. However, recently there has been some focus to determine if 

glucocorticoids may mediate their effects on spine changes through a local pathway (i.e. 

at the synapse). Accordingly, there is direct evidence that glucocorticoid receptors are 

localized not only in cell bodies but can be visualized throughout the dendritic arbor and 

are enriched in synaptic areas including the postsynaptic density (Nishi et al., 2007; 

Johnson et al., 2005; Komatsuzaki et al., 2005). This more recent evidence suggests 

that, at least in part, glucocorticoids may mediate their effects locally at the spine and 

thus may alter synaptic plasticity through immediate non-genomic pathways. However, 

this line of research needs considerably more work before a definitive answer may be 

put forth. 

 

Social Defeat Stress 

Figure 7: The submissive-supine 

posture by an intruder rat as displayed 

in reaction to an aggressive posture 

by an aggressive resident rat 

(Adapted from Miczek et al., 2004) 

In humans,  exposure to repeated loss in the face of an aggressive encounter 

may be associated with an increased 

propensity  towards psychiatric disorders, 

including  schizophrenia and depression (Price 

2006; Huhman 2006). Relatedly, it has been 

proposed that social conflict models in animals 

may be useful for studying the social and 

neurobiological mechanisms that may underlie 

psychiatric disorders including depression 

(Tsankova et al., 2006; Berton et al., 2006; 
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Blanchard et al., 1995; Berton et al., 1999), as well as escalation of drug-taking 

behaviors (Covington and Miczek 2001b; 2005). Social defeat stress offers the 

advantage of ecological and ethological validity and, unlike many stressors described 

earlier, does not result in habituation upon repeated presentation. Thus, chronic social 

defeat results in a persistent emotional/psychological stressor (Tidey and Miczek 1997). 

Social defeat is initiated when a subordinate male rat replaces the female rat in the 

home cage of an aggressive dominant male. The intruder is attacked and remains 

subordinate for the remainder of the test. In addition, the intruder demonstrates an 

increase in heart rate and blood pressure, as well as elevated plasma ACTH and 

corticosterone levels (Tornatzky and Miczek 1993).  

As with other stressors, social defeat has been shown to increase extracellular 

dopamine. Indeed, in rats that had been previously chronically socially defeated, there 

was an increase in dopaminergic transmission in  both the prefrontal cortex as well as 

the NAc when placed in an empty home cage of a resident rat that had been previously 

used as an aggressor (Tidey and Miczek 1997). Furthermore, this increase was 

potentiated in both areas when the resident was placed back in the same cage with the 

aggressor, but separated by a wire mesh partition (Tidey and Miczek 1997). In line with 

these findings, there have been numerous studies demonstrating that repeated social 

defeat induces a long lasting stress-induced sensitization to a variety of commonly 

abused drugs of abuse. For instance, rats previously exposed to an aggressive resident 

rat had an increase in locomotor activity in response to an acute injection of 

amphetamine, cocaine, or morphine (de Jong et al., 2005; Covington and Miczek 

2001a; Nikulina et al., 2004; Covington and Miczek 2005; Miczek et al., 1999) when 

compared to non-stressed control rats. This enhancement of locomotor activity persists 

for up to two months following the last aggressive encounter (Nikulina et al., 2004). 

Additionally, social defeat stress has been used to induce an enhanced conditioned 

place preference to cocaine (McLaughlin et al., 2005), or to induce a reinstatement of 

cocaine induced CPP after extinction (Ribeiro Do Couto et al., 2006).   

Self-administration (SA) of addictive drugs in laboratory animals has been widely 

used for decades as a tool for studying the behavioral and neurobiological correlates 

involved in addiction (Gardner 2002). In self-administration paradigms, animals are 
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generally required to make an operant response in order to obtain a drug. In this way, 

contact with the drug is completely dependent on the animal’s response and under 

control of the animal, not the experimenter. Using this model, it is possible to directly 

assess the reinforcing properties of the drug. Social defeat stress has been shown to be 

involved in the  initiation of drug taking behaviors, specifically in reducing the latency to 

acquire this task in both male and female rats (Haney et al., 1995), as well as in  rats 

that do not have a propensity to self-administer psychostimulants (Kabbaj et al., 2001a). 

Once SA has been acquired, most animals demonstrate a clear regulation of drug 

consumption; however, in some animals, there is an escalation of drug-taking behavior.  

This escalation is referred to as “binging”, which is thought to model the uncontrollable 

state associated with drug addiction (Miczek et al., 2004). Social defeat stress can 

facilitate the transition from regulated to uncontrolled drug intake. Rats that have been 

socially defeated have a greatly dysregulated pattern of drug taking during a 24-hour 

free access to cocaine in comparison to non-defeat rats (Covington et al., 2005 ; 

Covington and Miczek 2001b). Specifically, defeated rats had a higher motivation for 

cocaine, significantly elevated the total amount of cocaine self-administered, and 

maintained responding for cocaine far longer during the binge period when compared to 

controls. Continued investigation and insight into how social stress, particularly at the 

molecular and neurobiological levels, may facilitate this loss of control over drug 

consumption is critical, as this transition is thought to be a cardinal sign of the addictive 

process. 

Along with loss of control, addiction is defined as a chronic and relapsing 

disorder. In humans, a variety of factors, such as stress, may lead a recovering addict 

back into the depths of drug use. In animals models, stressors such as foot shock  have 

been shown to facilitate reinstatement of operant responding in the absence of the 

availability of drug (Erb et al., 1996; Ahmed and Koob 1997; Erb et al., 1998). To date, 

we are unaware of any published research investigating if social defeat can induce 

relapse or reinstatement in a similar manner. Our preliminary findings suggest that it 

may not, as social defeat stress did not induce a reinstatement in cocaine self-

administration. These preliminary findings are in agreement with those of Funk et al. 

(2005), who showed that social defeat did not induce relapse for ethanol (Funk et al., 
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2005). This suggests that social stress may regulate diverse aspects of drug taking 

behavior in a manner that differs from other stressors reportedly used in the literature.  

There have been several studies to investigate the biological changes associated 

with social defeat. In an assessment of neuronal activation using the immediate early 

gene c-fos, Miczek and colleagues (1999) demonstrated in mice that c-fos activation 

after a single defeat was increased in the periaqueductal gray (PAG) and this activation 

could be inhibited by concurrent administration of cocaine during social defeat.  These 

findings are in agreement with Martinez et al., (1998), in which a single social defeat in 

male rats induced a substantial increase in c-fos immunoreactivity (IR) in the central 

PAG, but also in limbic forebrain structures, such as the amygdala, septum and 

hypothalamic nuclei (Martinez et al., 1998). Aside from examining neuronal activation 

after social defeat, other labs have reported gene expression changes, such as an 

increase  in the endogenous mu opioid gene expression in the VTA , decreases in the 

expression of the enkephalin precursor in the PAG (Nikulina et al., 1999), increases in 

early growth response factor 1 (egr-1) in the prefrontal cortex and amygdala, an 

increase in expression of CRF in the hypothalamus, and increased GR expression in 

the hippocampus (Marini et al., 2006). In mice, prolonged exposure to an aggressive 

male counterpart for a 10-day period resulted in behavioral changes thought to model 

depressive-like symptoms. Additionally, these changes in behavior occurred along with 

an increase in accumbal BDNF and blockade of this increase reversed the behavioral 

phenotype (Berton et al., 2006; Krishnan et al., 2007). 

Recently, it has been demonstrated that chronic social defeat may alter gene 

expression through epigenetic mechanisms, such as chromatin remodeling.  Chromatin, 

which tightly binds the DNA in the nucleus and thus regulates access of transcription 

initiation factors to the DNA, modulates the permissiveness of transcription of genes. It 

has been reported that social defeat leads to changes in chromatin  in a semi-

permanent way and that these modifications  lead to changes in gene expression  

implicated in depression, such as expression of BDNF (Tsankova et al., 2006). 

 Finally, the regulation of glutamatergic molecules has been examined following 

social defeat. Krugers et al. (1993) found that a single defeat was sufficient to alter the 

ratio of NMDA to AMPA receptor expression in the CA3 region of the hippocampus. 
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Another study demonstrated that blockade of the metabotropic glutamate receptor, 

mGLUR5, prevented social defeat stress-induced sensitization, but did not alter 

sensitization with repeated exposure to amphetamine (Yap et al., 2005). These data 

suggest that a neurobiological dissociation exists between social defeat stress-induced 

sensitization and behavioral sensitization induced by repeated exposure to 

psychostimulants. 

          

 

 

6. INDIVIDUAL DIFFERENCES IN SENSATION AND NOVELTY SEEKING 

An Animal Model of Individual Differences in Novelty Seeking and 

Vulnerability to Drugs of Abuse 

In rats, as in humans, there is a great deal of individual variability in both 

responses to drugs of abuse, as well as in responses to stress, and subsequent 

behavioral outcomes (Young et al., 2004; Kabbaj et al., 2001a; Kabbaj et al., 2007; 

Piazza et al., 1989b). Indeed, only 13-15% of Americans aged 15-55 will be classified 

as dependent on a drug(s) of abuse, which represents a relatively small proportion of 

the 8000 + people per day reported to have new initiations with drugs (Deroche-

Gamonet et al., 2004; Anthony 1994; Services 2005).  

The question for neuroscientists and mental health specialists is: what factor(s), 

both genetic and environmental, may contribute to the vulnerability of addiction to drugs 

of abuse?   In humans, it has been suggested that the personality trait of sensation- or 

novelty-seeking may be implicated in the vulnerability to the initiation and development 

of  drug taking behavior (Zuckerman and Neeb 1979; Zuckerman 1988; Kelly et al., 

2006). These individuals tend to seek out risky, sometimes dangerous environments 

and situations despite the obvious possibility of social, financial or health detriment. 

Additionally, sensation seekers tend to have reduced levels of anxiety when engaging in 

these risky behaviors (Zuckerman and Kuhlman 2000; Zuckerman 1990). Sensation 

seeking in humans is perhaps best described by Zuckerman (1994) as “… a trait 

defined by the seeking of varied, novel environments…and the willingness to take 

physical, social, legal, and financial risks for the sake of such experience”. In order to 
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study the neurobiology of sensation seeking, it is necessary to develop a laboratory 

animal model of novelty seeking.  Indeed, in the late 1980’s, Piazza and colleagues 

demonstrated that such a model existed.  Exposure to a mild stressor, such as a novel 

environment, can be used to assess sensation seeking in experimentally naïve rats. In a 

given population of outbred rats, some individuals, termed High Responders (HR), have 

a higher locomotor exploration of a novel environment while others are less exploratory 

and have a lower response to this same environment [Low Responders (LR)].  This 

response to a novel environment predicted vulnerability to drugs of abuse, as HR rats 

were more prone to display behavioral sensitization and self-administered amphetamine 

much more readily than did LR rats (Piazza et al., 1989b). This model of individual 

differences, based on the behavioral response to a mild stressor, allows for the 

prediction of an animal’s vulnerability to the deleterious effects of drugs of abuse. The 

HR/LR model of individual differences has proven to be an exquisite model by which 

researchers may study the interactions between stress and animal models of drug 

addiction. Since the first report by Piazza in Science in 1989, there has been intense 

investigation in the behavioral and neurobiological differences in individuals using the 

HR/LR model of individual differences.  

As stated previously, Piazza (1989) demonstrated that response to novelty 

predicted vulnerability in sensitization to psychostimulants, as HR rats had a higher 

locomotor response to amphetamine compared to LR. However, after four injections 

(once every third day), LR rats had identical locomotor activation to a reduced dose of 

amphetamine. Piazza and colleagues argued that HR rats were sensitized after the first 

amphetamine injection, whereas LR rats needed four exposures to reach the 

sensitization level of HR rats (Piazza et al., 1989b).  

Utilizing a chronic injection regimen of daily injections, Hooks et al. (1992) 

investigated the dose response (0.5; 1.0; and 1.5mg/kg) for amphetamine-induced 

behavioral sensitization in the context of individual differences. In this protocol, rats 

were injected intraperitoneally (i.p.) with amphetamine, either in locomotion chambers 

on days 1, 3, 5, 7 and 9, or in the home cage on days 2, 4, 6 and 8.  Using the 

locomotor scores obtained from days 1, 3, 5, 7 and 9, these authors report that chronic 

exposure to amphetamine at the 1.0 mg/kg dose induces a progressive increase in 
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locomotor responding in HR, but not LR, rats. However, there were no individual 

differences in behavioral sensitization for the lowest (0.5 mg/kg) or highest (1.5mg/kg) 

doses. Additionally, microinjections of amphetamine into the NAc or the dorsal striatum 

did not reveal individual differences at any of the doses used (Hooks et al., 1992c).  The 

lack of individual differences in response to the 1.5mg/kg dose is in agreement with a 

report by Pierre and Vezina (1997;1998) (Pierre and Vezina 1997; Pierre and Vezina 

1998), where no individual differences in locomotor responses to 1.5mg/kg 

amphetamine administered over successive days was observed. However, HR animals 

pre-exposed to this regimen of amphetamine acquired self-administration of 

amphetamine more readily than did saline pre-exposure HR rats, or LR rats exposed to 

either saline or amphetamine (Pierre and Vezina 1997). This phenomenon could be 

blocked with a selective D1 antagonists (Pierre and Vezina 1998).  Finally, it is worth 

noting that the use of continuous (daily) injections of drugs (such as the protocol used 

by Hooks) or an intermittent drug injection protocol (as used Piazza) can yield 

differential results with regard to individual differences to amphetamine, including both 

qualitative and quantitative differences in the induction of sensitization (Gingras and 

Cools 1997).  Surprisingly, few studies have directly examined what possible 

neurobiological mechanisms may be mediating regimen specific behavioral changes. 

While there are several reports of clear individual differences to amphetamine, 

the case for individual differences with other psychostimulants, such as cocaine, is less 

obvious. Although it has been shown that  HR rats have a greater locomotor response 

to an acute injection of cocaine than do LR rats (Hooks et al., 1992b; Chefer et al., 

2003), when cocaine is given  in the home cage for five consecutive days (20mg/kg 

dose), both HR and LR rats showed behavioral sensitization (Chefer et al., 2003). 

However, in the work of Hooks et al. (1992b),  HR, but not LR, rats showed a trend 

towards behavioral sensitization to cocaine (10mg/kg); however, this trend fell short of 

significance (Hooks et al., 1992b). To date, there has been little work performed in an 

effort to investigate why amphetamine induces individual differences in behavioral 

sensitization, but cocaine does not.  

While the role of individual differences in behavioral sensitization to all 

psychostimulants is unclear, there is ample evidence to suggest that there are individual 
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differences in the self-administration of both cocaine (Marinelli and Piazza 2002; Kabbaj 

et al., 2001a) as well as amphetamine (Piazza et al., 1989b; Klebaur et al., 2001; 

Piazza et al., 1991). However, this HR/LR animal model of vulnerability has faced two 

big critiques. The first is that the large body of work using this model utilizes relativity 

low doses of drugs, and secondly, there is limited access to these drugs. It has been 

argued that in comparison to experimental conditions, humans in real world settings are 

faced with situations in which there are large quantities (doses) of drugs available to the 

individual and their access to drugs is not restricted. 

Piazza and colleagues attempted to determine if individual differences in cocaine 

self-administration were only present when low doses of drugs were available. In these 

studies, rats were given access to several doses of cocaine in a systematic order, 

starting from the highest dose (1mg/kg/infusion) and proceeding to the lowest dose 

(0.3mg/kg/infusion). The results of these experiments demonstrated that the initial 

response to novelty predicts cocaine self-administration to a wide variety of doses of 

cocaine. Furthermore, the dose response in HR rats was vertically shifted; that is, HR 

rats self-administered more drug at all doses, when compared LR rats. This vertical shift 

in all doses is thought to be relevant to addiction, in that the vulnerable phenotype (in 

this case, the HR rat) is more likely to consume drugs in environments in which low, 

high, and intermediate doses are available (Piazza et al., 2000). However, this vertical 

shift is not apparent when animals are given a longer 10-hour access to cocaine. In long 

access  paradigms, HR only take more cocaine then LR rats at the low 

0.25mg/kg/infusion dose (Mantsch et al., 2001), suggesting that the drug dose and the 

type of paradigm used interact to determine individual vulnerability to self-administer 

drugs of abuse. Indeed, the long versus short access to the drug in the self-

administration paradigm has been shown to change the behavioral outcome (Ahmed 

and Koob 1999; Ahmed and Koob 1998), where the long-term access to the drug is 

more likely to lead to an escalation of drug-taking behavior. Additionally, HR and LR rats 

differ at low doses of amphetamine (0.03mg/kg/infusion), but not to higher doses (0.1mg 

and 0.16mg/kg/infusion) (Klebaur et al., 2001). Taken together, it appears that under 

restrained access, high responders (HRs) are more vulnerable to drugs of abuse, but 

 41



these differences may be equalized at both higher doses of drug as well as with 

unrestricted access.  

