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ABSTRACT  

Kromrey, Sarah A 

ENDOGENOUS HORMONE MILIEU OF FEMALE CYNOMOLGUS MONKEYS: 

EFFECTS ON SOCIAL RANK, COGNITIVE PERFORMANCE AND ACQUISITION 

OF COCAINE SELF-ADMINISTRATION 

 

Dissertation under the direction of Michael A. Nader, Ph.D., Professor of Physiology & 

Pharmacology and Paul W. Czoty, Ph.D., Associate Professor of Physiology & Pharmacology  

There are currently no FDA-approved drug treatments for cocaine abuse. The use 

of female subjects and a better understanding of the influence of hormones and cognitive 

function may provide valuable information to aid in pharmacotherapy development. The 

present studies utilized female monkeys housed in groups of four to examine the 

interactions of social rank and hormone concentrations on vulnerability to cocaine 

reinforcement and cognitive function. The overarching goal was to characterize how 

estradiol (E2) and progesterone (P4) concentrations influence cognitive performance, 

eventual social rank and vulnerability to cocaine self-administration (SA). We also 

examined how social rank altered these and additional hormonal measures.  

Dopamine (DA) in the brain mediates cocaine abuse. E2 also influences DA 

concentrations and fluctuates across the menstrual cycle. The interaction between E2 and 

DA may impact cognitive function. Chapter II investigated the role of fluctuations of E2 

and P4 on acquisition and subsequent performance of two cognitive tasks: a reversal 

learning task, measuring associative learning and behavioral flexibility, and a delay 
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match-to-sample task, measuring working memory. It was noted that phases with high E2 

and low P4 were related to improved cognitive performance on the reversal learning task. 

Stress is also a factor influencing cocaine abuse and cognitive function. Social housing 

provides an ideal assessment of the factors that may contribute to the likelihood of 

occupying a particular rank. Chapter III investigated potential trait variables, and 

identified dysregulation of these factors as state variables. E2 concentrations in future #3-

ranked monkeys were higher prior to social housing compared to all other ranks and 

rank-related effects on circulating cortisol and cognitive performance were observed.  

Moreover, utilizing drug SA, Chapter IV identified that circulating E2 and 

occupying a subordinate rank increased vulnerability the reinforcing effects of cocaine. 

Cocaine users show cognitive deficits that persist into abstinence, although the extent and 

duration is not well established. In Chapter V, monkeys that previously SA cocaine 

performed worse, compared to cocaine-naive monkeys, during the reversal-learning task. 

Integrating cognitive and hormonal measures with social housing and cocaine SA extends 

our knowledge of hormonal influence on these variables and may contribute to sex-

specific treatment strategies. 
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CHAPTER I 

 

INTRODUCTION: PRECLINICAL MODELS AND CLINICAL STUDIES OF THE ROLE 

OF HORMONAL INFLUENCE ON COGNITIVE FUNCTION, SOCIAL STRESS 

AND COCAINE ABUSE IN FEMALES 

 

 

  



        2 
 

1. FEMALES AND COCAINE ABUSE 

Cocaine abuse and dependence remains a critical challenge for society. Cocaine 

addiction results in deleterious consequences on an individual’s health, work, and family 

as well as enormous societal economic burden and public health consequences (Karila, 

2012). In the United States alone, an estimated 24.6 million people over the age of 12 

were current illicit drug users, this includes 1.5 million cocaine users and almost 600,000 

individuals used cocaine for the first time this past year (SAMHSA, 2014). These 

statistics advocate that not only is cocaine abuse an ongoing issue for our society, but is 

one that will continue to be a problem as future drug-dependent individuals are joining 

the ranks daily. Although males are consistently cited as having a higher prevalence of 

cocaine abuse over women, women may be more vulnerable to the reinforcing effects of 

cocaine (Greenfield et al, 2010). Furthermore, evidence on gender differences in cocaine 

dependence have been mixed with some studies providing evidence for women having an 

increased likelihood for experiencing cocaine dependence compared to men (O’Brien and 

Anthony, 2005; Wu et al., 2009).  

It has been widely documented both in clinical cohorts and rodent preclinical 

models that females have a different trajectory to cocaine use and dependence. 

Specifically, females have been shown to initiate drug use at an earlier age (Chen and 

Kandel, 2002), progress from first use to dependence faster (Haas and Peters, 2000) and 

have more severe addiction symptoms entering treatment (Westermeyer and Boedicker, 

2000; Lynch, 2006; Wagner and Anthony, 2007; Kasperski et al., 2011). It has also been 

suggested that women who seek treatment exhibit a more severe pattern of drug use-

related social, medical and/or psychiatric problems compared to males (Denier et al., 
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1991; Hernandez-Avila et al., 2004; Weiss et al., 1997). Additionally, when women do 

attempt to quit, they are less successful with lower rates of treatment retention (Becker 

and Hu, 2008; Carpenter et al., 2006) and higher rates of relapse (Ignjatova and Raleva, 

2009), thought to be paired with increased craving (Robbins et al., 1999).  

Abundant progress has been made to improve our understanding of drug 

addiction; however pharmacological treatments for cocaine abuse have remained elusive. 

This may be in part due to the male-centric approach that researchers have historically 

taken when studying factors and/or treatments that influence drug abuse (Anker and 

Carroll, 2010). The lack of inclusion of female subjects in both preclinical and clinical 

studies has led to neglect of factors that may be underlying drug abuse in women, such as 

ovarian hormones. It should be pointed out that fewer novel drugs are being approved 

now than in the past, with most drugs failing in clinical trials (Hay et al., 2014). By 

considering sex differences earlier on in research, perhaps some of these disappointments 

could be circumvented. Specifically, ovarian steroid hormones (e.g., estradiol (E2) and 

progesterone (P4)) may influence the behavioral effects of drugs and contribute to 

susceptibility. An important direction for current research is to study the neurobiological 

basis for female vulnerability in substance abuse and its implications for treatment 

(Ashley et al., 2003; Marsh et al., 2004). A better understanding of variables that 

influence vulnerability to drug abuse in females is the goal of this dissertation research 

project.  

