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ABSTRACT 

Posttraumatic stress disorder (PTSD) co-occurs with substance use disorders at high 

rates, but the neurobiological basis of this relationship remains largely unknown.  Identifying 

mechanisms that underlie this association is necessary, and recognizing pathologies shared by 

these disorders may provide pertinent information in understanding their functional relationship.  

Separate lines of evidence suggest that PTSD and drug addiction may share a common feature, 

that is, dysregulation of the brain’s reward circuitry.  We hypothesize that PTSD results in 

reduced dopaminergic neurotransmission which may contribute to deficient reward function and 

vulnerability to drug-seeking behavior.  To address this hypothesis, we combined single-

prolonged stress (SPS), a rodent model of PTSD, with a series of behavioral and 

neuropharmacological assays to assess dopaminergic reward function and cocaine intake.  The 

results of the studies presented herein extend our understanding of the effects of severe stress 

on drug reinforcement and consumption, and establish a potential mechanism by which PTSD 

produces deficient reward function through alterations in the dopamine system.  

A modified SPS procedure consisting of 2 hours of restraint, 20 minutes of group 

swimming, isoflurane exposure until loss consciousness, and 7 days of isolation was used to 

induce severe stress in our studies.  Initial studies were conducted to examine the effect of SPS 

on cocaine-conditioned reward and anhedonia-like behavior in adult male Sprague-Dawley rats.  

Using a biased conditioned place preference paradigm, unstressed controls demonstrated a 

significant preference for the cocaine-paired context following four pairings with cocaine (5-20 

mg/kg, i.p.).  Preference for the cocaine-paired side was significantly lower in rats exposed to 

SPS, suggesting a deficit in the rewarding properties of cocaine following exposure to severe 

stress.  Anhedonia-like behavior was assessed by a two-bottle choice sucrose preference test.  

Robust consumption of sucrose solution (0.25-1%) was observed in rats that underwent control 

handling, however, SPS significantly reduced sucrose intake compared to controls.  These results 

suggest an increase in anhedonia-like behavior or a reduction in the rewarding effects of sucrose 

as a non-drug reinforcer.  Finally, basal behavioral activity in SPS rats was compared to 
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unstressed controls in a 24-hour test.  Results indicate a significant reduction in spontaneous 

nocturnal activity following SPS versus control handling.  In contrast, hyperlocomotion induced by 

an acute cocaine injection (5-20 mg/kg, i.p.) was unaltered between rats that underwent SPS or 

control handling.  These data suggest that deficient behavioral activity may be specific to 

voluntary movements or behavior, and support an increase in anhedonia following exposure to 

SPS.  

Intravenous cocaine self-administration was conducted to examine the effect of SPS on 

the acquisition, motivation, and escalation of cocaine intake.  Acquisition of cocaine self-

administration was studied using an escalating dose regimen in which rats had sequential access 

to 0.1875, 0.375, and 0.75 mg/kg/infusion on a fixed-ratio 1 schedule of reinforcement.  Rats 

exposed to SPS did not significantly differ from control handled animals in the latency to meet 

acquisition criteria (consumption of 6.75 mg/kg/day for 3 consecutive days) or the general pattern 

and level of cocaine intake at each dose.  A subsequent study assessing the breakpoint for 

cocaine self-administration using a progressive-ratio schedule of reinforcement determined a 

dose-dependent increase in motivation to work for cocaine (0-1.5 mg/kg/infusion) across both 

experimental groups.  However, motivation to obtain cocaine was similar between SPS and 

unstressed rats, as there was no significant difference in breakpoint for cocaine self-

administration at any dose of cocaine tested.  To evaluate potential differences in the transition to 

escalated cocaine intake, self-administration was measured using an extended-access procedure 

in which unlimited cocaine (0.375 mg/kg/infusion) was available for six hours daily.  Upon 

extended-access to cocaine, SPS significantly attenuated cocaine intake compared to control 

handling over 14 sessions.  Despite a significant reduction in cocaine intake, rats exposed to SPS 

still significantly escalated their cocaine intake over the course of 14 days.  These results suggest 

that escalation of cocaine intake occurred in the presence of lower total doses of cocaine in the 

SPS exposed animals compared to controls.  In addition, SPS rats demonstrated a greater 

percent increase in cocaine consumption compared to controls.  This finding suggests that rats 

exposed to SPS compensated for a decrease in cocaine reinforcement by escalating their intake 
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to a greater magnitude than controls.  These studies indicate that SPS may not alter the 

acquisition of cocaine self-administration or motivation for cocaine.  However, the finding of 

reduced cocaine intake upon extended-access in SPS rats is consistent with a deficit in cocaine-

induced reward.  The ability of SPS rats to escalate cocaine intake in the presence of less 

cocaine, or a greater magnitude of escalated cocaine intake than controls, may reflect 

mechanisms leading to enhanced vulnerability to cocaine abuse. 

To understand the mechanisms of reduced reward and behavior in the SPS model of 

PTSD, a series of neurochemical assays was used to assess the ability of SPS to induce 

dysfunction of dopaminergic neurotransmission.  Using high performance liquid chromatography, 

tissue levels of dopamine and the dopamine metabolites DOPAC and HVA were measured 

immediately and one week following SPS or control handling.  Tissue obtained from SPS rats 

demonstrated significant decreases in dopamine, DOPAC, and HVA content in both the nucleus 

accumbens and caudate putamen immediately following SPS and one week later, suggesting a 

potential deficit in dopaminergic tone.  Quantitative autoradiography was used measure the 

density of dopamine transporters and dopamine D1 and D2 receptors.  [
3
H]WIN35428 binding to 

dopamine transporters was higher in the nucleus accumbens of SPS rats compared to controls, 

suggesting an increase in dopamine transporter density following severe stress.  The level of 

[
3
H]WIN35428 binding in the caudate putamen was not different between groups.  [

3
H]Raclopride 

binding to D2 receptors was significantly reduced in both the nucleus accumbens and caudate 

putamen following SPS versus control handling.  These results suggest a decrease in the density 

of striatal D2 receptors.  D1 receptor expression was not significantly altered by SPS, as no 

significant difference in [
3
H]SCH23390 binding was detected in SPS rats compared to controls. 

A preliminary functional assessment of dopamine transporters revealed a significant 

increase in dopamine uptake in the nucleus accumbens of SPS rats compared to controls, 

whereas uptake in the caudate putamen was unaltered between groups.  Enhanced dopamine 

uptake following SPS is consistent with the increase in dopamine transporter density observed in 

the nucleus accumbens of SPS rats.  Activation of D1 receptors and G-protein mediated 
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transduction was assessed using an adenylyl cyclase assay with the D1 agonist SKF82958.  In 

the caudate putamen, a significant decrease in D1 receptor-stimulated cAMP production was 

revealed in SPS rats compared to controls, whereas SKF82958-induced cAMP was unchanged in 

the nucleus accumbens.  Finally, the function of D2 dopamine receptors was assessed by D2 

receptor-stimulated [
35

S]GTPγS binding using quinpirole.  In the caudate putamen, [
35

S]GTPγS 

binding following stimulation of D2 receptors was enhanced by SPS compared to control 

handling, whereas no difference was observed between groups in the nucleus accumbens.  

These results indicate increased D2 receptor-mediated activation of G-proteins in the caudate 

putamen following SPS. 

In summary, the studies described herein tested the hypothesis that reduced 

dopaminergic function may be a mechanism for deficient reward and heightened susceptibility to 

drug use in PTSD.  Results demonstrated a significant reduction in cocaine-conditioned reward, 

as well as attenuated sucrose preference and spontaneous activity in rats exposed to SPS.  

These findings are consistent with the presence of a dysfunctional reward system which may 

contribute to anhedonia-like behavior in PTSD.  Furthermore, reward deficits may promote altered 

patterns of cocaine taking behavior and vulnerability to substance abuse.  Results demonstrated 

significant escalation of drug intake following exposure to SPS, which occurred in the presence of 

less cocaine than controls.  A greater increase in cocaine intake was observed in SPS rats over 

the course of escalation, which may reflect a mechanism for enhanced vulnerability to the 

development of a substance use disorder in PTSD.  Dopaminergic dysfunction may contribute to 

deficient reward capacity and an altered pattern of cocaine intake in SPS.  SPS-induced 

alterations in dopamine function included a reduction in striatal dopamine content alongside 

enhanced dopamine transporter levels and function.  Mild alterations in D2 receptor density and 

the function of D1 and D2 receptors were also observed.  These findings support the hypothesis 

that PTSD results in reduced dopaminergic neurotransmission, which may contribute to deficient 

reward function and altered drug-seeking behavior.  Identifying the pathology of PTSD, such as 
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altered dopamine neurotransmission, may lead to enhanced treatment strategies and 

interventions to prevent substance abuse in persons with PTSD. 
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CHAPTER 1 

GENERAL INTRODUCTION 

Scientific Rationale 

More than half of adults in the United States have experienced a traumatic event (Kessler 

et al., 1995).  Posttraumatic Stress Disorder (PTSD) affects approximately 7% of the general 

population, and is hypothesized to reflect a failure to adapt and contain the biologic stress 

response in the aftermath of trauma (Yehuda, 2002).  Many persons with PTSD develop 

secondary psychiatric disorders, and substance use disorders (SUD) are highly prevalent in the 

PTSD-afflicted population (Kessler et al., 1995; Pietrzak et al., 2011).  Despite high rates of co-

occurring PTSD and SUD, the neurobiological basis of this relationship remains largely unknown.  

Identifying pathologies shared by these disorders will provide pertinent information in 

understanding their functional relationship. 

Copious research on PTSD has focused on fear- and stress- related functioning, which 

may contribute to clinical manifestations of intrusive memories and arousal.  We sought to the 

examine the effect of PTSD on the mesolimbic reward system, which may be closely linked to 

symptoms of emotional numbing such as anhedonia and restricted range of affect.  Growing 

evidence has emerged in support of deficient mesolimbic reward function in persons with PTSD.  

For example, individuals with PTSD exhibit blunted motivation for and subjective responses to 

rewards, as well as attenuated striatal and midbrain activation in response to rewards or 

positively valenced stimuli (Elman et al., 2005; Elman et al., 2009; Hopper et al., 2008; Jatzko et 

al., 2006; Sailer et al., 2008).  Moreover, it has been hypothesized that dysregulation of reward-

related neurocircuitry, in combination with recruitment of stress systems, may provide a strong 

neurobiological basis for drug-seeking behavior (Koob and Volkow, 2010).  Hence, the effects of 

PTSD on mesolimbic reward function are crucial to our understanding of the functional 

relationship of PTSD and SUD.  Our studies focused on the psychostimulant cocaine, as cocaine 

abuse in individuals with PTSD has been documented in several studies (Bremner et al., 1996; 

Khoury et al., 2010; Najavits et al., 2007; Najavits et al., 2003; Tull et al., 2010; Wasserman et al., 
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1997).  Moreover, symptoms of emotional numbing are highly prevalent in individuals with 

comorbid PTSD and cocaine abuse (Najavits et al., 2003), which may reflect a relationship 

between dysfunctional reward circuitry and cocaine-seeking behavior.  We hypothesize that 

PTSD results in altered dopaminergic neurotransmission which may contribute to deficient reward 

function and vulnerability to drug-seeking behavior.  The following aims were designed to address 

this hypothesis: 

1. To determine if reward function is altered in single-prolonged stress (SPS), a rodent 

model of PTSD.  

2. To investigate mesolimbic dopamine function following exposure to SPS. 

3. To explore whether cocaine-taking behaviors are altered in animals exposed to SPS. 

The results of these studies extend our understanding of the effects of traumatic stress 

on drug reinforcement and consumption.  Also, potential dopaminergic mechanisms by which 

PTSD produces deficient reward function were determined.  

PTSD 

PTSD develops following exposure to a traumatic event and affects 7.7 million adults in 

the United States (NIH Medline Plus, 2009).  Based on criteria specified in the Diagnostic and 

Statistical Manual of Mental Disorders (DSM), trauma consists of experiencing or witnessing 

actual or threatened death or serious bodily harm of oneself or others (DSM-IV; DSM-V).  The 

work presented herein overlapped with DSM-IV diagnostic criteria, in which diagnosis of PTSD 

included fear, helplessness, or horror in response the trauma, and the emergence of three 

symptom clusters including re-experiencing the traumatic event through intrusive recollections, 

hyperarousal, and avoidance behavior and emotional numbing (DSM-IV) (Figure 1.1).  However, 

in the recently published DSM-V (2013), the diagnostic criteria for PTSD were changed.  PTSD is 

newly classified as a trauma- and stress-related disorder, rather than an anxiety disorder as in the 

DSM-IV (DSM-V).  The DSM-V now requires the presence of four symptom clusters for diagnosis 

which include 1) intrusive recollections, 2) avoidance of trauma-related stimuli, 3) negative 

cognitions and mood, and 4) alterations in arousal and reactivity (DSM-V).  The subjective 
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experience of fear, helplessness, or horror in response to trauma was eliminated from the criteria 

in the DSM-V (DSM-V).  As indicated in both the fourth and fifth editions of the DSM, exposure to 

trauma must result in significant life impairment such as altered social functioning or capacity to 

work (DSM-IV; DSM-V).  Symptoms in each category must last at least one month to meet the 

diagnosis criteria for PTSD (DSM-IV; DSM-V; NIH Medline Plus, 2009).  

Presently, the only FDA approved pharmacotherapies for PTSD are sertraline and 

paroxetine, two selective serotonin reuptake inhibitors (SSRI).  However, a review by  

Berger et al., (2009) suggests that the response rate to SSRIs rarely exceeds 60% and only 20-

30% of patients achieve full remission (Berger et al., 2009).  These statistics suggest a need for 

more efficacious medications for PTSD treatment.  Several pharmacotherapeutics have been 

tested in clinical trials or used off-label to treat PTSD including adrenergic-inhibiting agents, 

antipsychotics, anticonvulsants, opioid receptor antagonists, benzodiazepines, and others 

(Berger et al., 2009).   

Psychotherapies are also efficacious in the treatment of PTSD (reviewed in (Bradley et 

al., 2005; Difede et al., 2014)).  Empirical evidence supports the use of exposure therapy which 

focuses on confrontation of trauma-related memories or cues, and cognitive behavioral therapies 

which address the development of skills to manage anxiety and distorted cognitions (Bradley et 

al., 2005).  Rapid eye movement desensitization and reprocessing is also a popular and effective 

treatment for PTSD.  This procedure is hypothesized to facilitate access to and processing of 

unintegrated traumatic memories and forge new associations between traumatic memories and 

adaptive resolutions (Jeffries and Davis, 2012; Shapiro and Maxfield, 2002).  It has been 

estimated that 67% of PTSD patients who complete psychotherapy no longer meet the criteria for 

PTSD (Bradley et al., 2005).    
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Figure 1.1.  Symptomology of PTSD.  Exposure to a traumatic event involving threatened death 

or serious bodily harm can result in the development of PTSD.  PTSD is characterized by four 

symptoms categories including avoidance behavior, re-experiencing the traumatic event through 

intrusive recollections, hyperarousal, and negative cognitions and mood (DSM-V).   
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Comorbid PTSD-SUD 

In 1995, the National Comorbidity Survey reported that the lifetime prevalence of alcohol 

use disorder was approximately 52% in men and 28% in women, and prevalence of drug use 

disorder was in 35% men and 27% in women with a history of PTSD (Kessler et al., 1995).  

Recently, NESARC (National Epidemiological Survey on Alcohol and Related Conditions) 

reported similar results, indicating the prevalence of alcohol and drug use disorders in individuals 

with PTSD to be about 42% and 22%, respectively (Pietrzak et al., 2011).  NESARC reported the 

lifetime prevalence of alcohol use disorders at rate of 21-26.7% in men and 9.9-12.5% in women 

in the general population (Goldstein et al., 2012).  Lifetime prevalence of drug use disorders was 

4.4-13.9% and 2.5-6.7% in men and women, respectively (Goldstein et al., 2012).  Higher rates of 

comorbidity are reported in populations at high risk for traumatic stress exposure such as military 

personnel.  For example, a recent study documented that 63-76% of veterans meeting the criteria 

for substance use disorders had co-occurring PTSD (Seal et al., 2011).  A positive PTSD 

diagnosis increased the odds of having an alcohol or drug use disorder or both, 3- to 4-fold (Seal 

et al., 2011).  These epidemiological studies suggest that PTSD and SUD are strongly linked. 

Causal relationship of PTSD and SUD 

Concurrent PTSD-SUD is a significant public health concern.  Dually diagnosed 

individuals exhibit poorer psychosocial functioning and treatment outcomes than those with PTSD 

or SUD alone (Drapkin et al., 2011; Read et al., 2004).  Treatment of comorbid PTSD and SUD is 

costly (Brown et al., 1999).  Understanding the causal nature of comorbid PTSD-SUD may lead to 

more efficient treatment strategies for dually-diagnosed individuals and better preventative 

interventions to reduce substance abuse in persons with PTSD. There are several hypotheses 

regarding the causal relationship of co-occurring PTSD and SUD.  One hypothesis suggests that 

PTSD temporally precedes the development of a substance use disorder.  Under this notion, it is 

hypothesized that individuals self-medicate their PTSD symptoms with drugs and alcohol or use 

drugs as an avoidant coping strategy (Khantzian, 2013).  Alternatively, emotional dysregulation 

evident in persons with PTSD may lead to impulsive behavior, which may manifest in response to 
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emotional distress and result in drug use as a maladaptive coping mechanism (Weiss et al., 

2012).  Drug consumption may result in negative reinforcement of drug-taking behavior, 

motivating escalating use due to the expectation of symptom relief and culminating in a SUD.  A 

second hypothesis suggests that substance abuse precedes and enhances vulnerability to PTSD.  

In this scenario, drug abusers may engage in risky behaviors that increase the likelihood of a 

traumatic experience, subsequently increasing the risk for PTSD (Kaysen et al., 2006; Kilpatrick 

et al., 1997).  Alternatively, persons with SUD may be at risk for PTSD following trauma due to 

pathological arousal and stress states resulting from repeated drug use or withdrawal (Stewart 

and Conrod, 2003).  A third hypothesis indicates that predispositions shared by PTSD and SUD 

may influence development of both disorders due to shared risk (McLeod et al., 2001; Sartor et 

al., 2011; Xian et al., 2000).  Regardless of temporal occurrence of PTSD and SUD, it is possible 

that once comorbidity has been established the two disorders interact and lead to a cyclical 

relationship or enhanced pathology.  PTSD may maintain, prolong, or exacerbate SUD 

symptoms, while the same relationship could be hypothesized for the maintenance of PTSD 

symptoms by substance abuse or dependence (Stewart and Conrod, 2003).   

Although evidence exists in support of each of the aforementioned hypotheses, this thesis 

focuses on potential mechanisms by which PTSD may enhance the vulnerability to SUDs.  Many 

studies demonstrate that PTSD temporally precedes and increases the risk for subsequent 

development of a SUD (Bremner et al., 1996; Chilcoat and Menard, 2003).  Persons with PTSD 

perceive their co-occurring PTSD-SUD as functionally related (Brown et al., 1998), and report 

self-medicating their untreated symptoms with drugs and alcohol (Leeies et al., 2010).  CNS 

depressants such as alcohol, benzodiazepines, marijuana, and heroin ease hyperarousal and 

intrusion symptoms in patients with PTSD, while symptoms of emotional numbing and avoidance 

are highly prevalent in patients with comorbid cocaine dependence (Bremner et al., 1996; 

Najavits et al., 2003).  Studies demonstrate that PTSD symptom severity is positively related to 

the level of substance use (Back et al., 2006a; Bremner et al., 1996; Hien et al., 2010), and PTSD 

severity predicts drug craving in response to trauma- and drug-related cues (Saladin et al., 2003).  
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Improved PTSD symptomology predicts improvement of SUD symptoms (Back et al., 2006b; 

Burns et al., 2010; Hien et al., 2010).  Taken together, these studies suggest that PTSD 

enhances the susceptibility to substance abuse.   

Reward dysfunction in PTSD 

PTSD and SUD share common psychopathological states which may provide 

mechanistic insights regarding the increased incidence of substance abuse in individuals with 

PTSD.  Persons with PTSD exhibit symptoms of anhedonia, as well as deficits in hedonic or 

reward capacity.  Deficient reward may be mediated by altered function of mesolimbic circuitry 

including brain regions such as the striatum.  For instance, a study of male combat veterans 

assessed reward function using attractive facial images, a task known to have rewarding value 

associated with activation of striatal reward circuitry (Aharon et al., 2001).  This study showed that 

while veterans with and without PTSD rated attractive female images equivalently, veterans 

without PTSD opted to extend the viewing time of attractive female faces.  This effect was 

attenuated in veterans with PTSD, suggesting that PTSD results in less effort to achieve rewards 

(Elman et al., 2005).  In another study using a gambling task to assess reward function, PTSD 

was associated with lower expectancies of receiving rewards, lower satisfaction with rewards 

when received, and failure to experience extra satisfaction upon receiving monetary gains under 

conditions of low expectancy (Hopper et al., 2008).  In conjunction with reduced reward function, 

imaging studies indicate reduced activation of mesolimbic brain regions in response to monetary 

gains in a similar gambling task (Elman et al., 2009), as well as other positively valenced stimuli 

(Jatzko et al., 2006; Sailer et al., 2008).   

Alterations in reward capacity suggest that dopaminergic neurotransmission may be 

altered in PTSD.  In support of this hypothesis, case studies indicate that combat-related PTSD is 

sensitive to treatment with psychostimulants (Houlihan, 2011), which enhance dopaminergic 

neurotransmission.  Clinical studies of altered dopaminergic biomarkers in PTSD are limited; 

however a recent study demonstrates increased density of dopamine transporters in the striatum 
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of violence victims with PTSD compared to traumatized asymptomatic controls (Hoexter et al., 

2012).   

Dopaminergic neurotransmission 

Dopamine is a monoamine neurotransmitter that plays a fundamental role in affect, 

cognition, reward, movement, learning, and memory (Beaulieu and Gainetdinov, 2011).  