 While obvious individual differences are observed in both self-administration as 

well as behavioral sensitization to psychostimulants, surprisingly, response to novelty 

does not predict the rewarding properties of drugs of abuse, as measured by the 

formation of conditioned place preference (CPP) for both cocaine and amphetamine. In 

the study by Gong et al. (Gong et al., 1996), it was observed that although HR rats 

demonstrated a higher locomotor activation following cocaine injection in comparison to 

LR, both groups developed a place preference and the degree of preference was not 

greater in HR rats. Similarly, Erb et al. (1994) found that both HR and LR rats developed 

a conditioned place preference to a range of amphetamine doses (Erb and Parker 

1994). These results are quite surprising and unexpected, given that for both cocaine 

and amphetamine, HR rats will perform an operant task far more readily than will LR 

rats (Marinelli and White 2000a; Piazza et al., 1989b). This suggests that self-

administration and conditioned place preference may not measure exactly the same 

aspects of drug abuse.  

 

Individual Differences in the Mesolimbic Dopamine Circuitry 

Since it is well established that drugs of abuse mediate many of their reinforcing 

and rewarding effects through the mesolimbic dopaminergic circuitry (Pierce and 

Kumaresan 2006), it would reason that variations in connections of this circuitry may 

underlie the individual differences in response to drugs of abuse. For example, Piazza 

et al. (1991) found that HR rats have an increase in the dopamine to DOPAC ratio in the 

ventral and dorsal striatum, which is thought to reflect an increase in dopaminergic 

activity;  however, these same HR rats show a decrease in this dopamine: DOPAC ratio 

in the prefrontal cortex (Piazza et al., 1991). In line with these findings, Marinelli and 

White (Marinelli and White 2000a) report that HR rats show elevated impulse activity 

and firing rates of neurons in the VTA under basal conditions when compared to LR 

rats.  Additionally, the increase in cellular activity in HR rats was accompanied by a 

decrease in D2 autoreceptor subsensitivity (Marinelli and White 2000a). Examination of 

other markers of the dopaminergic circuitry has yielded some important neurobiological 
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differences between HR and LR rats. Under basal conditions, NAc D1 binding is 

reported to be increased by 18%,  while D2  binding and mRNA are decreased in the 

NAc of HR rats when compared to LR rats, and no differences were observed between 

HR and LR in the PFC (Kabbaj 2004;Hooks, 1994 ). Furthermore, while there is no 

evidence of individual differences in  TH mRNA expression, protein levels of this 

enzyme were 25% lower in the VTA of HR rats in comparison to LR rats  (Hooks et al., 

1994d; Lucas et al., 1998a).  Lastly, when compared to LR rats, HR rats had a 

significantly reduced D3nf splice variant to D3 ratio in the VTA  and prefrontal cortex, 

but not in the NAc (Pritchard et al., 2006). While little functional significance for 

individual differences in these D3 splice variants has been described, this finding 

illustrates the need for further examination into expression and function of dopamine 

receptor isoforms, which may be implicated in response to drugs of abuse. For 

example, D2 has two isoforms D2L and D2S, which are derived from alternative splicing 

(Picetti et al., 1997).  The resulting proteins are identical except for the insertion of 29 

amino acids into the third intracytoplasmic loop. In this way, the D2 short isoform is 

thought to be a more efficacious inhibitor of cAMP (Montmayeur et al., 1993).  In 

addition, it is thought that the D2S isoform is primarily localized pre-synaptically, while 

D2L can be largely localized post-synaptically (Usiello et al., 2000).  Despite the obvious 

implications that differential expression of the D2 isoforms may have in response to 

drugs of abuse, to date the expression of the two different D2 isoforms has not been  

explored in the context of individual differences. 

Notwithstanding the large amount of data indicating basal differences in the 

dopaminergic circuitry between HR and LR rats, it should be noted that relatively few 

studies have examined the neurobiology of HR versus LR rats following their exposure 

to drugs of abuse. In one notable study, HR rats were shown to have increased levels of 

psychostimulant-induced striatal extracellular dopamine when compared to LR rats 

(Chefer et al., 2003; Hooks et al., 1992a), which may be indicative of a reduction in the 

efficacy, but not expression levels, of the dopamine transporter in HR rats (Chefer et al., 

2003; Zhu et al., 2007). To date, no studies have examined changes in the long-term 

gene expression of dopaminergic markers in HR and LR rats after repeated exposure to 

psychostimulants, such as amphetamine. Using this model of individual differences, it 
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would be possible to correlate changes in the expression of dopaminergic genes with 

the presence or absence of behavioral sensitization in HR versus LR animals. 

 

Individual Differences in Response to Stress 

The HR/LR model of sensation seeking, which is based on categorizing animals 

depending on their initial response to a mild stressor, suggests that high- and low-

responding animals may differ both hormonally and behaviorally following other types of 

stressors. Indeed, HR rats are reported to have higher levels of circulating 

corticosterone in basal conditions (Piazza et al., 1989b) but see (Kabbaj et al., 2000a; 

Kabbaj et al., 2007), as well as demonstrating an increased corticosterone release in 

response to a novel environment when compared to LR rats (Piazza et al., 1991).  

Furthermore, when exposed to additional physical stressors, HR rats demonstrate a 

more prolonged  corticosterone release when compared to LR rats (Kabbaj et al., 2007). 

Additionally, HR animals have an increase in dopaminergic release compared to LR 

animals during stressful events, such as tail pinch (Rouge-Pont et al., 1993), and this 

increased dopamine release is also dependent on circulating levels of corticosterone, as 

adrenalectomy (ADX) blocks this effect (Rouge-Pont et al., 1998). 

The very concept of individual differences in sensation seeking suggests a 

difference in levels of anxiety when presented with a novel situation. Accordingly, it has 

been suggested and confirmed that HR rats are less anxious than are their low 

responder counterparts in both the elevated plus maze and the light-dark box. In both 

tests, the anxiety level that the animal is said to be experiencing is inversely 

proportional to its willingness to explore the novel and mildly aversive component(s) of 

the apparatus. The elevated plus maze, as the name suggests, is an elevated 

apparatus that assesses the number of entries and time spent in the open arms of the 

maze when compared to the enclosed arms. As rats are typically frightened by open 

and elevated spaces, entry into an open arm is thought be a measure of reduced 

anxiety. Likewise, the light-dark box is a two-compartment chamber, with one of the 

compartments being brightly illuminated. Since most rodents find bright illumination 

aversive, a reduced latency and increased time spent in this brightly lit chamber is 

thought to represent a decrease in anxiety and perhaps an increase in sensation 
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seeking.  Interestingly, when HR and LR rats are tested in these apparatuses, HR rats 

appear to be less anxious, yet show a larger and more prolonged corticosterone 

secretion immediately after cessation of testing (Kabbaj 2000; 2004). These findings 

may in part be due to differences in the density of hippocampal glucocorticoid receptors 

(GR) in HR versus LR rats (Kabbaj 2004). In comparison to LR, HR rats have lower 

levels of GR mRNA expression (Kabbaj et al., 2000a), as well as a lower affinity for GR 

and MR binding in the hippocampus (Maccari et al., 1991). This is significant because 

binding of corticosterone to the GR  and MR receptors in hippocampus is known to be 

involved in the regulation of negative feedback in the HPA axis (Sapolsky et al., 1984). 

Functionally at the behavioral level,  these differences in hippocampal GR receptors are 

at least in part responsible for behavioral responses to a novel environment, as infusion 

of a GR antagonist into the hippocampus of LR rats changes their responses to novelty 

and anxiety tests, making LR rats behaviorally similar to HR rats (Kabbaj et al, 2000).  

The discordance between circulating levels of stress hormones and the 

behavioral measure of anxiety is particularly interesting when considered along with 

human reports, which suggest that while risk-taking is associated with hormonal 

release, such as cortisol, sensation seekers find these activities to not be as anxiogenic 

when compared to non-sensation seekers (Zuckerman and Kuhlman 2000). Given this 

line of evidence, it is possible that in the case of HR rats, corticosterone itself may have 

intrinsic reinforcing or rewarding properties. One set of experiments in particular 

confirms this hypothesis. When given the opportunity to self-administer corticosterone 

intravenously (i.v.), HR, but not LR, rats will voluntarily do so. Furthermore, HR rats will 

self-administer corticosterone at levels that are comparable to levels detected after 

exposure to mild stressors (25 and 50 μg/infusion).  When examining the dose response 

for corticosterone self-administration,  there was a shift to the right, with higher doses 

administered in LR rats, suggesting that: 1) HR animals are more sensitive to the 

reinforcing properties of corticosterone, and 2) at higher doses of corticosterone, LR 

rats become behaviorally similar to HR rats in the self-administration of corticosterone 

(Piazza et al., 1993a). Finally, when both HR and LR rats are allowed to consume 

solutions containing 100ug/ml corticosterone in the dark phase of the light cycle (when 

rats are normally active), HR rats drink more of the corticosterone solution and 
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demonstrate a higher dopamine release in the NAc in response to corticosterone 

consumption, suggesting that corticosterone may have a more salient value to HR rats 

than to LR rats.  

Taken together, the above data indicate that high and low responders differ in 

their dopaminergic circuitry and hypothalamic-pituitary-adrenal (HPA) axis and that 

these differences may mediate their different behavioral phenotypes in response to both 

drugs of abuse as well as in response to stressful events. However, in regard to the 

source of these differences, it is of critical importance to mention that both genetic as 

well as environmental factors may mediate these changes. If one imagines that the high 

responder or low responder phenotype contains a genetic component, then there 

should be some degree of heritability, in so far as the offspring of HR parents should be 

more likely to display the HR-like phenotype in adulthood, while the offspring of LR 

parents should be more prone to display LR-like behaviors in adulthood.  Indeed, the 

selective breeding of HR and LR rats has demonstrated that novelty-seeking was 

heritable across many generations, as was the anxiety-like phenotype (e.g., LR rats 

were more anxious then HR rats). While cross-fostering of these rat pups has very little 

effect on novelty seeking, however, anxiety-like behaviors did appear to be more 

sensitive to maternal factors. Likewise, there is evidence that when compared to HR 

mothers, LR mothers differ in measures of maternal care, such as increased time spent 

licking and nursing (Clinton et al., 2007). The importance of parental behaviors on the 

subsequent response to stress and vulnerability to drugs of abuse is in its infancy and is 

largely unexplored, with a great deal of research left to be done. However, the ability to 

breed for sensation-seeking animals will provide an excellent future tool for the 

investigation of the interaction between genetics and environment.  

Finally, as novelty seeking or sensation seeking, with its high degree of 

heritability, may indicate a vulnerability to abuse drugs, is it in fact true that all low 

sensation seekers are immune to these effects, while high sensation seekers are 

destined to succumb to the addictive properties of drugs of abuse? Are there 

experimental manipulations or interventions that can enhance LR vulnerability and/or 

decrease HR vulnerability? In other words, can these individual differences be 

equalized? There is evidence that environmental factors can greatly impact drug-taking 

 46



behaviors, even in vulnerable phenotypes. For example, when previously classified HR 

or LR  rats are exposed to a novel stimuli fifteen minutes prior to being placed in a self-

administration apparatus, the response rate for amphetamine is significantly reduced in 

HR rats, suggesting that enrichment of one’s environment may significantly reduce 

susceptibility  to the acquisition and escalated consumption of drugs of abuse in 

sensation seeking individuals (Cain et al., 2004).  

What then of LR rats? Do these animals display a behavioral phenotype that 

predicts immunity to the deleterious effects of drugs of abuse?  Are there interventions 

that may cause LR rats to increase their response to and consumption of drugs of 

abuse? Indeed, there are two studies to suggest that stress, and in particular the 

release of glucocorticoids, may equalize individual differences. For example, in a study 

by Kabbaj et al., (2004), the authors demonstrated that HR rats will self-administer 

cocaine much more readily than will LR rats. However, LR rats can be made to respond 

in an identical manner to HR rats in self-administration of cocaine if they are repeatedly 

socially defeated over the course of four days. Although not directly assessed in these 

studies, it is hypothesized that an increase in corticosterone may underlie this 

equalization in behavior. Indeed, there is evidence to support this hypothesis. If LR 

animals are pre-treated with corticosterone through an intrajugular  catheter prior to self-

administration or allowed to self-administer a mixture of corticosterone and 

amphetamine, the once-resistant LR rats will now begin to engage in drug-taking 

behaviors (Piazza et al., 1991). Taken together, these studies suggest that stress and 

hormones associated with stressful events (e.g., corticosterone) may mediate very 

powerful neuroadaptations that can result in once drug-resilient phenotypes to then 

become vulnerable to the reinforcing and rewarding effects of drugs of abuse.  

 

7. SUMMARY  

There is considerable work demonstrating that there are individual differences in 

the psychomotor-sensitizing properties of drugs of abuse, such as cocaine and 

amphetamine. Yet, despite this large body of work, there are relativity few studies which 

examine the neurobiological adaptations that may occur in the mesolimbic dopamine 

circuitry following repeated exposure to amphetamine in the context of individual 
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differences. In our studies, we will use this HR/LR model of individual differences to 

investigate changes in key markers of the dopaminergic circuitry following repeated 

exposure to psychostimulants and how these changes differ between sensation seeking 

and non-sensation seeking individuals. 

In addition, it has been previously demonstrated that social defeat stress 

equalizes individual differences in the acquisition of cocaine self-administration. Along 

these lines, we will determine if there are individual differences in stress-induced 

sensitization to amphetamine following repeated social defeat stress. Furthermore, in 

the context of individual differences, we will investigate molecular changes associated 

with stress-induced sensitization. Finally, as it has been previously demonstrated that 

infusions of corticosterone which mimic the levels detected during mild stress have 

reinforcing properties in HR but not LR rats, we will examine if corticosterone also 

possesses intrinsic rewarding properties and, lastly, if there are individual differences in 

the rewarding properties of corticosterone.  

  

 

8. GENERAL MATERIALS AND METHODS  

 

Individual differences in Response to a Novel Environment:  

Male Sprague–Dawley rats from Charles River (Wilmington, MA, USA), weighing 

250-275g on arrival, were used in these studies.  Rats were housed 2 per cage in clear 

Plexiglas cages (19"x10.5"x8"). Temperature was held constant at 22.2 ± 1ºC with 

humidity at 55%.  All rats had ad libitum access to food and water, and were kept in a 

12 hour light cycle (lights on at 7am).  All experiments were conducted in accordance 

with the guidelines of the Animal Care and Use Committee of Florida State University. 

Rats were allowed five days to habituate to the housing conditions. During this 

habituation, rats were handled, numbered on their tails, and were weighed on two 

occasions. Rats were then tested in activity chambers for 1 hour in which their 

locomotor response to a novel environment was recorded (see below). Rats were 

assigned to the HR and LR groups depending upon whether their locomotor activity 

scores were respectively superior or inferior to the median. 
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Locomotion Chambers: 

Circular runways (Med Associates Inc. St. Albans, Vermont) constructed of black 

Plexiglas sidewalls and stainless steel running platforms, were used to measure 

locomotion in this experiment.  The outside radius of the inner wall was 35.6 cm while 

the inside radius of the outer wall was 59.6 cm to produce a running area 12.1 cm wide.  