Although pharmacotherapies have not been overtly successful, behavioral 

treatment strategies have demonstrated success in both men and women (DeVito et al., 

2014). The success of behavioral strategies is largely dependent on cognitive 
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performance entering treatment (Aharonovich et al., 2006), therefore knowledge of 

cognitive deficits produced by drugs of abuse may be extremely important in developing 

treatment for cocaine abusers. However, whether sex affects cognitive performance in 

cocaine abusers is not well understood because of the under-representation of women in 

studies on drug abuse and cognitive performance (van der Plas et al., 2009). The studies 

in this dissertation aim to elucidate the mechanisms by which hormones and environment 

contribute to vulnerability to cognitive performance and cocaine abuse. Through such 

research we may ultimately identify treatments that are more effective for females, which 

is one step on the path to truly personalized medicine. 

There is a longstanding sex bias in biomedical research, which leads researchers 

to preferentially study diseases and test drugs in more male subjects than females in both 

animal studies and human clinical trials. This practice not only puts women at unintended 

risk, but also limits the scope of our scientific knowledge. This is especially concerning 

as it is widely recognized that men and women manifest diseases differently, experience 

illnesses differently, and treatments may be differently beneficial (i.e. Pilote et al., 2007; 

Abel et al., 2010; Arnetz et al., 2014; Mostertz et al., 2010). These sex differences extend 

to cocaine abusers as well. Epidemiological data demonstrate that while women report 

lower rates of drug use compared to men, the number of current women users continues 

to increase (SAMHSA, 2014). Additionally, women progress through the phases of drug 

addiction differently in what is called a ‘telescoping effect’ where women transition from 

casual drug use to dependence faster, experience higher levels of craving and relapse 

during abstinence, take larger amounts of substance during bouts of relapse and are also 

less likely to enter substance abuse treatment compared to men (Brady and Randall, 
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1999; Carroll et al., 2002; Hyman et al., 2008; Ignjatova and Raleva, 2009; Cotto et al., 

2010).  

However, once women enter treatment, there are conflicting results as to whether 

gender itself is a predictor of treatment retention or outcome (Siqueland at al., 2002; 

Greenfield et al., 2007). Studies linking predictors of treatment outcome have linked 

certain characteristics with more favorable outcomes for men and women, such as fewer 

mental health problems and less severe drug problems (Greenfield et al., 2007; Green et 

al., 2002). Considering women are more likely to have comorbid mental health problems 

and more severe drug problems when entering treatment (Garg et al., 1999; Weiss et al., 

2003), it makes sense that they may be at particular risk for treatment failure. In women-

only samples, associations have been found between retention and characteristics 

including psychological functioning, higher levels of personal stability and social 

support, lower levels of anger, treatment belief, and referral source (Greenfield et al., 

2007; Kelly et al., 2001; Loneck et al., 1997). To date, most substance abuse treatment 

models have been designed for men and based predominantly on male norms, however 

gender-specific interventions have resulted in mixed findings about whether these 

treatments are superior (Greenfield et al., 2007; Ashley et al., 2003; Kaskutas et al., 2005; 

Cummings et al., 2010). Over the past few decades, awareness of the importance of sex 

differences in addiction has grown, and dedication to characterizing sex differences in 

cocaine abuse continues (Evans, 2007). 

The Introduction is divided into sections relevant to the design of the dissertation 

research. Because the studies utilized normally cycling females in models of cognition 

and cocaine abuse, the interactions of sex hormones and dopamine will be described first. 
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The second Chapter of this dissertation addressed how endogenous hormonal fluctuations 

influence cognitive performance, thus what is currently known about sex hormones and 

cognitive function and cognitive testing in nonhuman primates (NHPs) will be outlined 

next. A major strength of these studies is the use of socially housed NHPs. Therefore, the 

relationship between hormones and stress and how occupied social rank of an NHP 

represents differential stress exposure will be described. Additionally, the use of 

hormonal and cognitive measures to quantify these differences in stress exposure will be 

discussed. Finally, the last sections of this introduction will elaborate on cocaine abuse 

and what is known about how cocaine self-administration interacts with social rank and 

cognitive function. 

 

2. DOPAMINE AND SEX HORMONES 

The dopamine (DA) system plays a crucial role in motivated behaviors, goal-

oriented movement, attention, reward and reinforcement (Carlsson, 1987; Robbins, 

2003). The mesolimbic pathway originates in the ventral tegmental area (VTA) which 

project to the nucleus accumbens (NAc), bed nucleus of stria terminalis (BNST), and 

frontal cortex (Koob, 1992; Gardner, 2011). Neural activity in both the VTA and NAc is 

modulated via GABAergic, glutamatergic, serotonergic, and opioid peptidergic systems. 

Additionally, the VTA also receives noradrenergic input from the locus coeruleus 

(Hyman et al., 2006, Koob, 1992, Volkow et al., 2004; Wise, 2004). Drugs of abuse 

activate the mesolimbic DA pathway via stimulation of VTA neurons which result in DA 

javascript:void(0);
javascript:void(0);
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0435
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0495
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0985
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb2125
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release into the NAc (Di Chiara and Imperato, 1988, Owesson-White et al., 2009; Pierce 

and Kumaresan 2006).  