Dopamine is synthesized via conversion of tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA) by 

tyrosine hydroxylase, which is converted to dopamine via amino acid decarboxylase (Cooper et 

al., 2003).  Dopamine is stored within intraneuronal vesicles to prevent degradation by MAO 

(monoamine oxidase) (Cooper et al., 2003).  Upon neuronal stimulation, dopamine is released 

into the synapse where it can interact with five presynaptic or postsynaptic dopamine receptor 

subtypes.  Dopamine receptors are grouped into two major classes termed D1-like (D1 and D5) 

and D2-like (D2, D3, D4) based on sequence homology and pharmacological properties 

(Beaulieu and Gainetdinov, 2011; Kebabian and Calne, 1979).  Dopamine receptors are 

classically known to signal via function of heterotrimeric GTP-binding proteins (G-proteins).  For 

instance, D1-like receptors couple to the Gαs/olf family of G-proteins, resulting in the stimulation of 

adenylyl cyclase, increased cAMP production, and activation of protein kinase A upon receptor 

agonism (Beaulieu and Gainetdinov, 2011).  D1 receptors can also couple to Gαq subunits 

leading to the activation of phospholipase C, production of inositol triphosphate and subsequent 

intracellular calcium mobilization, as well as activation of protein kinase C by diacylglycerol 

(Beaulieu and Gainetdinov, 2011).  D2-like receptors couple to Gαi/o subunits leading to inhibition 

of adenylyl cyclase and reduced cAMP production upon receptor stimulation (Beaulieu and 

Gainetdinov, 2011).  Several studies have also demonstrated G-protein independent signaling 

events through D2 receptors, as stimulation of D2 also activates a β-arrestin-mediated pathway 

regulating Akt activity (Beaulieu and Gainetdinov, 2011).   

Postsynaptic dopamine receptors are located on GABAergic MSNs and function mainly in 

cell-to-cell signaling.  In contrast, dopamine autoreceptors located on the presynaptic dopamine 

nerve terminal regulate dopamine synthesis and release (Cooper et al., 2003).  D1 receptors are 
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expressed exclusively on postsynaptic dopaminoceptive cells.  In contrast, two splice variants of 

the D2 receptor are expressed either presynaptically (D2-short) on dopaminergic neurons or 

postsynaptically (D2-long) on dopaminoceptive neurons (Cooper et al., 2003; De Mei et al., 2009; 

Usiello et al., 2000).  D1 and D2 receptors are primarily expressed in the striatum, while lower 

densities occur in extrastriatal regions (Cooper et al., 2003). Expression of D3, D4, and D5 

receptors is much lower than D1 and D2, although D3 and D4 receptor mRNA is found in similar 

brain regions (Cooper et al., 2003).  D5 receptor mRNA is limited to the hippocampus, 

hypothalamus, and thalamus in low expression levels (Cooper et al., 2003). 

Clearance of dopamine from the synapse is partly maintained by dopamine reuptake 

transporters (DAT) located on the presynaptic membrane.  DATs belong to a family of high-

affinity Na
+
/Cl

-
-dependent transporters, using the Na

+
 gradient generated by a Na

+
/K

+
 ATPase to 

transport dopamine in and out of dopaminergic terminals (Cooper et al., 2003).  Dopamine is 

degraded by monoamine oxidase (MAO) to 3,4-dihydroxyphenylacetic acid (DOPAC) 

intraneuronally, or extraneuronally to homovanillic acid (HVA) by catechol-O-methyltransferase 

(COMT) and MAO (Cooper et al., 2003; Volkow et al., 1996). 

Mesolimbic and nigrostriatal pathways 

Dopaminergic cell bodies reside in the ventral tegmental area (VTA) and substantia nigra pars 

compacta regions of the midbrain (Albin et al., 1989; Gerfen, 2010).  These dense dopaminergic 

cell groups are functionally and structurally differentiated by their distinct, albeit overlapping, 

topographies of ascending projections to the forebrain.  The mesocorticolimbic circuit originates in 

the VTA and terminates largely in the nucleus accumbens, prefrontal cortex, and other limbic 

structures such as amygdala and hippocampus (Figure 1.3).  The major terminal fields of 

dopaminergic cell bodies stemming from the substantia nigra are the caudate nucleus and 

putamen (termed hereafter as caudate putamen) (Wise, 2009; Zham, 2008).  The nucleus 

accumbens and caudate putamen collectively comprise a morphologically homogenous region 

termed the striatum, which consists mainly of GABAergic medium spiny neurons (MSN).  Two 

subgroups of MSNs can be distinguished by their axonal projection sites and protein expression.  
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Striatal MSNs expressing D1 receptors and the peptides dynorphin and substance P comprise a 

direct pathway projecting to the internal globus pallidus and substantia nigra pars reticulata (Albin 

et al., 1989; Gerfen, 2010).  Axons of D2- and enkephalin-expressing MSNs terminate in the 

external globus pallidus, which projects to the subthalamic nucleus.  Neurons in the subthalamic 

nucleus project to the internal globus pallidus and to the substantia nigra pars reticulata, thereby 

forming an indirect striatopallidal pathway (Albin et al., 1989; Gerfen, 2010).  Output of the basal 

ganglia is mediated by projections directed from the globus pallidus and substantia nigra pars 

reticulata to thalamic nuclei, which innvervate the frontal cortex (Gerfen, 2010) (Figure 1.2).  The 

direct and indirect pathways largely contribute to motor function (Gerfen, 2010).  Dopamine 

depletion or dopamine receptor antagonists applied to nigrostriatal circuitry result in deficits in the 

initiation and execution of motor behavior, as well as altered neuronal activity in the striatum, 

globus pallidus, and cortex of rodents and primates (Burns et al., 1983; Doudet et al., 1990; Filion 

et al., 1988; Schultz, 2007; Schultz et al., 1989).  In contrast, mesolimbic circuitry largely 

mediates reward function (see reviews (Koob and Volkow, 2010; Pierce and Kumaresan, 2006)).  

In addition to dopaminergic innervation from the VTA, the nucleus accumbens receives 

glutamatergic input from the frontal cortex, amygdala, and hippocampus (Figure 1.3).  The 

nucleus accumbens is hypothesized to convert information into motivated action through 

connections with the extrapyramidal motor system (Koob and Volkow, 2010).  Major output from 

the nucleus accumbens includes GABAergic projections to the ventral pallidum and the midbrain.  

The ventral pallidum and the VTA send GABAergic projections to the medial dorsal thalamus, 

from which glutamatergic neurons terminate in the medial prefrontal cortex (reviewed in (Pierce 

and Kumaresan, 2006)) (Figure 1.3).  Dopaminergic transmission plays a critical role in 

modulating the flow of information through mesolimbic circuitry, which is pertinent to reward 

processes (Carr et al., 1999; Jay, 2003; Kalivas and Nakamura, 1999; Napier and Maslowski-

Cobuzzi, 1994; Pierce and Kumaresan, 2006; Sesack et al., 2003). 
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Figure 1.2.  Anatomical topography of striatal output circuits in the rodent brain.  

Abbreviations:  SNr, substantia nigra pars reticulata; STN, subthalamic nucleus.  Circuitry 

reviewed in (Gerfen, 2010). 
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Figure 1.3.  Circuitry of mesolimbic nuclei.  Dotted arrows represent glutamatergic projections.  

Dashed arrows indicate dopaminergic pathways.  Solid arrows represent GABAergic projections.   

Figure adapted from (Pierce and Kumaresan, 2006) with permissions from publisher. 
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Dopamine and reward function 

Dopamine is critical in mediating the rewarding properties of natural reinforcers and 

contributes in part to the reinforcing properties of many addictive drugs (see review (Pierce and 

Kumaresan, 2006).  Phasic increases in striatal dopamine have been observed in response to 

naturally reinforcing stimuli such as a novel environment (Rebec et al., 1997a; Rebec et al., 

1997b), sex  (Robinson et al., 2001), and palatable foods and liquids (Hernandez and Hoebel, 

1988; Radhakishun et al., 1988; Richardson and Gratton, 1996).  Such transient increases in 

dopamine are pertinent to the elementary processes of reinforcement.  Increases in dopamine 

appear to participate in the attachment of motivational significance to reinforcing stimuli and 

relevant cues (Ljungberg et al., 1992; Mirenowicz and Schultz, 1994; Mirenowicz and Schultz, 

1996; Romo and Schultz, 1990; Schultz, 1998; Schultz et al., 1993), encoding reward in the 

context of memory (Shohamy and Adcock, 2010), and the consolidation of efficient motor 

behavior engaged to obtain rewards (Nestler et al., 2009).  Increases in dopamine produced by 

drugs of abuse are three-fold higher or more than natural stimuli (Bassareo and Di Chiara, 1999; 

Fiorino et al., 1997; Hernandez and Hoebel, 1988).  It is widely hypothesized that repeated 

perturbations of dopamine systems by drugs of abuse contribute to the cascade of 

neuroadaptations occurring in the transition to drug addiction (Koob and Volkow, 2010).  

Increases in dopamine within the nucleus accumbens have been positively correlated with the 

subjective experience of euphoria in human subjects during psychostimulant intoxication (Drevets 

et al., 2001; Volkow et al., 1999b; Volkow et al., 2002).  Moreover, individuals displaying the 

greatest increases in dopamine following drug administration report the most intense “high” 

(Volkow et al., 2009).  The contribution of dopamine to the reinforcing and behavioral activating 

properties of cocaine has been extensively studied.  Cocaine acts by blocking the monoamine 

transporters DAT, SERT and NET (Ritz and Kuhar, 1989), allowing the accumulation of 

extracellular monoamines and enhanced signal transduction.  Although the affinity of cocaine for 

monoamine transporters is SERT>DAT>NET, the reinforcing efficacy of cocaine in rodents is 

correlated to its potency in inhibiting DAT rather than other binding sites (Ritz et al., 1987; Ritz et 
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al., 1988) (Figure 1.4).  Similar findings are observed in humans, as commonly abused doses of 

cocaine effectively block DAT, and a positive correlation between DAT occupancy and cocaine-

induced euphoria has been observed (Volkow et al., 1997a).   

Dopaminergic neurotransmission is pertinent to cocaine self-administration behavior in 

rodents.  Extracellular dopamine levels in the nucleus accumbens rise during cocaine self-

administration sessions, and rapidly return to baseline post-session (Di Ciano et al., 1995; Hemby 

et al., 1997; Pettit and Justice Jr, 1989).  Moreover, dopamine levels peak and decline between 

cocaine infusions—a temporal pattern that is hypothesized to trigger responding for cocaine to 

maintain extracellular dopamine levels above a threshold (Wise et al., 1995).  Consistent with a 

role for dopamine in cocaine self-administration behavior, 6-hydroxydopamine (6-OHDA) lesions 

of dopaminergic cells in the VTA and dopaminergic terminals in the nucleus accumbens decrease 

cocaine consumption and cocaine-induced increases in dopamine (Gerrits and Van Ree, 1996; 

Pettit et al., 1984a; Roberts and Koob, 1982; Sizemore et al., 2004).  Additionally, blockade of 

dopamine receptors by low doses of D1 and D2 receptor antagonists increase responding for 

cocaine on fixed-ratio schedules of reinforcement (de Wit and Wise, 1977; Ettenberg et al., 1982).  

In contrast, low doses of D1 and D2 antagonists decrease the reinforcing efficacy of cocaine 

under progressive-ratio schedules of reinforcement, in which motivation to obtain cocaine is 

quantitatively tested by increasing the price of the reward (Hubner and Edward Moreton, 1991; 

McGregor and Roberts, 1993).  Depletion of dopamine content by chronic D-amphetamine 

administration also decreases the reinforcing properties of cocaine in progressive-ratio testing 

(Chiodo and Roberts, 2009).   

The rewarding properties of cocaine can be assessed using a conditioned reward 

paradigm.  In conditioned place preference, rodents receive multiple pairings of drug or saline in 

two distinct contexts during a conditioning phase.  Conditioning is followed by a preference test in 

which rodents move freely between the two contexts in drug-free state.  An increase in time spent 

in the drug-paired environment may be interpreted as an increase in incentive salience for this  
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Figure 1.4.  Enhanced dopaminergic neurotransmission by cocaine.  Under basal 

physiological conditions, dopamine is released from the presynaptic neuron and binds to 

dopamine receptors on the postsynaptic neuron.  Dopamine is transported from the synapse into 

the presynaptic neuron by the DAT (left).  Cocaine binds to and blocks the DAT, allowing the 

accumulation of dopamine in the synaptic cleft, and enhanced dopaminergic signaling via 

dopamine receptors (right).   
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context acquired through pairings with the rewarding effects of cocaine (Mueller and Stewart, 

2000).  D1 receptor antagonists attenuate the development of cocaine-conditioned reward (Baker 

et al., 1998; Cervo and Samanin, 1995), and D1 agonists alone are sufficient to induce a place 

preference (Graham et al., 2007).  However, cocaine place preference is not dependent on D2 

receptors, as studies demonstrate no influence of D2 antagonists on the development of cocaine-

conditioned reward (Baker et al., 1996; Cervo and Samanin, 1995; Nazarian et al., 2004).  In 

addition, D2 agonists alone fail to induce a place preference (Graham et al., 2007).  The induction 

of conditioned-reward may be specific to the mesolimbic dopamine pathway, as 6-OHDA lesions 

of the nigrostriatal circuit do not influence the acquisition of cocaine place preference (Zengin-

Toktas et al., 2013).   

In addition to reinforcement, intact dopamine function is required for the expression of 

cocaine-induced hyperactivity.  D1 receptor knockout, as well as systemic and intra-nucleus 

accumbens infusions of D1 receptor antagonists attenuate hyperactivity induced by 

cocaine (Baker et al., 1998; Cabib et al., 1991; Karasinska et al., 2005; Xu et al., 1994).  D2 

receptor antagonists produce mixed results indicated by increases, decreases, or no change in 

cocaine-induced hyperactivity depending on dose and the antagonist (Cabib et al., 1991; 

Chausmer and Katz, 2001; Ushijima et al., 1995).  Moreover, D2 antagonists have been reported 

to inhibit locomotor activity in the absence of cocaine (Chausmer and Katz, 2001).  Activation of 

both D1 and D2 receptors is required for the full manifestation of neuronal activity and locomotion 

produced by dopamine receptor agonists (Carlson et al., 1987; White et al., 1988).   

Dopamine function also contributes to the rewarding properties of sucrose.  Sucrose 

preference tests are often used as rodent measures of anhedonia-like behavior.  Sucrose 

consumption increases dopamine in the mesolimbic pathway (Hajnal et al., 2004; Schneider, 

1989), while sucrose preference is attenuated in rodents with low dopamine levels in the nucleus 

accumbens (Miczek et al., 2011).  6-OHDA lesions of the VTA and substantia nigra increase 

anhedonia-like behavior measured by sucrose preference (Santiago et al., 2010; Santiago et al., 

2013; Shibata et al., 2009).  Reductions in sucrose preference are also observed upon 
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administration of both D1 and D2 receptor antagonists (Muscat and Willner, 1989).  Given the 

utility of sucrose preference in assessing anhedonia-like behavior, and the role of dopamine in 

sucrose preference, these studies suggest that dopamine reward dysfunction may contribute to 

anhedonia.  In conjunction, others have also hypothesized that anhedonia may reflect reduced 

reward sensitivity (Papp et al., 1991).  In humans, anhedonia has also been associated with 

decreased physical activity, suggesting that behavioral activity may be a useful alternative 

measure of anhedonia-like behavior (Leventhal, 2012; Roshanaei-Moghaddam et al., 2009). 

Single-prolonged stress 

There are an expansive number of stress procedures presently used to induce behavioral 

phenotypes of anxiety and mood disorders; however, the validity of procedures used to model 

“PTSD” is generally unclear (Siegmund and Wotjak, 2006).  Ideally, rodent models of PTSD 

should induce a behavioral phenotype mimicking symptoms in each of the four categories 

required for diagnosis of the disorder (DSM-V), as well as accurately recapitulating specific 

biological observations such as dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis 

and noradrenergic systems (Siegmund and Wotjak, 2006; Yehuda, 2002).  One rodent model that 

fulfills these criteria is the single-prolonged stress (SPS) model.  SPS consists of 2 hours of 

restraint stress, 20 minutes of forced group swimming, a 15 minute home-cage recovery period, 

and ether exposure until loss of consciousness.  Rats exposed to SPS are then isolated from 

human contact for 7 days during a post-stress incubation period required for a PTSD-like 

phenotype to manifest (Knox et al., 2012b).  Rats exposed to SPS exhibit a behavioral phenotype 

bearing resemblance to PTSD that is sensitive to SSRIs, a first-line pharmacotherapeutic for 

PTSD (Yamamoto et al., 2009).  Behavioral alterations induced by SPS include heightened 

anxiety and acoustic startle behavior, enhanced contextual fear conditioning and renewal of fear, 

as well as impaired extinction of fear and retention of extinction memories (Figure 1.5) (Knox et 

al., 2012a; Yamamoto et al., 2009).  SPS is one of few procedures producing enhanced reactivity 

of the HPA-axis in response to exogenous glucocorticoids including a blunted corticosterone  
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Figure 1.5. SPS induces a PTSD-like behavioral phenotype. A) SPS enhanced mean startle 

amplitude compared to controls (time 2, # p<0.05) and compared to pre-test responding (time 1, 

**p<0.01) upon exposure to a loud tone (Khan and Liberzon, 2004).  B) SPS enhanced anxiety on 

the elevated plus maze as demonstrated by a decrease in time spent in open arms and open arm 

entries compared to controls (*p<0.05) (Peng et al., 2010).  C) SPS enhanced freezing behavior 

compared to controls in a context previously paired with footshock (**p<0.01) (Iwamoto et al., 

2007).  D)  Rats exposed to SPS demonstrate deficits in the extinction of conditioned fear 

compared to controls (*p<0.05, **p<0.01) (Yamamoto et al., 2008).  Figures were adapted with 

permissions from publishers. 
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response, a critical finding distinguishing animal models of PTSD from depression and other 

forms of stress (Yamamoto et al., 2009; Yehuda, 2002).  Enhanced negative feedback of the 

HPA-axis produced by an exogenous glucocorticoid in SPS resembles the exaggerated 

suppression of cortisol following dexamethasone administration in humans with PTSD (Yehuda, 

2002).  In contrast, reduced cortisol suppression is observed in humans with depression following 

dexamethasone administration (Yehuda, 2002).  Sensitization of noradrenergic circuitry has also 

been observed following SPS (George et al., 2013; Toledano et al., 2013).  Modified SPS 

paradigms using isoflurane instead of ether exposure produce similar phenotypes (Ganon-Elazar 

and Akirav, 2012, 2013; Knox et al., 2012b).  

General summary of objectives 

PTSD is a psychiatric disorder precipitated by the experience of a traumatic event (DSM-V).  

PTSD is characterized by perpetuating symptomology that may interfere with recovery by 

preventing the development of effective coping strategies and thereby contributing to high rates of  

co-occuring SUD.  Reports indicate that the onset of PTSD often precedes and increases the risk 

for subsequent development of SUD (Bremner et al., 1996; Chilcoat and Menard, 2003).  A 

functional relationship between PTSD symptom severity and substance use has been 

demonstrated repeatedly (Back et al., 2006a; Bremner et al., 1996; Brown et al., 1998; Hien et 

al., 2010; Leeies et al., 2010).  Improved PTSD symptomology predicts improvement of SUD 

symptoms (Back et al., 2006b; Burns et al., 2010; Hien et al., 2010).  Taken together, these 

studies suggest that PTSD enhances the susceptibility to substance abuse.   

Several studies provide evidence for altered reward function in PTSD.  Individuals with PTSD 

exhibit blunted motivation for rewards, as well as subjective responses when rewards are 

received (Elman et al., 2005; Hopper et al., 2008).  Reduced striatal and midbrain activation in 

response to rewards and positively valenced stimuli has also been observed in PTSD (Elman et 

al., 2009; Jatzko et al., 2006; Sailer et al., 2008).  Given that the neurotransmitter dopamine plays 

a substantial role in reward function, especially in response to drugs of abuse (Pierce and 
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Kumaresan, 2006), it is likely that alterations in dopamine function contribute to deficient reward 

capacity in PTSD.  In support of this hypothesis, case reports suggest efficacy of 

psychostimulants in treating PTSD (Houlihan, 2011).  A recent imaging study demonstrated 

increased striatal density of DAT in PTSD compared to traumatized controls (Hoexter et al., 

2012).  Altered dopaminergic function is also observed in drug addicts (Martin-Sölch et al., 2001; 

Martinez et al., 2005; Volkow et al., 1997b), and is hypothesized to contribute to drug-seeking 

behavior (Koob and Kreek, 2007; Martinez et al., 2007; Morgan et al., 2002).  For example, 

methylphenidate administration in detoxified cocaine addicts produces less striatal dopamine 

release and blunted euphoria relative to non-substance abusing controls (Volkow et al., 1997b).  

Blunted amphetamine-induced dopamine release in the striatum is predictive of the choice to self-

administer cocaine in cocaine-dependent subjects (Martinez et al., 2007).  Blunted dopamine 

release is observed following amphetamine administration in alcoholics compared to non-

alcoholic controls (Martinez et al., 2005).  D2 receptor density is lower in chronic users of 

cocaine, alcohol, methamphetamine, and heroin (reviewed in (Volkow et al., 2007)).  Lower D2 

receptor levels predict a greater subjective response to psychostimulant administration (Volkow et 

al., 1999a).  In addition, basal D2 receptor availability is negatively correlated to rates of cocaine 

self-administration rates in primates (Nader et al., 2006).  D2 receptor levels are reduced in 

cocaine self-administering primates, and can remain decreased for up to one year during 

abstinence (Nader et al., 2006).    

Dopamine mediates functions such as affect, cognition, reward, movement, learning, and 

memory (Beaulieu and Gainetdinov, 2011).  As reviewed in a prior section, the physiological 

effects of dopamine are mediated by five receptor subtypes.  This thesis focuses on D1 and D2 

receptors which are densely expressed on striatal MSNs (Beaulieu and Gainetdinov, 2011).  

Striatal dopamine transmission, mediated in part by D1 and D2 receptors (Cooper et al., 2003), 

contributes to cocaine-seeking behavior in rodent models of conditioned reward and drug self-

administration.  Likewise, dopamine receptors also influence sucrose consumption, suggesting 

that dopamine plays a role in preference for sucrose, and a lack of dopamine may mediate 
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anhedonia-like behavior.  Therefore, examination of reward-related behaviors in a rodent model 

of PTSD may provide pertinent information regarding the status of dopaminergic transmission 

following severe stress.   