Each chamber had a black opaque removable plastic lid that covered the chamber. 

Overhead lighting was kept constant and equally illuminated all chambers. Four photo 

beam sensors at equal distances allowed for recording of movement every 90 degrees. 

These beams were 5cm above the running area.  The number of photo beam breaks 

was recorded via a computer fitted with software designed at Florida State University. 

The number of photo beam breaks was used to calculate the traveled distance.   Each 

chamber had a removable bedding pan beneath the runway. Cages and bedding were 

cleaned between each group of rats. 

 

In situ hybridization:  

Each brain was sectioned on a cryostat at 14 m, and a series of sections were 

mounted on poly- -lysine-coated slides. Sections were taken at 50 m intervals. The 

sections were fixed in 4% formaldehyde for 1 hour, followed by three washes in 

2×saline sodium citrate (SSC; 1×SSC is 150 mM sodium chloride, 15 mM sodium 

citrate). The sections were then placed in a solution containing acetic anhydride (0.25%) 

in triethanolamine (0.1 M, pH 8) for 10 minutes at room temperature, rinsed in distilled 

water and dehydrated through graded alcohols (50%, 75%, 85%, 95% and 100%). After 

air-drying, the sections were hybridized with a 35S-labeled cRNA probe. Probes  were 

labeled in a reaction mixture consisting of 1 g linearized plasmid, 1×transcription buffer 

(Epicenter Technologies, Madison, WI, USA), 125 Ci [35S]CTP, 150 M each of ATP, 

and GTP, 12.5 mM dithiothreitol, 20 U RNase inhibitor, and 6 U RNA polymerase. The 

reactions were incubated for 90 minutes at 37°C.  The probes were then separated from 

unincorporated nucleotides over Bio-Rad Micro Bio Spin Chromatography Columns 

(Bio-Rad Hercules, CA). The probes were diluted in hybridization buffer (containing 50% 

formamide, 10% dextran sulfate, 3×SSC, 50 mM sodium phosphate buffer, pH 7.4, 
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1×Denhardt's solution, 0.1 mg/ml yeast tRNA and 10 mM dithiothreitol) to yield 106 

d.p.m./70 l. The sections were coverslipped and placed inside a humidified box 

overnight at 55°C. Following hybridization, the coverslips were removed and the 

sections rinsed and washed twice in 2×SSC for 5 minutes each, then incubated for 1 

hour in RNase (200 g/ml in Tris buffer containing 0.5 M NaCl, pH 8) at 37°C. The 

sections were washed in increasingly stringent solutions of SSC, 2×, 1× and 0.5×, for 5 

minutes each, followed by incubation for 1 hour in 0.1×SSC at 65°C. After rinsing in 

distilled water, the sections were dehydrated through graded alcohols, air-dried and 

exposed to a Kodak XAR film (Eastman Kodak, Rochester, NY, USA) for 5 days. 

 

Quantification of the radioactive signal: 

Images were captured on a Northern Light Illuminator with a Sony XC-ST70 

digital camera.  Optical density measurements were taken for each brain region from 

the left and right sides of the brain. Optical density values were corrected for 

background, multiplied by the area sampled (total target area) to produce an integrated 

density measurement. Optical densities were obtained using AIS imaging software 

(Imaging Research Inc., St. Catharines, ON, Canada). The values for each animal were 

averaged to get one mean per animal per brain region. These means were then used 

for statistical analyses. 

 

Radioimmunoassay: 

Plasma cortisol levels were quantitated using the Coat-A-Count cortisol 

radioimmunoassay kit according to the manufacturer’s instructions (DEPC; Los 

Angeles, CA, USA). 

 

Statistics: 

All statistics were performed using StatView statistical software (SAS Institute 

Inc. Cary N.C., USA). All appropriate tests for each experiment are fully described in 

detail below. 
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9.  DOPAMINE TRANSPORTER BUT NOT TYROSINE HYDROXYLASE 
MAY BE IMPLICATED IN BEHAVIORAL SENSITIZATION 

Adapted from: 

Physiol Behav (2005) Oct 15;86:347-355 

 

 

Repeated administration of psychostimulants, such as amphetamine and 

cocaine, results in a long-lasting enhancement of behavioral responses elicited by a 

subsequent challenge injection of these drugs. This phenomenon is termed behavioral 

sensitization (Robinson and Becker 1986).   Behavioral sensitization or reverse 

tolerance to psychostimulants is thought to be relevant to addiction in humans because 

the neural substrates that mediate these effects may be the same as, or at least overlap 

with, the neural substrates responsible for the rewarding effects of drugs of abuse (Wise 

and Bozarth 1987). 

Although the exact mechanisms of behavioral sensitization are not yet known, 

several lines of research have implicated the mesolimbic dopaminergic circuitry in this 

phenomenon. For example, an increase in dopamine transmission has been implicated 

in mediating behavioral sensitization (Paulson, 1995).  

Once dopamine is released into the synaptic cleft, the primary mechanism for its 

reuptake is through the DAT (Giros and Caron 1993).  Amphetamine increases 

dopamine concentration in the synaptic cleft by  both blocking DAT and also releasing 

dopamine from its presynaptic cytoplasmic vesicular stores (Fischer and Cho 1979; 

Sulzer et al., 1993). The high affinity of psychostimulants to DAT, and the subsequent 

increase in extracellular dopamine concentrations is thought to be responsible for both 

the locomotor responses and the reinforcing properties of psychostimulants (Pierce and 

Kalivas 1997a). More specifically, some reports have implicated DAT in behavioral 

sensitization to psychostimulants. Indeed, mice lacking functional DAT fail to show both 

locomotor hyper-activity and behavioral sensitization to acute and chronic injections of 

cocaine (Mead et al., 2002).  Furthermore, rats that show sensitization to the locomotor 
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activating effects of amphetamine also exhibit an increase in DAT mRNA in the ventral 

tegmental area (VTA) when compared to rats treated with saline (Shilling et al., 1997).  

Tyrosine Hydroxylase, which is the rate-limiting enzyme for the synthesis of 

catecholamines, has also been implicated in behavioral sensitization to 

psychostimulants. It is hypothesized that the progressive release of dopamine, which 

accompanies behavioral sensitization to amphetamine, may be the result of a 

progressive increase in TH production. This hypothesis is supported by the fact that TH 

mRNA as well as TH protein in the mesolimbic dopaminergic circuitry has been shown 

to be elevated by chronic and acute injections of amphetamine and  cocaine (Hurd et 

al., 1992; Alvarez Fischer et al., 2001; Todtenkopf et al., 2000; Sorg et al., 1993). 

Previous reports have described a great deal of individual differences in 

behavioral sensitization to psychostimulants. In fact, outbred rats that have a high 

locomotor response in a novel environment (high responders or HR) develop greater 

behavioral sensitization of psychostimulants when compared to rats that show low 

locomotor activity in the same novel environment (low responders or LR) (Deminiere et 

al., 1989; Piazza et al., 1989b; Hooks et al., 1991c; Hooks et al., 1992d; Kabbaj et al., 

2001a). Differences in the basal dopaminergic circuitry of HR and LR rats have provided 

some insight into the biological factors that may underlie individual differences in 

behavioral sensitization to psychostimulants. For example, when compared to LR, HR 

rats release higher levels of dopamine in the NAc following amphetamine or cocaine 

injections (Hooks et al., 1992a). In basal conditions, HR and LR rats do not differ in TH 

mRNA or DAT mRNA levels in the VTA and SN (Hooks et al., 1994c; Lucas et al., 

1998a; Chefer et al., 2003). It should be noted however that when compared to LR rats, 

HR rats have lower TH protein in the VTA (Lucas et al., 1998a). 

Surprisingly, no studies to date have ever explored the changes in key dopamine 

related molecules after repeated psychostimulant administration in HR and LR rats. 

Indeed, molecular adaptation in the dopaminergic circuitry may underlie individual 

differences in behavioral sensitization to psychostimulants.  To our knowledge this is the 

first report examining some dopaminergic correlates of behavioral sensitization to 

amphetamine in HR and LR rats.  In this study we examined behavioral sensitization in 
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HR and LR rats as well as the expression of DAT and TH mRNAs in the VTA and SN in 

the same rats. 

 

Methods 

Animals 

32 Male Sprague–Dawley rats from Charles River (Wilmington, MA, USA), 

weighing 250-275g on arrival, were used in this study. Rats were housed and screened 

for locomotor reactivity to a novel environment as detailed in general methods. Rats 

were then assigned to one of the 4 following experimental groups: 1) HR amphetamine 

1 mg/kg (n=7); 2) LR amphetamine 1mg/kg (n=9); 3) HR saline 1ml/kg (n=7); and 4) LR 

saline 1ml/kg (n=9).  The sensitization regimen began 24 hours following the screening 

for response to novelty.  Rats received daily amphetamine or saline injections.  On test 

days 1, 3, 5, 7, and 9 the rats were placed in the chambers to habituate for one hour.  

Following the one-hour habituation, subjects were taken out of the locomotion 

chambers, injected with amphetamine or saline, and quickly placed back in the 

locomotor chambers.  Activity was monitored and recorded for an extra two hours.  On 

test days 2, 4, 6, and 8, injections were performed in home cages to reduce possible 

contextual conditioning. Experimental groups were counterbalanced between morning 

and afternoon sessions. All home cage injections were performed mid-day. 

After a seven day withdrawal period, rats were placed in locomotion chambers 

for one hour habituation.  Following this 1-hour, all rats were challenged with 0.5mg/kg 

amphetamine and then quickly placed back into the locomotion chambers and their 

activity recorded for an additional two hours. 

Six days following the amphetamine challenge, rats were quickly decapitated and 

their brains removed. Rats were sacrificed during the first two hours of the light cycle.  

Brains were snap frozen in 2-methylbutane (Fisher Scientific, Fairlawn, NJ) kept at          

-35ºC on dry ice until tissue was frozen solid.  All brains were then stored at -80ºC until 

being sliced for in situ hybridization. 
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Drugs:  

D-Amphetamine (Sigma, St. Louis MO) was dissolved in physiological saline (0.9% 

NaCl) and injected intraperitoneally (i.p.). All doses of drug or saline were given at a 

volume of 100μl/100g body weight. 

 

In situ hybridization 

Five brains from each experimental group (HR amphetamine, LR amphetamine, 

HR saline and LR saline) were used for in situ hybridization as described in the general 

methods. Specifically, for these experiments brain sections were hybridized with a 35S-

labeled cRNA probe. The rat TH probe was a 276 base pair fragment directed at the rat 

TH mRNA coding region (graciously gifted by Dr. Huda Akil, University of Michigan). 

The rat dopamine transporter probe was a 532 base pair fragment directed at the rat 

DAT mRNA (graciously gifted by Dr. Huda Akil, University of Michigan).  

 

Statistical analyses: 

 Development of behavioral sensitization to amphetamine was evaluated using 

two-way repeated measures analyses of variance (ANOVAs). Saline versus 

amphetamine was one of the between-subjects factors (treatment), while individual 

difference (HR versus LR) was the other factor.  The challenge results were analyzed 

using a factorial two-way ANOVA (individual differences x treatment). When 

appropriate, post-hoc analyses were conducted using a Bonferroni post-hoc test.  

Differences in optical densities for DAT and TH in both the VTA and SN were each 

analyzed using a factorial two-way (Individual differences × treatment) analysis. The 

ANOVA was followed by Bonferroni post-hoc tests when it was appropriate. The 

criterion for statistical significance was p<0.05. 

 

Results 

When compared to saline injected rats, amphetamine injections increased locomotor 

activity in both HR and LR rats [F (1, 28) =135.479; p < 0.001].  There was a main effect 

of individual differences with HR significantly higher than LR [F (1, 28) =8.965; p <0.05].  

There was a significant interaction between individual differences and the treatment  
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[F (1, 28) =5.643; p < 0.05]. There was also a significant interaction between individual 

differences, the treatment and days of injections [F (4,112 ) =2.741;  p < 0.05]. 

Further analyses revealed that HR and LR rats receiving AMPH were not 

different on days 1, 3 and 5, (all p’s>0.05) but HR rats had higher activity than LR rats 

on day 7 (p < 0.05) and day 9 (p < 0.05) (figure 8).   When HR and LR rats were 

analyzed separately, HR rats exhibited a development of locomotor sensitization to 

amphetamine as demonstrated by a significant increase in locomotion from day 1 to day 

9 (p<0.05), LR rats did not show such an increase in locomotor activity from day 1 to 

day 9 (p>0.05). 

Following a one week withdrawal, all rats were challenged with a low dose 

(0.5mg/kg) of amphetamine to assess for behavioral sensitization.  There was an overall 

effect of individual differences between HR and LR [F (1, 28) = 10.642; p<0.05], and an 

overall treatment effect [F (1, 28) = 6.753; p <0.05). There was, however, no interaction 

between treatment and individual differences [F (1,28)= 1.865; p>0.05). When HR and 

LR rats were further analyzed separately, HR rats treated with amphetamine exhibited 

higher locomotor activity than LR rats pretreated with amphetamine (p <0.05).  LR rats 

pretreated with amphetamine did not differ from LR rats pre-treated with saline (p = 

0.3593) (figure 9). Within the amphetamine pretreated groups, there was a positive 

correlation between the amount of locomotor activity during novelty assessment and 

response to the challenge dose of amphetamine (r = .676; p<0.05) (figure 10A). 

Furthermore, when HR and LR AMPH pretreated rats were analyzed separately there 

was a strong positive correlation between novelty and expression of sensitization in HR 

rats (r = .755; p<0.05) (figure 10B) but not in LR rats (figure 10C). Overall, these results 

demonstrated that only HR rats pre-treated with amphetamine exhibited behavioral 

sensitization to amphetamine.  

Rats chronically treated with amphetamine exhibited an increase in TH mRNA 

expression in both the SN [F(1,19) =10.978; p<0.05] and VTA [F (1,19) =7.453; p <0.05] 

(figures 11 C and D). There were no individual differences for either area examined, nor 

an interaction between HR/LR and treatment [F (1, 19) = .036; p>0.05]. These results 

indicate that chronic treatment with amphetamine increases TH mRNA independently of 

individual differences. 
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Pretreatment with AMPH resulted in a significant overall individual difference in 

DAT expression in the SN [F (1, 18) =5.008; p <0.05] but not an overall treatment effect 

[F (1, 18) = 1.747; p>0.05] (figures 11 E and F).  However, there was an interaction 

between individual differences and treatment [F (1, 18) =4.779; p<0.05].   Subsequent 

post hoc analysis revealed that HR rats chronically pretreated with amphetamine had a 

significant increase in DAT mRNA expression compared to all other groups (p<0.05).  

There was a significant overall individual difference effect for DAT mRNA in the VTA    

[F (1, 18) =13.941; p <0.05], as well as a treatment effect [F (1, 18) =5.855; p <0.05].  

Furthermore there was an interaction between treatment and individual difference for 

DAT mRNA in the VTA [F (1, 18) =6.711; p <0.05].  Further post-hoc analyses indicated 

that the difference is due to the increased DAT mRNA in HR amphetamine pretreated 

rats when compared to all other groups (p<0.05) (figure 11). In the HR amphetamine 

treated rats there was a strong correlation between locomotor response to novelty and 

DAT expression in the VTA (r = .960; p<0.05) (figure 12A) and SN (r = .979 ; p<0.05) 

(figure 12B). 

 

Discussion 

This study shows that (1) repeated injections of amphetamine (1 mg/kg, i.p.) 

induce behavioral sensitization in HR rats only.  LR rats did not exhibit behavioral 

sensitization at this dose of amphetamine; (2) TH mRNA in the VTA and SN was 

increased in both HR and LR rats receiving chronic injections of amphetamine when 

compared to rats chronically treated with saline; (3) DAT mRNA was selectively 

increased in HR rats chronically treated with amphetamine. This increase in DAT mRNA 

was not observed in LR rats chronically treated with amphetamine, or HR and LR rats 

chronically treated with saline. 