There are two superfamilies of DA receptors, the D1- and D2-like G-protein 

coupled receptors. The D1-like superfamily is composed of D1 and D5 subtypes, whereas 

the D2-like superfamily is made up of the D2, D3, and D4 receptor subtypes. Importantly, 

both the D1 and D2 receptors are expressed in the areas previously mentioned with the DA 

pathways. The D2-like superfamily of receptors has been of particular interest to 

researchers interested in drugs of abuse. For example, positron emission tomography 

(PET) radiotracers have been developed to target the D2-like receptors and have been 

utilized extensively in both human and NHP studies (Volkow et al., 1993; Gould et al., 

2014). In brief, NHP studies have found that a multitude of factors including stress and 

fluctuations in ovarian hormone concentrations affect measures of D2-like receptor 

availability (Morgan et al., 2002; Riddick et al., 2009). Additionally, D2-like receptor 

availability has been related to differences in sensitivity to the reinforcing effects of 

cocaine (Morgan et al., 2002; Nader et al., 2012).     

Chronic enhanced activation of mesolimbic DA transmission can result in long-

term functional changes within this pathway. Some of these functional outcomes will be 

discussed in this Introduction, specifically cognitive dysfunction. It is well established 

that chronic use of drugs “hijacks” normal motivated behaviors (Hyman et al., 2006) but 

endogenous substrates may also play an important role in mediating this system. 

Although most of what is known about DA, reinforcement, and motivation comes from 

studies conducted in male animals, over the past few decades, awareness of the 

importance of investigating the interaction of the female hormonal milieu and the DA 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0215
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0755
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0805
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0805
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system has emerged. In fact, physiological and psychological responses to drugs of abuse 

are well documented and it is well established that the effects of E2 on DA systems are 

largely responsible for sex and menstrual cycle differences (Bobzean et al., 2014. 

Importantly, both human and animal studies have demonstrated that dysregulation of the 

DA pathway by drugs of abuse is influenced by sex. For example, rodent studies have 

shown sex differences in basal DAergic tone and activation (for review see Becker, 1999; 

Becker and Hu, 2008 and Becker et al., 2012), female rats have greater levels of basal 

DA concentration in the striatum than males (Castner et al., 1993; Volkow et al., 2004) 

and greater striatal concentrations of DA following cocaine administration (Walker et al., 

2006). Human studies demonstrate similar findings; women have higher presynaptic DA 

synthesis capacity in the striatum (Laakso et al., 2002), and men have more basal DA 

release in the striatum (Munro et al., 2006). Moreover, evidence suggests that women 

may have lower striatal D2 receptor affinity than men which can be affected by both age 

and menstrual cycle (Pohjalainen et al., 1998).  

The sexually dimorphic patterns of the DA system are likely large due to the 

influence of fluctuating levels of ovarian hormones associated with the primate menstrual 

and rodent estrous cycle. Preclinical microdialysis experiments support these sex 

differences showing that basal NAc levels of DA and its metabolite, DOPAC, are 

modulated by the estrous cycle in female rats (Shimizu and Bray, 1993). Additionally, 

ratios of extracellular striatal DOPAC/DA are highest during proestrus, suggesting a 

greater magnitude of DA turnover when circulating levels of E2 are high compared to 

other phases of the estrus cycle when E2 is low (Xiao and Becker, 1994). Evidence from 

preclinical studies supports E2 modulation of midbrain DA systems including pre- and 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb1040
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postsynaptic components of DA transmission (Di Paolo et al., 1985; Becker and Beer, 

1986; Becker, 1990; Bitar et al., 1991). Studies reveal that acute injections of E2 increase 

striatal DA release and turnover (Becker and Ramirez, 1981; Becker et al., 1984; Di 

Paolo et al., 1985; Becker and Beer, 1986) and increase the density of striatal DA uptake 

sites (Morissette et al., 1990). E2 also potentiated amphetamine-induced DA release, 

increased DA turnover in the NAc, and enhances cocaine-stimulated striatal DA release 

(Becker et al., 1984; Di Paolo et al., 1985; Peris et al., 1991; Thompson and Moss, 1994). 

Postsynaptically, the effects of E2 include increased number of striatal D1 DA receptors, 

decreases in high affinity agonist D2 DA binding, and increases in low affinity D2 DA 

agonist binding (Di Paolo et al., 1985, Levesque and Di Paolo, 1988, Levesque and Di 

Paolo, 1989, Morissette et al., 1990 and Shieh and Yang, 2008).  Lastly, repeated cocaine 

administration to E2-treated ovariectomized (OVX) rats resulted in decreased striatal D2-

like receptor binding (Febo et al., 2003). Overall, it appears that E2 demonstrates an 

augmented effect on striatal DA activity. 

Although the majority of findings are characterized in the striatum, there are also 

sex and E2-mediated differences in DA within the VTA (Morissette et al., 2008; Gillies 

and McArthur, 2010; Johnson et al., 2010). Females have a significantly greater 

proportion of VTA DAergic neurons compared to males (Kritzer and Creutz, 2008). E2 

removal reduced the number of cells of the rate-limiting enzyme for DA synthesis, while 

E2 replacement prevented this cell loss in female rodents (Johnson et al., 2010). Other 

studies exploring the effects of E2 on VTA DA transmission show that the basal firing 

rate, bursting rate, and spontaneous activity of VTA DA neurons is lowest in proestrus 

females but increases during estrus, when E2 is high (Zhang et al., 2008; Bobzean et al., 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0225
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0600
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0605
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0605
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0675
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0905
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2014). From these studies, it appears that E2 plays a critical role in preserving the 

sensitivity of VTA DA neurons.  