The studies described herein tested the hypothesis that altered dopaminergic function 

may be a mechanism for deficient reward capacity and susceptibility to drug use in PTSD.  This 

hypothesis was addressed by a series behavioral and neuropharmacological assays conducted in 

rats exposed to SPS, a rodent model of PTSD (Yamamoto et al., 2009).  Given clinical evidence 

of altered reward function in PTSD, rats exposed to SPS were assessed for anhedonia-like 

behaviors and cocaine-conditioned reward function.  Additional rats that underwent SPS or 

control handling were subjected to various cocaine self-administration procedures to evaluate the 

acquisition and escalation of cocaine intake, as well as motivation to obtain cocaine.  Finally, the 

effect of SPS on measures of dopaminergic transmission was examined, including the density 

and function of dopamine receptors and transporters, and tissue dopamine content.  These 

studies identify the mesolimbic reward system as a link between PTSD and SUD.  Our results 

provide insight regarding the potential mechanisms by which PTSD alters reward function through 

dopamine, and enhance our understanding of the effects of severe stress on cocaine 

reinforcement and intake. 
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CHAPTER 2 

ANHEDONIA AND ALTERED COCAINE-REWARD FOLLOWING  

SINGLE-PROLONGED STRESS 

Introduction 

PTSD is characterized by the manifestation of symptoms including intrusion, avoidance, 

negative cognitions and mood, and hyperarousal following the experience of a traumatic event 

(DSM-V).  Presently, no widely accepted rodent model of PTSD has been established, and there 

is ongoing debate over criteria constituting a valid animal model of PTSD (Berardi et al., 2012; 

Cohen and Yehuda, 2011; Matar et al., 2013; Siegmund and Wotjak, 2006; Yehuda and 

Antelman, 1993).  In the present studies we used single-prolonged stress (SPS), a rat model of 

PTSD that mimicks behavioral sequelae and PTSD-like dysregulation of the HPA-axis (Liberzon 

et al., 1997; Yamamoto et al., 2009).  Exposure to SPS results in heightened anxiety and acoustic 

startle behavior, enhanced contextual fear conditioning and renewal of fear, as well as impaired 

extinction of fear and retention of extinction memories (Knox et al., 2012a; Yamamoto et al., 

2009).  SPS is one of few procedures producing enhanced reactivity of the HPA-axis in response 

to exogenous glucocorticoids (Liberzon et al., 1997), a critical finding distinguishing animal 

models of PTSD from those of depression (Yamamoto et al., 2009; Yehuda, 2002).   

Although several studies have assessed facets of fear, anxiety, and startle responding 

following SPS, no studies have examined the effect of SPS on anhedonia-like behavior, which 

reflects core emotional numbing symptoms in PTSD (Kashdan et al., 2006).  Anhedonia has been 

attributed to reduced reward sensitivity (Papp et al., 1991), which is consistent with reductions in 

hedonic capacity clinically observed in PTSD.  For instance, reward function can be assessed by 

a task that utilizes attractive facial images and is associated with activation of striatal reward 

circuitry (Aharon et al., 2001).  In this task, male combat veterans with and without PTSD rated 

attractive female images equivalently; however veterans without PTSD opted to extend the 

viewing time of attractive female faces, whereas the veterans with PTSD did not, suggesting that 

PTSD results in reduced effort to achieve rewards (Elman et al., 2005).  In a separate study 
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assessing reward function with a gambling task, PTSD was associated with lower expectancies of 

receiving rewards, lower satisfaction with rewards when received, and failure to experience extra 

satisfaction upon receiving monetary gains under conditions of low expectancy (Hopper et al., 

2008).  In conjunction with reduced reward function, imaging studies indicate reduced activation 

of mesolimbic brain regions in response to monetary gains in a similar gambling task (Elman et 

al., 2009), as well as other positively valenced stimuli (Jatzko et al., 2006; Sailer et al., 2008).   

Since dopamine is critical in reward function, alterations in reward capacity suggest that 

dopaminergic neurotransmission may be altered in PTSD.  In support of this hypothesis, case 

studies indicate that PTSD is sensitive to psychostimulant treatments (Houlihan, 2011), which 

enhance dopaminergic transmission.  Examination of dopaminergic biomarkers in PTSD is limited 

to one study which demonstrated increased density of striatal dopamine transporters in persons 

with PTSD compared to controls by imaging in vivo (Hoexter et al., 2012).  Altered reward and 

dopamine function is also observed in drug addiction.  For example, methylphenidate 

administration in detoxified cocaine addicts produces less striatal dopamine release and blunted 

subjective euphoria relative to that produced in non-substance abusing controls (Volkow et al., 

1997b).  Also, blunted amphetamine-induced dopamine release in striatal regions is predictive of 

the choice to self-administer cocaine in cocaine-dependent individuals (Martinez et al., 2007).  

Blunted dopamine release is observed following amphetamine administration in alcoholics 

compared to non-alcoholic controls (Martinez et al., 2005).  Therefore, alteration of dopamine 

reward circuitry may play a role in the high rates of co-occurring PTSD-SUD (Kessler et al., 1995; 

Pietrzak et al., 2011).  Despite high rates of drug abuse and altered reward capacity in PTSD, the 

subjective effects of drugs of abuse have never been studied clinically in PTSD. 

In the present studies, we examined the effect of SPS, a rodent model of PTSD on 

anhedonia-like behaviors and cocaine-conditioned reward.  We hypothesized that SPS would 

increase anhedonia and attenuate reward in response to hedonic stimuli.  
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Methods 

Animals  

Adult male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) weighing 

225-250 g upon arrival were used in all experiments.  Rats were housed two per cage on a 12-

hour light-dark cycle (7 AM-7 PM) with ad libitum access to food and water.  Rats were allowed 3-

5 days to acclimate to the animal facility prior to exposure to single-prolonged stress or control 

handling procedures.  Animal care and experimental procedures were conducted according to the 

Guide for the Care and Use of Laboratory Animals (National Research Council, 2011).  All 

experimental protocols were approved by the Institutional Animal Care and Use Committee of 

Temple University School of Medicine.  Separate cohorts of rats were used for each behavioral 

test unless otherwise indicated. 

Drugs 

Cocaine hydrochloride was generously supplied by the National Institute on Drug Abuse 

(Bethesda, MD).  Cocaine HCl (5-20 mg/kg, i.p.) was dissolved in sterile saline and injected at a 

volume of 1 mL/kg body weight.  Sucrose was purchased from Sigma-Aldrich (St. Louis, MO) and 

dissolved in tap water at concentrations of 0.25, 0.5 or 1%.   

Single-prolonged stress (SPS) 

Rats (250-300 g) were exposed to a modified single prolonged stress paradigm as 

previously described (Ganon-Elazar and Akirav, 2012; Knox et al., 2012b).  Rats were individually 

restrained for 2 hours in plexiglas cylinders (25 x 7.5 x 7cm; Harvard Apparatus, Holliston, MA).  

Restraint was followed immediately by 20 minutes of group swimming in an 18-gallon plastic tub 

filled with 30 cm of 23-24°C water (6-8 rats simultaneously).  After swimming, rats were dried and 

returned to their homecages for 15 minutes of recovery, after which all rats were exposed to 

isoflurane (<1 minute) until loss of consciousness.  Isoflurane exposure was conducted by placing 

a soaked cotton ball into a test tube, which was placed inside a clean standard rat cage with 2-4 

rats per cage.  Rats were housed in pairs undisturbed for the next 7 days prior to behavioral 

testing, with the exception of cage changes.  Control animals were handled and weighed daily.   
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Defensive burying test 

Following the isolation phase of SPS or control handling, stress-induced anxiety-like 

behavior was measured using a defensive burying test as previously described (Perrine et al., 

2006; Pesold and Treit, 1992; Treit et al., 1981).  Rats were individually placed into a standard rat 

cage containing 5 cm of bedding material and an electrified probe to deliver a shock of 3 mA 

(Coulbourn Instruments, Whitehall, PA).  The shock probe consisted of a glass stirring rod tightly 

wrapped with one negatively and one positively charged copper wire.  Touching the wire closed 

the circuit and delivered a 3mA shock.  Following the first shock, the duration of burying, height of 

the bedding at the shock probe, and the shock reaction were scored over 10 minutes.  Shock 

reaction was defined on a four point scale as 1-flinch involving only head or forepaw, 2-body 

flinch and ambulation to the far end of the chamber, 3- hopping away from the probe and running 

to the far end of the chamber, 4- jumping away from the probe and running to the far end of the 

chamber.  Data were analyzed by two-tailed t-test.   

Sucrose preference test 

Rats exposed to SPS or control handling were assessed for sucrose preference as a 

measure of anhedonia-like behavior.  On the last two days of SPS isolation or control handling, 

pair-housed rats were acclimated to drinking from two-drip resistant water bottles, after which 

habituation was continued for three more days under individual housing conditions.  Following the 

5-day acclimation phase, a 48-hour two-bottle choice sucrose consumption test commenced.  

During the 48-hour test, one water bottle was replaced with a sucrose solution (0.25-1%), and 

after the first 24 hours the bottles were reversed to prevent perseverance effects.  The bottles 

were weighed before and after the test session to measure sucrose intake. The same parameters 

were applied to water-containing bottles to ensure that total fluid intake did not differ between 

treatment groups.  Rats displaying less than 20% intake of sucrose were excluded to control for 

neophobia (13% of controls and 11% of SPS-exposed rats were excluded).  Anhedonia was 

defined as a reduction in sucrose intake in the SPS group versus the control group. Sucrose 
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consumption was expressed as a percent of total fluid intake and analyzed by a two-way ANOVA 

with Bonferroni post-hoc analysis. 

Behavioral activity measurement 

Following SPS isolation or control handling, rats exposed to SPS or control handling 

(n=8/group) were individually placed into automated activity monitors.  The test chambers 

consisted of a home-cage environment containing minimal bedding and ad libitum access to food 

and water.  Monitoring began with a 30-minute habituation period, followed by activity monitoring 

during a 12 hour dark cycle followed by a 12 hour light cycle.  Automated activity monitors each 

consisted of 16 infrared light emitters and sensors mounted on a frame in which a standard 

plastic rat cage was placed (45 cm × 20 cm × 20 cm) (AccuScan Instruments, Inc., Columbus, 

OH). The number of photocell beam breaks was recorded by a computer equipped with the 

Digiscan DMicro system. Behavioral activity counts include both ambulation and stereotypies, 

which are defined by the system as the number of consecutive beam breaks or repetitive breaks 

of the same beam, respectively.  This automated measure of stereotypy cannot be used to 

determine the specific activity the rat was engaged in (i.e. sniffing, rearing, grooming), but has 

been shown to be a reliable measure of stereotypic activity (Sanberg et al., 1983; 1987).  The 

timecourse of behavioral activity and cumulative activity were each analyzed by two-way ANOVA 

and Bonferroni post-hoc analysis. 

Conditioned place preference  

A biased conditioned place preference paradigm commenced the day following the 

isolation phase of SPS or control handling.  The automated conditioning chamber (San Diego 

Instruments, San Diego, CA) consisted of an acrylic box (27.5 x 8.75 x 16 in) with one black and 

one striped compartment with contextually different floors and dim lighting separated by a 

removable door and equipped with a 4 x 16 photobeam array.  Data was collected from the 

automated conditioning chambers by PAS Software (San Diego Instruments).   

In session 1, rats were given free access to the two compartments of the conditioning 

chamber in a drug-free state for 30 minutes to determine initial preference for either side of the 
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chamber.  The non-preferred side was defined as the compartment in which the least amount of 

time was spent during the pretest.  In sessions 2-5, rats were confined to the conditioning 

chamber twice daily for 30 minutes, receiving an injection of cocaine (5-20 mg/kg, i.p.) on the 

non-preferred side, and saline on the opposite side at least three hours apart.  In session 6, the 

rats were given free-access to both compartments of the conditioning chamber in a drug-free 

state for 30 minutes to test for preference.  The preference score was calculated by subtracting 

the time spent on the cocaine-paired side of the chamber during the pretest (session 1) from the 

preference test (session 6) (preference test - pretest).  The preference score was analyzed by a 

two-way ANOVA with Bonferroni post-hoc analysis.   

Cocaine-induced hyperlocomotion  

Hyperlocomotion following acute cocaine (5-20 mg/kg, i.p.) was assessed during session 

1 of cocaine-conditioned place preference (30 minutes) in the automated place preference 

chambers described above.  Data were analyzed by two-way ANOVA with Bonferroni post-hoc 

analysis.   

Results 

SPS enhanced stress-induced anxiety 

 A preliminary study was conducted to determine the effect of SPS on stress-induced 

anxiety in a defensive burying test (Figure 2.1).  A two-tailed t-test revealed a significant increase 

in the reaction to the first shock received in SPS rats compared to controls [t(6)= 3.0, p=0.024].  

Trends toward increases in the duration of burying behavior [t(6)= 1.162, p=0.2893] and the 

height of the bedding material at the end of the test [t(6)= 1.896, p=0.1068] were also observed in 

rats exposed to SPS versus control handling, albeit increases were not significantly different.  

These data suggest that SPS increases anxiety-like behavior in response to a noxious threat, and 

may enhance startle-like behavior as demonstrated by heightened shock-induced reactions.  An 

increase in stress-induced anxiety is consistent with a PTSD-like phenotype. 
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SPS attenuated sucrose consumption 

To test for anhedonia-like behavior or a reduction in the rewarding properties of sucrose, 

SPS and control handled rats underwent a two-bottle choice sucrose preference test.  Sucrose 

consumption expressed as a percentage of total fluid intake is illustrated in Figure 2.2.  A two-way 

ANOVA used to assess sucrose intake between SPS and control handled rats indicated 

significant effects of stress and sucrose concentration [interaction: F(2,86)= 0.8337, p=0.4379; 

stress: F(1,86)= 4.623, p=0.0343; sucrose concentration: F(2,86)=10.92, p<0.0001].  Total fluid 

intake (sucrose + water) was also analyzed for each cohort of rats exposed to SPS versus control 

handling.  No significant difference in total fluid intake was detected between groups, however a 

significant main effect of sucrose concentration was found [interaction: F(2,83)= 1.173, p=0.3146; 

stress: F(1,83)= 0.3083, p=0.5802; sucrose concentration: F(2,83)=19.36, p<0.0001].  These 

results suggest an increase in anhedonia-like behavior or reduced rewarding properties of 

sucrose following SPS exposure compared to control handling that was not dependent on 

changes in total fluid intake.   

SPS reduced spontaneous nocturnal activity 

Immediately following the isolation phase of SPS or control handling, spontaneous 

behavioral activity was assessed for 24 hours.  The timecourse of behavioral activity is 

represented in Figure 2.3.  A two-way repeated measures ANOVA with time and stress as main 

factors revealed significant differences between groups [interaction: F(23,690)= 1.688, p=0.0234; 

stress: F(1,690)= 13.45, p=0.0009; time: F(23,690)=20.31, p<0.0001, subjects: F(30,690)= 1.436, 

p= 0.0633].  Bonferroni post-hoc analyses revealed a significant difference between groups at 10 

PM (***p<0.001). 

Cumulative behavioral activity counts over each 12-hour cycle are also shown in Figure 

2.3.  A two-way ANOVA revealed a significant interaction and significant effects of stress and 

dark/light cycle [interaction: F(1,60)= 5.699, p=0.0201; stress: F(1,60)= 14.23, p=0.0004; 

light/dark cycle: F(1,60)=251.1, p<0.0001].  Bonferroni post-tests indicated that nocturnal activity 

was significantly greater in both SPS and control groups compared to activity during the light 
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cycle (p<0.001).  Bonferroni’s post-hoc analyses also showed that exposure to SPS significantly 

decreased spontaneous nocturnal activity compared to controls (***p<0.001).  

 

SPS attenuated cocaine-conditioned reward 

To test the effect of SPS on the rewarding effects of cocaine, rats underwent a biased 

conditioned place preference procedure following SPS exposure or control handling.  The data in 

Figure 2.4 represent the mean preference scores for the cocaine-paired side of the conditioning 

chamber in SPS and control handled rats.  Two-way ANOVA revealed significant interaction, 

stress, and drug dose effects [interaction: F(2,45)= 5.040, p=0.0106; stress: F(1,45)= 11.16, 

p=0.0017; dose: F(2,45)= 18.69, p<0.0001].  These results demonstrate that optimal preference 

scores were achieved in control handled animals following conditioning with 10 mg/kg of cocaine.  

Bonferroni post-tests determined that SPS significantly reduced the preference score for the 

cocaine-paired environment at this dose compared to control handling (***p<0.001).  A reduction 

in preference following conditioning with 5 mg/kg cocaine was also observed in SPS rats 

compared to controls.  

SPS did not alter cocaine-induced hyperlocomotion 

 Acute cocaine-induced locomotion was measured during the first cocaine conditioned 

place preference session following SPS or control handling (Figure 2.5).  Two-way ANOVA 

revealed a significant effect of drug dose [interaction: F(2,46)= 1.545, p=0.2243; stress: F(1,46)= 

0.0766, p=0.7832; dose: F(2,46)= 29.80, p<0.0001].  SPS did not alter acute cocaine-induced 

hyperlocomotion compared to controls.  However, these data indicate that cocaine-induced 

activity was dose-dependent.  Surprisingly, 10 mg/kg of cocaine did not produce a significant 

increase in locomotion compared to 5 mg/kg in either group (p>0.05).  However, 20 mg/kg did 

significantly increase hyperlocomotion compared to 10 mg/kg in each group (control, p<0.05; 

SPS, p<0.001). 

Discussion 



30 
 

In the present study, rats exposed to SPS demonstrated increased anxiety and 

anhedonia behaviors compared to controls.  A noxious shock produced an increase in threat-

induced coping behavior and startle in a defensive burying test, while decreased sucrose 

consumption was observed in a choice preference test.  Additional evidence for anhedonic 

behavior was indexed by a decrease in spontaneous nocturnal activity in rats that underwent SPS 

versus control handling, while cocaine-induced locomotion was unchanged following severe 

stress.  Finally, SPS reduced cocaine-conditioned reward in a place preference paradigm 

compared to controls. 

 SPS is a validated rodent model of PTSD that produces heightened anxiety and startle 

responses (Yamamoto et al., 2009).  To confirm a PTSD-like phenotype in our modified SPS 

paradigm, we conducted a preliminary defensive burying test.  Defensive burying is a procedure 

utilizing rodents’ innate behavioral reaction to sources of threat or noxious stimuli.  Rodents will 

bury a number of aversive stimuli including electrified shock probes, unpleasant tasting food 

pellets and spouts of liquid, sources of noxious smells and predator odor, flashcubes, and 

sources of airbursts, as well as unfamiliar harmless objects such as unelectrified probes and 

marbles (De Boer and Koolhaas, 2003).  Burying is interpreted as a measure of adaptive 

avoidance behavior in which rodents act to remove aversive and potential life-threatening 

dangers (De Boer and Koolhaas, 2003).  Therefore, defensive burying is a rodent model of threat 

reactivity which may be relevant in characterizing a PTSD-like phenotype, as individuals with 

PTSD demonstrate heightened reactivity and anxiety in response to threat (Felmingham et al., 

2011; Grillon et al., 1998).  Our preliminary results demonstrated an increase in burying behaviors 

and shock reaction in rats exposed to SPS versus controls, suggesting an increase in threat-

induced anxiety and avoidance behavior.  These results support SPS modified with isoflurane 

exposure as a valid rodent model of PTSD, and are consistent with previously published 

increases in anxiety following SPS with and without this modification (Ganon-Elazar and Akirav, 

2012; Peng et al., 2010). 
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 Although SPS-induced features such as heightened fear, anxiety, and startle responses 

relevant to intrusion and hyperarousal symptoms have been characterized, previous studies have 

not assessed behavior associated with emotional numbing.  In PTSD, a positive relationship 

between anhedonia and the emotional numbing symptom cluster has been shown (Kashdan et 

al., 2006).  The presence of emotional numbing symptoms, which can include anhedonia, is a 

requirement for diagnosis of PTSD (DSM-IV).  Based on this evidence, it is necessary for a valid 

animal model of PTSD to produce symptoms of emotional numbing such as anhedonia.  

Therefore, we used a sucrose preference test in free-feeding rats to measure anhedonia-like 

behavior following SPS or control handling.  Rats exposed to SPS exhibited a significant 

reduction in sucrose intake compared to controls, suggesting a decrease in the hedonic value of 

sucrose following severe stress.  This effect was specific to sucrose consumption, as total 

amounts of fluid intake were similar between stressed and unstressed rodents.  Consumption of 

palatable solutions is frequently used as a behavioral model of hedonia, and sucrose or saccharin 

intake is reduced in other rodent models of stress (Chiba et al., 2012; Miczek et al., 2011; Rygula 

et al., 2005; Willner et al., 1987).  Therefore, our results support an increase in anhedonia-like 

behavior following this severe stress procedure.   

In a second study, basal levels of spontaneous nocturnal activity were found to be 

significantly reduced in rats exposed to SPS compared to controls.  Interestingly, 

hyperlocomotion induced by cocaine was not different between SPS and control handled rats, 

suggesting that locomotor capacity may not be different between the groups.  However, it is 

possible that cocaine-induced hyperlocomotion was unchanged due to limitations of our 

measurement technique, as activity was assessed in automated place preference chambers in 

this study.  However, other rodent models of stress inducing an anhedonic phenotype have also 

shown no cross-sensitization to the locomotor-stimulating effects of acute cocaine, but do show 

decreases in exploratory behavior (Miczek et al., 2011; Rygula et al., 2005).  Decreased 

spontaneous activity may reflect anhedonia-like behavior, as physical activity is inversely related 

to anhedonia in humans and is indicative of depression (Leventhal, 2012; Roshanaei-
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Moghaddam et al., 2009).  It is also possible that SPS-induced decreases in activity reflect an 

increase in anxiety-like behavior due to lack of exploratory behavior.   

The etiology of anhedonia in rodents putatively involves dysregulation of the dopamine 

system.  For example, the consumption of palatable solutions such as sucrose increases 

dopamine in the nucleus accumbens (Hajnal et al., 2004; Schneider, 1989).  Reductions in 

mesolimbic dopamine levels are associated with reductions in saccharin intake in other models of 

severe stress such as social defeat (Miczek et al., 2011).  Antagonists of D1 and D2 dopamine 

receptors, as well as 6-OHDA lesions of dopamine neurons, suppress sucrose intake (Muscat 

and Willner, 1989; Santiago et al., 2010; Santiago et al., 2013; Shibata et al., 2009).  Altered 

dopaminergic transmission is consistent with deficient reward function observed in individuals 

with PTSD.  PTSD is associated with blunted subjective responses and motivation for rewards, as 

well as altered patterns of striatal and midbrain activity in response to rewards (Elman et al., 

2005; Elman et al., 2009; Hopper et al., 2008).  Dopamine transporter levels in the striatum are 

also increased in persons with PTSD, which may be indicative of dopaminergic dysfunction 

(Hoexter et al., 2012).   