Our data showing individual differences in locomotor sensitization to 

amphetamine are consistent with previous reports (Piazza et al., 1989b; Hooks et al., 

1991b). Indeed, while HR rats displayed a significant increase in locomotor activity in 

response to daily injections of 1mg/kg AMPH over a nine day period, LR rats did not 

exhibit this increase.  Furthermore, to our knowledge this is the first report in which HR 

and LR rats were challenged with a lower dose following a withdrawal period. In these 
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conditions only HR rats exhibited behavioral sensitization to amphetamine; LR rats 

chronically treated with AMPH did not differ from saline pre-treated rats. This lower dose 

of AMPH (0.5mg/kg) was used to prevent possible ceiling effects that may have been 

seen if we challenged rats with higher doses of amphetamine.   

Our report of a lack of individual differences in basal DAT mRNA  is in agreement 

with previous reports in which basal levels of DAT protein in the NAc was not different 

between HR and LR rats (Chefer et al., 2003). It is of interest to note however that HR 

rats have more DAT binding sites in the NAc when compared to LR rats (Chefer et al., 

2003). These individual differences in DAT kinetics have functional significance in that 

basal dopamine uptake was shown to be higher in LR rats when compared to HR rats 

(Chefer et al., 2003).  

Interestingly, our data show that DAT mRNA is increased exclusively in rats that 

exhibited behavioral sensitization to amphetamine, the HR rats.  This increase in DAT 

mRNA did not occur in LR rats chronically treated with amphetamine. These results 

reinforce the proposed role of DAT in behavioral sensitization to psychostimulants. 

Further support for this critical role of DAT is found in studies using knock-out mice 

lacking the DAT. Indeed, these mice fail to show behavioral sensitization to 

psychostimulants (Giros et al., 1996; Mead et al., 2002). This increase in DAT mRNA in 

the VTA and SN that accompany the development of behavioral sensitization to 

amphetamine was also reported  by others (Shilling et al., 1997; Lu and Wolf 1997).  

Our findings do not agree, however, with the study of Persico et al., (Persico et al., 

1993). In their study, pre-treatment with amphetamine did not alter DAT mRNA levels in 

the VTA (Persico et al., 1993).  Methodological considerations may account for this 

discrepancy. Indeed, Persico et al., used a high dose of amphetamine (7.5mg/kg 

administered twice daily for 14 days),  assayed DAT mRNA with Northern blot technique 

and did not measure the behavior associated with the development of sensitization to 

amphetamine (Persico et al., 1993).  

The regulation of DAT is of critical importance to the regulation of dopamine 

within the synaptic cleft. Indeed, DAT localized on presynaptic axonal terminals and cell 

bodies of dopaminergic neurons projecting to NAc from the VTA regulate extracellular 

concentrations of dopamine levels via reuptake of the neurotransmitter into the 
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cytoplasm (Kilty et al., 1991; Giros and Caron 1993; Jones et al., 1998).  Amphetamine 

binding  to DAT prevents the reuptake of dopamine and promotes  the  reversal in  

transport of dopamine to the extracellular environment leading to an increase in 

available dopamine (Fischer and Cho 1979; Pierce and Kalivas 1997b).   As suggested  

by Shilling et al., (Shilling et al., 1997), increased number of DAT on dopaminergic cells 

may provide more sites of action for amphetamine, resulting in an increased behavioral  

response to further amphetamine challenges. Accordingly, we propose that the 

differential increase in DAT mRNA in HR rats but not in LR rats may facilitate 

sensitization to amphetamine in HR rats. 

 The exact molecular mechanisms by which chronic administration of 

amphetamine regulate DAT gene expression is not understood.  It is known however, 

that molecules that bind to  DAT, such as amphetamine, robustly induce a host of 

intracellular responses such as activation of cyclic AMP pathway (Shaw-Lutchman et 

al., 2003), cyclin dependent kinase 5 (CDK5), tyrosine kinase, as well as transcriptional 

factors including c-fos, and CREB (Yatin et al., 2002; McGinty 1999; Shaw-Lutchman et 

al., 2003).  Binding sites to these transcription factors on the DAT gene have been 

recently identified. These include AP1 and Sp1 response element (Shaw-Lutchman et 

al., 2003) as well as  NGF1-B response element (Sacchetti et al., 1999). Furthermore, 

cAMP, PKA and PKC have been shown to regulate the activity of the DAT gene 

(Vaughan et al., 1997; Batchelor and Schenk 1998).  The activation of transcription 

factors such as c-fos and cAMP may underlie the cellular pathway by which chronic 

amphetamine increase DAT mRNA in HR rats. It will be of interest to examine in future 

studies whether or not there is differential activation of these transcriptional factors in 

HR and LR rats following chronic amphetamine treatment.  

The lack of individual differences in basal TH mRNA is in agreement with 

previous reports in which basal levels of TH mRNA did not differ in either the VTA or SN 

of HR and LR rats (Hooks et al., 1994b; Lucas et al., 1998a). However, when levels of 

TH protein were evaluated by immunoblotting or radioimmunocytochemistry,  a modest 

increase in the  VTA was observed in LR rats when compared to HR rats (Miserendino 

et al., 1993; Lucas et al., 1998a). These results suggest that there may be differential 

TH translational and/or posttranslational processes in HR and LR rats. Higher basal 
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levels of TH in LR rats compared to HR rats may represent one of the factors producing 

differential dopamine release in the terminal fields of dopaminergic neurons. Higher 

basal levels of TH in LR rats may represent  an increase in somatodendritic dopamine 

release causing an auto inhibition of dopaminergic cells in the VTA and a  reduction in 

dopaminergic cell firing as well as a reduction in dopamine release in the striatum of 

these rats (Lucas et al., 1998a; Kalivas 1993).  

In this study we report an increase in TH mRNA in both HR and LR rats following 

chronic injections of amphetamine.  Similar increase in TH mRNA and TH protein  were 

previously reported in rats following chronic  treatment with psychostimulants  (Hurd et 

al., 1992; Vrana et al., 1993; Beitner-Johnson and Nestler 1991; Sorg et al., 1993).  

Since TH is the rate limiting enzyme in catecholamine production, an upregulation of TH 

mRNA in both the VTA and SN may reflect an increase in dopamine synthesis following 

chronic amphetamine treatment.  Our results showing no differential regulation  in HR 

and LR rats of TH mRNA levels following chronic amphetamine injections do not 

support the role of this molecule in behavioral sensitization to amphetamine.  

In this study we report similar patterns of expression of DAT mRNA and TH 

mRNA in the VTA and SN.  The  VTA and SN  both contain dopaminergic cells that 

project to areas associated with areas implicated in locomotor sensitization to AMPH 

(Ouimet et al., 1984). The VTA projects heavily to  the NAc and has been strongly 

implicated in sensitization to amphetamine (Kalivas and Stewart 1991b). Unlike the 

VTA,  the SN has only week projections to the NAc with more extensive relationship to 

the caudate putamen and constitutes the nigostratial system (Ouimet et al., 1984). 

Although the nigrostriatial pathway have been traditionally assigned a role of regulating 

movement, more recent reports suggest that the Caudate-Putamen may have a critical 

role in behavioral sensitization to amphetamine (Ostrander et al., 2003). Taken 

together, these data suggest an important role for both areas (VTA and SN) in 

behavioral sensitization to amphetamine.  

 In conclusion, our data suggests that DAT mRNA regulation may be implicated in 

individual differences in behavioral sensitization to amphetamine. It is possible that the 

changes that we observed in mRNA levels are not reflected by changes in the functional 

protein, therefore further analysis of protein levels of both  TH and DAT in HR and LR 
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rats following amphetamine treatment will be necessary in future experiments.  

Furthermore, these future studies will examine the time course and duration of these 

mRNA and protein changes as well as functional studies to additionally help elucidate 

the role of these molecules in behavioral sensitization to amphetamine. 

Given our findings, the HR/LR model will continue to be a useful tool into 

understanding the neurobiological bases of individual differences underlying behavioral 

sensitization to psychostimulants and drug addiction. 
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Figure 8:  Effects of 1 mg/kg AMPH or saline administration on 

locomotor activity in HR and LR rats.  Mean locomotor scores for (•)HR 
AMPH; ( ) LR AMPH;( )HR Saline and ( )LR Saline treated rats. Animals 
were injected i.p.  daily and locomotion was recorded  for two hours every 
other day. Data analysis was performed using repeated measures ANOVA 
(2 experimental groups X 2 treatments) during 9 days of injections 
* Significant increase of HR AMPH treated animals compared to LR AMPH 
treated animals . 
** Significant increase in HR animals from Day 1 to Day 9.  LR rats showed 
no such increase  
*=p<0.05  
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Figure 9:  Effects of 0.5 mg/kg AMPH challenge dose on locomotor activity 
given to amphetamine pretreated or saline pretreated HR and LR rats.  Only 
the HR rats expressed behavioral sensitization to a low dose of 
amphetamine. AMPH pretreated HR rats exhibited greater locomotion 
compared to all other groups after 0.5mg/kg challenge dose. Data analysis 
was performed using a two way ANOVA (2 experimental groups X 2 
treatments), followed by post hoc Scheffe analyses. *=p<0.05 compared to 
all other groups. 
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Figure 10: These scatter plots illustrate the relationship between locomotion during novelty 
screening and locomotor reactivity during 0.5mg/kg amphetamine challenge.  A.  correlation of 
novelty locomotion activity and locomotion during AMPH challenge in all amphetamine 
pretreated animals (r = .676; p<0.05) B. correlation of locomotor response to novelty and 
locomotion during AMPH challenge in HR amphetamine pretreated rats (r = .755 ; p < 0.05). C. 
This scatter plot demonstrates that there is no relationship between novelty locomotion and 
locomotion during AMPH challenge in LR rats pretreated with AMPH ( r = 0.005 ; p > 0.05 
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Figure 11 A  TH mRNA expression in the VTA and SN after chronic 1mg/kg 
amphetamine pretreatment or saline pretreatment followed by a 0.5 mg/kg 
challenge dose after a one week withdrawal period  
 
Figure 11 B.  DAT mRNA expression in the VTA and SN after chronic 1mg/kg 
amphetamine pretreatment or saline pretreatment followed by a 0.5 mg/kg 
challenge dose after a one week withdrawal period on  
 
Figure 11 C.   The effects of repeated AMPH or saline treatment followed by a one 
week withdrawal period and a subsequent 0.5mg/kg amphetamine challenge on TH 
in the VTA                  
  
Figure 11D. The effects of repeated AMPH or saline treatment followed by a one 
week withdrawal period and a subsequent 0.5mg/kg amphetamine challenge on TH 
in the SN                 
  
Figure 11 E.  The effects of repeated AMPH or saline treatment followed by a one 
week withdrawal period and a subsequent 0.5mg/kg amphetamine challenge on 
DAT in the VTA                                
 
Figure 11 F. The effects of repeated AMPH or saline treatment followed by a one 
week withdrawal period and a subsequent 0.5mg/kg amphetamine challenge on 
DAT in the SN     
 
Both HR and LR rats chronically pretreated with 1mg/kg AMPH had increased TH 
mRNA in the VTA and SN.  In contrast only HR animals chronically pretreated with 
1mg/kg AMPH had increased DAT mRNA in the VTA and SN     
*=p<0.05  Data analysis was performed using a two way ANOVA (2 experimental 
groups X 2 treatments) The optical density equals(( the mean density of the region 
of interest-(mean density of the background x3.5 times the standard deviation ) x 
total target area 
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Figure 12: These scatter plots illustrate the highly correlative relationship between 
locomotion during novelty screening and Dopamine Transporter expression in HR 
amphetamine pretreated rats.  A. correlation of novelty locomotion and DAT 
expression in the VTA in HR amphetamine pretreated rats (r = .960; p<0.05) B. 
correlation of novelty locomotion and DAT expression in the SN in HR 
amphetamine pretreated rats (r = .979; p<0.05) 
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10.  REPEATED SOCIAL DEFEAT STRESS INDUCED 

SENSITIZATION TO THE LOCOMOTOR ACTIVATING EFFECTS 
OF AMPHETAMINE: THE ROLE OF INDIVIDUAL DIFFERENCES 

 

 Repeated exposure to drugs of abuse such as amphetamine or cocaine 

induces long term  neurobiological changes that are likely associated with the 

rewarding and addictive properties of those substances (Robinson and Becker 

1986; Robinson and Berridge 2001; Badiani et al., 2000). It has been suggested 

that stress-induced drug craving and drug seeking may share some of the same 

neurobiological changes that are associated with behavioral sensitization to 

drugs of abuse (Shaham and Hope 2005). In humans, there is indeed a strong 

correlation between drug seeking and craving and stressful life events (Sinha 

2001; Dansky et al., 1999).  Moreover, in rodents there is a clear link between 

prior stressful events and increased behavioral responses to psychostimulants. 

For example, stressors such as tail pinch, inescapable foot shock, restraint and 

food restriction have all been shown to induce enhanced locomotor activity to 

acute injections of psychostimulants (Carlson et al., 1987; Marinelli et al., 1996; 

Pacchioni et al., 2002; Piazza et al., 1990; Rouge-Pont et al., 1995; Deroche et 

al., 1995). 

Social defeat, in particular,  is a psychosocial stress described as “an 

environmental stressor which offers the advantage of ecological and ethological 

validity” (Tidey and Miczek 1997).  This stressor, unlike many environmental 

stressors, does not result in habituation upon repeated presentation, and so it 

generates persistent emotional stress (Tidey and Miczek 1997).  Rats exposed to 

episodic social defeat demonstrate an augmented hyperactivity to a subsequent 

challenge injection of psychostimulant (Covington and Miczek 2001b; 2005) as 

well as a facilitated pattern of drug taking behaviors in self-administration 

paradigms (Kabbaj et al., 2001a; Miczek et al., 2004). 

Stress and drugs of abuse have been shown to trigger a common synaptic 

transmission in dopaminergic neurons by eliciting identical enhancement of 

excitatory synapses of dopaminergic neurons in the VTA (Saal et al., 2003).  
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Furthermore, the stress hormone corticosterone, the major glucocorticoid in rats, 

has been shown to have facilitatory effects on mesolimbic dopamine 

transmission (Piazza et al., 1996a; Piazza et al., 1996b) and a variety of 

stressors have been shown to increase mesolimbic dopamine release 

(Abercrombie et al., 1989; Imperato et al., 1991).  

Other molecular markers of the dopaminergic circuitry were also shown to 

be altered by various chronic stressors. For example, in the visual burrowing 

paradigm, subordinate male rats have a blunted stress response, an increase in 

dopamine receptor 2 (D2) binding in the  nucleus accumbens ,  and a decrease 

in DAT binding in NAc (Lucas et al., 2004).  Similarly, chronic restraint stress 

induces a decrease in dopamine D2-like receptors in the ventral tegmental area 

(VTA) in DBA/2 mouse strains (Cabib et al., 1998).  Additionally, chronic variable 

unpredictable stress increases protein levels of TH, the rate limiting enzyme in 

catecholamine production, in both Fisher 344 and Sprague Dawley rats (Ortiz et 

al., 1996). Taken together, these data suggest that various stressors alter the 

dopaminergic system in a manner that may enhance the vulnerability of animals 

to the deleterious effects of drugs of abuse. 

Interestingly, it has been shown that repeated exposures to stressful 

events can lead to the enhancement of ACTH and corticosterone release, and it 

is possible that this sensitization of the HPA axis may facilitate the increased 

response to drugs of abuse. Indeed is has been demonstrated chronic stress 

such as foot shock, given for 3 minutes per day for 5 days, leads to a 

sensitization of corticosterone release  in response to a subsequent stressor 

such as a mild shock  (Madden 1971) or a novel environment (Weinberg et al., 

1980). Interestingly, administration of psychostimulants, in a similar matter as 

stress, is known to  increase circulating  levels of both ACTH and glucocorticoids 

(Mello and Mendelson 1997; Budziszewska et al., 1996) and in this way, 

administration of psychostimulants following repeated stress may be acting as a 

stressor. Additionally,  this increase in circulating levels of glucocorticoids  

following drug administration may lead to an increase in dopaminergic activation 
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(Piazza et al., 1996c), perhaps in part modulating stress-induced sensitization 

and drug taking behaviors.   