Facilitation of the reinforcing effects of drugs of abuse may also be affected by 

the interactions between DA receptors and E2 receptors. Numerous studies have 

demonstrated that D2-like receptor availability is related to differences in sensitivity to 

the reinforcing effects of cocaine (Volkow et al., 1993; Morgan et al., 2002; Nader et al., 

2012). Because these midbrain DA systems contain high numbers of E2 alpha (ERα) and 

beta receptors (ERβ) (Creutz and Kritzer, 2002 and Creutz and Kritzer, 2004) and 

evidence suggests that E2 regulation of striatal D2 receptors occurs through the activation 

of the ERβ (Morissette et al., 2008), it is possible that E2 plays a more prominent role in 

the reinforcing effects of cocaine than what was previously thought. Support for this idea 

comes from a study by Febo and colleagues in 2003 demonstrating E2 treatment changes 

D2-like receptor function. Studies in male animals have demonstrated that the 

upregulation of these DA receptors is critical for reinstatement of drug-seeking behavior 

(Anderson and Pierce, 2005). Additionally, E2 produces indirect effects at D1 receptors 

and changes in levels of E2 regulate the firing rate of DA neurons; the downstream effect 

is changes in DA release and D1 receptor density in both the dorsal striatum and NAc 

(Becker, 1999; Becker and Rudick, 1999; Dazzi et al., 2007; Di Paolo, 1994; Laakso et 

al., 2002; Levesque and Di Paolo, 1989; McEwen and Alves, 1999; O'Dell and Torres, 

2013; Zhou et al., 2002). Therefore, E2-induced activation of the ERβ in the NAc is 

involved in the upregulation of DA receptors. It is hypothesized that upregulation of these 

DA receptors is critical for changes in DA mediated behaviors. Taken together, these data 

provide support for the hypothesis that fluctuations in levels of ovarian hormones over 

javascript:void(0);
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the estrous cycle of female rodents, and the menstrual cycle in both human and 

nonhuman primates, correspond with alterations in DA system activation. Since DA is 

implicated in cognition and drug abuse, these interactions will be a critical part of the 

studies described in Chapters II, III and IV.  

2.1 SEX HORMONES AND COGNITIVE FUNCTION 

Interest in how hormones may regulate cognitive function largely stems from 

evidence for sex differences in cognitive skills. Quantitative differences have been 

consistently found between males and females with females’ exceling on tasks of verbal 

skills and memory, on perceptual speed and accuracy, and on fine motor skills. 

Alternately, males tend to outperform women on tests of visual memory and on 

mathematical and spatial ability (Halpern, 1992; Shewin, 2013). These sex differences in 

cognitive performance are believed to be a result of differential exposure to hormones 

prenatally and referred to as “organizational effects”. A similar phenomenon is observed 

following puberty, when circulating hormones can amplify the neural “hard-wiring” laid 

down prenatally, which is referred to as the “activational effect” (Sherwin, 2012). 

Therefore, it is assumed that following puberty, circulating E2 and P4 concentrations may 

have profound effects on cognitive performance in females. 

The ideal way to assess how fluctuations in circulating E2 and P4 may be 

associated with changes in cognitive function is to observe whether performance on a 

particular task changes in accordance with serum hormone levels during different phases 

of the menstrual cycle. Many investigations utilizing this approach failed to find any 

significant associations between cognitive function and menstrual cycle hormone 
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fluctuations in women (Pierson and Lockhart, 1963; Zimmerman and Parlee, 1973; 

Wuttke et al., 1975; Dor-Shav, 1976). Unfortunately, these studies suffered from 

methodological issues, including small sample size, failure to confirm menstrual cycle 

phase with hormone concentration analysis and use of inappropriate cognitive tasks to 

properly test the hypotheses (Broverman et al., 1981). Most subsequent studies that have 

identified these flaws and incorporated these factors into their experimental design have 

revealed changes in specific cognitive abilities across the menstrual cycle (Hampson, 

1990a, 1990b; Maki et al., 2002). The majority of these findings suggested that estrogen 

facilitates verbal and fine motor abilities; however, these conclusions were drawn 

according to phases of the menstrual cycle during which P4 concentrations peak 

alongside E2. Therefore, the conclusions reached may be confounded by the omission of 

not including P4 concentration analysis. One study by Phillips and Sherwin in 1992 

assessed how both E2 and P4 concentrations correlated with performance on a test of 

visual memory and found that scores were positively correlated with levels of P4 but not 

with E2. These findings demonstrate the importance of including both E2 and P4 

assessments in studies aimed at assessing hormonal influence on cognition. Throughout 

all experiments as part of this dissertation, menstrual cycle was monitored and for certain 

studies, blood samples were taken to assess E2 and P4 concentrations in each monkey.  

It has also been hypothesized that E2 and P4 may have differential effects 

depending on the task assessed. For example, performance on fine motor tasks are 

thought to be facilitated by E2, whereas visual and spatial tasks (where males typically 

excel) are better in women during phases of the menstrual cycle when E2 is low, 

suggesting that higher concentrations of E2 cause impairment  (Maki et al., 2002; 
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Sanders et al., 2002). Support for this theory comes from preclinical research as well, 

where OVX animals that are not treated with exogenous hormones perform better on 

spatial tasks (Fugger et al., 1998; Lacreuse et al., 2000). To further complicate things, 

there is a variable background of E2 secretion during all phases of the menstrual cycle 

which may also influence the effects the hormone have on aspects of cognitive 

performance. Therefore, although many studies investigate performance on a single task, 

the ideal study would assess multiple cognitive domains in an attempt to gain a larger 

understanding of the within-subject interaction between hormones and cognition. 

Therefore, the studies in Chapter II assessed how E2 and P4 concentrations at multiple 

time points across the menstrual cycle were associated with cognitive performance on 

tasks involving multiple cognitive domains. The goal of this study was to provide 

important information regarding how fluctuations in hormone levels within the 

physiological range may influence specific aspects of cognition in gonadally intact, 

normally cycling monkeys. 