Although studies have examined reward responding to non-drug reinforcers in PTSD, no 

studies have assessed subjective reward in response to drugs of abuse.  Given that the 

psychostimulant properties of cocaine are heavily dependent on dopaminergic transmission (Ritz 

et al., 1987; Ritz et al., 1988), and dopamine function appears to be altered in PTSD (Hoexter et 

al., 2012; Houlihan, 2011), we hypothesized that SPS would alter the rewarding properties of 

cocaine.  In support of this hypothesis, rats exposed to SPS spent less time on the cocaine-

paired side of a place conditioning chamber in a preference test, indicating a decrease in 

cocaine-conditioned reward.  This effect was most apparent using lower doses of cocaine (5 and 

10 mg/kg), whereas the highest dose tested (20 mg/kg) did not show a decrease in SPS.  These 

results suggest that rats exposed to SPS may require higher doses of cocaine than controls to 

exhibit conditioned reward.  This effect is consistent with clinical hypotheses which indicate that 

persons with PTSD may require more intense positive stimulation to experience pleasure and 
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express appetitive behavior (Litz and Gray, 2002).  A decrease in cocaine-conditioned reward has 

also been observed following neonatal stress exposure in mice (Hays et al., 2012), whereas 

forced swim and social defeat potentiate cocaine-conditioned reward (Kreibich et al., 2009; 

McLaughlin et al., 2005).  The heterogeneity of previous findings highlights the importance of 

characterizing drug reward in novel stress paradigms.  Nonetheless, our results support a deficit 

in reward function following SPS exposure, which we hypothesize is mediated by altered 

dopamine transmission in the mesolimbic pathway.   

Cocaine increases extracellular dopamine levels in both the nucleus accumbens and 

caudate putamen (Hurd et al., 1990; Pettit and Justice Jr, 1989), but may occur to a greater 

extent in the nucleus accumbens (Di Chiara and Imperato, 1988).  Studies largely implicate the 

nucleus accumbens as a major site for psychostimulant-reward, and cocaine-reinforcement 

depends largely on its ability to inhibit dopamine transporters  (Ritz et al., 1987; Ritz et al., 1988).  

Lesions of the nigrostriatal circuit do not influence the acquisition of cocaine-conditioned reward 

(Zengin-Toktas et al., 2013).  Place preference is observed following microinjections of 

psychostimulants into the nucleus accumbens, but not areas of the caudate nucleus (Carr and 

White, 1986; Carr and White, 1983).  Moreover, dopamine neurons in the nucleus accumbens 

and VTA are critical in the reinforcing properties of cocaine in self-administration paradigms, 

whereas lesions of the corpus striatum are not (reviewed in (Koob and Hubner, 1988).  Based on 

this evidence, it is likely that reward dysfunction in PTSD may be mediated by altered 

dopaminergic transmission in the mesolimbic pathway, specifically the nucleus accumbens.  

Place conditioning depends on the incentive salience of a drug-paired context learned 

through pairings with the rewarding effects of the drug (Mueller and Stewart, 2000).  Therefore, it 

is possible that learning or memory deficits may have contributed to SPS-induced decreases in 

cocaine place preference.  Dopamine plays a role in encoding reward in the context of memory 

through interactions of the basal ganglia and hippocampus (Retailleau et al., 2013; Retailleau et 

al., 2012).  Therefore, deficits in dopamine function in this circuitry following SPS could contribute 

to a loss of conditioned reward.  Rats exposed to SPS demonstrate deficits in learning and spatial 
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memory in the Morris water maze (Wang et al., 2010).  SPS rats also show deficits in spatial 

orientation in a social novelty task (Eagle et al., 2013).  However, rats exposed to SPS exhibit 

enhanced conditioning in aversive footshock paradigms (Iwamoto et al., 2007), and clinical 

studies have shown enhanced associative learning in response to both positive and aversive 

stimuli in persons with PTSD symptoms (Myers et al., 2013).  Therefore, it is unclear whether 

cocaine conditioned reward was influenced by learning or memory deficits in our study. 

The results of these studies support the validity of SPS as a rodent model of PTSD, as 

well as reductions in reward function in PTSD.  SPS enhanced threat-induced anxiety indicated 

by increases in burying and startle behaviors.  Anhedonia-like behavior was also enhanced as 

assessed by sucrose preference and spontaneous activity measures following SPS.  SPS did not 

alter cocaine-induced locomotion, however, it suppressed cocaine-conditioned reward.  These 

studies support the validity of SPS, and provide new evidence for altered reward function in this 

rodent model of PTSD.  Additional studies are necessary to determine the mechanisms 

underlying hedonic dysregulation in this model, as well as the impact of altered reward function 

on drug self-administration. 
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Figure 2.1.  SPS enhanced stress-induced anxiety.  Rats exposed to SPS or control handling 

underwent a defensive burying test using a 3 mA shock.  Preliminary results demonstrate an 

increase in duration of burying (left) and height of bedding material (center), and a significant 

increase in reaction (right) in SPS rats compared to controls.  Data were analyzed by two-tailed t-

test (*p<0.05).  Data points represent the mean ± SEM (n=4/group). 
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Figure 2.2.  SPS reduced sucrose consumption.  Exposure to SPS significantly reduced intake 

of sucrose solution (0.25-1%) compared to controls (left).  No difference in total fluid intake was 

detected between SPS and control handled rats (right).  Data were analyzed by two-way ANOVA 

(significant effect of SPS exposure compared to control handling, *p<0.05).  Data points 

represent the mean ± SEM (n=7-21/group). 
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Figure 2.3.  SPS reduced spontaneous nocturnal activity.  A 24-hour timecourse of behavioral 

activity from SPS and control handled rats is shown on the left.  SPS significantly reduced 

behavioral activity over 24-hours, and activity was significantly different from controls at 10 PM.  

Behavioral activity counts were significantly lower in SPS-exposed rats during the dark cycle, but 

similar to controls during the light cycle (right).  Data were analyzed by two-way ANOVA with 

Bonferroni post-hoc analyses (***p<0.001).  Data points represent the mean ± SEM (n=16/group). 
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Figure 2.4.  SPS attenuated cocaine-conditioned reward.  SPS rats conditioned with cocaine 

(5-20 mg/kg, i.p.) spent less time on the drug-paired side of the conditioning chamber than 

controls. This effect was significant following conditioning with 10 mg/kg of cocaine.  Data were 

analyzed by two-way ANOVA and Bonferroni post-hoc analyses (***p<0.001). Data points 

represent the mean ± SEM (n=7-11/group).   
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Figure 2.5.  Effect of SPS on acute cocaine-induced locomotion.  Rats exposed to SPS or 

control handling were injected with cocaine (5-20 mg/kg, i.p.) and locomotion was measured for 

30 minutes.  Cocaine-induced hyperlocomotion was similar between SPS and control handled 

rats.  Data were analyzed by two-way ANOVA and Bonferroni post-hoc analyses. Data points 

represent the mean ± SEM (n=7-12/group).    
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CHAPTER 3 

COCAINE SELF-ADMINISTRATION BEHAVIORS IN RATS EXPOSED TO  

SINGLE-PROLONGED STRESS 

Introduction 

Co-occurring psychiatric disorders may develop as a complication of PTSD, and PTSD is 

highly comorbid with SUD (Kessler et al., 1995; Pietrzak et al., 2011).  Persons with PTSD 

perceive their co-occurring PTSD and substance abuse as functionally related (Brown et al., 

1998), and report self-medicating their PTSD symptoms with drugs and alcohol (Leeies et al., 

2010).  CNS depressants such as alcohol, benzodiazepines, marijuana, and heroin ease 

hyperarousal and intrusion symptoms in patients with PTSD, while symptoms of emotional 

numbing and avoidance are highly prevalent in patients with comorbid cocaine dependence 

(Bremner et al., 1996; Najavits et al., 2003).  Studies demonstrate that PTSD severity is positively 

related to the level of substance use (Back et al., 2006a; Bremner et al., 1996; Hien et al., 2010), 

and improved PTSD symptomology predicts improvement of SUD symptoms (Back et al., 2006b; 

Burns et al., 2010; Hien et al., 2010).  Taken together, these studies suggest that PTSD 

enhances susceptibility to substance abuse.  However, the neuropathological underpinnings of 

co-occurring PTSD-SUD remain unclear. 

 Despite high rates of drug abuse among individuals with PTSD, drug intake has not been 

investigated in animal models of PTSD that are distinct from models of mood disorders.  Drug 

self-administration is an established model of drug-seeking behavior in rodents and can be used 

to examine multiple facets of drug consumption (Dworkin and Pitts, 1994).  Procedures involving 

limited access to a drug can be useful in examining the acquisition and maintenance of drug-

intake, while progressive-ratio schedules are useful in assessing the reinforcing efficacy of a drug 

(Richardson and Roberts, 1996).  Paradigms involving extended-access to a drug are beneficial 

in the study of a progressive disease state, such as the transition to drug addiction (Ahmed and 

Koob, 1998).  Studies using these paradigms have demonstrated that cocaine self-administration 

is sensitive to manipulations of the dopamine system, supporting a critical role for mesolimbic 
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dopamine in the reinforcing properties of this psychostimulant.  For example, rodent studies 

demonstrate that mesolimbic dopamine depletion decreases cocaine self-administration under 

fixed-ratio schedules of reinforcement (Caine and Koob, 1994; Gerrits and Van Ree, 1996; Pettit 

et al., 1984b; Roberts et al., 1977; Roberts and Koob, 1982; Roberts et al., 1980; Sizemore et al., 

2004).  Low doses of dopamine receptor antagonists enhance cocaine intake in rodents that have 

already acquired self-administration behavior under fixed-ratio reinforcement (de Wit and Wise, 

1977; Hubner and Edward Moreton, 1991; Koob et al., 1987).  Under the progressive-ratio 

schedule, dopamine receptor antagonism decreases the breaking point of cocaine self-

administration (Awasaki et al., 1997; Bari and Pierce, 2005; Hubner and Edward Moreton, 1991; 

Veeneman et al., 2012; Xi et al., 2009).   

Given that reward and dopamine function are altered in PTSD (Elman et al., 2005; Hoexter et 

al., 2012; Hopper et al., 2008), and that dopamine mediates cocaine reinforced behavior (Pierce 

and Kumaresan, 2006), we hypothesized that deficits in dopaminergic reward function may 

contribute to altered drug-seeking in the SPS model of PTSD.  In the present studies, we used 

cocaine self-administration models to build on the evidence gathered in chapter 2 which suggests 

reduced reward function following exposure to SPS.  We hypothesized that SPS would suppress 

the acquisition of cocaine intake and breakpoints for cocaine due to deficits in dopaminergic 

function.  We also hypothesized that SPS would enhance the escalation of cocaine self-

administration produced by extended-access to the drug, such that rats would compensate for an 

initial deficit in reward function.  Alterations in drug-taking behavior under these schedules of 

reinforcement support potential pathology of the mesolimbic dopamine system. 

Methods 

Animals  

Adult male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) weighing 

125-150 g upon arrival were used in all experiments.  Rats were housed two per cage on a 

reverse 12-hour light-dark cycle (lights off 9 AM-9 PM) with ad libitum access to food and water.  

Rats were allowed 12 days to acclimate to the reverse light cycle and animal facility prior to 
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exposure to single-prolonged stress or control handling procedures.  Animal care and 

experimental procedures were conducted according to the Guide for the Care and Use of 

Laboratory Animals (National Research Council, 2011).  All experimental protocols were 

approved by the Institutional Animal Care and Use Committee of Temple University School of 

Medicine. 

Drugs 

Cocaine hydrochloride was generously supplied by the National Institute on Drug Abuse 

(Bethesda, MD).  Cocaine HCl was dissolved in sterile saline and delivered via intravenous 

infusion in a volume of 0.25 mL/400 g body weight over 2.5-3.5 seconds.  Baytril, meloxicam, 

heparin, and gentamicin sulfate were purchased from the veterinary supply at Temple University 

School of Medicine.  Methohexital sodium was obtained from the pharmacy at Temple University 

Hospital. 

Single-prolonged stress (SPS) 

Rats (250-300 g) were exposed to a modified single prolonged stress paradigm as 

previously described (Ganon-Elazar and Akirav, 2012; Knox et al., 2012b).  Rats were individually 

restrained for 2 hours in plexiglas cylinders (25 x 7.5 x 7cm; Harvard Apparatus, Holliston, MA).  

Restraint was followed immediately by 20 minutes of group swimming in an 18-gallon plastic tub 

filled to a depth of 30 cm with 23-24°C water (5 rats simultaneously).  After swimming, rats were 

dried and returned to their homecages for 15 minutes of recovery, after which all rats were 

exposed to isoflurane until loss of consciousness (<1 minute).  Isoflurane exposure was 

conducted by placing a soaked cotton ball into a test tube, which was placed inside a clean 

standard rat cage.  Rats were housed in pairs undisturbed for the next 7 days prior to surgery, 

with the exception of cage changes.  Control animals were handled and weighed daily.   

Catheterization surgery and maintenance 

Following SPS or control handling procedures, rats were anesthetized with isoflurane 

(5% induction, 2-3% maintenance).  Silicone catheters (13.5 cm long) (CamCath, 

Cambridgeshire, UK) were implanted into the right external jugular vein as described by 
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(Thomsen and Caine, 2005).  Following surgery, rats were housed individually and allotted 2-3 

days of recovery prior to testing.  Baytril (10 mg/kg, SC) was administered for 5 days beginning 

the day before surgery as a prophylactic antibiotic, and meloxicam (1 mg/kg, SC) was 

administered preoperatively and for 2 days following surgery for analgesia.  Catheters were 

flushed pre- and post-daily cocaine self-administration sessions with 0.2 mL heparinized saline 

(100 USP/mL) and locked after sessions with gentamicin-saline solution (4 mg/mL).  Catheter 

patency was verified periodically via intravenous infusion of 0.1 mL methohexital sodium (10 

mg/kg), a short-acting barbiturate which produces rapid loss of muscle tone (approximately 5 

seconds).  Animals that did not rapidly respond to methohexital infusion were excluded from the 

studies described below (6 rats total). 

Self-administration apparatus  

Operant behavior was measured in 10 ventilated chambers contained within sound-

attenuating cubicles (Med Associates, St. Albans, VT).  Each chamber was equipped with two 

retractable levers with a circular light above each and a house light on the opposite side of the 

chamber.  Intravenous infusions were delivered from a 10 mL syringe placed into a computer-

controlled infusion pump and connected to a swivel and tether system fitted to the rodents’ 

catheter port.   

Cocaine self-administration procedures  

Each session began with illumination of the house light, illumination of the stimulus light above 

the active lever, and a priming infusion given via the infusion pump by the experimenter.   

Responses on the active lever produced a cocaine infusion (2.5-3.5 seconds depending on body 

weight), which coincided with extinguishing of the stimulus light above the active lever for 20 

seconds to signal a timeout.  Responses on the inactive lever were recorded but had no 

programmed consequences.  Upon termination of each session, both levers were retracted and 

all lights were extinguished.   
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Acquisition testing 

Cocaine self-administration was conducted daily for 2 hours on a fixed-ratio 1 (FR1) 

schedule of reinforcement during 15 consecutive sessions.  Escalating doses of cocaine (0.1875, 

0.375, 0.75 mg/kg/infusion) were available in three consecutive phases lasting five sessions each 

such that infusions in sessions 1-5 delivered 0.1875 mg/kg cocaine, sessions 6-10 delivered 

0.375 mg/kg, and sessions 11-15 delivered 0.75 mg/kg.  Rats were considered to have met 

acquisition criteria when 6.75 mg/kg cocaine was consumed daily for 3 consecutive sessions 

during any phase.  The first of the three sessions was counted as the day of acquisition.  This 

criterion is similar to the level of cocaine consumption described to maintain stable responding in 

Sprague-Dawley rats (Mandt et al., 2008).  The number of lever presses required to reach 6.75 

mg/kg at each dose were as follows: 36 infusions of 0.1875 mg/kg, 18 infusions of 0.375 mg/kg, 

and 9 infusions of 0.75 mg/kg.  Rats that did not reach acquisition criteria within the 5 allotted 

sessions per dose were advanced to the next phase.  Each session was terminated if a maximum 

of 50 infusions was earned.  Responding on each lever and daily cocaine intake were analyzed 

by two-way repeated measures ANOVAs with Bonferroni post-hoc analyses.  Latency to acquire 

cocaine self-administration was analyzed by two-tailed t-test or two-way ANOVA with Bonferroni 

post-hoc comparisons. 

Maintenance testing 

 Rats were trained to self-administer cocaine (0.75 mg/kg/infusion) on a FR1 schedule of 

reinforcement during ten daily 2-hour sessions.  Rats were allotted a maximum of 50 infusions 

with a 20-second timeout between infusions, and were considered to have acquired lever-

pressing behavior when 6.75 mg/kg cocaine was consumed for 3 consecutive days.  Rats were 

then given five consecutive days of access to descending doses of cocaine with increases in the 

number of maximum infusions available as follows: 0.75 mg/kg (maximum of 50 infusions), 0.375 

mg/kg (maximum of 50 infusions), 0.1875 mg/kg (maximum of 100 infusions), and 0.09375 mg/kg 

(200 infusions).  Two of the rodents in the control group were excluded from data analysis after 

completion of testing of 0.375 or 0.1875 mg/kg/infusion due to loss of catheter patency.    
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Progressive-ratio 

Rats were trained to self-administer cocaine (0.75 mg/kg/infusion) on a FR1 schedule of 

reinforcement during ten daily 2-hour sessions.  Rats were allotted a maximum of 50 infusions 

with a 20-second timeout between infusions, and were considered to have acquired lever-

pressing behavior when 6.75 mg/kg cocaine was consumed for 3 consecutive sessions.  Rats 

were then trained on a progressive-ratio (PR) schedule of reinforcement over two consecutive 

days during daily 6-hour sessions, in which an increasing number of responses was required for 

each cocaine infusion (0.75 mg/kg) until responding for the drug ceased (breakpoint).  The steps 

increased as follows: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, etc. 

(Arnold and Roberts 1997).  Daily sessions ended if 60 minutes elapsed without a response.  

Breakpoints for cocaine (0.1875, 0.375, 0.75, 1.5 mg/kg/infusion) were tested once daily over 3 

consecutive sessions at each dose in a randomized design, except for 0.75 mg/kg which was 

used for training and was tested first in all rats for five sessions total.  After breakpoints for each 

dose of cocaine were established, breakpoints for saline were tested for 3 sessions.  Breakpoints 

on the last day of testing for each dose of cocaine or saline were analyzed by two-way ANOVA 

with Bonferroni post-tests.   

Extended-access  

Rats were trained to self-administer cocaine (0.75 mg/kg/infusion) on a FR1 schedule of 

reinforcement during daily 2-hour sessions for 8 days.  Rats were allotted a maximum of 50 

infusions with a 20-second timeout, and were considered to have acquired responding when 6.75 

mg/kg cocaine was consumed for 3 consecutive sessions.  After training was complete, daily 

sessions were extended to 6-hours and rats were tested during 14 consecutive sessions with 

access to 0.375 mg/kg/infusion.  The number of infusions obtained during extended-access was 

limited only by the 20-second timeout.  Multiple analyses were conducted as described in the 

results (see below). 
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Results 

SPS did not alter the acquisition of cocaine self-administration 

To test for differences in acquisition of cocaine self-administration, we used an escalating 

dose regimen of cocaine over 15 consecutive sessions.  Two-way repeated measures ANOVA of 

active lever presses (Figure 3.1 top) revealed significant effects of session and subjects only 

[interaction: F(14,378)= 0.5489, p=0.9030; stress exposure: F(1,378)=0.6657 , p=0.417; session: 

F(14,378)= 37.01, p<0.0001; subjects: F(27,378)= 13.42, p<0.0001].  A separate analysis of 

inactive lever presses (Figure 3.1 bottom) also indicated significant effects of session and 

subjects [interaction: F(14,378)= 0.5151, p=0.9244; stress exposure: F(1,378)=0.0516 , 

p=0.8220; session: F(14,378)= 4.891, p<0.0001; subjects: F(27,378)= 1.894, p<0.0052].  These 

data suggest that active and inactive lever presses changed over the 15 allotted sessions 

depending on the dose; however active and inactive lever presses were similar between SPS rats 

and controls. 

Daily cocaine intake corresponding to the number of active lever presses was analyzed 

by two-way repeated measures ANOVA (Figure 3.2 left).  A significant effect of dose was 

revealed, however no significant difference in cocaine intake was detected between stressed and 

unstressed rats [interaction: F(14,378)= 0.7749, p=0.6967; stress exposure: F(1,378)= 0.8653, 

p=0.3605; session: F(14,378)= 136.0, p<0.0001; subjects: F(27, 378)= 14.43, p<0.0001].  Mean 

cumulative intake was also analyzed by dose using a two-way ANOVA (Figure 3.2 right) and 

results revealed significant effects of dose only [interaction: F(2,81)= 0.2919, p=0.7476; stress 

exposure: F(1,81)= 0.1.784, p=0.1854; dose: F(2,81)= 121.0, p<0.0001].  These data suggest 

that cocaine intake was dose-dependent; however cocaine consumption was not different 

between rats exposed to SPS and control handling.   

Finally, the latency to meet acquisition criteria was assessed in rats exposed to SPS and 

control handling (Figure 3.3).  Overall, the mean number of sessions required to meet acquisition 

criteria was not significantly different between SPS and control handled rats as analyzed by a 

two-tailed t-test [t(27)= 0.9067, p=0.3726] (Figure 3.3 left).  To determine whether rats exposed to 
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SPS differed in the latency to acquire depending on the dose of cocaine, we analyzed the number 

of sessions required to meet acquisition criteria based on the dose at which acquisition occurred 

for each rat (Figure 3.3 right).  A two-way ANOVA indicated no significant effects of stress 

exposure or dose, or interaction of these factors [interaction: F(2,23)= 0.00006, p=0.9999; stress 

exposure: F(1,23)= 0.5123, p=0.4814; dose: F(2,23)= 2.802, p=0.0815].  A trend toward 

significance was apparent for cocaine dose, suggesting that the number of sessions to reach 

acquisition criteria may depend on dose.  These data suggest that SPS did not alter the latency of 

acquisition compared to controls in this paradigm.   