One common neurobiological target of both stress and drugs of abuse in 

the mesolimbic circuitry is the post-synaptic structure, or dendritic spine. These 

structures, which are the recipients of 90% of the excitatory neurotransmission in 

the brain (Harris and Kater 1994), are morphological measures of synaptic 

connections and are thought to be associated with the long lasting effects that 

exposure to drugs of abuse can have on behavioral measures of sensitization 

(e.g. locomotion)(Robinson and Kolb 2004). Exposure to stress can induce 

morphological changes to neurons in the mesolimbic circuitry.  The type of 

stress, duration of exposure and developmental stage of the animal can result in 

differing effects on morphological measures (Roitman et al., 2002; Isgor 2004; 

Shors et al., 2001; Silva-Gomez et al., 2003; Fujioka et al., 2006; Kole et al., 

2004; Radley et al., 2006) (but see Sousa et al., 2000).  Morphological measures 

can be observed as changes in the dendritic arbor complexity of the neuron, the 

overall length of dendrites, and the shape and density of dendritic spines.  In the 

hippocampus, neurons exposed to stress hormones show altered dendritic 

arbors (Woolley et al., 1990; McEwen 1999), and repeated stress results in 

changes in dendritic morphology and spine density in the prefrontal cortex 

(Radley et al., 2006).  As dendritic spine density is an indirect assessment of 

synaptic density (Harris and Stevens 1989; Harris and Kater 1994) and therefore 

neuronal connectivity, examination of changes in spine density is pertinent when 

investigating treatments with potential changes to brain circuitry, such as stress 

and exposure to drugs of abuse. 

In rats, as in humans, there is a great deal of individual variability in 

response to stress and subsequent behavioral outcomes (Young et al., 2004; 

Kabbaj et al., 2001a; Kabbaj et al., 2007; Piazza et al., 1989b). While the 

interaction between social stress and behavioral sensitization to 

psychostimulants has been widely explored, few studies to date have examined 

the role of individual differences in cross-sensitization between social defeat and 

amphetamine. There exists a rat model of individual differences in which  the rate 
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of stress-induced locomotion in a novel environment predicts subsequent 

behavioral responses of animals to drugs of abuse (Piazza et al., 1989b; Hooks 

et al., 1991a; Pierre and Vezina 1997; Dietz et al., 2005; Kabbaj 2006). In this 

model, naϊve outbred  rats are exposed to a novel environment and are 

separated into high responders (HR) and low responders (LR) based on their 

locomotor activity in this novel environment (Piazza et al., 1989b).   

Differences in the dopaminergic circuitry of HR and LR rats have provided 

some insight into the biological factors that may underlie individual differences in 

behavioral sensitization to psychostimulants.  For example, when compared to 

LR rats, HR rats release more dopamine in the NAc after psychostimulant 

injections (Hooks et al., 1991c; Hooks et al., 1992a). Additionally, under basal 

conditions, HR rats have fewer D2 (dopamine receptor type 2) binding sites as 

well as lower D2 mRNA in the NAc  when compared to LR rats (Hooks et al., 

1994a; Kabbaj 2004). Furthermore, DAT protien has been shown to be less 

efficient in HR rats compared to LR rats, both in basal conditions and after 

cocaine administration (Chefer et al., 2003).  In addition, we have shown that at 

low amphetamine dose, only HR rats exhibit sensitization to the locomotor 

activating effect of d-amphetamine along with an increase in  DAT mRNA 

expression in the VTA (Dietz et al., 2005). LR rats did not show these behavioral 

and molecular changes following chronic injections of a low dose of d-

amphetamine. 

In a previous work we have shown that chronic social defeat equalizes 

individual differences in cocaine self-administration (Kabbaj et al., 2001a).  HR 

non-defeated rats self-administered cocaine much more readily than did LR non-

defeated rats. However, after chronic social defeat, LR rats self-administered 

cocaine in a manner that was identical to HR rats (Kabbaj et al., 2001a).  

Accordingly, the aim of the current study was four fold: 1) to examine if chronic 

social defeat would equalize individual differences in behavioral responses to an 

acute injection of amphetamine (0.5, 1.0 and 1.5mg/kg); 2) to examine gene 

expression of dopaminergic markers in the mesolimbic dopamine circuitry that 

may be implicated in stress-induced sensitization to amphetamine; 3) to examine 
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if there were individual differences in corticosterone release in response to an 

acute injection of amphetamine following repeated social defeat; 4) to investigate 

if stress-induced sensitization to amphetamine is associated with alterations in 

spine density in the nucleus accumbens, prefrontal cortex and hippocampus. 

 

Experimental design 

Experiment 1.  Individual differences in the effects of repeated social defeat on 

behavioral sensitization to an acute injection of d-amphetamine (0.5, 1.0, and 1.5 

mg/kg). 

Sprague Dawley rats were ordered from Charles River and upon arrival 

were habituated to the animal colony room for five days.  On the sixth day, rats 

were screened in locomotion chambers for response to novelty.  The duration of 

the test was 1 hour. Rats were then divided into high responders (HR) and low 

responders (LR) based on a median split.  Twenty four hours later, rats were 

either socially defeated for 15 minutes by an aggressive older Long Evans male 

rat or handled for 1 minute (control group). This procedure was repeated on 

another 3 occasions for 3 consecutive days.  Fourteen days following the last 

defeat or handling, rats were placed in locomotion chambers and their locomotor 

activity was recorded for 4 hours: in the first hour rats were allowed to habituate 

to the chambers, in the second hour rats were challenged with saline (1ml/kg 

i.p.), then in the subsequent 2 hours they were challenged with one of three 

doses of d-amphetamine (0.5, 1.0 or 1.5 mg/kg i.p).  At the end of this 4 hour 

test, rats were sacrificed and their brains were collected and frozen at -80oC until 

further processing for in situ hybridization (figure 13A).  Using this technique, we 

sought to examine gene expression of D2 in rats that were challenged with d-

amphetamine at 1 mg/kg. 

 

Experiment 2.  Are there individual differences in corticosterone release in 

responses to an acute injection of d-amphetamine following repeated social 

defeat? 
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Many  stressors  including social defeat have been shown to produce 

persistent changes in the responsiveness of the HPA axis, and in particular an 

enhanced  release of corticosterone in response to a novel stressor (O'Connor et 

al., 2004). Additionally, as an increase in corticosterone is a response commonly 

shared with both stressors and exposure to psychostimulants, we sought to 

investigate if repeated social defeat stress would cause an enhanced 

corticosterone response to an amphetamine challenge fourteen days from the 

last defeat.  In this experiment, HR and LR rats were repeatedly defeated in the 

same fashion as the above experiments. Fourteen days following the final defeat 

rats were then injected with 1mg/kg (i.p.) d-amphetamine and plasma was 

collected at 0, 30, and 120 minutes post injection and analyzed for corticosterone 

levels (figure 13B). 

 

 

Experiment 3.   The effects of repeated social defeat on mesolimbic spine 

density in LR rats. 

Since repeated exposure to drugs of abuse and stressors are associated 

with changes in dendritic spine density (Robinson and Kolb 2004) and since 

repeated social defeat  induces a robust behavioral sensitization to amphetamine 

in LR rats,  we examined if this stressor was accompanied by changes in spine 

density in the hippocampus, NAc (core and shell) and prefrontal cortex of LR 

rats.   

In this experiment LR rats were repeatedly defeated or handled as in 

experiment 1, and then they were sacrificed fourteen days after the last defeat 

session. Their brains were processed for Golgi staining to allow for visualization 

of neuron morphology (figure 13 C). 

 

Methods 

Animals  

Male Sprague–Dawley (SD) rats from Charles River (Wilmington, MA, 

USA), weighing 250-275g on arrival, were used in this study. Rats were housed 
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and handled as detailed in the general methods. Following a habitation to the 

animal facility rats were screened for locomotor response to novelty as described 

above. 

 

Social defeat:  

The social defeat paradigm consisted of four encounters with an 

aggressive Long-Evans male rat. Long-Evans male rats, weighting between 500-

550 grams, were vasectomized and housed with a normal cycling female rat to 

enhance territorial behavior and aggressiveness.  Prior to each antagonistic 

interaction, the resident’s mate was transferred to another cage.  A Sprague-

Dawley male rat was then placed as an intruder in the resident male’s cage, and 

the rats were allowed to interact for 15 minutes.  If the fighting became too 

intense, or the intruder rat was pinned and adapted a submissive posture for 

more than 3 seconds, the intruder rat was transferred to a protective metal cage 

within the resident’s home cage, which allowed for intense visual, auditory, and 

olfactory interactions (Miczek 1979). This cage is of sufficient size to allow 

animals to move freely (10×10×15 cm). The aggressive encounters occurred in 

the early light phase of the light/dark cycle (0:900-11:00 hours). Although we did 

not  quantify the defeat behavior in these experiments,  our previous work has 

shown that there were no behavioral differences in HR and LR groups during the 

4 defeat sessions (Kabbaj et al., 2001a). Non-defeated rats were handled daily 

for 1 minute between 0:900-11:00 hours. 

 

Social defeat stress-induced behavioral sensitization to acute injections of 

d-amphetamine:  

Fourteen days following the last defeat or control handling session, rats were 

taken from their home cages and placed in the locomotion chambers and allowed 

to habituate for one hour, during which their locomotion activity was recorded. 

This habituation was followed by an injection of saline (1.0 ml/kg, i.p.) and 

locomotor activity was again recorded for one hour. Then, all rats were injected 

with one of three doses of d-amphetamine dissolved in 0.9% saline (d-
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amphetamine was purchased from Sigma-Aldrich, Saint Louis).  The doses of d-

amphetamine were 0.5mg/kg (LR defeat n= 8; LR non-defeat n=7; HR defeat 

n=8; HR non-defeat n=7), 1.0mg/kg (LR defeat n= 8; LR non-defeat n=13; HR 

defeat n=12; HR non-defeat n= 9) and 1.5mg/kg (LR defeat n= 8; LR non-defeat 

n=7; HR defeat n=8; HR non-defeat n=7).  Locomotor activity in response to d-

amphetamine injections was recorded for two hours.  Immediately following the 2 

hour d-amphetamine challenge, rats were removed from the locomotion 

chambers, quickly decapitated and their brains removed and snap frozen in 2-

methylbutane (Fisher Scientific, Fairlawn, NJ) and kept at -35ºC on dry ice until 

tissue was frozen solid.  All brains were then stored at -80ºC until being sliced for 

in situ hybridization. 

 

In situ Hybridization 

Five brains from each experimental group challenged with 1.0mg/kg (HR 

defeat, LR defeat, HR non-defeat and LR non-defeat) were used for in situ 

hybridization for TH, DAT, D1, and D2. The rat TH probe was a 276 base pair 

fragment directed at the rat TH mRNA coding region. The rat DAT probe was a 

532 base pair fragment directed at the rat DAT mRNA.  DAT and TH probes 

were courtesy of the Akil laboratory (University of Michigan). The D2 probe was a 

495 base pair fragment and the D1 was a 480 base pair fragment. D1 and D2 

were courtesy of Dr. Civelli (University of California, Irvine). In situ hybridization 

was carried out according to the detailed protocol in the general methods. 

 

Quantification of the radioactive signal 

For TH and DAT, eight sections containing a rostral to caudal sample were used 

for analysis. For D1 and D2 probes, eight sections per rat were used to analyze 

expression in the NAc core and NAc shell as well as the dorsal striatum see 

figure (16 A& B). 

 

 

Enhancement of corticosterone release following social defeat  
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Sprague-Dawley rats were subjected to the chronic social defeat paradigm 

(HR defeat n=4; LR defeat n=4) or handled controls (HR non-defeat n=4; LR non-

defeat n=4).  Following the final defeat, animals were returned to their home 

cages and left for 14 days undisturbed (except for changing of cages). On the 

morning of the experiments, rats were placed individually into novel cages and 

allowed to habituate for one hour. Following the one hour habituation, rats were 

given an i.p. injection of 0.9% saline (1ml/kg). One hour following saline 

injections, rats were gently removed and blood samples were taken from the tail 

vein (0 minute time point). Immediately following blood collection, rats were 

injected with a 1mg/kg (i.p) dose of amphetamine. Ensuing blood samples were 

taken (30 minutes) and 120 minutes after amphetamine injections (see figure 

13B). Corticosterone levels were determined by radioimmunoassay using a 

highly specific CORT kit (DPEC).      

 

 Morphological Analysis 

Sprague-Dawley rats were subjected to the repeated social defeat 

paradigm (defeat n=8) or handled (non-defeat n=8).  Following the final defeat, 

animals were returned to their home cages and left for 14 days undisturbed 

(except for changing of cages).  Animals were then anesthetized by an overdose 

of sodium pentobarbital (100mg/kg) followed by a transcardial perfusion of saline 

and then 4% formaldehyde (Figure 13C).  Brains were removed and stored in 

phosphate buffered saline prior to staining.  Visualization of neurons was 

performed using a modification of the rapid Golgi method (Norrholm et al., 2003).  

Briefly, brains were sectioned at 100μm on a vibrating microtome and placed in 

0.75% osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA) for 30 

minutes.  Slices were then rinsed 3x 10 minutes in 0.1M sodium phosphate 

buffer and placed in 3.5% potassium dichromate for 90-180 minutes.  Slices were 

then sandwiched between two microscope slides and placed in 1.0% silver 

nitrate for 48 hours, following which they were rinsed in water and dehydrated 

through graded ethanol rinses before being mounted and coverslipped with DPX 

(Sigma).  3-5 neurons for each animal in each brain area were used for analysis 
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as previously described in work from our laboratory (Norrholm et al., 2003).  

Areas that were analyzed include the hippocampus (CA1 from approximately -2.8 

to -3.6mm from bregma), the medial prefrontal cortex (Cg1,Cg3) and the core 

and shell of the nucleus accumbens (1.7 to 0.7mm from bregma) as defined by 

Paxinos and Watson 2nd edition  2005 (Paxinos 2005 ).   Only fully impregnated 

neurons were selected for analysis.  The number of dendritic spines on all visible 

secondary and tertiary dendritic branches was counted with a 100x immersion oil 

lens using a microscope with a camera lucida attachment.  Measurements were 

taken as the number of dendritic spines visible in 10μm segments.  The average 

densities per cell were combined to give an average density per animal for each 

brain region for use in statistical analysis. 

 

Statistical analyses: 

Individual differences in habituation to locomotor chambers as well as 

locomotor activity to an acute injection of saline were analyzed by two-way 

repeated measures analyses of variance (ANOVAs).  The first independent factor 

was “individual differences” and the second factor was “defeat/non-defeat”.  

Stress-induced sensitization to amphetamine results were analyzed using three-

way repeated measures ANOVAs (defeat/non-defeat x dose of amphetamine x 

individual differences), Fisher’s post-hoc analyses were conducted whenever 

appropriate.  

Differences in optical densities for DAT, TH, D1 and D2 were each 

analyzed using a factorial two-way (individual differences × treatment) analysis. 

The ANOVA was followed by Fisher post-hoc tests when it was appropriate.  The 

time course of corticosterone levels in response to an acute injection of d-

amphetamine were analyzed using two-way repeated measures ANOVAs 

(individual differences x defeat/non defeat) and Fisher’s post-hoc analyses were 

conducted whenever appropriate.  Dendritic spine densities for each area were 

analyzed using a student’s T-test. The criterion for statistical significance was 

p<0.05. 

Results  
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As shown in figure (14 A&B), there was a main effect of individual 

differences during the habituation period as HR rats were significantly more 

active than LR rats [F(1,98)=20.336; p<0.05].  However, there was no main effect 

of defeat [F(1,98)=4.96; p>0.05], nor interaction between individual differences 

and defeat [F(1,98)=0.556; p>0.05].  As depicted in figure 14 C, HR and LR rats 

did not exhibit differences in response to an acute injection of saline 

[F(1,98)=4.596; p>0.05] and the behavioral response to saline was not altered by 

the experience of defeat [F(1,98)=0.150; p>0.05] (figure 14D).   