2.2 COGNITIVE ASSESSMENT IN NHPs 

NHPs are phylogenetically closely related to humans and macaques, including 

cynomolgus (Macaca fascicularis), are some of the most clostely related NHPs approved 

for invasive biomedical research in the United States, making them the ideal model for 

translational research. Macaques have close homology to humans in terms of 

developmental and aging processes, neurotransmitter distribution, as well as complex 

social and cognitive behavioral repertoires (Weerts et al., 2007 for review). Specifically, 

humans and NHPs share greater than 95% overall gene homology and greater than 98% 

homology in monoaminergic transporters (Hacia et al., 1998; Miller et al., 2001). 
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Although many human studies reflect similar findings of those taken from rodent studies, 

it is important to develop an animal model that more closely reflects the human condition 

in order to provide insight into clinical responses prior to testing in humans. NHPs are the 

ideal animal subject for this research as they have provided the most generalizable 

findings to predict factors that contribute to human drug abuse (Weerts et al., 2007).  

Additionally, there are differences in DA neuron innervation (Berger et al., 1991; 

Joel and Weiner, 2000) and affinity of receptors for DA between monkeys and rodents 

(Weed et al., 1998) which suggests other differences may exist between these species in 

drug biodistribution, pharmacokinetic or pharmacodynamic interactions within the DA 

system (Lyons et al., 1996; Roberts et al., 1999; Lile et al., 2003). Related to the current 

research, female macaques have similar duration (28-day) and hormonal fluctuations 

during their menstrual cycle as humans (Appt, 2004; Shimizu, 2005), making them the 

ideal species to use in studies investigating the influence of gonadal hormone fluctuations 

on cocaine reinforcement.  

An additional advantage of using NHPs is the ability to have within-subject 

designs for long-term studies in a controlled laboratory setting. This is advantageous 

because baseline behavioral, hormonal, and cognitive measures can be collected and then 

correlated with changes following an experimental manipulation. In the current study, 

both housing condition and drug self-administration (SA) were manipulated while factors 

including nutrition and alternate environmental/pharmacological stressors were 

controlled over numerous years. Furthermore, NHPs can learn complex cognitive tasks 

similar to those administered to humans. Depending on the task being assessed, initial 

learning of the task and/or the effects of environmental or pharmacological manipulations 
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on a stable performance can be evaluated. These types of studies allow researchers to 

gain a better understanding of the temporary and/or more permanent effects that stress or 

drug exposure can have on specific cognitive domains. Importantly, because of the 

multitude of cognitive tasks available and the comparable neurocircuitry between the 

primate brain and the human brain (Roberts et al., 1996 for review), findings in monkeys 

have high translational relevance to human disease states. 

Importantly, the tasks included in these studies have been adapted from human 

neuropsychological batteries and administered to monkeys using touch sensitive 

computer screens under almost identical conditions. Tasks that are not as amenable to 

NHP testing have been modified for use in monkeys to examine similar cognitive 

domains as those tasks administered in humans. The Cambridge Neuropsychological Test 

Automated Battery (CANTAB), the apparatus utilized in the current research, is 

comprised of a series of visual and spatial tasks designed to probe regional brain function 

by challenging extensively characterized, specific cognitive components (Weed et al., 

1999). Monkeys are an ideal model because not only can they be trained to perform these 

tasks that assess performance in specific cognitive domains, but they can learn to execute 

multiple tasks over successive days. This allows for a more complete understanding of 

the cognitive processes that are sensitive to impairment and those that are resilient. 

Furthermore, tasks can be tailored to probe cognitive functions known to be impaired in 

specific diseases states and/or that are mediated by certain brain areas. Although the 

CANTAB system was initially employed in humans, more recent applications have 

extended to NHPs research investigating a multitude of variables including age, disease 

progression, pharmacological manipulation, and CNS lesioning on task performance 
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(Cirillo et al., 1989; Dias et al., 1996a, 1996b, 1997; Voytko 1999; Weed et al., 1999, 

2008; Porrino et al., 2005; Hampson et al., 2009; Gould et al., 2012; Gould et al., 2013). 

The current research assessed working memory, a domain commonly associated with the 

hippocampus (Chapters II and III), and behavioral flexibility, a domain that involves 

multiple brain areas but mainly the prefrontal cortex (Chapters II and V). 

Standard working memory tasks include both delayed match- and non-match-to-

sample tasks (DMS and DNMS) which use either visual or spatial cues. Previous research 

indicates that structures within the medial temporal lobe, particularly the hippocampus, 

make up the crucial memory circuit responsible for successful performance on these tasks 

(Wilson et al., 1990; Monk et al., 2002). In either assessment, a stimulus is presented to 

the animal to which they must attend, and then that stimulus (sample) must be 

remembered across a variable delay interval. Following the variable delay, the animal 

must select from an assortment of stimuli one that is either the same as the sample 

stimulus (match) or different than the sample stimulus (non-match) which was presented 

prior to the delay. In these measures of working memory, increasing the delay length or 

the number of distracter images provided in the match/non-match stage of the task 

increases the cognitive demand which is visualized by a decrease in performance 

accuracy. For the research described in this dissertation, DMS was the task used to assess 

working memory.  

The reversal learning task tests both the learning of simple stimulus 

discrimination, and the reversal of this previously acquired stimulus discrimination. In 

former, associative learning is tested and in the latter, behavioral flexibility is measured 

which requires the monkey to inhibit a previously learned response while simultaneously 
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seeking out a new reinforced response. In the simplest form of this task, two stimuli are 

simultaneously presented, with one stimulus associated with a reward (S+) and the other 

stimulus with no reward (S-). The animal must learn to discriminate between the two 

stimuli and choose the stimulus associated with the reward. A ‘simple discrimination’ is 

said to have been acquired when performance meets an experimenter-determined 

criterion such as 8 correct responses in a row, or a serial acquisition criterion such as 18 

correct responses out of 20 consecutive trials. To study behavioral flexibility, following 

this acquisition, the contingencies are reversed such that the previously reinforced stimuli 

is no longer associated with reinforcement, and the previously non-reinforced stimulus is 

now reinforced (i.e., the S+ now becomes the S- and vice versa). Importantly, this single 

task informs researchers of two different cognitive processes. Specifically, acquisition of 

a simple discrimination serves as a measure of associative learning, while reversal 

learning provides an indirect assessment of response inhibition, which is an aspect of 

behavioral flexibility. This reversal task relies largely on the prefrontal cortex (PFC) 

which operates as part of a network involved in reward-based learning and goal-directed 

behavior (e.g., Izquierdo et al., 2004). The studies in Chapter II will incorporate the 

SD/SDR, as well as the DMS to better characterize the role of menstrual cycle in various 

cognitive domains.  