SPS did not alter the maintenance of cocaine self-administration 

 Rats exposed to SPS or control handling were allowed to self-administer cocaine on a 

descending dose regimen designed to determine whether SPS would alter the minimum dose of 

cocaine required to maintain responding.  Figure 3.4 shows the number of active lever presses 

and daily cocaine intake for each dose.  Each decrease in the cocaine dose produced an 

increased in the number of active lever presses.  A two-way repeated measures ANOVA 

indicated a significant effect of session [interaction: F(19,137)= 0.74, p=0.772; stress exposure: 

F(1,137)= 0.394, p=0.547; session: F(19,137)= 68.31, p<0.001].  A two-way repeated measures 

ANOVA of cocaine intake also revealed a significant effect of session [interaction: F(19,137)= 

0.828, p=0.671; stress exposure: F(1,137)= 0.617, p=0.494; session: F(19,137)= 16.611, 

p<0.001].  These results suggest that responding for cocaine and cocaine consumption were 

altered by reducing the dose.  However, responding for cocaine and cocaine intake were similar 

between SPS and control handled rats. 

SPS did not alter the motivation for cocaine 

The breakpoint for cocaine (0.1875 -1.5 mg/kg/infusion) or saline was tested using a PR 

schedule of reinforcement following SPS or control handling (Figure 3.5). Breakpoints were 

analyzed by two-way ANOVA with Bonferroni post-hoc analyses with stress exposure and 

cocaine dose as main factors.  Results indicated a significant effect of dose [interaction: F(4,41)= 

0.2455, p=0.9107; stress exposure: F(1,41)= 0.4768, p=0.4938; dose: F(4,41)= 36.02, p<0.0001].  
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All doses of cocaine produced significantly greater breakpoints than saline in each group 

(p<0.001).  The data also suggest that the breakpoint for cocaine was dose-dependent, as the 

final completed ratios increased alongside increases in dose.  However, SPS did not significantly 

affect the breakpoint for cocaine at any tested dose compared to control handling.  This suggests 

that SPS may not alter the motivation to obtain cocaine, as the reinforcing effects of cocaine were 

equivalent to controls in this experimental design. 

SPS reduced the escalation of cocaine self-administration 

 Rats exposed to SPS and control handling were given 6 hours of daily access to cocaine 

under a FR1 schedule of reinforcement for 14 consecutive sessions (sessions 9-22) to facilitate 

the escalation of self-administration.  Escalation curves for SPS and control handled animals are 

presented in Figure 3.6.  Daily cocaine intake for each group was analyzed by one-way repeated 

measures ANOVA with Bonferroni post-hoc comparisons to session 9.  Results of a one-way 

ANOVA in control handled rats revealed a significant effect of session on cocaine intake (Figure 

3.6 left) [F(4,13)= 4.986, p<0.0001] in which cocaine consumption during sessions 11-22 was 

significantly greater than session 9.  One-way ANOVA of cocaine consumption in SPS exposed 

rats (Figure 3.6 right) also indicated a significant effect of session, as cocaine consumption was 

greater in sessions 13-22 than in session 9 [F(4,13)= 8.293, p<0.0001].  These results indicate 

that both control and SPS rats significantly escalated their cocaine intake over the 14 allotted 

sessions of extended-access. 

 Mean daily cocaine intake was compared between SPS and control handled rats (Figure 

3.7).  Two-way repeated measures ANOVA of daily cocaine intake revealed significant effects of 

stress exposure, session, and subjects [interaction: F(13,104)= 0.8220, p=0.6360; stress 

exposure: F(1,104)= 6.590, p=0.0333; session: F(13,104)= 12.51, p<0.0001; subjects: F(8,104)= 

16.36, p<0.0001].  These results indicate that SPS-exposed rats consumed less cocaine daily 

during escalation than controls.   

 For qualitative purposes, the sum of group cocaine intake during sessions 9 and 22 are 

shown in Figure 3.8 (left) for SPS and control rats.  These comparisons of the raw total intakes 
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demonstrate a difference in cocaine consumption of 39.375 mg/kg between control handled and 

SPS rats during session 9.  However, during session 22, this difference in intake between groups 

was reduced to only 10.235 mg/kg of cocaine.  These data may suggest that although cocaine 

intake was initially much lower in SPS rats versus controls, SPS rats escalated their intake to a 

greater magnitude than controls over the 14 sessions of extended-access.  To assess whether 

the percent increase from session 9 to 22 was significantly different between groups, we 

conducted a two-tailed t-test.  A 22% difference in the percent increase was observed between 

SPS and control handled rats (Figure 3.8 right).  Results of the two-tailed t-test indicated a trend 

toward a significant difference [t(8)= 1.992, p=0.0815], suggesting that the percent change in 

cocaine intake trended toward a greater increase in SPS rats compared to controls.  These 

results suggest that rats exposed to SPS may take less cocaine initially, but may compensate for 

this reduction over time.   

Discussion 

In the present studies, exposure to SPS reduced cocaine consumption during the 

escalation of intake precipitated by extended-access.  In contrast, SPS did not alter the 

acquisition or maintenance of cocaine self-administration upon limited access to cocaine, and had 

no effect on the motivation to work for cocaine infusions during progressive-ratio testing 

compared to control handling.   

Given our previous observations demonstrating altered reward function and anhedonic 

behavior following exposure to SPS (chapter 2), we hypothesized that SPS would increase the 

latency to acquire self-administration and decrease cocaine intake under limited access 

conditions.  In our acquisition study, we used an escalating dose regimen as we also 

hypothesized that rats exposed to SPS would require higher doses of cocaine to acquire self-

administration than controls.  Contrary to our hypotheses, rats exposed to SPS demonstrated 

similar latencies to acquire cocaine self-administration and consumed cocaine at similar rates to 

controls at each tested dose.  In addition, a similar number of rats met acquisition criteria at each 

dose of cocaine.  Acquisition of psychostimulant self-administration is influenced by the dose 
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used to reinforce behavior (Carroll and Lac, 1997).  Therefore, escalating dose regimens are 

useful in assaying for individual differences in the sensitivity to cocaine or propensity to acquire 

self-administration.  This is based on the notion that progressively increasing the dose enhances 

the likelihood of acquisition (Fattore et al., 2009; Smith and Pitts, 2011).  Our results suggest that 

SPS may not alter the acquisition of cocaine self-administration.  However, it is possible that our 

experimental procedure was not sensitive enough to detect subtle differences between SPS and 

control handled rats.  Our experimental design tested three doses of cocaine within subjects 

under a FR1 schedule of reinforcement.  It is possible that a more progressive increase in dose 

would reveal differences between SPS and control handling, or that using separate cohorts of 

rodents to test each dose would provide more information regarding latency to acquire. 

In an additional study, rats exposed to SPS or control handling were allowed to self-

administer decreasing doses of cocaine to test the maintenance of cocaine intake, as well as the 

minimal dose of cocaine required to maintain responding.  We hypothesized SPS would reduce 

cocaine intake, particularly at the lowest doses tested.  We also hypothesized that rats exposed 

to SPS would cease responding at the lowest doses that maintained responding in the control 

group.  The results of this study demonstrated similar rates of responding and cocaine intake in 

SPS and control handled rats.  It is possible that increasing the fixed-ratio requirement for each 

infusion to make cocaine consumption more difficult, while still utilizing a limited access 

procedure, might produce different results.  Increasing the fixed-ratio requirement following 

acquisition may terminate responding for cocaine more easily in SPS rats compared to controls, 

especially at the lowest cocaine doses.  However, in the present experimental design, SPS did 

not alter the maintenance of cocaine self-administration or perseverance of responding as the 

dose was decreased.   

In a previous study, we observed a decrease in the rewarding effects of cocaine in rats 

exposed to SPS compared to controls using a place conditioning paradigm (chapter 2).  Based on 

this evidence, we hypothesized that SPS would reduce breakpoints for cocaine under a 

progressive-ratio schedule of reinforcement.  The objective of progressive-ratio testing is to 
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increase the response requirement for successive reinforcements until a “breakpoint” is reached.  

The breakpoint indicates a cease in responding and the maximum effort exerted to obtain an 

infusion (Richardson and Roberts, 1996).  In humans, increasing the required effort to obtain drug 

is a way to differentiate drug-seeking from drug intake, as the rate of drug intake when the drug is 

freely available is not indicative of how hard a subject will work to obtain the drug (Roberts et al., 

2013).  Preclinical progressive-ratio schedules test the appetitive responding for a drug driven by 

its reinforcing efficacy, as breakpoints for cocaine are positively related to dose (Richardson and 

Roberts, 1996).  In the present study, rats exposed to SPS and control handling demonstrated 

similar breakpoints for cocaine under a progressive-ratio schedule of reinforcement.  Contrary to 

our initial hypothesis, these results suggest that motivation to obtain cocaine is similar between 

SPS and control handled rats.  In addition, the reinforcing efficacy of cocaine may not be different 

between groups.  Inconsistency between the results of cocaine place preference and 

progressive-ratio testing is not surprising, as these paradigms measure different variables.  

Conditioned place preference measures the incentive of an environmental context based on its 

association with the rewarding properties of a drug.  In contrast, progressive-ratio testing 

measures the motivation to work for a drug based on its strength at reinforcing instrumental 

behavior.  Therefore, the decrease in cocaine place preference following SPS could indicate a 

reduction in the value of cocaine associated cues as opposed to the reinforcing properties of 

cocaine.   

In the present study, rats exposed to SPS consumed significantly less cocaine during the 

escalation of self-administration than controls.  However, the magnitude of suppressed intake 

was lower during the first extended-access session than the last (sessions 9 and 22), and rats 

exposed to SPS showed a trend toward a greater percent increase in intake over time than 

controls.  These results may suggest that rats exposed to SPS compensated for a deficit in 

cocaine reinforcement by escalating their drug consumption to a greater extent than controls over 

two weeks.  However, it is difficult to discern whether decreased intake under a FR1 schedule 

suggests a decrease or an increase in reinforcement by cocaine, as multiple interpretations of 
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this result are possible.  For instance, dopamine depletion reduces responding under fixed-ratio 

schedules of reinforcement when drug access is limited (Caine and Koob, 1994; Gerrits and Van 

Ree, 1996; Pettit et al., 1984b; Roberts et al., 1977; Roberts and Koob, 1982; Roberts et al., 

1980; Sizemore et al., 2004), suggesting a reduction in the ability of cocaine to act as a 

reinforcer.  The effects of dopamine depletion and neurotoxic lesions of mesolimbic circuitry have 

not been studied in rodent models of extended-access to cocaine.  Extended-access is 

conducted under fixed-ratio reinforcement, therefore it is likely that dopamine depletion or 

mesolimbic lesions would attenuate or prevent the escalation of self-administration upon 

extended drug access.   

An alternative interpretation of decreased cocaine consumption following SPS indicates 

increased cocaine reinforcement.  A reduction in the rate of cocaine intake under fixed-ratio 

schedules is widely accepted to indicate an increase in reinforcement (Roberts et al., 2013).  This 

is based on studies indicating that rodents titrate brain-cocaine levels within a narrow range 

(Tsibulsky and Norman, 1999; Wise et al., 1995; Zimmer et al., 2013; Zimmer et al., 2011), which 

is hypothesized to maintain satiety and dopamine levels above a threshold (Pierce and 

Kumaresan, 2006; Roberts et al., 2013; Wise et al., 1995).  Also in support of this mechanism, 

inter-infusion intervals tightly correlate to the maintenance of uptake inhibition at the dopamine 

transporter during cocaine self-administration (Oleson and Roberts, 2008).  An inverse 

relationship is observed between dose and rate of cocaine intake (Zimmer et al., 2013), as longer 

post-infusion intervals (ie. lower rates) are observed following infusions of higher unit doses 

(Roberts et al., 2013).  The results of progressive-ratio testing, which typically provide an index of 

reinforcing efficacy, did not provide any clarity regarding the direction of cocaine reinforcement as 

breakpoints for cocaine were unaltered by SPS.   

Reduced cocaine self-administration following exposure to SPS supports dysfunction of 

dopaminergic reinforcement mechanisms in PTSD.  Because cocaine intake was reduced by 

SPS during extended-access, but no change in acquisition or motivation was observed, it is 

unclear whether cocaine reinforcement is increased or decreased, or how altered reward function 
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may contribute to enhanced cocaine abuse in PTSD.  Other models of severe stress have shown 

increases, decreases, or no change in cocaine intake depending on the schedule of 

reinforcement and the stress procedure.  For example, intermittent social defeat has no effect on 

breakpoints for cocaine in progressive-ratio testing and does not alter the escalation of cocaine 

intake upon extended-access in rats; however this procedure does produce increased cocaine 

consumption during a 24-hour binge on a fixed-ratio 5 schedule of reinforcement (Miczek et al., 

2011; Quadros and Miczek, 2009).  The same social defeat model also enhances acute cocaine-

induced ambulation, as well as basal and cocaine-induced extracellular dopamine levels 

compared to unstressed rats (Miczek et al., 2011).  In contrast, continuous subordination stress 

decreases breakpoints for cocaine and cocaine intake during a 24-hour binge under fixed-ratio 5 

reinforcement (Miczek et al., 2011).  Subordination stress also decreases tonic and cocaine-

induced extracellular dopamine levels, decreases exploratory behavior and saccharin preference, 

but does not alter ambulation in response to acute cocaine administration (Miczek et al., 2011).  

These studies suggest that stress paradigms can differentially alter cocaine reinforcement.  Also, 

the interpretation of patterns of cocaine intake as increased or decreased reinforcement may 

require additional studies.  Based on this evidence, we feel that further studies are necessary to 

determine whether SPS enhances or decreases the reinforcing properties of cocaine.  However, 

the results of our extended-access study do support our overarching hypothesis which indicates 

that SPS alters drug-seeking behavior, potentially though not directly tested herein, through 

dysfunction of the mesolimbic dopamine system.  
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Figure 3.1.  Effect of SPS on lever pressing during acquisition of cocaine self-

administration.  Rats exposed to SPS or control handling were allowed to self-administer an 

escalating dose regimen of cocaine under a FR1 schedule of reinforcement for 15 daily sessions.  

No change in the number of active lever presses for cocaine (top), or inactive lever presses 

(bottom), was detected between SPS and control handled groups.  Data were analyzed by two-

way repeated measures ANOVA.  Data points represent the mean ± SEM (n=13-16/group). 
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Figure 3.2.  Cocaine consumption during acquisition of self-administration.  Rats exposed 

to SPS or control handling were allowed to self-administer cocaine under a FR1 schedule of 

reinforcement for 15 daily sessions at 3 doses.  Cocaine intake progressively increased over the 

15 allotted sessions, however daily cocaine consumption (left) and mean cocaine intake (right) 

was similar in SPS and control handled rats.  Data were analyzed by two-way ANOVA (left and 

right) with repeated measures for timecourse (left).  Data points represent the mean ± SEM 

(n=13-16/group). 
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Figure 3.3.  Effect of SPS on latency to acquire cocaine self-administration. Rats exposed to 

SPS or control handling were allowed to acquire cocaine self-administration during 15 daily 

sessions.  The mean latency to meet acquisition criteria was similar between SPS and control 

handled rats (left).  Likewise, the mean number of sessions necessary to reach acquisition criteria 

was also similar when differentiated by cocaine dose (right).  Data were analyzed by two-tailed t-

test or two-way ANOVA.  Data points represent the mean ± SEM (n=13-16/group). 
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Figure 3.4.  Self-administration upon decreasing doses of cocaine.  Rats exposed to SPS or 

control handling were allowed to self-administer a descending dose regimen of cocaine under a 

FR1 schedule of reinforcement for 20 daily sessions.  The number of active lever presses during 

daily cocaine sessions increased as the dose of cocaine decreased (left), but was not significantly 

different between SPS and control handled rats.  Daily cocaine intake was similar between rats 

exposed to SPS and control handling (right).  Data were analyzed by two-way repeated measures 

ANOVA.  Data points represent the mean ± SEM (n= 5/group). 
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Figure 3.5.  SPS did not alter motivation to obtain cocaine.  Rats exposed to SPS or control 

handling were trained to self-administer cocaine under a PR schedule of reinforcement to test for 

changes in motivation for cocaine.  Breakpoints for cocaine were dose-dependently increased, as 

rats completed higher response requirements (final ratio) as the dose of cocaine increased.  

Infusion breakpoints were similar between SPS and control handled rats for all doses tested.  

Data were analyzed by two-way ANOVA.  Data points represent the mean ± SEM (n=4-6/group).   
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Figure 3.6.  Facilitation of escalated of cocaine intake by extended-access.  Rats exposed to 

SPS or control handling were allowed to self-administer cocaine (0.375 mg/kg/infusion) daily for 

6-hours for 14 consecutive days to facilitate the escalation of cocaine intake.  Cocaine 

consumption was significantly elevated during sessions 11-22 compared to session 9 in control 

handled rats (left).  Cocaine intake was also increased during sessions 13-22 compared to 

session 9 in rats exposed to SPS (right).  These data indicate that daily 6-hour access enhanced 

cocaine intake in controls and SPS rats.  Data were analyzed by one-way repeated measured 

ANOVA with Bonferroni post-hoc analyses (*p<0.05, **p<0.01, ***p<0.001).  Data points 

represent the mean ± SEM (n=5/group). 
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Figure 3.7.  SPS reduced cocaine consumption upon extended-access.  Rats exposed to 

SPS or control handling were allowed to self-administer cocaine (0.375 mg/kg/infusion) during 

daily 6-hour sessions for 14 consecutive days to facilitate the escalation of cocaine intake.  SPS 

significantly attenuated daily cocaine intake compared to control handling.  Data were analyzed 

by two-way repeated measured ANOVA (significant main effect of stress exposure versus control 

handling, *p<0.05).  Data points represent the mean ± SEM (n=5/group). 
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Figure 3.8.  Cocaine intake during first and last extended-access sessions.  The sums of 

cocaine intake by SPS and control handled rats were compared during session 9 and 22 (left).  A 

difference of 39.375 mg/kg was consumed by controls versus SPS rats during session 9, while 

this difference was reduced to 10.235 mg/kg by session 22.  The percent increase in cocaine 

intake from session 9 to 22 was compared between rats exposed to SPS and control handling 

(right).  A trend toward significance was detected between groups (p=0.0815), and indicated a 

trend toward a greater percent increase (ie. greater escalation) in SPS rats than controls.  

Percent increase was analyzed by two-tailed t-test.  Data points represent the mean ± SEM 

(n=5/group). 
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CHAPTER 4 

ALTERED DOPAMINERGIC FUNCTION BY SINGLE-PROLONGED STRESS 

Introduction 

Separate lines of evidence suggest that PTSD and drug addiction may share a common 

feature, that is, dysregulation of the brain’s reward circuitry.  Persons with PTSD can exhibit 

symptoms of anhedonia, as well as deficits in reward capacity.  For instance, male combat 

veterans demonstrate reduced effort to obtain rewards in a striatal-mediated task utilizing 

attractive facial images (Aharon et al., 2001; Elman et al., 2005).  In another study, PTSD was 

associated with lower expectancies of receiving rewards, lower satisfaction with rewards when 

received, and failure to experience extra satisfaction upon receiving monetary gains under low 

expectancy in a gambling task (Hopper et al., 2008).   

Natural rewards and the reinforcing effects of drugs of abuse are mediated by 

dopaminergic neurotransmission in the mesolimbic pathway (see reviews (Pierce and 

Kumaresan, 2006; Schultz, 2001)).  In conjunction with reduced reward function, imaging studies 

in persons with PTSD indicate reduced activation of mesolimbic brain regions in response to 

monetary gains in a gambling task (Elman et al., 2009), as well as other positively valenced 

stimuli (Jatzko et al., 2006; Sailer et al., 2008).  A recent study supports altered dopamine 

function, as striatal dopamine transporter density is higher in individuals with PTSD (Hoexter et 

al., 2012).  In addition, case studies report that PTSD is sensitive to treatment with 

psychostimulants (Houlihan, 2011). 

Individuals with substance use disorders also exhibit deficient reward function and altered 

dopaminergic neurotransmission.  For example, reduced striatal dopamine release and subjective 

euphoria are observed upon methylphenidate administration in detoxified cocaine addicts 

(Volkow et al., 1997b), and similar reductions in dopamine release are observed in response to 

amphetamine in alcoholics (Martinez et al., 2005).  D2 receptor density is lower in chronic users 

of cocaine, alcohol, methamphetamine, and heroin (Volkow et al., 2007).  Importantly, 
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dysregulation of dopaminergic function is hypothesized to contribute to drug-seeking behavior 

(Koob and Kreek, 2007; Koob and Volkow, 2010; Martinez et al., 2007; Morgan et al., 2002).   

Based on the evidence supporting altered mesolimbic function in both PTSD and SUD, 

we hypothesize that PTSD results in altered dopaminergic neurotransmission.  Altered dopamine 

function may be a mechanism contributing to deficient hedonic capacity and vulnerability to drug-

seeking behavior.  We conducted a series of neurochemical assays following exposure to the 

single-prolonged stress (SPS), a rat model of PTSD, to identify potential dopaminergic 

mechanisms for reduced reward function we observed previously (Chapter 2).  Measurements of 

tissue dopamine and its metabolites DOPAC and HVA were conducted by HPLC following 

exposure to SPS or control handling.  The effect of SPS on dopamine receptor and transporter 

densities was assessed by quantitative autoradiography, while D1, D2, and DAT function were 

measured by an adenylyl cyclase assay, [
35

S]GTPγs binding, and a dopamine uptake assay, 

respectively. 

Methods 

Animals 

Adult male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) weighing 

225-250g upon arrival were used in all experiments.  Rats were housed two per cage on a 12-

hour light-dark cycle (7 AM-7 PM) with ad libitum access to food and water.  Rats were allowed 3-

5 days to acclimate to the animal facility prior to exposure to single-prolonged stress or control 

handling procedures.  Animal care and experimental procedures were conducted according to the 

Guide for the Care and Use of Laboratory Animals (National Research Council, 2011).  All 

experimental protocols were approved by the Institutional Animal Care and Use Committee of 

Temple University School of Medicine. 