Three-way ANOVAs (defeat x dose of amphetamine x individual 

differences) for the time course after amphetamine injections revealed a 

significant interaction [F(22,990)=1.74; p<0.05]. To further parse the sources of 

this interaction, each dose was analyzed separately and was split by defeat or 

non-defeat. In this case, individual differences (HR versus LR) were the 

independent factors. Furthermore, when appropriate, Fisher’s post-hoc analyses 

were conducted on each time point.   

Depicted in Figure15 A & B are responses to an acute injection of d-

amphetamine (0.5 mg/kg). Repeated measures ANOVAs demonstrated that 

there was no main effect of individual differences in the non-defeated 

[F(1,12)=1.634; p>0.05] (figure 15A) or defeated rats  [F(1,14)=3.102; p>0.05] 

(figure 15B), respectively.   

In the non-defeated rats we observed individual differences for both the 

1.0 and 1.5 mg/kg doses of d-amphetamine [F(1,20)=7.126; p<0.05] and 

[F(1,12)=4.907; p<0.05] respectively (Figures 15C and E).   However, in 

repeatedly defeated rats these individual differences in response to d-

amphetamine were no longer statistically significant  as evidenced by a lack of 

main effect for individual differences at the 1.0 mg/kg [F(1,18)=0.09; p>0.05] and 

at the 1.5 mg/kg [F(1,14)=0.7102; p>0.05] doses of d-amphetamine. For both d-

amphetamine doses (1 and 1.5 mg/kg), LR defeated rats became behaviorally 

identical to HR rats (Figure 15D and F). 

 As shown in Figure 17B depicting D2 mRNA expression in the NAc shell, 

there was no main effect of individual differences [F(1,15) = 0.495; p>0.05] , nor 
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of social defeat [F(1,15)= 0.506; p>0.05] and no interaction between HR/LR and 

the defeat/no defeat experience [F(1,15)= 0.263; p>0.05].  

As for D2 mRNA expression in NAc core (Figure 17C), there was no main 

effect of individual differences [F(1,15)= 1.706; p>0.05] nor of social defeat 

[F(1,15)=0.131; p>0.05].  There was however an interaction between HR/LR and 

defeat/non-defeat experience [F(1,15)=4.434; p<0.05]. LR non-defeated rats 

have more D2 mRNA expression than HR non-defeated (p=0.0084). Although 

there was a trend towards a difference between LR non-defeat and LR defeat, 

this did not reach statistical significance (p=0.074). 

In the dorsal striatum (Figure 17D), there was a main effect of individual 

differences in D2 mRNA expression [F(1,14)= 9.219 p<0.05], but no main effect 

of social defeat [F(1,14)= 0.605; p>0.05].  Furthermore, there was a significant 

interaction between individual differences and social defeat [F(1,14)= 8.956; 

p<0.05].  Post hoc analysis revealed that HR non-defeated rats had less D2 

mRNA than did LR non-defeated rats (p=.0012) and that LR defeated rats had 

less D2 mRNA expression than did LR non-defeated rats (p=0.017).  However, 

after repeated social defeat, HR and LR rats did not differ in their expression of 

D2 mRNA (p=0.997) implying that repeated social defeat abolished the 

differences in D2 mRNA in HR and LR rats. 

Table 1 depicts the mean values of several other mRNA markers of the 

dopaminergic circuitry.  There was no effect of individual differences in mRNA 

expression of D1 in NAc shell [F(1,15)=0.072; p>0.05], core [F(1,15)= 1.331; 

p>0.05]  or dorsal striatum [F(1,15)=0.07; p>0.05], nor was there an effect of 

social defeat on D1 mRNA expression in any of the areas examined 

[F(1,15)=0.107; p>0.05]; [F(1,15)=1.114; p>0.05] and [F(1,15)=0.970; p>0.05] 

respectively.  Likewise there was no individual difference in TH expression in 

either the VTA [F(1,15)=0.643; p>0.05] or the SN [F(1,15) =.0281; p>0.05].  

Social defeat did not significantly change TH expression in either VTA 

[F=(1,15)0.094; p>0.05] or SN [F(1,15) =0.643; p>0.05].  Similarly, there was no 

HR/LR effect of DAT mRNA expression in the SN [F(1,21)=0.024; p>0.05]  and 

VTA [F(1,22)=0.090; p>0.05].  Also, social defeat did not change VTA DAT 
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expression [F(1,22)=0.643; p>0.05] or DAT expression in the SN [F(1,22)=0.643; 

p>0.05]. For both TH and DAT expression, there was no interaction between 

individual differences and social defeat in any area examined (all p’s >0.05). 

Two-way repeated measures ANOVA performed on values obtained from 

radioimmunoassay assays of plasma corticosterone taken at 0, 30, and 120 

minutes post amphetamine injection, reveled a significant increase in circulating 

corticosterone in socially defeated rats when compared to the non defeated 

controls. [F(1,12)=4.935; p<0.05]. To further dissect if this increase in 

corticosterone was present in all defeated rats, we further analyzed our data by 

separating HR and LR rats.  As depicted in figure (18B) there was a main effect 

of defeat LR rats [F(1,6)=6.106; p<0.05]  and corticosterone levels were 

significantly increased in LR defeated rats at the 120 minutes time point when 

compared to LR non-defeat [F(1,6)=9.860; p<0.05].  There was no effect of social 

defeat on corticosterone levels in HR rats (figure 18A). 

Morphological analysis of LR animals revealed no obvious effect of 

repeated social defeat on dendritic spine density in the dorsal hippocampus, the 

prefrontal cortex, nor in the nucleus accumbens core or shell (all p’s >0.05) 

(Figure 19 and Table 2).  

 

Discussion 

  These experiments demonstrate that: 1) repeated social defeat abolishes 

individual differences in psychomotor response to an acute injection of d-

amphetamine (1.0 and 1.5 mg/kg), which was due to LR rats responding 

identically to an injection of d-amphetamine as HR rats; 2) repeated social defeat 

abolishes individual differences in D2 mRNA expression in both the NAc core 

and dorsal striatum; 3) repeated social defeat enhances corticosterone release in 

LR defeated but not HR defeated rats in response to an acute injection of 

amphetamine; 4) spine density in three areas of the mesolimbic dopaminergic 

circuitry is not associated with the behavioral changes observed in LR rats 

following repeated defeat. 
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Our data are consistent with previous reports demonstrating that repeated 

social defeat induced long term increases in locomotor activity in response to 

amphetamine (Covington and Miczek 2001b; 2005; Nikulina et al., 2004). Our 

experiments extend these findings to individual differences and show that LR rats 

exhibit a robust stress-induced sensitization to d-amphetamine.   

As was previously demonstrated (Hooks et al., 1992c), we showed the 

existence of individual differences in response to an acute injection of d-

amphetamine (1.0 or 1.5mg/kg i.p.).  Specifically, HR non-defeated rats had a 

higher locomotor activity to d-amphetamine when compared to LR non-defeated 

rats.  Interestingly, LR defeated rats became behaviorally identical to HR rats 

after exposure to repeated social defeat stress.  The abolition of individual 

differences following repeated defeat is in agreement with past studies from our 

laboratory showing that LR rats exposed to repeated social defeat became 

indistinguishable from HR rats in their cocaine intake in a self-administration 

paradigm (Kabbaj et al., 2001a). 

In this study, there were no individual differences in the effects of social 

defeat on the behavioral response to the lowest dose of d-amphetamine (0.5 

mg/kg), which is in agreement with a previous report (Hooks et al., 1991a) but 

see (Hooks et al., 1992b). This dose of d-amphetamine has been previously 

shown to be  high enough to induce an increase in both locomotion and 

dopamine release (Garrett and Holtzman 1996; Mallo et al., 2007). However, this 

dose may not have been high enough to produce individual differences in 

dopamine release in the striatum of HR and LR rats,  as has been previously 

shown with higher doses of psychostimulants (Hooks et al., 1992a; Chefer et al., 

2003). 

We report here that LR non-defeated rats have significantly more D2 

mRNA in the NAc core as well as the dorsal striatum when compared to HR non-

defeated rats. However, two weeks after the last defeat session, LR and HR rats 

become indistinguishable in their D2 mRNA expression in both striatal areas. 

This observation suggests that there might be a causal relationship between low 

levels of D2 in the striatum and behavioral responses to d-amphetamine 
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following repeated stress.   These findings are important in light of the recent 

findings that show the inverse relationship between D2 levels in the striatum and 

the propensity to self-administer drugs of abuse.  For example, alcohol preferring 

rats have a low basal level of D2 binding in NAc when compared to alcohol non-

preferring rats, and enhanced ethanol intake in alcohol preferring rats can be 

attenuated by viral over-expression of D2 receptors in the NAc (Thanos et al., 

2004). Furthermore, in monkeys, the social status modulates the availability of 

D2 receptors in the striatum, and dominant monkeys have higher D2 levels in the 

striatum with a decreased vulnerability to cocaine addiction (Morgan et al., 2002).  

Finally,  the levels of D2 expression have been shown to predict the reinforcing 

properties of methylphenidate (Volkow et al., 2002), and high levels of basal D2 

in the striatum have been ascribed a possible protective function against familial 

alcoholism (Volkow et al., 2006).  Taken together, the higher basal levels of D2 in 

LR rats may serve in a “protective” fashion against the increased propensity to 

become behaviorally sensitized to psychostimulants in comparison to the HR 

counterparts, and this higher level of D2 described in LR rats is reduced by 

repeated social defeat.   

An interesting question that one might ask is how does repeated stress 

regulate D2 expression in the striatum? Only a few studies have examined how 

stress, presumably acting through corticosterone, affects the transcription of D2.  

In one such study, rats repeatedly treated with a dose of corticosterone at similar 

levels to those produced by a mild stress,  showed a significant decrease in D2 

mRNA expression and D2 binding in the striatum (Lammers et al., 1999).  

However, dexamethasone was unable to activate larger segments of the D2 

promoter in vitro, implying that circulating glucocorticoids do not appear to have a 

direct effect on D2 gene expression. The effect observed after repeated 

corticosterone treatment on D2 down-regulation is most likely an indirect action 

of corticosterone and perhaps mediated through an increase in dopamine 

release in the striatum (Lammers et al., 1999).  We would like to emphasize that 

in our studies we did not examine protein levels of D2 following social defeat.  
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However, HR rats have less D2 binding in the striatum when compared to LR 

rats (unpublished data).  

While we report here that repeated social defeat induced a down-

regulation of D2 mRNA in LR rats, Lucas et al, (2004)  have reported  increases 

in NAc D2 binding in defeated rats. The most logical explanation for these 

opposite results may in fact be due to protocol differences, and in particular the 

duration and frequency of defeat. Lucas et al (2004) used the visual burrowing 

paradigm as a method of social stress, a paradigm of chronic social 

subordination in which a dominance hierarchy forms in a colony setting.  In our  

experiments rats were subjected to repeated encounters with an aggressive male 

for fifteen minutes per day on four consecutive days as opposed to the extended 

period of submissiveness (Collins et al., 1984) in the case of the visual burrowing 

paradigm.  

The housing conditions following social defeat can have great impact on 

subsequent behavioral outcomes. For example, in comparison to single housing, 

group housing can attenuate the depression in metabolic processes such as 

heart rate and core temperature after social defeat (de Jong et al., 2005). 

Additionally, singly housed rats after defeat have been reported to have 

diminished anticipation for rewarding substances such as sucrose solution for up 

to three months, an effect that was not evident in group housed counterparts (de 

Jong et al., 2005). In our studies, we chose to group house animals because 

social isolation has been used to investigate stress-induced sensitization (Ahmed 

et al., 1995). Furthermore, our group has shown previously that 1 week of social 

isolation abolishes individual differences in anxiety like behaviors (Kabbaj et al., 

2000a). We can not exclude, however, that our group housing conditions may 

have prevented HR defeated rats from having enhanced locomotor activity in 

response to d-amphetamine. Another possibility is that HR rats are maximally 

sensitized after just one exposure to amphetamine (Piazza et al, 1989) and as 

such, stress does not enhance their behavioral response to amphetamine any 

further.   
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The increase in glucocorticoids in LR but not HR rats is consistent with the 

findings of de Jong et al, (2005) (de Jong et al., 2005) in which these authors  

report that  behavioral  sensitization to cocaine  in a non-vulnerable phenotype is 

dependent on circulating levels of glucocorticoids and in particular an 

enhancement of corticosterone secretion. Indeed, removal of adrenals from the 

non-vulnerable phenotypic mouse prevented behavioral sensitization while 

having no effect in the vulnerable phenotype.  It is interesting to hypothesize that 

increased corticosterone levels may have a facilitatory effect on dopamine 

transmission (Piazza, 1996) in LR rats, and thus enhance behavioral responses 

to amphetamine following repeated social defeat. However, further microdialysis 

studies will be needed in order to confirm this hypothesis. 

The lack of change in spine density in the mesolimbic dopaminergic 

circuitry after social defeat suggests that something other than changes in 

physical post-synaptic structure density is responsible for the equalization of the 

behavioral response to d-amphetamine seen in the LR rats.  This result was 

surprising as stress and drugs of abuse have been shown to alter spine density 

(reviewed in Robinson and Kolb 2004; Fuchs et al., 2006).  However, many of 

the studies examining the effects describing changes in spine density used 

extensive stress paradigms and conditions that were not comparable to the 

conditions used in our study.  Additionally, it is possible that short term changes 

in dendritic spine density may have occurred after social defeat and 

subsequently returned to baseline within the fourteen day rest period. The 

authors are aware however, that only a limited sample of morphological 

assessments were undertaken in this study, and it is possible that other aspects 

of morphology such as dendritic length or dendritic spine shape, both factors that 

can be altered by exposure to stress and which can affect neuronal functioning, 

may have been altered.   

The data presented here suggests that perhaps on a molecular level, 

sensitization induced by chronic social defeat may be a different process from 

behavioral sensitization induced by repeated injections of psychostimulants.  For 

example, a number of reports have shown an increase in DAT mRNA in animals 
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that demonstrate behavioral sensitization (Dietz et al., 2005; Shilling et al., 1997).  

In this study we did not see a change in DAT expression 2 weeks following the 

last defeat session. Furthermore, while there have been ample studies 

demonstrating the strong correlation between changes in spine density and 

behavioral sensitization, we observed no such changes. Taken together, we 

believe that it is possible that the neuronal processes that occur during 

behavioral sensitization after repeated injections of drugs of abuse may be 

mechanistically distinct from that of stress-induced cross sensitization 

Further experiments will be necessary to delineate the role of D2 in stress 

induced sensitization to the locomotor activating effects of d-amphetamine. While 

the data presented here are correlative, they strongly imply that individual 

differences in D2 expression can have great impact on the sensitivity of 

individuals to psychostimulants. We believe that examination of individual 

differences in response to social stress in the HR/LR model will provide further 

molecular clues on why some individuals are more prone to the effects of stress.  
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Figure 13. 

 

A. Schematic of the protocol used to examine individual differences to an acute injection of 

d-amphetamine (0.5, 1 or 1.5mg/kg i.p.).  Rats were first classified as a high responder (HR) 

or low responder (LR) based on their locomotor activity in a novel environment. Rats were 

then either socially defeated on four consecutive days or handled.  Fourteen days following 

the last defeat or handling, rats were placed in the locomotion chambers and their locomotor 

activity in response to novelty (habituation 1h), saline injection (1ml/kg i.p.; 1h) and one of 

three doses of d-amphetamine (0.5, 1.0 or 1.5 mg/kg i.p; 2h) were successively recorded. 

Following the d-amphetamine challenge all rats were sacrificed. 

 

B.  Schematic of the protocol used to examine individual differences to an acute injection of 

d-amphetamine (0.5, 1 or 1.5mg/kg i.p.).  Rats were first classified as a high responder (HR) 

or low responder (LR) based on their locomotor activity in a novel environment. Rats were 

then either socially defeated on four consecutive days or handled and were then returned to 

the vivarium and left undisturbed for fourteen days. On the fifteenth day following social 

defeat or handling, rats were separately placed in clean novel cages for one hour.  Following 

the one hour habituation, rats were given  and i.p. injection of 0.9% saline (1ml/kg). One 

hour following saline injections, rats were gently removed and blood samples were taken 

from  the tail vein (0 m in t im e point ) . I m m ediately following blood collect ion, rats were 

injected with a 1mg/ kg ( i.p)  dose of am phetam ine. Ensuing blood sam ples were taken 

(30 m in)  and 120 m in after am phetam ine inject ions. 
 