Importantly, the majority of previous cognitive studies in NHPs assessing either 

visual working memory or reversal learning have been conducted in individually housed 

male monkeys. In fact, the studies within this dissertation are the first of their kind to be 

conducted in socially housed female macaques. Cognitive performance is integrated into 

every chapter of this dissertation, offering imperative information regarding hormonal, 
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stress, and drug effects on women’s mental health. As mentioned previously, Chapter II 

demonstrates the role that monthly hormonal fluctuations play in cognitive performance. 

Chapter III utilizes cognitive performance as a behavioral outcome measure to 

compliment hormonal assessment during social hierarchy formation.  In Chapter IV, 

monkeys previously trained to perform a cognitive task, began to SA cocaine in afternoon 

sessions and cognitive effects were assessed on subsequent mornings. Finally, Chapter V 

assesses how cognitive impairments following chronic cocaine SA may persist into 

abstinence.  

 

3. HORMONES AND STRESS 

Stress activates multiple neural and endocrine systems to allow an individual to 

respond to and survive in a changing environment. Typically, a stressful event triggers a 

stress response that elicits the activation of the sympathetic nervous system (SNS) and 

the hypothalamic–pituitary–adrenal (HPA) axis. Activation of the SNS stimulates 

norepinephrine (NE) and epinephrine (EPI) release from the adrenal medulla. 

Specifically, activated SNS afferents directly target peripheral organs and stimulate the 

adrenal medulla to increase circulating catecholamines, allowing an immediate “fight-or-

flight” reponse to the stressor. The catecholamines NE and EPI mediate their effects on 

target immune cells via stimulation of the adrenergic receptors which activates 

downstream factors including pro-inflammatory cytokines (Tan et al., 2007). Through 

this pathway, the SNS plays an important role in stress-induced immune alterations and 

can profoundly impact behavioral responses (Wohleb et al., 2011).  
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The remainder of this dissertation will focus on the HPA axis and the cortisol 

response. Briefly, neurons in the paraventricular nucleus of the hypothalamus (PVN) 

release corticotrophin releasing factor (CRF) and vasopressin into the anterior pituitary 

gland to stimulate the synthesis and release of adrenocorticotropic hormone (ACTH). 

This, in turn, stimulates both synthesis and release of glucocorticoids (cortisol in primates 

and corticosterone in rodents) from the adrenal glands into general circulation to elicit an 

appropriate stress response. The presence of increased levels of glucocorticoids produces 

an inhibitory effect (negative feedback) on the stimulatory limb of HPA axis.  

Numerous clinical and preclinical studies have demonstrated sex differences in 

HPA axis activation. In general, these studies show that females have higher levels of 

circulating cortisol, greater ACTH release in response to stress, faster onset of cortisol 

secretion after stress, and a faster rate in the rise of cortisol (Armario et al., 1995, Haleem 

et al., 1988, Handa et al., 1994, Heinsbroek et al., 1991, Jones et al., 1972, Kant et al., 

1983, Kitay, 1961, Kitay, 1963, Le Mevel et al., 1979, Rivier, 1999, Young, 1996). 

Because of these sex differences, it it hypothesized that sex-hormones may be 

responsible. Alhough testosterone has been reported to suppress activation of the HPA 

axis in male rats (Handa et al., 1994), these sex differences in HPA axis regulation have 

been typically attributed to the activational effects of female ovarian hormones. 

Additionally, it is well established that disturbances of homeostatic balance, for 

example through stress, can interfere with reproductive measures. Although reproductive 

suppression may be the result of numerous physiological pathways, it is accepted that 

behaviors and/or situations that chronically activate the HPA axis also disrupt the 

hypothalamic-pituitary-gonadal axis in women and cause ovarian dysfunction (Berga and 
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Loucks 2006). This dysregulation of the reproductive neuroendocrine axis may alter 

secretory patterns of gonadotropic hormones (for review see Tandon and Chintala, 2001; 

Berga and Naftolin et al., 2012). As stress increases circulating glucocorticoids, the 

glucocorticoids suppress the secretion of luteinizing hormone by the pituitary and of 

FSH, E2 and P4 by the ovaries (Laatikainen, 1991). The downstream effects of these 

changes, even a mild hormonal shift, result in menstrual cycle disturbance, amenorrhea 

and a number of other adverse health effects (Brucker-Davis et al., 2001). Although the 

knowledge of the deleterious systemic effects stress has on gonadal hormones exists, very 

few studies have been able to shed light on the progression of hormonal disruption that 

takes place between acute stressors and chronic exposure to stress. Therefore, the studies 

in Chapter III characterized the effects of social stress associated with establishment of a 

social hierarchy on alterations of hormonal profiles, both following acute stress and 

again after stable hierarchies were established to assess the effects of chronic stress.  

 3.1 SOCIAL RANK OF NHP AS A STRESSOR 

The use of animal models of social behavior to better understand the behavioral, 

physiological and neurobiological alterations in human diseases is understudied. 