Single-prolonged stress (SPS) 

Rats (250-300 g) were exposed to a modified single prolonged stress paradigm (Ganon-

Elazar and Akirav, 2012; Knox et al., 2012b).  Rats were individually restrained for 2 hours in 

plexiglas cylinders (25 x 7.5 x 7cm; Harvard Apparatus, Holliston, MA).  Restraint was followed 
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immediately by 20 minutes of group swimming in an 18-gallon plastic tub filled with 30 cm of 23-

24°C water (5-8 rats simultaneously).  After swimming, rats were dried and returned to their 

homecages for 15 minutes of recovery, after which all rats were exposed to isoflurane (<1 

minute) until loss of consciousness.  Isoflurane exposure was conducted by placing a soaked 

cotton ball into a test tube, which was placed inside a clean standard rat cage with 2-4 rats per 

cage.  Rats were housed in pairs undisturbed for the next 7 days prior to behavioral testing, with 

the exception of cage changes.  Control animals were handled and weighed daily.   

Tissue dopamine content 

The nucleus accumbens and caudate putamen were dissected on day 9 or 16 after SPS 

or control handling.  Tissues were sonicated in 200 µL ice-cold 0.1 M HClO4- 0.1 mM EDTA 

buffer and centrifuged at 13,000 x rpm for 10 minutes at 4°C.  The supernatant was aliquotted 

and stored at -80°C until shipment to Dr. Shane Perrine at Wayne State University for 

neurotransmitter measurement by HPLC.  Samples were analyzed using an UltiMate 3000 

(Thermoscientific, Waltham, MA) with pump, autosampler, and column compartment.  A 50 µL 

aliquot of the supernatant was placed in an auto-injector maintained at 4°C and 10 µL injected 

into a 100 µL sample loop onto a C18-RP (2 µm diameter) column at 25°C with Thermoscientific 

TEST mobile phase running at a flow rate of 0.6 mL/min with a run time of 10 minutes.  

Coulometric (electrochemical) detection (Dionex Coulochem III) was accomplished with an ultra-

analytical dual electrode cell (Dionex model 6011) set at -175 mV (reference electrode) and 300 

mV (working electrode). Gain settings were set at 100 µA for each electrode.  A guard cell (ESA 

guard cell model 5020) set at 350 mV was used along with a guard column (2.1/3.0 mm) 

Thermoscientific). The chromatograms were analyzed using Dionex Chromeleon 7 software. 

Absolute tissue values of dopamine and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) 

and homovanillic acid (HVA) were determined by comparison with external standard (Sigma-

Aldrich, St. Louis, MO) run in parallel.  Dopamine, DOPAC, and HVA levels were corrected for 

frozen tissue weight (ng/mg tissue) and are expressed as a percent of control values. 
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Dopamine receptor and transporter measurements 

Following SPS or control conditions, brains were removed and rapidly frozen by 

immersion in 2-methylbutane cooled to -30⁰C and stored at -30⁰C until sectioning.  Sixteen-

micron coronal brain sections spanning +2.76 from bregma to -0.48 were cut at -18°C, thaw-

mounted onto microscope slides, air-dried on ice, and stored in dessicant at -30°C.  

Autoradiograms for D1 and D2 receptors, and dopamine transporters (DAT) were generated by 

methods previously described (Ben-Shahar et al., 2006; Canfield et al., 1990; Madras et al., 

1989b; Unterwald et al., 1994).  Brain sections were preincubated in buffer containing 50 mM 

Tris-HCl, 120 mM NaCl, 5 mM KCl, 2 mM CaCl2, pH 7.4 at 21°C for 30 minutes.  To label D1 

receptors, sections were incubated in the described preincubation buffer containing 5 nM 

[
3
H]SCH 23390 and 1 µM mianserin (to block 5-HT receptors) for 45 minutes at 21°C.  D2 

receptors were labeled by incubation in the aforesaid buffer containing 8 nM [
3
H]raclopride, 

0.001% ascorbic acid and 1 µM mianserin for 45 minutes at 21°C.  Non-specific binding was 

determined by radioligand binding in the presence of fluphenazine (10 µM) for D1 receptors and 

butaclamol (10 µM) for D2 receptors in adjacent sections.  After labeling, sections were washed 

twice for 5 minutes in ice-cold buffer, dried under a stream of cold air, and stored at room 

temperature.  For DAT labeling, sections were preincubated in buffer containing 50 mM Tris-HCl 

and 100 nM NaCl (pH 7.4 at 21°C).  Sections were next incubated in the same buffer containing 5 

nM [
3
H]WIN 35428, and non-specific binding was determined in the presence of 30 µM cocaine.  

Tissue sections were washed twice for 1 minute in ice-cold buffer and dried under cold air prior to 

storage at room temperature.  Labeled tissue sections and tritium standards were exposed to 

tritium-sensitive film (Sigma-Aldrich, St. Louis, MO) for 5 (D1), 12 (D2), or 20 (DAT) weeks. 

Optical densities of  tissue sections obtained from the nucleus accumbens and caudate putamen 

of each animal were analyzed using a computer imaging device (AIS 6.0, MCID Imaging, 

Cambridge, England), and converted to fmol of radioligand bound per mg of tissue with reference 

to the tritium standards.  Selective radioligand binding was calculated by subtracting nonspecific 
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binding from total binding.  D1 and D2 receptors and dopamine transporters (DAT) were 

measured in adjacent brain sections from the same animals.    

SCH 23390 is a potent inhibitor of D1 receptors, as concentrations that inhibit D1-

radioligand binding and D1-stimulated adenylyl cyclase activity (Ki=1.3 and 11 nM) are 1000-

2000 times lower than concentrations required to block tritiated spiperone and haloperidol binding 

to D2 receptors (Ki= 880 and 2700 nM) (Hyttel, 1983; Iorio et al., 1983).  Raclopride is highly 

selective for D2 over D1 receptors with IC50 values of 0.026 µM for D2 versus >100 µM at D1 

sites (Hall et al., 1988; Kohler et al., 1985).  [
3
H]WIN 35428 (formerly [

3
H]CFT) is a cocaine 

analogue and has a similar pharmacological profile to [
3
H]cocaine (Aloyo et al., 1995; Izenwasser 

et al., 1994; Madras et al., 1989b; Wilson et al., 1994).  WIN 35428 is selective for the dopamine 

transporter over norepinephrine and serotonin reuptake transporters and demonstrates an IC50 

of 18 nM for displacement of [
3
H]cocaine (Aloyo et al., 1995; Madras et al., 1989a; Madras et al., 

1989b).  

Tissue preparation for adenylyl cyclase and [
35

S]GTPγS binding assays 

Following SPS or control handling, the nucleus accumbens and caudate putamen were 

rapidly dissected on ice. Crude membranes were immediately prepared by homogenizing the 

tissue in 10 ml of ice-cold 20 mM Tris-HCl, 2 mM EGTA, 1 mM MgCl2, and 250 mM sucrose, pH 

7.4, followed by centrifugation at 30,000 x g for 15 min at 4 °C. The pellets were resuspended in 

10 ml of fresh buffer and centrifuged again at 30,000 x g for 15 min. The resulting pellets were 

resuspended in 30 volumes of 90% ice-cold buffer containing 10 mM imidazole and 2 mM EDTA, 

pH 7.4, and 10% glycerol, and stored at −80 °C until assayed for adenylyl cyclase activity or 

[
35

S]GTPγS binding.   

Adenylyl cyclase assay 

Adenylyl cyclase activity was measured as described previously (Izenwasser and Katz, 

1993; Unterwald et al., 1993; Unterwald et al., 1996; Unterwald et al., 2003) using the selective 

D1 agonist SKF82958.  SKF82958 acts as a full agonist and has an EC50 of 1.288 µM for the 

stimulation of adenylyl cyclase (Izenwasser and Katz, 1993).  This compound has a 57-fold 
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greater affinity for D1 receptors versus D2 (Neumeyer et al., 2003).  Tissue homogenates (15-30 

µg protein) were incubated in 10 mM imidazole (pH 7.4), 10 mM theophylline, 6 mM MgSO4, 0.6 

mM EGTA, 1.5 mM ATP, and 0.01 mM GTP, in the absence or presence of 10 nM–10 μM 

SKF82958 or 10 μM forskolin in triplicate for 5 min at 30 °C. Determinations of basal activity and 

the stimulatory effects of SKF82958 and forskolin were made using the same tissue membrane 

preparations in simultaneously conducted assays.  Adenylyl cyclase activity was terminated by 

placing the tubes into boiling water for 2 min. The amount of cAMP formed was determined by a 

[
3
H]cAMP binding protein assay (Brown et al., 1971).  [

3
H]cAMP (final concentration 4 nM in a 

citrate-phosphate buffer, pH 5.0) was added to each sample, followed by cAMP binding protein 

prepared from bovine adrenal glands.  Additional samples were prepared without tissue 

containing known amounts of cAMP and served as standards for quantification.  The binding 

reaction was allowed to reach equilibrium by incubation for 90 min at 4 °C. The assay was 

terminated by the addition of charcoal and centrifugation to separate the free cAMP from that 

bound to the binding protein. Aliquots of the supernatants were assayed for radioactivity by liquid 

scintillation spectrometry using CytoScint scintillation fluid (ICN Biomedicals, CA). Radioactivity 

was converted to pmol of cAMP by comparison to the curve derived from the standards.  Protein 

concentrations were determined using a modified Lowry assay (Lowry et al., 1951).   

[
35

S]GTPγS binding 

For each assay, triplicates containing 5-10 µg of protein from the caudate putamen or 

nucleus accumbens were incubated in 50 mM Tris-HCl (pH 7.4) containing 5 mM MgCl2, 150 mM 

NaCl, 1 mM EDTA, 1 mM DTT, 0.1% sodium metabisulfite, 10-20uM GDP, 0.1 nM [
35

S]GTPγS, 

and 1 nM–100 μM quinpirole in a final volume of 500 µL.  Basal binding was assessed in the 

absence of quinpirole and nonspecific binding was determined in the presence of 10 µM 

unlabelled GTPγS.  Membranes were incubated for 60 minutes at 30°C, and washed three times 

in ice-cold 50 mM Tris-HCl (pH 7.4) using a Brandel cell harvester.  Bound radioactivity was 

determined by liquid scintillation spectrometry using CytoScint scintillation fluid (ICN Biomedicals, 

Santa Ana, CA).  Selective radioligand binding was calculated by subtracting nonspecific binding 
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from total binding.  DPM values were converted to fmol of [
35

S]GTPγS per mg protein for analysis 

of basal binding.  Quinpirole-stimulated binding is expressed as percent over basal [
35

S]GTPγS 

binding values.  Quinpirole is a D2/D3 receptor agonist with an EC50 of 3.7 µM in previous 

homogenate binding studies (Levant et al., 1992, 1993; Rinken et al., 1999; Sokoloff et al., 1990). 

[
3
H]Dopamine uptake assay 

The nucleus accumbens and caudate putamen from SPS and control rats were rapidly 

dissected on ice and prepared for a dopamine uptake assay as previously described (Izenwasser 

et al., 1990).  Synaptosomes were prepared immediately following dissection by suspending each 

region in 20 mL ice-cold 320 mM sucrose and 5 mM HEPES sodium (pH 7.4 at 4 °C).  The tissue 

was homogenized with a teflon pestle in a glass homogenizing tube and centrifuged at 1,000 x g 

for 10 min at 4°C.  The supernatant was collected and centrifuged at 10,000 x g for 20 min at 

4 °C.  The pellet was resuspended in ice-cold oxygenated assay buffer (100 mL/6 mg tissue) 

containing 15 mM HEPES, 127 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.3 mM 

NaH2PO4, and 10 mM glucose adjusted to pH 7.4 at 37°C.  Synaptosomes (100 µg protein) were 

preincubated in oxygenated assay buffer containing 0.1 mM ascorbic acid, 0.1 mM pargyline, and 

unlabeled dopamine (final concentration 50-2000 nM) in the presence or absence of 100 µM 

cocaine for 5 min at 37°C.  Following preincubation, [
3
H]dopamine (final concentration ≈16 nM) 

was added and synaptosomes were incubated for 5 min at 37°C.  Filters were presoaked in 0.1% 

polyethyleneimine for 1 hour prior to filtration.  Uptake was terminated by the addition of 2 mL ice-

cold assay buffer and two additional rinses of the same buffer volume.  Methanol (1mL) and 0.2M 

HCl (2mL) were added to the filters, which were then heated for 2 hours at 70°C.  Vials were 

cooled overnight and bound radioactivity was determined by liquid scintillation spectrometry using 

10mL Ecoscint H scintillation fluid (National Diagonistics, Atlanta, GA).  Protein concentrations 

were determined using a modified Lowry assay (Lowry et al., 1951).  DPM values were converted 

to fmol of dopamine per mg protein for analysis. 
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Results 

SPS reduced striatal tissue levels of dopamine and metabolites 

To investigate the mechanism by which SPS attenuates dopamine-mediated behaviors, 

tissue levels of dopamine and the metabolites DOPAC and HVA were measured in the nucleus 

accumbens and caudate putamen at two time points after SPS (Figure 4.1 and 4.2).  A two-way 

ANOVA of dopamine in the nucleus accumbens (Figure 4.1 top) indicated a significant decrease 

following stress exposure [interaction: F(1,50)= 1.075, p=0.3048; stress exposure: F(1,50)= 

4.447, p=0.040; dissection day: F(1,50)=1.075, p=0.3048].  Two-way ANOVA of accumbal 

DOPAC levels (Figure 4.1 bottom left) revealed significant effects of stress [interaction: F(1,50)= 

0.0351, p=0.8521; stress exposure: F(1,50)= 6.847, p=0.0117; dissection day: F(1,50)=0.0351, 

p=0.8521].  A significant effect of stress exposure was also detected upon analysis of HVA 

content (Figure 4.1 bottom right) [interaction: F(1,50)= 0.1081, p=0.7436; stress exposure: 

F(1,50)= 8.713, p=0.005; dissection day: F(1,50)=0.1081, p=0.7436].   

A two-way ANOVA of tissue dopamine content in the caudate putamen (Figure 4.2 top) 

revealed a significant decrease following stress exposure [interaction: F(1,47)= 0.5666, p=0.4554; 

stress exposure: F(1,47)= 8.152, p=0.006; dissection day: F(1,50)=0.5666, p=0.4554].  Two-way 

ANOVA of DOPAC levels (Figure 4.2 bottom left) also revealed a significant effect of stress 

[interaction: F(1,49)= 0.0787, p=0.7802; stress exposure: F(1,49)= 6.801, p=0.012; dissection 

day: F(1,49)=0.0787, p=0.7802].  A significant effect of stress exposure was also detected upon 

analysis of HVA content (Figure 4.2 bottom right) [interaction: F(1,50)= 0.0074, p=0.9318; stress 

exposure: F(1,50)= 7.925, p=0.007; dissection day: F(1,50)=0.0074, p=0.9318].   

These results indicate that tissue content of dopamine, DOPAC, and HVA in the nucleus 

accumbens and the caudate putamen were lower in SPS rats compared to control handling. 

SPS reduced the density of D2 dopamine receptors and increased dopamine transporters 

Quantitative autoradiography was used to determine whether levels of dopamine 

receptors or transporters were altered by SPS.  Figure 4.3 shows binding of [
3
H]raclopride to D2 

receptors in tissue sections from the caudate putamen (bottom left) and nucleus accumbens 
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(bottom right).  A two-way ANOVA was used to assess binding at the mid-caudal levels of each 

region, and demonstrated significant effects of stress and distance from bregma in both the 

caudate putamen and nucleus accumbens with stressed rats having lower levels of [3H]raclopride 

binding in both regions [CPU: interaction: F(7,77)= 0.1309, p=0.9957; stress: F(1,77)= 18.90, 

p<0.0001; distance from bregma: F(7,77)=7.268, p<0.0001; NAc: interaction: F(6,69)= 0.2442, 

p=0.9601; stress: F(1,69)= 7.189, p=0.0092; distance from bregma: F(6,69)=10.42, p<0.0001].  

No significant difference in [
3
H]raclopride binding was detected between SPS or control handled 

rats in the rostral caudate putamen (SPS vs. control: 158.38 ± 35.69 vs. 162.33 ± 39.51 fmol/mg 

tissue; t(13)= 0.2034, p=0.8419) or rostral nucleus accumbens (SPS vs. control: 93.09 ± 11.1 vs. 

93.23 ±  8.45 fmol/mg tissue; t(11)= 0.0243, p=0.9810).   

Binding of [
3
H]WIN 35428 to striatal dopamine transporters is shown in Figure 4.4.  Two-

way ANOVA revealed a significant increase  in binding of [
3
H]WIN 35428 in the mid-caudal 

nucleus accumbens following stress (bottom right) [interaction: F(6,68)= 0.4045, p=0.8736; 

stress: F(1,68)= 8.806, p=0.0041; distance from bregma: F(6,68)=1.031, p=0.4129], whereas no 

significant effect of stress was detected in the mid-caudal caudate putamen (bottom left) 

[interaction: F(7,80)= 0.5019, p=0.8305; stress: F(1,80)= 0.5696, p=0.4526; distance from 

bregma: F(7,80)=0.2395, p=0.9741].  [
3
H]WIN 35428 binding was not significantly different 

between SPS or control handled rats in the rostral caudate putamen (SPS vs. control: 21.72 ± 

4.07 vs. 21.04 ± 6.83 fmol/mg tissue; t(11)= 0.2216, p=0.8286) or nucleus accumbens (SPS vs. 

control: 14.63 ± 3.84 vs. 14.78 ± 5.13 fmol/mg tissue; t(11)= 0.0634, p=0.9506). 

Binding of [
3
H]SCH 23390 to D1 receptors in the mid-caudal caudate putamen and 

nucleus accumbens was also assessed following SPS or control handling (Figure 4.5 bottom).  

Two-way ANOVAs revealed significant decreases in [
3
H]SCH 23390 binding in the caudate 

putamen and nucleus accumbens resulting from the distance from bregma only [CPU: interaction: 

F(7,91)= 0.4756, p=0.8500; stress: F(1,91)= 0.2545, p=0.6151; distance from bregma: 

F(7,91)=7.809, p<0.0001; NAc: interaction: F(6,83)= 0.0728, p=0.9984; stress: F(1,83)= 2.405, 

p=0.1247; distance from bregma: F(6,83)=5.894, p<0.0001].  Binding of [
3
H]SCH 23390 to D1 
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receptors in the rostral caudate putamen (SPS vs. control: 369.62 ± 54.66 vs. 377.17 ±  33.46 

fmol/mg tissue; t(12)= 0.2975, p=0.7712) and nucleus accumbens (SPS vs. control: 339.87 ± 

39.93 vs. 346.34 ± 30.91 fmol/mg tissue; t(13)= 0.3467, p=0.7344) was also similar between 

groups. 

These results demonstrate reduced density of D2 receptors in the mid-caudal caudate 

putamen and nucleus accumbens following SPS compared to control handling.  SPS also 

increased the density of DAT in the mid-caudal nucleus accumbens, but did not alter DAT in the 

caudate putamen, or the density of D1 receptors in any subregion of the caudate putamen or 

nucleus accumbens. 

SPS attenuated D1 receptor stimulation of adenylyl cyclase activity in the striatum 

Tissue membranes obtained from the nucleus accumbens and caudate putamen of SPS 

and control handled rats were subjected to an adenylyl cyclase assay to assess G-protein 

mediated D1 receptor function.  Basal levels of cAMP and forskolin-stimulated cAMP were 

analyzed by two-tailed t-test (see Table 4.1 A-B).  No significant differences in basal cAMP levels 

were observed between SPS and control handled rats in the caudate putamen [t(17)= 0.7334, 

p=0.4733] or nucleus accumbens [t(14)= 0.016, p=0.3269].  In addition, no differences in 

forskolin-stimulated cAMP production were detected between groups [CPU: t(17)= 0.6858, 

p=0.5021; NAC: t(15)= 0.522, p=0.6093], suggesting that the function of adenylyl cyclase alone 

was not affected by SPS exposure.   

Data in Table 4.1 (C-D) represent adenylyl cyclase activity in response to the D1 receptor 

agonist SKF82958 expressed as a percent of basal cyclase activity.  A two-way ANOVA indicated 

significant effects of stress and agonist concentration in the caudate putamen [interaction: 

F(3,72)= 0.4108, p=0.7457; stress: F(1,72)= 7.971, p=0.0061; agonist concentration: F(3,72)= 

23.73, p<0.0001].  No significant effect of stress exposure was found on SKF82958-stimulated 

adenylyl cyclase activity in the nucleus accumbens [interaction: F(3,55)=0.0842, p=0.9684; 

stress: F(1,55)= 1.927, p=0.1707; agonist concentration: F(3,55)=10.64, p<0.0001].   
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These results demonstrate that the function of D1 receptors in the caudate putamen was 

lower in SPS-exposed rats compared to controls, while D1 receptor function was unaffected in 

the nucleus accumbens.  No changes in response to direct adenylyl cyclase stimulation by 

forskolin or basal cyclase activity were observed. 

Effect of SPS on D2 receptor stimulated [
35

S]GTPγS binding in the striatum 

To investigate the effect of SPS on D2 receptor function, [
35

S]GTPγS binding was 

assessed in response to the D2 receptor agonist quinpirole (Table 4.2).  Basal [
35

S]GTPγS 

binding was similar in the caudate putamen and nucleus accumbens of rats exposed to SPS and 

control handling (Table 4.2 top), as determined by two-tailed t-tests [CPU: t(18)=0.9747, 

p=0.3426; NAC: t(17)=0.5309, p=0.6024].  D2 receptor-stimulated [
35

S]GTPγS binding by 

quinpirole is expressed as a percent of basal in the caudate putamen (4.2 bottom left) and 

nucleus accumbens (4.3 bottom right).  A two-way ANOVA with Bonferroni post-hoc analysis 

indicated significant effects of stress and agonist concentration on [
35

S]GTPγS binding in the 

caudate putamen [interaction: F(5,94)=0.3288, p=0.8945; stress: F(1,94)=5.331, p=0.0231; 

agonist concentration: F(5,94)=53.69, p<0.0001].  Results of a two-way ANOVA revealed a 

significant effect of agonist concentration in the nucleus accumbens, but no effect of stress 

[interaction: F(4,85)=0.3595, p=0.8368; stress: F(1,85)=2.353, p=0.1287; agonist concentration: 

F(4,85)=20.68, p<0.0001].   