C. Schematic of the protocol used to examine dendritic spine densities in the LR rats.  The 

social defeat paradigm was identical to the experimental procedures for experiments 1 and 

2, with the exception that animals were sacrificed after the 2 week interval without any 

exposure to saline or d-amphetamine. 
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Figure 14:Fourteen days following the last defeat or handling sessions, rats were 

placed in locomotor chambers and their locomotion was recorded in a novel 

environment for 1 hour. Subsequently, the rats were challenged with saline and their 

locomotor activity recorded for another hour. (A-B) Mean locomotor scores in ten 

minute bins for HR and LR non-defeated rats during habituation to the novel 

environment. (C-D) Mean locomotor scores for HR and LR non-defeated and 

defeated rats in response to saline injections (1ml/kg i.p.). Two-way repeated 

measure (Individual differences X defeat/non-defeat) revealed that HR animals had 

an increased locomotor response to a novel environment (p<0.05) but this 

hyperactivity was not persistent through the saline injection (p>0.05). There was no 

effect of defeat on habituation or the response to saline.  
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Figure 15 

A&B. Effects of d-amphetamine (0.5 mg/kg) challenge on locomotor activity in non-

defeated and defeated HR and LR rats. For this low dose of d-amphetamine, there was 

neither an effect of individual differences nor an effect of social defeat on locomotor 

activity during the d-amphetamine challenge.  

C&D. Effects of d-amphetamine (1 mg/kg) challenge on locomotor activity in non 

defeated and defeated HR and LR rats. When compared to LR non defeated rats, HR 

non defeated rats have a higher locomotor activity (p<0.05) in response to 

amphetamine. Locomotor activity of HR defeated and LR defeated was identical. 

(*=p<0.05; when comparing HR to LR at each time point).  

E&F. Effects of d-amphetamine (1.5 mg/kg) challenge on locomotor activity in non 

defeated and defeated HR and LR rats. When compared to LR non defeated rats, HR 

non defeated rats have a higher locomotor activity (p<0.05) in response to 

amphetamine. Locomotor activity of HR defeated and LR defeated was identical. 

(*=p<0.05; when comparing HR to LR at each time point).  
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Figure 16 

A. Location of templates used to sample measurements of optical density of D1 and 

D2 mRNA within specific brain regions in each animal. The dorsal striatum and NAc 

sections were sampled from bregma + 1.2 mm rostrally to bregma + 1.0 mm caudally 

according to the Paxinos and Watson rat brain atlas. 

B. Location of templates used to sample optical density measurements within specific 

brain  The VTA and SN sections were sampled from bregma −5.2 rostrally to bregma 

−6.04 caudally according Paxinos and Watson 
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Figure 17 

A. Color-enhanced photomicrographs from x-ray films exposed for 5 days after in situ 

hybridization with antisense cRNA probe against D2 mRNA. Representative images 

were taken from an audioradiogram depicting LR non-defeat (n=5), HR non-defeat 

(n=5), LR defeat (n=5) and HR defeat (n=5).   

The quantification of in situ hybridization data in the B. nucleus accumbens shell C. 

nucleus accumbens core and D. dorsal striatum. When compared to LR non-defeated 

rats,  HR non-defeated rats  have less D2 mRNA in the NAc core and dorsal striatum 

but not in  the NAc shell. After social defeat D2 mRNA expression was equal between 

HR defeated and LR defeated rats in both the NAc core and dorsal striatum. 

*=P<0.05 
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MOLECULE 

& AREA  LR Non Defeat HR Non Defeat LR Defeat HR Defeat 

D1 NA core 9164 ± 1368 9911  ± 1119 7053  ± 1355 9272  ± 1204 

D1 NA shell 10633  ± 1111 10223  ±  940 10068  ± 837 10070  ± 739 

D1 Dorsal 

Striatum  37246   ± 9045 46776  ±  11468 35469  ±  11465 21532  ±  4253

Dopamine 

Transporter 

VTA 41137  ± 1754 40063  ± 3127 40583  ± 1936 39062  ± 2117 

Dopamine 

Transporter 

SN 43025  ±  1819 49334  ±  3752 48113 ± 3498 43277  ± 3461 

Tyrosine 

Hydroxylase 

VTA 43409  ±  5051 48327  ± 5057 43252 ± 3994 45680 ± 4137 

Tyrosine 

Hydroxylase  

SN 38703 ±  6003 40499 ± 4683 37805  ± 3036 42481 ± 8555 

Table 1. mRNA levels D1, TH and DAT as assessed by the mean integrated optical 

density values obtained from audioradiograms.  There was no effect of individual 

differences or of social defeat in striatal D1 mRNA expression.  Likewise there were 

no changes in DAT or TH expression in either the VTA or SN. Differences in 

optical densities for DAT, TH, D1 were each analyzed using a factorial two-way 

(individual differences ×treatment) analysis. 
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 Figure 18: Corticosterone levels in response to an amphetamine challenge (1 mg/kg) in non-defeated 
and defeated HR and LR rats. Rats were either socially defeated on four consecutive days or handled 
and were then returned to the vivarium and left undisturbed for fourteen days. On the fifteenth day 
blood samples were taken from the tail vein (0 min time point) followed immediately by an injection 
with a 1mg/kg (i.p) dose of amphetamine. Ensuing blood samples were taken 30 min and 120 min 
after amphetamine injections. (A) LR defeated but not (B) HR defeated rats had an increase in 
corticosterone in response to an acute injection of amphetamine (p<0.05) when compared to their 
non-defeated counterparts. The increase observed in LR defeated rats was specifically at the 120 min 

time point. (*=<0.05 when compared to LR non-defeat) 
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Figure 19. Photomicrographs of representative dendritic twigs from neurons used for 

dendritic spine density quantification from three areas examined; pyramidal neurons 

from the CA1 region of hippocampus and medial prefrontal cortex, and medium spiny 

neurons from nucleus accumbens.  Scale bar indicates 10μm.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 94



 

 

 

Table 2 

 Chart showing average spine densities per 10μm dendritic segment from the areas 

indicated in both non-defeat and defeat conditions.  There were no significant 

differences between conditions in any of the regions examined. 

Area Non-defeat Defeat 

Hippocampus 

(CA1) 
20.84±0.38 21.00±0.49 

Pre Frontal Cortex 17.81±0.25 18.96±0.88 

Nucleus accumbens Core 20.20±0.54 20.30±0.83 

Nucleus accumbens Shell 19.22±0.89 20.07±0.78 
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11. CORTICOSTERONE FAILS TO PRODUCE A CONDITIONED 
PLACE PREFERENCE OR 

A CONDITIONED PLACE AVERSION 

Adapted from: 

Behav Brain Res (2007) Aug 6;181(2); 287-91 

 

Glucocorticoids increase the appetitive properties of numerous stimuli 

(Piazza and Le Moal 1997),  including drugs of abuse (Goeders and Guerin 

1996; Deroche et al., 1997a).  For example, adrenalectomy attenuates the 

reinforcing properties of psychostimulants (Goeders and Guerin 1996; Deroche 

et al., 1997a) and this effect is reversed in a dose-dependent manner by 

administration of corticosterone (CORT) (Deroche et al., 1997b). Furthermore, 

stressful events have been shown to increase behavioral responses to drugs of 

abuse including increased drug taking and seeking  (Goeders 2002). 

In humans, novelty-seeking is a trait that reliably predicts drug abuse.  

Novelty seekers report higher and more frequent use of illicit substances 

(Zuckerman 1988; Zuckerman and Neeb 1979) (see Cain et al., 2005).  To 

further investigate this phenomenon, a model of individual differences in novelty-

seeking was developed in rats.  Outbred rats can be classified as high 

responders (HR) or low responders (LR) based on their locomotor activity in a 

novel environment.  An important difference between HR and LR rats is their 

drug-taking behavior, as HR rats readily self-administer psychostimulants when 

compared to LR rats (Piazza et al., 1989a; Kabbaj et al., 2001a; Marinelli and 

White 2000b). This animal model is therefore widely used to assess the 

neurobiological and environmental factors that predict the susceptibility and 

behavioral responses to various substances of abuse (Piazza et al., 1989a; 

Hooks et al., 1992d; Lucas et al., 1998b; Kabbaj et al., 2001b; Dietz et al., 2005). 

In a study evaluating individual differences in the reinforcing properties  of 

CORT (i.e. ability of CORT to increase operant responding for contingent 
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infusions (Wise and Rompre 1989)), rats performed an operant task to self-

administer this hormone (Piazza et al., 1993a).  The reinforcing properties of 

CORT were greater in HR rats compared to LR rats.  This study demonstrates 

that CORT is reinforcing and that there exist individual differences in the 

reinforcing properties of CORT.  Furthermore, when compared to LR rats, HR 

rats exhibited an exaggerated CORT response following mild stressors, which 

was associated with a reduction in anxiety-like behaviors in these rats (Dellu et 

al., 1996; Kabbaj et al., 2000b).  Based on this evidence, the authors 

hypothesized that HR rats may actively seek the increase in plasma CORT 

levels, an increase that may be reinforcing (Kabbaj et al., 2000a).   

Clinical observations have shown that chronic glucocorticoid treatment 

induces negative symptoms (including asthenia, fatigue, reduced concentration, 

apathy, depression, and increased irritability) in some individuals and positive 

symptoms (such as euphoria) in others (Rome HP 1952; Fox HM 1953; Goolker 

P 1953). These findings led us to hypothesize that there might be individual 

differences in the rewarding (appetitive nature of a stimulus (Bardo and Bevins 

2000)) properties of CORT.  Accordingly, the aim of the present study was to 

evaluate the rewarding properties of CORT (0, 2.5, and 10 mg/kg) and cocaine 

(12 mg/kg) using a CPP paradigm.  Cocaine was used as a positive control since 

it has been shown to produce strong but similar CPP in HR and LR rats (Gong et 

al., 1996). 

 

Methods  

Animals 

Seventy-four male Sprague–Dawley rats from Charles River (Wilmington, 

MA, USA), weighing 250-275g on arrival, were used in this study.  Forty-eight of 

these rats were used to test CORT (0, 2.5, and 10 mg/kg) CPP in HR and LR 

rats.  Fourteen rats were used to test cocaine CPP in HR and LR rats.  The 

remaining fourteen rats were used to examine the effects of CORT injections (0, 

2.5, 10 mg/kg; i.p.) on plasma CORT levels after the first conditioning with 

CORT.  The CORT doses were chosen based on previous reports showing that 
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these doses do not induce seizures and can alter different behaviors including 

CPP, drug self-administration, and spatial memory (Brooks et al., 2004; 

Budziszewska et al., 1996; Akirav et al., 2004; Steketee 2003). CORT and 

cocaine were purchased from Sigma-Aldrich, St. Louis MO USA. All rats were 

screened for locomotor reactivity to a novel environment as described in detail in 

the general methods. 

 

Place Conditioning  

Place conditioning started two days after the novelty response testing and 

was conducted in shuttle boxes (Med Associates Inc, St. Albans, Vermont) 

consisting of 3 distinct compartments operated by automatic doors.  The overall 

inside dimensions of the apparatus were 21 x 21 x 68 cm. The center 

compartment was gray with a smooth PVC floor.  The choice compartments were 

28 cm long.  One compartment was all black with a stainless steel grid rod floor 

consisting of 4.8 mm rods, placed 16 mm on center, while the other was all white 

with a 0.25 x 1.25 cm stainless steel mesh floor. The location of each rat was 

recorded during test sessions using fifteen infrared photobeam detectors.  

On day one (pre-conditioning), each rat was placed in the neutral gray 

compartment for 30 seconds.  After this delay, the automatic guillotine doors 

opened and the rat had free access to the entire apparatus for a total of 20 

minutes.  The amount of time spent in each compartment was recorded.  In this 

experiment, the rats tended to have a slight bias for the black compartment. On 

average, the rats spent 138 seconds more in the black compartment than in the 

white compartment. Therefore, injections of CORT and cocaine were paired with 

the least-preferred white side.  

On the following four days of conditioning, two groups of rats were injected 

with CORT at 2.5 mg/kg (HR n=8; LR=8) or 10 mg/kg (HR n=8; LR=8).  Injections 

were performed twice a day with one pairing of CORT in the white chamber and 

one pairing of vehicle in the black chamber. The injections were counterbalanced 

between morning and afternoon with at least 4 hours between each session. A 

separate control group of rats (HR n=8; LR=8) was injected only with the vehicle 
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(45% hydroxypropyl-beta-cyclodextrin) in both compartments twice daily for all 

four days of conditioning.  As a positive control for our CPP procedures, a 

separate group of HR (n=5) and LR (n=9) rats were conditioned with cocaine 

(12mg/kg i.p.) in the white chamber or saline (1 ml/ kg; i.p.) in the black chamber 

twice daily for all four conditioning days. In this case also, the injections were 

counterbalanced between morning and afternoon with at least 4 hours between 

each session.  All conditioning sessions lasted 30 minutes. 

On the day following the last conditioning, the rats were tested for CPP in a 

drug-free state.  The experimental conditions used during the test were exactly 

the same as those used during the pretest. The amount of time the rats spent in 

each compartment was recorded. 

In an additional experiment we sought to determine the levels of plasma 

CORT induced by the intraperitoneal injections of CORT or its vehicle.  For this 

purpose, 14 male Sprague-Dawley rats were injected with CORT at 2.5 mg/kg 

(n=5) and CORT at 10 mg/kg (n=4) or with vehicle (n=5).  After the injection of 

CORT or vehicle, each rat was placed in the white chamber (for CORT-injected 

rats) or in the black chamber (for vehicle-injected rats) of the CPP apparatus. 

The rats were then terminated 30 minutes later.  Their trunk blood was collected 

in 7ml blood collection tubes coated with EDTA (Becton Dickinson, Franklin 

Lakes NJ USA).  The collection tubes were centrifuged at 2500 rpm at 4oC and 

plasma was collected and frozen at -20oC until used for CORT analysis.  Plasma 

CORT levels were determined using the Coat-A-Count corticosterone 

radioimmunoassay kit according to the manufacturer’s instructions (DPC Los 

Angeles, CA, USA). 

 

Statistics 

 Individual differences in CPP (CORT or cocaine) were analyzed using two-

way Analysis of Variance (ANOVA).  HR/LR and CORT doses were the two 

independent factors and the delta time spent in the white conditioning chamber, 

gray start box, or black vehicle-paired chamber were the dependent variables. 

Plasma CORT levels were analyzed using one-way ANOVA followed by Fisher’s 
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Post-hoc test. Finally, Simple regression analyses were used to determine if 

there were any correlations between locomotor activity and the delta difference in 

the white compartment. 

Results 

Figure 20 (A-C) depicts that response to novelty did not predict 

conditioned place preference or conditioned place aversion to CORT. In the 

white CORT paired chambers, there was no effect of individual differences 

(HR/LR) [F(1,42)=3.426; p>0.05] nor CORT doses [F(2,42)=1.026; p>0.05] on 

time spent in the white chamber on test day compared to pretest day. There was 

also no interaction between individual differences and CORT doses 

[F(2,27)=0.32;p>0.05]. Furthermore, there was no main effect of individual 

differences [F(1,42)=0.360; p>0.05] nor a main effect of CORT doses [F =0.521; 

p>0.05] on time spent in the vehicle-paired black chamber.  There was also no 

interaction between individual differences and CORT doses for the black 

chamber [F(2,27)=0.20; p>0.05].  Finally, there was no main effect of individual 

differences [F(1,42)=0.938; p>0.05] nor CORT dose effects [F(2,42)=0.022; 

p>0.05] for the time spent in the gray chamber. There was also no interaction 

between individual differences and CORT doses in the gray chamber 

[F(2,27)=0.23; p>0.05]. Furthermore, linear regression performed on each dose 

of CORT  (figure 21 A-C) showed that there were no significant correlations 

between novelty-induced locomotion and delta difference (test-pretest) in the 

white compartment properties of corticosterone at 0, 2.5, or 10 mg/kg doses 

(R=0.417; 0.113; 0.357 respectively; all p’s >0.05) (see figure 22 a, b,& c). 