Although there are well characterized models of social behavior in rodent (i.e Duncan et 

al., 2006; Quadros and Miczek, 2009; Smith, 2012), the complex social and behavioral 

repertoire of NHPs allows for longitudinal, within-subject studies of disease states that 

are easily translatable to human beings (Weerts et al., 2007; Kaplan et al., 2010; Nader et 

al., 2013). It is known that within the hierarchies of group-housed monkeys, social rank 

can greatly influence the quality of life of the animals (for review see Sapolsky, 2005). It 

is speculated that the lower ranking animals can offer insight into the health of of low 
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socioeconomic status individuals who are shown to have increased risk of cardiovascular, 

respiratory, rheumatoid, and psychiatric diseases (Adler et al., 2000, Wilkinson, 2000, 

Kawachi and Kennedy, 2002; Siegrist and Marmot, 2004). The study of rank-health 

relations in such hierarchies has often been framed in the context of stress and the idea 

that animals of differing ranks are exposed to different patterns and levels of stress 

(Sapolsky, 2005).  

 Physical stressors are no doubt an external challenge to one’s homeostasis. 

However the psychosocial stress of anticipating that a physical stressor may occur can be 

equally damaging. As described previously, both types of stressors activate an assortment 

of endocrine and neural adaptations that differ when that status of the stressor is acute or 

chronic. Chronic activation, as observed in a social hierarchy, can increase the risk of 

numerous diseases or exacerbate preexisting diseases including, hypertension, 

atherosclerosis, immune suppression, reproductive impairments, and affective disorders 

(Sapolsky et al., 2000). The prevailing view is that lower-ranked animals carry the 

greatest risk of stress-related disease (Manogue et al., 1975; Creel et al., 1996; Cavigelli, 

1999; Czoty et al.; 2009). It is believed that in captive NHP social groups, high-ranking 

individuals maintain dominance through psychological intimidation rather than physical 

aggression and this may be why subordinates show more frequent physiological stress 

compared to dominants (Sapolsky, 2005). Furthermore, when hierarchies are stable, 

subordinates are most socially stressed for the following reasons: 1.) high rates of 

physical and psychological harassment, 2.) their lack of social control and predictability 

and 3.) a lack of social outlets such as grooming or displacing aggression onto someone 

more subordinate (Sapolsky, 2005). Furthermore, NHPs in captivity may demonstrate an 
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exaggerated social stress response as they have fewer means to evade dominant 

individuals than they would in a natural setting (Creel, 2001).  

  Thus, a combination of the circumstances described above can drive the socially 

derived stress in subordinate NHPs even in established social groups. Furthermore, 

studies have shown that animals of specific social ranks tend to show characteristic 

stress-related physiological profiles. The most frequently studied physiological endpoint 

is blood concentration of glucocorticoids, adrenal steroid hormones that are secreted 

during stress, such as cortisol. Importantly, glucocorticoids typify the double-edged 

nature of the stress response, as they are helpful in mediating adaptation to acute 

stressors, yet are pathologic when secreted chronically (Sapolsky, 2005). An example 

related to the current research is the finding that group-housed, premenopausal female 

monkeys experience reproductive deficits induced by the psychosocial stress of social 

housing (Kaplan, 2008). Similarly, it is known that in male cynomolgus monkeys, 

obtaining a particular rank gives rise to a particular physiological profile, rather than vice 

versa, because the individual was studied before being placed in a social group (Morgan 

et al., 2000; Czoty et al., 2008). Additionally, Czoty et al. (2009) demonstrated that an 

acute  stress response may be present in subordinate animals during initial social housing; 

while not observable after hierarchies stabilized. However, what is currently known in 

female monkeys regarding stress and social rank is largely drawn from studies of already 

established NHP groups (Shively et al., 1989; Kaplan and Manuck, 1999; Bauer et al., 

2010) or recently stabilized hierarchies (Riddick et al., 2009). Chapter III utilized 

baseline measures of cortisol to investigate if circulating levels predicted eventual rank. 

Moreover, a novel approach was taken in assessing acute and chronic stress response, as 
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cortisol concentrations were analyzed during initial hierarchy establishment as well as 

once stable hierarchies were formed. 

 3.2 HORMONES AND SOCIAL RANK 

As referenced above, glucocorticoid concentrations are not predisposing traits, but may 

differ as a result of occupied social rank. Animals of low social rank have been observed 

to have elevated basal glucocorticoid concentrations and a slowed on/off ‘switch’ of the 

stress response. This pathological condition has been observed in cynomolgus monkeys 

(Adams et al., 1985; Morgan et al., 2000), talapoin monkeys (Keverne et al., 1982), olive 

baboons (Sapolsky, 1990), and squirrel monkeys (Manogue et al., 1975). There are also 

studies that report exceptions to this hypersecretion of glucocorticoids in macaques (Gust 

et al., 1993; Bercovitch and Clarke, 1995), squirrel monkeys (Mendoza et al., 1978) and 

talapoin monkeys (Cavogelli, 1999). The mixed results of these studies may be due to the 

variety of circumstances that can influence the stress-related pathology of occupying a 

particular rank. The stability of the social group, the length of time that the social group 

has been together and any number of individual traits of the specific animals may 

influence hormonal outcome measures. Of note, a study by Czoty et al. (2009) in socially 

housed male cynomolgus macaques demonstrated transient rank differences in circulating 

cortisol between subordinate and dominant monkeys, with subordinate monkeys having 

increased circulating cortisol compared to dominant monkeys for only the first three days 

of social housing. The approach taken in Chapter III to analyze cortisol during the initial 

housing as well as following stable hierarchy formation will offer insight as to why some 

studies report increases of  cortisol in subordinate monkeys, whereas others do not.  
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The role that reproductive hormones play in social stress is equally complex. It is 

known that fluctuating levels of ovarian hormones exert modulating effects on HPA axis 

functioning, including responsiveness and sensitivity to negative feedback (Young et al., 

1995). For example, female rats have prolonged secretion of ACTH as well as increased 

corticosterone production during the proestrus phase of the estrous cycle, when 

circulating E2 and P4 levels are highest, compared to the diestrus phase of the cycle, 

when levels of these hormones are lower (Viau and Meaney, 1991). Female rats are also 

insensitive to the feedback effects of exogenously administered corticosterone on stress 

induced ACTH secretion; additionally, OVX increases the sensitivity of steroid feedback 