These results suggest that SPS enhanced the function of D2 receptors in the caudate 

putamen, but did not alter D2 receptor-stimulated G-protein activity in the nucleus accumbens 

compared to control handling.   

SPS enhanced dopamine transporter function in the nucleus accumbens 

 Synaptosomes obtained from rats exposed to SPS or control handling were subjected to 

a dopamine uptake assay in order to assess the function of dopamine transporters.  Preliminary 

results obtained by two-way ANOVA of uptake in the nucleus accumbens revealed significant 

effects of stress exposure and dopamine concentration [interaction: F(5,12)=1.02, p=0.4483; 

stress: F(1,12)= 30.82, p=0.0001; agonist concentration: F(5,12)=11.34, p=0.0003].  Preliminary 
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results analyzed by two-way ANOVA of uptake in the caudate putamen indicated a significant 

effect of dopamine concentration only [interaction: F(8,84)=0.2868, p=0.9675; stress: F(1,84)= 

0.02, p=0.8879; agonist concentration: F(8,84)=8.085, p<0.0001].   

These preliminary results suggest that SPS enhanced the function of dopamine 

transporters in the nucleus accumbens, as demonstrated by an increase in dopamine uptake 

compared to controls.  Transporter function in the caudate putamen was similar between groups.  

These results are consistent with an increase in dopamine transporter density, which was 

observed in the nucleus accumbens only (see results above). 

Discussion 

We observed increased anhedonia-like behavior, reduced cocaine-conditioned reward, 

and reduced cocaine consumption following exposure to SPS in our previous studies (Chapters 

2-3).  Given the role of dopamine in reward function, we hypothesized that deficient hedonic 

capacity was driven by reduced dopaminergic function following SPS.  In support of this 

hypothesis, exposure to SPS altered multiple facets of striatal dopamine function compared to 

control handling, albeit many of the changes were modest.  SPS-induced a reduction in tissue 

dopamine, DOPAC, and HVA content compared to control handling, as well as opposite changes 

in D2 and DAT densities in the nucleus accumbens.  SPS also induced opposite effects on G-

protein mediated function of D1 and D2 receptors in the caudate putamen.  These results support 

a potential role for altered dopaminergic function in reduced reward capacity in PTSD. 

Results of the present studies indicated reduced tissue content of dopamine, DOPAC, 

and HVA in both the nucleus accumbens and caudate putamen of SPS rats.  These results 

suggest that dopaminergic tone in the mesolimbic and nigrostriatal pathways is reduced by 

exposure to severe stress.  A reduction in tissue dopamine content may be driven by a decrease 

in synthesis of dopamine by tyrosine hydroxylase (Cooper et al., 2003).  Although extracellular 

dopamine levels were not specifically examined herein, it is possible that reduced tissue content 

is also associated with deficient levels of extracellular dopamine, and lower extracellular 

dopamine accumulation upon acute cocaine administration.  This scenario could cause the 
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reductions in spontaneous behavioral activity, sucrose preference, and cocaine-conditioned 

reward that were observed following SPS compared to control handling (Chapter 2).  This 

hypothesis parallels the effects of other severe stressors, as chronic subordination stress results 

in reduced dopaminergic tone, attenuated cocaine-induced extracellular dopamine levels, and 

reductions in saccharin preference, exploratory activity, and cocaine reinforcement (Miczek et al., 

2011).  An alternative interpretation of reduced tissue dopamine content is an increase in 

dopamine release or an increase in dopamine metabolism.  If either of these mechanisms 

occurred, we might observe an increase in the dopamine metabolites DOPAC and HVA, or a 

change in the ratio of dopamine to its metabolites, resulting from enhanced degradation by 

monoamine oxidase or catechol-O-methyltransferase (Cooper et al., 2003).  However, we did not 

observe an increase in either dopamine metabolite, as both DOPAC and HVA were significantly 

lower following SPS in the nucleus accumbens and caudate putamen.  Therefore, we 

hypothesize that dopaminergic tone was reduced by SPS compared to control handling.  

Decreased dopaminergic tone may contribute to anhedonia and deficient reward function as 

reduced behavioral activity, saccharin preference, and cocaine-reinforcement are observed in 

rodents with reduced dopamine levels, especially in other models of severe stress such as 

chronic subordination (Gerrits and Van Ree, 1996; Miczek et al., 2011; Pettit et al., 1984a; 

Roberts and Koob, 1982; Sizemore et al., 2004).  A limitation to the present study is the inability 

to distinguish between intracellular and extracellular dopamine levels by the measurement of 

tissue neurotransmitter content.  In future studies, the use of in vivo microdialysis or fast-scan 

cyclic voltammetry would help to clarify whether the reductions in tissue dopamine content are 

specific to intracellular or extracellular dopamine levels.  These methods would also allow us to 

examine extracellular dopamine levels induced by cocaine. 

 We observed a modest decrease in dopamine D2 receptor density in the caudate 

putamen and nucleus accumbens of SPS rats compared to controls.  Decreased D2 receptor 

density was accompanied by an increase in G-protein mediated signal transduction in the 

caudate putamen.  Although no global change in D2 receptor function was observed in the 
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nucleus accumbens following SPS, it is possible that alterations in receptor function in specific 

subregions were lost by homogenization of the entire accumbens for measurement of [
35

S]GTPγS 

binding.  [
35

S]GTPγS binding conducted on tissue slices may provide more clarity regarding the 

state of D2 receptor function in the nucleus accumbens, as this method would allow for detection 

of functional differences with greater anatomical resolution.   

D2 receptors are located both presynaptically on dopaminergic neurons, and postsynaptically 

on GABAergic medium spiny neurons.  Presynaptic D2 autoreceptors have a higher affinity for 

dopamine and activation leads to diminished dopaminergic function, as D2 autoreceptors regulate 

the synthesis and release of dopamine, as well as impulse flow of dopamine neurons (Cooper et 

al., 2003).  Stimulation of postsynaptic D2 receptors occurs upon higher extracellular dopamine 

levels and leads to enhanced dopaminergic transmission (Cooper et al., 2003).  Although we 

observed a decrease in D2 receptor density, it is unclear whether D2 receptor levels were 

reduced pre- or post-synaptically, or both.  However, an increase in presynaptic D2 receptor 

function and decreased postsynaptic D2 receptor density could contribute to reductions in 

dopamine-mediated behavior such as reward and motor function.  Interestingly, decreased 

striatal D2 receptor density and increased D2 receptor function is also observed in rodents 

following administration of an escalating binge cocaine paradigm (Bailey et al., 2008).  These 

results are important as they support similarities in dopamine neuropathology in PTSD and 

chronic drug use, and may suggest that pathology of D2 receptors contributes to enhanced 

vulnerability to SUD.  We also observed a reduction in G-protein mediated D1 receptor function in 

the caudate putamen of SPS rats compared to controls, while the density of striatal D1 receptors 

was unaltered by SPS in the present studies.  A reduction in D1 receptor function may contribute 

to deficits in dopamine-mediated behavior, as D1 receptor antagonists attenuate the development 

of cocaine-conditioned reward (Baker et al., 1998; Cervo and Samanin, 1995) and sucrose 

preference (Muscat and Willner, 1989). 

Our studies demonstrated an increase in dopamine transporter density and function in the 

nucleus accumbens of SPS rats compared to controls.  Increased dopamine transporter levels 
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may influence SPS-induced responses to cocaine, as the reinforcing effects of cocaine are 

associated with blockade of the dopamine transporter in humans and rodents (Ritz et al., 1987; 

Ritz et al., 1988; Volkow et al., 1997a).  An increase in dopamine transporter density and 

dopamine uptake may lead to reduced basal extracellular dopamine levels, or attenuation of 

acute cocaine-enhanced dopamine levels following exposure to SPS.  A decrease in 

dopaminergic tone or a reduction in cocaine-induced dopamine levels may contribute to 

increased anhedonia-like behavior and decreased cocaine-conditioned reward observed in the 

studies presented in Chapter 2.  The use of in vivo microdialysis or fast-scan cyclic voltammetry 

to measure extracellular dopamine levels would allow us to further characterize the effects of 

SPS on dopamine neurotransmission in future studies. 

 It is unclear how increased transporter density and uptake would affect the rate of cocaine 

self-administration behavior, as rats typically “load up” early in a self-administration session and 

then maintain brain levels of cocaine above a threshold (Tsibulsky and Norman, 1999; Wise et 

al., 1995; Zimmer et al., 2013; Zimmer et al., 2011).  If the level of cocaine consumed was high 

enough to saturate increased numbers of dopamine transporter in SPS rats, then this could result 

in enhanced cocaine reinforcement.  Enhanced reinforcement may be demonstrated by a 

decrease in the number of infusions consumed and cocaine required to reach satiety, and would 

be consistent with the results we observed during the escalation of cocaine self-administration in 

SPS rats compared controls (see Chapter 3).  If cocaine consumed resulted in an increased 

number of unoccupied transporters, then we might expect an increase in the rate of cocaine 

consumption, as rats compensate for reductions in cocaine reinforcement and low unit doses by 

increasing the rate of intake (Richardson and Roberts, 1996; Roberts et al., 2013).  However, 

responding for cocaine is also likely dependent on other local facets of dopaminergic 

transmission such as dopamine levels and receptor density and function.  Therefore, it is difficult 

to determine the exact mechanism for lower cocaine intake during extended-access in SPS 

(Chapter 3).  Decreased cocaine intake following SPS could also reflect a decrease in the ability 
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of cocaine to act as a reinforcer, which would be consistent with the observed decrease in 

cocaine-conditioned reward (see Chapter 2).   

Importantly, our results indicating increased dopamine transporter density are consistent with 

a recent study in non-substance abusing humans with PTSD (Hoexter et al., 2012).  Increased 

striatal dopamine transporter density is also observed in post-mortem brains of cocaine users, in 

vivo during acute withdrawal, and in primates following chronic cocaine (Letchworth et al., 2001; 

Little et al., 1999; Malison et al., 1998; Mash et al., 2002; Staley et al., 1994).  Enhanced 

dopamine uptake is also observed in post-mortem brains obtained from cocaine abusers (Mash 

et al., 2002), and is observed in rodents following the escalation of cocaine self-administration 

(Oleson and Roberts, 2008).  Therefore, enhanced dopamine transporter density may be a 

shared factor in PTSD and SUD, and may be a mechanism for enhanced vulnerability to 

substance abuse.  

The interpretation of our results demonstrating reduced D2 receptor levels and increased 

DAT density following SPS may be limited by our experimental methods.  Specifically, we opted 

to use a single saturating dose of [
3
H]raclopride and [

3
H]WIN 35428 in order to detect differences 

in total binding (Bmax), which provides an indication of receptor or transporter density.  Using this 

method, however, altered binding affinity indicated by Kd values may go undetected.  Therefore, 

we cannot determine whether SPS-induced differences in [
3
H]raclopride and [

3
H]WIN 35428 

binding were the result of altered binding affinities rather than densities.  Future studies using 

additional concentrations of radioligands may clarify whether D2 receptor and DAT binding 

affinities are altered following SPS versus control handling. 

The present studies provide evidence for altered dopaminergic neurotransmission in a rodent 

model of PTSD, which may contribute to reduced reward function.  Similarities between SPS and 

rodent models of chronic cocaine administration were observed, providing evidence for shared 

pathology of PTSD and SUD.      
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Figure 4.1.  SPS reduced tissue levels of dopamine and metabolites in the nucleus 

accumbens.  SPS significantly reduced tissue dopamine content in the nucleus accumbens 

compared to control handling (top).  DOPAC (bottom left) and HVA (bottom right) levels were also 

significantly reduced following SPS compared to control handling.  Data were analyzed by two-

way ANOVA (significant main effect of stress versus control handling, *p<0.05, **p<0.01). Data 

points represent the mean ± SEM (n=13-14/group). 
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Figure 4.2.  SPS reduced tissue levels of dopamine and metabolites in the caudate 

putamen.  A significant effect of stress exposure on dopamine levels was detected between 

groups, and reduced dopamine levels were observed in SPS rats on day 16 compared to controls 

(significant post-hoc comparison, #p<0.05)(top).  SPS also significantly reduced tissue DOPAC 

(bottom left) and HVA content (bottom right) compared to control handling.  Data were analyzed 

by two-way ANOVA and Bonferroni post-hoc analysis (significant main effects of SPS exposure 

versus control handling, *p<0.05, **p<0.01). Data points represent the mean ± SEM (n=11-

14/group) 
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Figure 4.3. SPS reduced the density of D2 dopamine receptors.  Quantitative receptor 

autoradiography was used to measure dopamine receptor densities between SPS and control 

handled rats.  Representative autoradiograms of [H
3
]raclopride binding in SPS and control 

handled rats are shown (top).  Analysis of [H
3
]raclopride binding to D2 receptors indicated 

significantly lower D2 receptor density in the caudate putamen (bottom left) and nucleus 

accumbens (bottom right) of rats exposed to SPS compared to controls.  Data were analyzed by 

two-way ANOVA (overall significant effect of stress compared to control handling, **p<0.01, 

***p<0.001). Data points represent the mean ± SEM (n=4-7/group). 
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Figure 4.4.  SPS increased the density of dopamine transporters.  Quantitative receptor 

autoradiography was used to measure dopamine transporter densities between SPS and control 

handled rats.  Autoradiograms of [H
3
]WIN 35428 binding in tissue sections obtained from SPS 

and control handled rats are shown (top).  Analysis of [H
3
]WIN35428 binding to dopamine 

transporters (DAT) indicated significantly higher dopamine transporter density in the nucleus 

accumbens of SPS rats compared to controls (bottom right), while no significant difference was 

detected between groups in the caudate putamen (bottom left).  Data were analyzed by two-way 

ANOVA (significant main effect of SPS versus control handing, **p<0.01). Data points represent 

the mean ± SEM (n=4-7/group). 
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Figure 4.5.  Effect of SPS on the density of D1 dopamine receptors.  Quantitative receptor 

autoradiography was used to measure dopamine receptor densities in SPS and control handled 

rats.  Representative autoradiograms of [H
3
]SCH 23390 binding in SPS and control handled rats 

are shown (top).  Binding of [H
3
]SCH 23390 to D1 receptors was similar in the caudate putamen 

(bottom left) and nucleus accumbens (bottom right) of rats exposed to SPS and  control handling 

(center).  These data indicate similar D1 receptor densities between groups.  Data were analyzed 

by two-way ANOVA.  Data points represent the mean ± SEM (n=5-8/group). 
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Table 4.1.  SPS reduced D1 receptor-stimulated cAMP in the caudate putamen.    (A) Basal 

levels of cAMP and (B) forskolin-stimulated cAMP were not significantly different in the caudate 

putamen or nucleus accumbens of SPS rats compared to controls.  cAMP generated in response 

to SKF82958 is shown as a percent of basal cAMP (C-D).  (C) cAMP produced in response to 

SKF82958 was significantly lower in the caudate putamen of SPS rats compared to controls, (D) 

whereas cAMP produced in response to SKF82958 was similar in the nucleus accumbens of SPS 

and control handled rats.  Data were analyzed by two-tailed t-test (A-B) or two-way ANOVA (C-D) 

(significant main effect of stress compared to control handling, **p<0.01).  Data represent the 

mean ± SD (n=7-10/group).  
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Table 4.2.  Effect of SPS on D2 receptor-stimulated [
35

S]GTPγS binding.  (A) Basal levels of 

[
35

S]GTPγS binding were not significantly different in the caudate putamen or nucleus accumbens 

of SPS rats compared to controls.  (B-C) [
35

S]GTPγS binding generated in response to quinpirole 

is shown as a percent of basal binding.  (C) [
35

S]GTPγS binding stimulated by quinpirole was 

significantly higher in the caudate putamen of SPS rats compared to controls.  (C) D2 receptor-

stimulated [
35

S]GTPγS binding was similar in the nucleus accumbens of SPS and control handled 

rats.  Data were analyzed by two-tailed t-test (A-B) or two-way ANOVA (C-D) (significant main 

effect of SPS versus control handling, *p<0.05).  Data represent the mean ± SD (n=8-10/group). 
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Figure 4.6.  SPS enhanced dopamine uptake in the nucleus accumbens.   Preliminary data 

indicate a significant increase in dopamine uptake in the nucleus accumbens of rats exposed to 

SPS compared to controls (left).  Dopamine uptake in the caudate putamen was not different 

between treatment groups (right).  Data were analyzed by two-way ANOVA (significant main 

effect of SPS versus control handling, ***p<0.001). Data points represent the mean ± SEM (n=2-

4/group).  
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CHAPTER 5 

GENERAL DISCUSSION 

PTSD develops in a subset of individuals following the experience of a traumatic event 

(Kessler et al., 1995).  PTSD manifests in a variety of symptoms that are categorized as intrusive 

recollections, avoidance of trauma related stimuli, hyperarousal, and negative cognitions and 

mood (DSM-V).  In addition to perpetuating symptomology, PTSD highly co-occurs with 

substance use disorders, which can complicate treatment methods and result in poorer treatment 

outcomes than those with PTSD or SUD alone (Drapkin et al., 2011; Kessler et al., 1995; Pietrzak 

et al., 2011; Read et al., 2004).  Understanding the causal nature of comorbid PTSD-SUD may 

lead to more efficient treatment strategies for dually-diagnosed individuals, as well as 

preventative interventions to reduce substance abuse in persons with PTSD. 

Clinical studies demonstrate reduced reward function and activity of striatal reward circuitry in 

individuals with PTSD (Elman et al., 2005; Elman et al., 2009; Hopper et al., 2008; Jatzko et al., 

2006).  Based on this evidence, we hypothesized that reduced reward capacity may contribute to 

enhanced vulnerability to substance use disorders in persons with PTSD.  Given the established 

role of dopamine in reward function, particularly in response to drugs of abuse (reviewed in 

(Pierce and Kumaresan, 2006; Schultz, 2001)), we hypothesized that altered dopaminergic 

neurotransmission occurs in PTSD and may underlie reduced hedonic functioning.  Our studies 

examined the effects of stress in a rat model of PTSD on hedonic state and reward function in 

response to the psychostimulant cocaine.  Cocaine self-administration behaviors were also 

studied.  Dopamine function at the neurotransmitter and receptor level was measured to 

determine potential mechanisms for altered reward function in the SPS model of PTSD.   

The effects of SPS on fear, anxiety, and arousal behavior have been examined in published 

studies (Ganon-Elazar and Akirav, 2012; Iwamoto et al., 2007; Knox et al., 2012a; Knox et al., 

2012b; Peng et al., 2010; Yamamoto et al., 2009).  However, the effects of SPS on reward 

function, which may be related to symptoms of restricted positive affect and emotional numbing, 

are unknown.  The results of our studies support the use of SPS as a rodent model of PTSD, as 
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SPS increased anhedonia-like behavior and reduced reward function.  Altered escalation of 

cocaine intake was observed in rats exposed to SPS, suggesting a difference in the reinforcing 

properties of cocaine following severe stress.  Finally, SPS induced deficient levels of dopamine 

and its metabolites DOPAC and HVA, as well as differences in D2 and DAT densities and the 

functioning of dopamine receptors and transporters.  These studies support a role for altered 

dopaminergic transmission in reduced reward function in PTSD.  Together, this may contribute to 

heightened susceptibility to substance abuse. 

Future Directions 

The present studies examined reward dysfunction and focused on the role of dopamine 

in the SPS model of PTSD.  There are other important considerations that were unaddressed in 

the present experimental designs that may be important for future investigation.  First, our studies 

examined the effect of SPS on cocaine self-administration.  However, it has been hypothesized 

that individuals with PTSD selectively abuse substances based on their symptom profiles 

(Jacobsen et al., 2001b; Stewart et al., 1998).  Cocaine is abused by individuals with PTSD 

exhibiting high prevalences of emotional numbing and avoidance symptoms (Najavits et al., 

2003).  However, cocaine worsens PTSD symptoms associated with the hyperarousal cluster 

(Stewart et al., 1998).  It is possible that reinforcement produced by other drugs such as alcohol, 

opiates, or cannabis might differ from the effects we observed in response to cocaine.  These 

drugs are reported to ease symptoms of hyperarousal and intrusion in persons with PTSD 

(Bremner et al., 1996).  The reinforcing effects of drugs with depressant properties may be 

relevant to the SPS model of PTSD, as rats that undergo this stressor show enhanced fear, 

anxiety, and startle responses that mimic PTSD symptoms of intrusion and arousal.  Examining 

the acquisition and escalation of self-administration, as well as the reinforcing efficacy of 

substances such as alcohol, opiates, and cannabis in rodent models of PTSD would further our 

understanding of drug reinforcement as it relates to severe stress.  We hypothesize that rats 

exposed to SPS may be more likely to acquire self-administration and may consume greater 

amounts of drugs that have depressant activity in the central nervous system. 
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Secondly, it is possible that enhanced vulnerability to substance abuse takes place 

largely in response to trauma-related cues, re-exposure to traumatic stress, or following the onset 

of an aversive emotional state.  SUD patients with PTSD demonstrate heightened urges to 

engage in impulsive behavior in response to negative affect, and difficulty controlling impulses 

while distressed than those without PTSD (Weiss et al., 2012).  Anxiety may compromise 

attentional control over emotion and increase vulnerability to trauma-related cues and emotional 

distress in PTSD (Sippel and Marshall, 2013).  SUD patients with PTSD are more likely to use 

substances in response to unpleasant emotions versus patients without PTSD (Waldrop et al., 

2007).  Evidence suggests that individuals with PTSD and comorbid cocaine dependence 

become preoccupied with cocaine-related cues in the presence of trauma-related scripts (Tull et 

al., 2011).  Therefore, persons with PTSD may act impulsively in favor of immediate emotional 

relief in response to negative affective states, and such behavior may lead to maladaptive coping 

strategies including drug use.  This may be important in future studies, as rodents demonstrate 

enhanced cocaine intake when subjected to electric footshock or social defeat immediately before 

self-administration sessions (Mantsch and Katz, 2006; Miczek et al., 1996).  Based on this 

evidence, we hypothesize that rats exposed to SPS may exhibit an increased rate of cocaine self-

administration immediately following an episode of psychosocial stress or footshock.  Self-

administration of non-stimulant drugs in response to stress is relevant in SPS-exposed rats, as it 

is more likely that drugs such as alcohol or opiates would acutely reduce anxiety or arousal 

following stress.  Mesolimbic dopamine neurotransmission may be involved in stress-enhanced 

self-administration behavior, as increases in dopamine occur following aversive stimuli including 

footshock, tailshock, handling, and restraint stress, as well as active avoidance of footshock 

(Abercrombie et al., 1989; Imperato et al., 1992; Kalivas and Duffy, 1995; McCullough et al., 

1993; Young, 2004; Young et al., 1993).   