As seen in figure 22, cocaine induced a conditioned place preference, as 

demonstrated by a significant increase in the time spent by rats in the white 

chamber [F(1,12)=43.12; p<0.001] (Figure 22) and a significant decrease in time 

spent by rats in the vehicle-paired black chamber [F(1,12)=7.16; p<0.05]. There 

were no effects of individual differences on the time spent in the white chamber 

[F(1,12)=.132; p>0.05] or the black chamber [F(1,12)=.579; p>0.05].  Finally, 

there was no effect of cocaine-conditioning on the time spent in the gray start box 

[F(1,12)=0.623;P>0.05], nor was there an effect of individual differences 
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[F(1,12)=.003;P>0.05].  Individual differences in cocaine-induced CPP were 

analyzed using one-way repeated measures ANOVA.  HR/LR was the 

independent factor and the delta time spent in the white conditioning chamber, 

gray start box, or black vehicle paired chamber were the dependent variables.  

Plasma CORT concentration in rats injected with vehicle, 2.5 and 10mg/kg 

of CORT is shown in figure 23.  There was a significant main effect of the CORT 

doses [F(2,11)=8.41; P=0.006].  Fisher’s post-hoc analysis revealed that there 

was a significant increase in plasma levels of CORT in the rats injected with 

10mg/kg as compared to vehicle-injected rats (p=0.0018).  Rats injected with 

CORT at 10 mg/kg exhibited also higher plasma CORT when compared to rats 

injected with CORT at 2.5 mg/kg (p=0.040). Rats injected with CORT at 2.5mg/kg 

exhibited a nonsignificant increase in plasma CORT when compared to vehicle-

treated rats (p=0.08).   

 

Discussion  

Our results show that locomotor activity in a novel environment does not 

predict individual differences in place conditioning to CORT (figure 20).  Unlike 

CORT, cocaine induced an equally strong place preference in both HR and LR 

rats (figure 22).  Our results are in agreement with the results of Gong et al., 

(Gong et al., 1996) and confirm that response to novelty does not predict the 

rewarding properties of cocaine.  Since we were able to induce a robust 

conditioned place preference to cocaine but not to CORT using exactly the same 

CPP procedure, we conclude that CORT is not rewarding.  

Acute injection of CORT at 10 mg/kg produced plasma CORT levels above 

the physiological range produced by a stress exposure. However, the injection of 

CORT at 2.5 mg/kg produced physiological levels of the hormone (figure 23) that 

are in the range of the physiological plasma levels that were shown in a previous 

study to be reinforcing (Piazza et al., 1993a).   

The rewarding properties of glucocorticoids in a CPP paradigm have been 

examined in two studies.  In one study, dexamethasone induced place 

preference at a high dose (Lebedev et al., 2003).  But in the other study, CORT 
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(10 mg/kg) did not produce CPP (Brooks et al., 2004).  Our results are therefore 

in agreement with the finding of Brooks et al., but extend them to a lower 

concentration of the hormone and also extend them by demonstrating that even 

HR rats that are known to self-administer CORT do not form place preference for 

a CORT-associated environment.  It is likely that some of the discrepancies 

between the dexamethasone and the CORT studies are due to methodological 

issues. The most likely issue is the choice of the glucocorticoid, as 

dexamethasone and CORT diffuse across the blood brain barrier with different 

efficacies and bind with different affinities to glucocorticoid receptors (de Kloet et 

al., 2005; Reul et al., 2000).    

One might ask why HR and LR rats exhibit differences in the expression of 

behavioral reinforcement for response-contingent injections of CORT but fail to 

develop a CPP to the same hormone.  This is not the first time that such 

dissociation between the reinforcing and rewarding properties of a substance in 

HR and LR rats was reported.  Indeed, response to novelty failed to predict 

individual differences in the formation of preferences for psychostimulant-

associated environments (Erb and Parker 1994; Gong et al., 1996), despite the 

fact that HR and LR rats clearly exhibit different patterns of psychostimulant self-

administration (Piazza et al., 1989a; Pierre and Vezina 1997; Marinelli and White 

2000b; Kabbaj et al., 2001b).  The mechanisms that underlie the apparent 

dichotomy in which these drugs can induce greater operant responses in HR but 

not LR animals, without apparent differences in their rewarding properties, are 

still not understood.  

The seemingly contradictory observations that rats will self-administer CORT 

(Deroche et al., 1993; Piazza et al., 1993b) but will not develop CORT CPP is 

consistent with the notion that several classes of drugs are self-administered but 

do not support CPP (Bardo and Bevins 2000). Although self-administration and 

CPP data usually concur, these mismatches suggest that these two paradigms 

are measuring drug actions that are at least partially dissociable (Wise and 

Rompre 1989; Wise and Bozarth 1987).  For example,  CPP is entirely 

dependent on a bolus injection by the experimenter whereas in drug self–
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administration, rats receive their injections at a much lower rate and they have 

the choice to either take the drug or not.  Past reports have clearly show that 

dopamine transmission is attenuated in animals receiving yoked infusions when 

compared to rats actively self-administering amphetamine (Di Ciano et al., 1996; 

Stefanski et al., 1999).   

It should be noted that the CPP paradigm differs from the self-administration 

paradigm in that it is dependent on contextual learning and temporal associations  

(Bardo and Bevins 2000). Highly elevated circulating CORT concentrations may 

actually interfere with contextual learning, since adrenalectomized rats injected 

with a high dose of CORT (40mg/kg) were impaired in a Y maze test (Conrad et 

al., 1996).  However, in our study, an impairment of contextual learning cannot 

explain the lack of preference for CORT for at least 3 reasons: 1) The doses of 

CORT that we used are much lower than the doses that have been shown to 

impair learning; 2) Rats injected with CORT at low and high doses exhibit similar 

behavior in the CPP paradigm; 3) Rats conditioned with CORT and rats 

conditioned with the vehicle exhibit similar behavior in the CPP paradigm.   

Further experimentation will be necessary to understand how CORT 

appears to have strong reinforcing properties in some rats and not others, and 

yet seems to possess no rewarding properties at least with the CPP paradigm 

that we used.  As shown in humans, it is possible that a much longer exposure to 

CORT may demonstrate the existence of individual differences in the 

rewarding/aversive properties of this hormone. 



   
 

 

 

 

 

 

 

 

 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20: Response to novelty did not predict conditioned place preference or 
conditioned place aversion to CORT. In the white CORT paired chambers, there was no 
effect of individual differences (HR/LR)] nor a dose effect on time spent in the white 
chamber on test day compared to pretest day as analyzed by two anova, p>0.05
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Figure 21:These scatter plots illustrate the lack of correlation between locomotion 
during novelty screening and delta time spent in the white CORT paired chambers for 
(A). 0 mg/kg (B). 2.5mg/kg  i.p. or (C) the 10mg/kg i.p  doses of CORT,  p> 0.05 
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Figure 22: Cocaine induced a conditioned place preference, as demonstrated by 
a significant increase in the time spent by rats in the white chamber p<0.05 and a 
significant decrease in time spent by rats in the vehicle-paired black chamber. 
p<0.05. There were no effects of individual differences on the time spent in the 
white chamber p>0.05 or the black chamber p>0.05.  Finally, there was no effect 
of cocaine-conditioning on the time spent in the gray start box p>0.05, Individual 
differences in cocaine-induced CPP were analyzed using one-way repeated 
measures ANOVA.   
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Figure 23: Plasma CORT concentration in rats injected with vehicle, 2.5 and 
10mg/kg of CORT.  The levels of CORT in the rats injected with 10mg/kg was 
signifigantly elevated compared to vehicle-injected rats (p=0.0018).  Rats injected with 
CORT at 10 mg/kg exhibited also higher plasma CORT when compared to rats 
injected with CORT at 2.5 mg/kg (p=0.040). Rats injected with CORT at 2.5mg/kg 
exhibited a nonsignificant increase in plasma CORT when compared to vehicle-treated 
rats (p=0.08).  Plasma CORT levels were analyzed using one-way ANOVA followed by 
Fisher’s Post-hoc test.  
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12. GENERAL CONCLUSIONS  

In humans, there is a great deal if individual variability in responses to stress 

(Yehuda et al., 2006)  and  to drugs of abuse (Piazza et al., 1989b). One of the most 

challenging problems facing neuroscientists today is trying to elucidate what 

neurobiological mechanisms may mediate these individual differences. In this 

dissertation, we have used an animal model of individual differences, based on 

sensation seeking, to examine the neurobiological correlates that may underlie 

behavioral responses to drugs of abuse. To this end, we have examined both at the 

behavioral and molecular level, why some individuals may be more susceptible to the 

consequences of drugs of abuse, and how psychosocial stress may alter this 

vulnerability.  Finally, as we have shown that the major stress hormone corticosterone 

may be implicated in altering this vulnerability, and others have shown that 

corticosterone has reinforcing properties in some individual differences, we sought to 

examine if this hormone has rewarding properties.   

  Using the High and Low responder model of individual differences, we have 

shown that some individuals will become behaviorally sensitized to low doses of d-

amphetamine, while others do not. These findings are in agreement with past reports in 

the literature (Hooks et al., 1992b; Hooks et al., 1992c; Hooks et al., 1991a). To our 

knowledge, our work is among the first to examine the long term gene changes in the 

dopaminergic pathway in the context of individual differences following behavioral 

sensitization to psychostimulants. Our data in section 9 argues that increases in gene 

expression of DAT may be implicated in behavioral sensitization. This data is in strong 

agreement with other work demonstrating the importance of the dopamine transporter in 

sensitization to psychostimulants  (Shilling et al., 1997; Mead et al., 2002).  

While the data from our first set of experiments suggest that LR rats are relatively 

unsusceptible to the sensitizing properties of amphetamine, we asked if other 

environmental factors may alter the vulnerability in HR and LR rats. In our second set of 

experiments presented in section 10, we describe how exposure to psychosocial stress, 

as occurs with repeated social defeat, equalizes individual differences in response to 

the locomotor activational properties of amphetamine.  Previously, Dr. Kabbaj 

demonstrated that HR rats will self-administer cocaine more readily than will LR rats. 
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However, these differences are abolished following social defeat stress (Kabbaj et al., 

2001a).  In effort to explore what neurobiological adaptations may facilitate this 

behavioral equalization, we have confirmed that under non-defeated conditions,  HR 

rats have less striatal D2 mRNA expression when compared with LR non-defeat rats 

(Hooks et al., 1994a; Kabbaj 2004). Furthermore, in these experiments, we have 

demonstrated that commensurate with the equalization of behavioral responses to 

amphetamine, there is an equalization of D2 striatal mRNA, specifically that LR rats 

have decreased D2 expression in the NAc core and dorsal striatum following social 

defeat. We believe this finding to be of  particular clinical importance in so far as 

decreased D2 availability has been shown to predict the reinforcing properties of 

methylphenidate (Volkow et al., 2002), and high levels of basal D2 in the striatum have 

been ascribed a possible protective function against familial alcoholism (Volkow et al., 

2006). Our data strongly suggests that we have identified a neurobiological target by 

which social stress may equalize individual differences, however it was the surprising 

lack of expected changes in dopamine transporter and spine density that may raise 

more questions than answers.   Because both DAT expression (Dietz et al., 2007; 

Shilling et al., 1997)  and  changes in spine density (Norrholm et al., 2003; Robinson 

and Kolb 2004; Robinson and Kolb 1999; 1997; Li et al., 2003; Li et al., 2004)  are 

associated with exposure to drugs of abuse as well as stress (Meaney et al., 2002; 

Shors et al., 2001; Radley and Morrison 2005; Radley et al., 2006; Silva-Gomez et al., 

2003), we were quite surprised to have seen no changes in either measure.  A cursory 

search of the literature, including the introduction of this dissertation, may persuade one 

to think that stress-induced sensitization should be the same as sensitization induced by 

repeated exposure to drugs of abuse. The evidence put forth in our second set of 

experiments suggest that while the behavioral outcome following either stress or 

repeated exposure to drugs of abuse are similar, the underlying mechanisms may not 

completely overlap. In addition to our findings that equalization of striatal  D2 mRNA 

expression may be implicated in abolition of behavioral differences in response to 

amphetamine following social defeat, we found that LR, but not HR, defeated rats 

demonstrated an increase in corticosterone release compared to their non-defeated 

controls in response to an amphetamine injection. These findings suggest that in LR 
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defeated rats,  the enhancement of corticosterone, perhaps by facilitating dopamine 

release, may be one mechanism by which social defeat stress may augment behavioral 

responses. It is important to note that we have yet to directly test this hypothesis, as to 

date we have not measured dopamine release via microdialysis, nor have we removed 

the adrenal glands to examine if the increased behavioral response or decreases in D2 

expression observed in LR rats is dependent on an increase in glucocorticoids. Equally 

important for future consideration is a more detailed analysis of the HPA axis. Here we 

report on changes in corticosterone release as a functional outcome following social 

defeat, but at this time we are unable to predict with any degree of certainty the 

neurobiological mechanisms driving these changes. For example, still unexamined are 

changes in CRF (both the peptide and its receptor) and GR expression, both of which 

have been implicated in response to drugs of abuse and sensitization in particular (Erb 

and Brown 2006; De Jong and De Kloet 2004; Wang et al., 2007; Zhou et al., 2003; Wei 

et al., 2004).  

  Clinical observations describe that chronic treatment with glucocorticoids can 

induce negative symptoms (asthenia, fatigue, reduced concentration, apathy, 

depression, increased irritability) in some individuals and also positive symptoms in 

other individuals (euphoria) (Rome HP 1952; Fox HM 1953; Goolker P 1953). However, 

in comparison to the above mentioned chronic treatments, acute treatment with 

glucocorticoids was reported to have no effect in humans (Wachtel 2000). Interestingly, 

others have shown that some rats, HR in particular, will self-administer this hormone 

while LR animals are far less likely to do so, suggesting that corticosterone may have 

reinforcing properties in some but not all individuals (Piazza et al., 1993a) . In our final 

set of experiments we sought to investigate if the stress hormone corticosterone 

possesses intrinsic rewarding properties. Our data in section 11 suggests that while 

corticosterone may be reinforcing, it is not rewarding nor is it aversive. It is not totally 

surprising that we have found that there are no individual differences in the rewarding 

components of this substance, as this is consistent with previous work in which both 

cocaine and amphetamine, although shown to be more reinforcing to HR, induce the 

same degree of CPP (Erb and Parker 1994; Gong et al., 1996). The exact explanation 
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of why these substances are more reinforcing in HR rats during self-administration but 

are not more rewarding as tested in CPP has not been fully parsed out.  

Finally, future studies will need to be conducted to further investigate if sensation 

seeking in rodents predicts responses to more “natural” stimuli including sex and the 

ingestion of highly palatable foods. Indeed, it is well excepted that the “reward” pathway 

exists in order to mediate behavioral responses to stimuli such as social interactions, 

and that drugs of abuse usurp this circuitry  (Panksepp et al., 2002) . Surprisingly, few 

studies to date have examined individual differences in this regard. One may 

hypothesize, given the vast differences in both reward circuitry as well as vulnerability to 

drugs of abuse, that individual differences may exist in response to more than just 

pharmacological challenges.  

Taken together, we have significantly added to the body of research examining 

the interaction between individual differences, stress, and drugs of abuse. Although 

many questions remain unanswered, the fact that these works have given rise to even 

more questions is not at all surprising, but indeed may denote the progress of science.  

For as it has been said, “Truth in science can be defined as the working hypothesis best 

suited to open the way to the next better one”. Konrad (Zacharias) Lorenz (1903-89) 

Austrian ethologist. [Nobel prize for medicine, 1973] 
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