It is likely that other psychopathological states and neurotransmitters contribute to 

adaptive and maladaptive coping in response to trauma-related cues and stress (Enman et al., 

2014).  In addition to reward dysfunction, impulsivity and heightened arousal states may 
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contribute to substance abuse vulnerability in individuals with PTSD, as described below.  Select 

neurotransmitter systems that have been examined separately in the contexts of addiction and 

PTSD, but may contribute to comorbid PTSD-SUD, are also discussed. 

Other common neuropathological states in PTSD-SUD 

Impulsivity 

Many functional imaging studies demonstrate differences in the activation of the 

prefrontal cortex in brains of PTSD patients (Hughes and Shin, 2011).  Hypothetical framework 

based on these studies suggests that hypoactivity of the ventral medial prefrontal cortex may 

convey a lack of inhibitory control over networks mediating emotion and arousal in PTSD, while 

hyperactivity of  the dorsal anterior cingulate and insular cortices may contribute to enhanced 

expression of fear- and anxiety-like states (Pitman et al., 2012).  Altered functional capacities of 

the prefrontal cortices may also lead to altered executive functioning and cognition in the form of 

impulsivity or altered decision making behaviors, which could ultimately introduce or perpetuate 

substance use.  Impulsivity measures include impulsive motor action and choice, both of which 

have putative relationships with drug abuse (reviewed by (Kirby et al., 2011)).  Motor impulsivity 

in humans predicts the severity of psychostimulant abuse (Moeller et al., 2001).  Rodents with 

high motor impulsivity escalate their cocaine intake more quickly (Dalley et al., 2007).  Animal 

studies show that impulsive choice contributes to the severity of substance use.  Rats with high 

impulsive choice in delayed discounting acquire self-administration of psychostimulants at a 

faster rate and are more likely to reinstate to drug-seeking behavior than low impulsive rats (Perry 

et al., 2005; Perry et al., 2008).  Additionally, high-alcohol preferring mice are more impulsive 

than those that prefer alcohol less (Oberlin and Grahame, 2009).   

Individuals with PTSD demonstrate greater motor impulsivity in the form of more 

inhibition-related errors in the Go/No-Go task, which measures prepotent motor response 

inhibition (Swick et al., 2012).  This effect is associated with reduced cortical activation compared 

to controls (Falconer et al., 2008).  SUD patients with PTSD demonstrate heightened urges to 

engage in impulsive behavior in response to negative affect, enhanced emotional dysregulation, 
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and difficultly engaging in goal-oriented behavior and controlling impulsive behavior while 

distressed versus those without PTSD (Weiss et al., 2012).  Together these studies suggest that 

persons with PTSD may exhibit higher levels of impulsive behavior, particularly in response to 

emotional stress.  Persons with PTSD may act impulsively in favor of immediate emotional relief 

in response to negative affective states, and such behavior may lead to maladaptive coping 

strategies including drug use or avoidance behavior.  It is important to note that PTSD is not 

associated with higher levels of sensation seeking.  Former prisoners of war with high sensation 

seeking tendencies demonstrated greater capacity to cope with the stress of captivity and report 

fewer PTSD symptoms than those with low sensation seeking (Solomon, 1995).  Low sensation 

seeking is consistent with avoidance behavior, a core symptom of PTSD, as persons with PTSD 

may avoid activities that increase arousal or anxiety (Weiss et al., 2012).  Therefore, it is unlikely 

that sensation seeking contributes to heightened drug-seeking behavior in PTSD, but impulsivity 

resulting from loss of cognitive control may increase the likelihood of drug use.  Future studies 

using rodent models of delay discounting or 5-choice serial reaction time task may be useful in 

characterizing the effect of SPS on impulsivity (Ainslie, 1975; Carli et al., 1983; Robbins, 2002), 

or impulsive choice related drug-seeking behavior.  We predict that rats exposed to SPS would 

exhibit heightened impulsive choice, particularly after reexposure to an SPS-related stressor 

(restraint or swim) or an unrelated stressor such as social defeat or electric footshock.  

Heightened arousal states 

PTSD and SUD each result in states of heightened arousal including increases in anxiety 

and responsivity to stress.  Hyperarousal symptoms are a core feature of PTSD, as exaggerated 

physiological and psychological reactivity manifest in response to internal or external trauma-

related cues and unrelated stressors.  Symptom provocation studies demonstrate heightened 

levels of anxiety and emotional distress, as well as physiological elevations in heart rate and skin 

conductance, in response to trauma-related imagery and sounds (Lanius et al., 2006).  Studies 

examining startle reflexes and autonomic reactivity to non-trauma related stimuli report mixed 

results; findings of both hyperreactivity and hyporeactivity to non-trauma related acoustic tones in 
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PTSD patients can be found in the literature (Butler et al., 1990; D'Andrea et al., 2013; Shalev et 

al., 2000).  Additional studies report the direction of responding to aversive imagery and acoustic 

startle as dependent on the number of trauma exposures or the experimental context, with 

emphasis on the presence of threat (D'Andrea et al., 2013; Grillon et al., 1998; McTeague et al., 

2010).   

The pharmacological stressor and alpha2 receptor antagonist yohimbine elicits anxiety, 

panic attacks, and flashbacks in patients with PTSD (Bremner et al., 1997b), suggesting that the 

adrenergic system may be involved in PTSD-associated hyperarousal.  Heightened arousal 

states present in PTSD may be related to symptoms of avoidance.  Individuals with PTSD may 

engage in avoidance of trauma and non-trauma related stress in order to prevent the emergence 

of hyperarousal and reexperiencing symptoms (Naifeh et al., 2012).  Similarly, abstinence from 

chronic drug use is hypothesized to result in heightened arousal and sensitivity to stress (Koob 

and Volkow, 2010).  Increases in arousal and anxiety contribute to the negative affective state 

characterizing acute drug withdrawal, while increased sensitivity to stress lasts into protracted 

withdrawal.  Importantly, the negative emotional state of withdrawal is hypothesized to motivate 

continuous substance use via negative reinforcement of drug intake (Koob and Volkow, 2010).  

Stress is a recognized risk factor for relapse to drug-seeking behavior in humans and in rodent 

models (Back et al., 2010; Bossert et al., 2013; Brown et al., 1990; Hyman et al., 2007; Sinha et 

al., 2006).  Given that hyperarousal and stress are associated with relapse to drug abuse, the 

presence of heightened arousal may be a risk factor for increased drug use in PTSD.  In future 

studies, rodent models of drug-self administration followed by stress-induced reinstatement in 

rats exposed to SPS may be useful in characterizing vulnerability to substance use in PTSD.  We 

expect that increased stress-induced drug-seeking (ie. relapse) may occur following exposure to 

SPS versus control handling.  However, this type of study may be confounded if drug intake alone 

is altered by SPS, similar to the effects we observed during the escalation of cocaine self-

administration (Chapter 3). 



92 
 

PTSD is also associated with increased anxiety sensitivity, a psychological construct that 

refers to the fear of experiencing anxiety-related sensations, and is theorized to contribute to the 

maintenance and severity of anxiety symptoms (Mantar et al., 2011).  Anxiety is hypothesized to 

compromise attentional control over emotion, which may increase vulnerability to trauma-related 

cues and emotional distress in PTSD (Sippel and Marshall, 2013).  Anxiety sensitivity is positively 

correlated to severity of PTSD symptoms, and is reduced alongside decreases in PTSD symptom 

severity (Fedroff et al., 2000).  Anxiety sensitivity is associated with substance use, particularly 

CNS depressants such as alcohol and heroin (DeMartini and Carey, 2011; Lejuez et al., 2006), 

and is positively associated with anxiety- and depression-related motives for drug use (Stewart et 

al., 1997).  Therefore, heightened anxiety sensitivity may also underlie the relationship between 

PTSD and the development of SUD.   

Additional neurotransmitter involvement 

Serotonin (5-hydroxytryptamine, 5HT) 

Serotonin is important for the regulation of anxiety, mood, stress, and fear responses.  A 

role for serotonin in PTSD has stemmed largely from the ability of selective serotonin reuptake 

inhibitors (SSRIs) to relieve PTSD symptomology in humans and rodent models, suggesting that 

hyposerotonergic tone may contribute to PTSD pathology.  Serotonin is widely expressed 

throughout the brain and fourteen receptor subtypes mediate its effects, however only a handful 

of serotonin receptor subtypes have been implicated in the pathology of PTSD thus far.  Rodent 

models of PTSD demonstrate stress-induced receptor alterations including increased 5HT1A 

receptor density in the dorsal raphe nucleus and hippocampus, and increased amygdalar 5HT2C 

receptor expression (Harada et al., 2008; Harvey et al., 2003; Luo et al., 2011).  Altered serotonin 

receptor characteristics including reduced 5HT1A binding affinity in the hippocampus and 

enhanced binding affinity of 5HT2A receptors in the prefrontal cortex have been observed in a 

stress-restress model, which applies re-exposure to a stressor following SPS (Harvey et al., 

2003; Luo et al., 2011).  Administration of a 5HT1A receptor antagonist partially inhibits SPS-

induced increases in glucocorticoid receptors and expression of corticotrophin releasing 
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hormone, suggesting that this receptor subtype may be required for the development of PTSD 

pathology (Pitman et al., 2012).  The 5HT2C receptor subtype is implicated in the etiology of 

anxiety-like behavior.  Consistent with this role, amygdalar 5HT2C gene expression is increased 

following exposure to SPS, and 5HT2C receptor antagonism effectively attenuates SPS-induced 

increases in freezing behavior following contextual fear conditioning (Harada et al., 2008).  

Interestingly, the 5HT2C and 2B receptors have been shown to be desensitized by SSRIs 

(Kennett et al., 1994), which may partially underlie the effectiveness of SSRIs in the treatment of 

PTSD.   

Serotonergic neurotransmission is impacted by all major drugs of abuse, and has been 

implicated in impulsivity, reward, the negative affective state of withdrawal, and relapse to drug-

seeking behavior—all of which may overlap with PTSD to promote drug abuse.  Reduced 

serotonin function may be a factor in dysphoric mood or anhedonia, as well as heightened anxiety 

experienced in the negative emotional state of withdrawal from drug use (Koob, 2000; Koob and 

Volkow, 2010; Weiss et al., 2001).  Serotonin contributes to impulsive behavior in humans and 

rodents, an effect that may be mediated by the prefrontal cortex (Crean et al., 2002; Dalley et al., 

2002; Harrison et al., 1997).  Studies demonstrate that serotonin depletion increases drug-

seeking in rodent models of motivation and relapse (Loh and Roberts, 1990; Roberts et al., 1994; 

Tran-Nguyen et al., 2001).  Administration of 5HT2A receptor antagonists and 5HT2C receptor 

agonists attenuate reinstatement of cocaine-seeking behavior, while 5HT2C receptor antagonists 

increase drug-seeking (see review (Kirby et al., 2011) and references therein).  Both 5HT2A and 

5HT2C receptors are implicated in the pathology of PTSD and substance abuse, therefore further 

investigation of these subtypes in the vulnerability to drug use in PTSD is warranted.  Reduced 

serotonin function is associated with PTSD and drug consumption, and contributes to overlapping 

behavioral states that may increase the incidence of substance abuse in persons with PTSD.  

Norepinephrine 

The study of altered noradrenergic function has been limited to peripheral biomarkers 

and behavior in humans with PTSD.  Hypotheses largely state that norepinephrine circuitry may 
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be hyperactive in humans with PTSD and that dysregulation of noradrenergic function may 

underlie PTSD symptoms in the intrusion and hyperarousal clusters.  Clinical studies indicate 

changes including elevated plasma norepinephrine, increased epinephrine and norepinephrine 

excretion, reductions in platelet α2 receptors and affinity, and exaggerated sympathetic and 

behavioral responses to stress in PTSD (Jacobsen et al., 2001a; Pitman et al., 2012).  Rodents 

exposed to SPS exhibit decreased basal activity of locus coeruleus neurons, but exaggerated 

neuronal responses to a noxious stimulus (George et al., 2013).  Consistent with this finding, 

tyrosine hydroxylase mRNA is decreased in the locus coeruleus following SPS, but is 

exaggerated following re-exposure to restraint stress (George et al., 2013).  This evidence from 

rodent studies suggests that central norepinephrine function may be hyperactive following re-

exposure stress in PTSD, which is consistent with human studies examining noradrenergic 

responses upon stressful challenges.  PTSD is associated with increased emotional and 

physiological reactions to trauma-related cues.  For example, audiovisual traumatic imagery 

increases cerebrospinal levels of norepinephrine and decreases levels of  the metabolite 

homovanillic acid , which may reflect an increase in conversion of dopamine to norepinephrine in 

response to re-exposure to stress (Geracioti Jr et al., 2008; Geracioti Jr et al., 2013).  The 

pharmacological stressor yohimbine, which acts to increase norepinephrine levels, exacerbates 

symptoms of anxiety, panic, and flashbacks in persons with PTSD, thereby also supporting a role 

for noradrenergic hyperactivity following re-exposure to stress.  Yohimbine administration is also 

associated with decreased metabolic activity of the prefrontal cortex in PTSD, whereas increases 

in metabolism occur following the same treatment in healthy controls (reviewed in (Pitman et al., 

2012)).  These effects in the prefrontal cortex support prior results demonstrating that stress 

alters executive functioning in PTSD, in which heightened urges of impulsiveness are 

experienced upon emotional distress.  

Noradrenergic hyperactivity in PTSD may have motivational significance through 

increases in impulsivity and negative emotional and arousal states, which may drive persons with 

PTSD to seek drugs of abuse as a coping mechanism.  Similar hypotheses have been proposed 
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in drug addiction, in which noradrenergic hyperactivity has been implicated in the negative 

affective state of withdrawal and sensitivity to stress during abstinence.  Addicts engage in 

continuous cycles of drug use, withdrawal, and relapse.  The withdrawal state is hypothesized to 

drive negative reinforcement of drug use, as drug consumption in the face of aversive withdrawal 

symptoms may lead to subsequent expectations of relief (Koob and Kreek, 2007; Koob and 

Volkow, 2010).  The norepinphrine system originating in the locus coeruleus is activated upon 

withdrawal from chronic drug exposure, and noradrenergic perturbations are associated with 

heightened withdrawal-induced anxiety and sensitivity to stress-induced relapse during drug 

abstinence (reviewed in (Craige et al., 2013)).   

Corticotropin-releasing factor (CRF) 

CRF plays vital roles in stress, emotion, and reward in brain regions where both drug- 

and stress-induced CRF pathology have been observed.  Many pre-clinical studies indicate that 

CRF is critical in the transition to drug dependence as well as drug-seeking behavior in the 

context of stress; therefore it is likely that this neuropeptide is involved in susceptibility to SUD in 

PTSD.  It is recognized that extrahypothalamic CRF systems are hyperactive during acute 

withdrawal from drugs of abuse (Erb et al., 2004; Maj et al., 2003; Richter and Weiss, 1999; Zhou 

et al., 1996), and this contributes to the negative affective state that emerges upon drug 

abstinence (Basso et al., 1999; DeVries and Pert, 1998; Koob and Kreek, 2007; Sarnyai et al., 

1995).  The negative emotional state of withdrawal includes heightened anxiety, decreased 

reward function, and enhanced sensitivity to stress, all of which have been associated with 

aberrant CRF activity (Koob and Volkow, 2010).  Likewise, persons with PTSD exhibit increased 

levels of CRF (Baker et al., 1999; Bremner et al., 1997a; de Kloet et al., 2008), which may 

mediate symptoms of anxiety, hyperarousal, and potential reward dysfunction.  In conjunction, 

hypothalamic levels of CRF are heightened following exposure to SPS (Wang et al., 2009).  Also 

in rodents, repeated drug administration and withdrawal symptoms of anxiety and anhedonia are 

associated with robust elevations in CRF and CRF gene expression, as well as decreases in 

tissue CRF and CRF1 receptor sites in the limbic forebrain (Ambrosio et al., 1997; Maj et al., 
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2003; Richter and Weiss, 1999; Zhou et al., 1996; Zorrilla et al., 2001) .  These effects suggest 

heightened overall activity of the CRF system (Craige et al., 2013).  CRF antagonists reverse 

anxiety generated by withdrawal from all major drugs of abuse, as well as reduce escalated drug 

intake in unlimited access schedules of self-administration (Koob and Zorrilla, 2010).  Blockade of 

CRF1 receptors prevents the elevation of reward thresholds associated with withdrawal and drug-

seeking (Bruijnzeel et al., 2009).  Chronic drug taking, similar to PTSD, is associated with 

increased responsiveness to stress, which serves as a major risk factor for relapse to drug taking 

behavior in humans and rodents through its ability to induce preoccupation and craving states.  

Evidence from rodent studies has shown that CRF contributes to stress-induced relapse, as CRF 

itself is enough to induce reinstatement of drug-seeking behavior and CRF antagonism 

attenuates reinstatement induced by stress (Blacktop et al., 2011; Erb et al., 1998; Erb and 

Stewart, 1999; Lê et al., 2013; Lu et al., 2001; Marinelli et al., 2007; Shaham et al., 1998).   

While only hypothalamic CRF pathology has been studied in PTSD, it is likely that 

extrahypothalamic CRF systems are altered in PTSD as well.  Many of the described effects 

associated with drug dependence have been attributed to specific loci including the basolateral 

and central amygdala, the bed nucleus of the stria terminalis and nucleus accumbens shell as 

part of the extended amygdala, the ventral tegmental area, and dorsal raphe nucleus in rodents.  

Hyperactivity of extrahypothalamic CRF systems in PTSD likely contributes to drug-seeking 

behavior, potentially through its role in stress and interactions with reward systems that mediate 

negative affective states.  Increased CRF activity may lead to anxiety and anhedonia that 

facilitate the induction of drug-seeking as a form of self-medication.  A combination of both stress- 

and drug-induced CRF pathology may potentiate the transition to drug dependence once drug 

use has been initiated, as well as enhance the susceptibility to relapse in dually-diagnosed 

individuals due to heightened sensitivity to stress.  

Neuropeptide Y (NPY) 

Preclinical studies in rodents demonstrate that NPY promotes coping behavior in response to 

stress, potentially via its ability to modulate the transmission of stress-related neurotransmitters 
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such as CRF and norepinephrine (Sah and Geraciati, 2012).  Additionally, NPY may play a critical 

role in behavioral responses to drugs of abuse.  For example, mice deficient in NPY exhibit 

enhanced cocaine self-administration and cocaine conditioned place preference (Sørensen and 

Woldbye, 2012).  NPY knock-out mice also show enhanced alcohol consumption, whereas mice 

overexpressing NPY show reduced alcohol preference (Thiele et al., 1998).  NPY receptor 

antagonism facilitates extinction and reduces reinstatement to drug-seeking behavior in rodent 

models (Sørensen et al., 2013), while NPY administration can alleviate withdrawal from morphine 

and alcohol and attenuate excessive alcohol drinking associated with the transition to alcohol 

dependence (Clausen et al., 1998; Gilpin et al., 2011; Woldbye et al., 1998).  Alcohol preferring 

rats have lower levels of NPY in limbic brain regions than non-alcohol preferring rats (Ehlers et 

al., 1998b), and show opposing electrophysiological properties in response to NPY (Ehlers et al., 

1998a).  Repeated administration of cocaine leads to reduced levels of NPY protein and mRNA in 

the nucleus accumbens and prefrontal cortex (Wahlestedt et al., 1991), two brain areas pertinent 

to the effects of drugs of abuse.  The role of NPY in response to drugs of abuse may be mediated 

in part by its actions on reward-related neurotransmission, as local NPY administration increases 

extracellular dopamine in the nucleus accumbens shell (Sørensen et al., 2009).  In humans with 

PTSD, reduced levels of cerebrospinal and plasma NPY have been reported (Rasmusson et al., 

2000; Sah et al., 2009).  Additionally, a positive correlation between levels of NPY and coping 

and recovery from PTSD has been shown (Yehuda et al., 2006).  Pretreatment with intranasal 

NPY can attenuate the development of PTSD-like symptoms in the rodent SPS model of PTSD 

(Serova et al., 2013).  Given evidence that low levels of NPY may potentiate drug-seeking 

behavior, NPY pathology may enhance the susceptibility to SUD in individuals with PTSD.  NPY 

may be therapeutically beneficial in the prevention of self-medication of untreated PTSD 

symptoms with drugs and alcohol due to its ability to convey resilience to stress and negative 

affect.  
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Conclusions 

The studies described herein demonstrate deficient dopaminergic reward function in SPS, a 

rodent model of PTSD.  Exposure to SPS decreased D2 receptor density, increased D2 receptor 

function, increased DAT levels and function, reduced D1 receptor function, and reduced  

dopamine levels compared to control handling.  These data suggest that dopaminergic 

dysfunction may occur at the neurotransmitter, receptor, and transporter level in PTSD.  In 

addition, our results are consistent with clinical studies demonstrating reduced reward capacity 

following exposure to traumatic stress, as reductions in the rewarding properties of sucrose and 

cocaine were observed in SPS-exposed rats.  Deficient hedonic capacity and alterations in 

dopaminergic neurotransmission may contribute to enhanced vulnerability to drug-taking behavior 

and the development of a substance use disorder.  Rats exposed to SPS consumed less cocaine 

than controls during the escalation of cocaine self-administration.  However, SPS-exposed rats 

also demonstrated escalation to a greater magnitude than controls in the present studies.  Taken 

together, these studies support our hypothesis that dopaminergic pathology is a potential 

mechanism for reduced hedonic function and susceptibility to substance use disorders in PTSD.  

Future investigation of drug-seeking elicited by other drugs of abuse, the role of impulsivity and 

heightened arousal states, as well as other neurotransmitters such as serotonin, norepinephrine, 

CRF, and NPY, may further our understanding of the neurobiological basis of comorbid PTSD-

SUD.   
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