(Young, 1996). Similarly, women are less sensitive to dexamethasone feedback during 

the luteal phase of the menstrual cycle than during the early follicular phase (Altemus et 

al., 1997). These findings suggest that both E2 and P4 may influence the sensitivity to 

glucocorticoid feedback in females (Burgess and Handa, 1992, Ferrini et al., 1995, 

Patchev et al., 1995 and Rousseau et al., 1972). Hormone replacement studies have 

produced conflicting results with regards to the interactions of E2 and P4 with 

glucocorticoid concentrations. While some studies demonstrate that E2 enhanced onset 

and prolonged ACTH and corticosterone activity in female rats following stressful 

stimulation (Burgess and Handa, 1992, Carey et al., 1995 and Viau and Meaney, 1991), 

other studies have shown an inhibitory effect of E2 treatment (Russell et al., 2014; Young 

et al., 2001). The difference in these results is likely due to differences in hormone 

replacement dosing and treatment regimens.  

In conditions involving social hierarchies, chronic stress inhibits reproduction in 

both sexes which is a classic example of stress suppressing a costly anabolic process until 
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more favorable times (Sapolsky, 2005). In female primates, this reproductive suppression 

can present itself as delayed puberty, decreased levels of E2 and P4, increased incidence 

of anovulatory cycles, impaired implantation, greater risk of miscarriage, prolonged 

interbirth intervals, and accelerated reproductive senescence (Sapolsky, 2005). As 

described previously, NHP studies show that the stress of occupying a subordinate rank is 

associated with decreased gonadal hormone levels, although these findings do not take 

into account the hormonal levels prior to social housing (Shively and Clarkson, 1994). In 

addition to cortisol measures, Chapter III assessed the influence basal E2 and P4 had on 

eventual social rank and tracked hormone concentrations rigorously throughout stable 

hierarchy establishment to pinpoint the alterations that occur in these reproductive 

hormonal measures over time. 

 

4. STRESS AND COGNITIVE FUNCTION 

 Psychologically, acute stress is a subjectively negative experience, and can have 

positive as well as negative effects on cognition (Lupien et al., 2007; Starcke and Brand, 

2012). The endocrine, immune and central nervous system are closely connected 

(Leonard and Song, 1999) and stress hormones can easily cross the blood-brain barrier to 

affect learning and memory (Buchanan and Lovallo, 2001; Takahashi et al., 2004; Lupien 

et al., 2007). The Trier Social Stress Test (TSST) is an acute stress protocol used to 

experimentally study the social stress response in human subjects and results in clear 

activation of key biomarkers of stress as well as its psychological effects (for review see 

Allen et al., 2014). Using the TSST, the relationship between acute social stress and 
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cognition is not simply linear; both high and low concentrations of circulating 

glucocorticoids can impair memory performance compared to moderate levels (Lupien et 

al., 2002). Furthermore, the cognitive effects of arousal states such as stress may depend 

on factors such as the difficulty of the task (Hanoch and Vitouch, 2004) and strategies 

employed during cognitive tasks in response to increasing stress.  

 When considering the interactions between stress and cognitive function, it is 

important to consider that the result of acute stress can be different from the changes 

observed following chronic activation of the stress cascade. On the molecular and cellular 

level, acute stress responses, grouped into the flight or freeze responses, are 

advantageous. However, when this stress response is sustained, the results can be 

detrimental.  It is understood that animals occupying subordinate ranks are exposed to 

social stress for prolonged periods of time and undergo neurobiological changes. These 

changes involve inhibition of neurogenesis, dendritic atrophy, impairment of synaptic 

plasticity in the hippocampus (Magarinos et al., 1996; Kozorovitskiy and Gould, 2004) 

and altered patterns of apoptotic cell death with increases observed in the cortex while 

decreases are found in the hippocampus (Lucassen et al., 2001).  

The secretion of hormones during acute stress responses has been shown to 

enhance cognition, augment immune responses, blunt pain perception and sharpen 

sensory thresholds (McEwen, 2004; Sapolsky, 2004). However, there is a 

glucocorticoid/neurotoxicity cascade hypothesis that predicts that cumulative 

glucocorticoid exposure reduces the resistance of neurons to insults, increasing damage 

and this augmenting cognitive function (Kudielka et al., 2009; Lupien et al., 2009). It is 

important to note that neurotoxic effects may be more prominent in certain brain areas, 
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such as the PFC or the hippocampus, and therefore chronically elevated cortisol may 

affect some specific cognitive abilities than others. One 35-year longitudinal twin study 

showed that increased stress resulted in increased cortisol levels and was associated with 

poor executive function, abstract reasoning, processing speed, and visual-spatial memory 

(Franz et al, 2011). This study is one of few human studies that have associated cortisol 

with executive function (PFC mediated tasks) as well as hippocampal function. 

Additionally, unlike many human studies in which glucocorticoids are exogenously 

administered to model a stress-like state (e.g. Newcomer et al., 1999), this study 

investigated the impact that living a chronically stressed life has on cognitive function; 

much like our socially housed NHP design aims to model.  

Applying the knowledge of the stress system to cognitive processes is challenging 

due to the vast number of both stress assays and cognitive measures. This is particularly 

relevant because there are widespread differences in what is considered ‘stressful’ and in 

documented stress responses (Cohen and Manuck, 1995; Lazarus 1999).  Furthermore, 

although a multitude of studies have attempted to address the question of how acute stress 

affects cognitive measures, not many preclinical models have endeavored to expand these 

investigations to chronic stress. This is surprising because social housing of nonhuman 

primates is a well-validated model of chronic psychosocial stress (Kaplan and Manuck, 

1999; Czoty et al., 2009; Michopoulos et al., 2012). Chapter III is the first known 

investigation of how social housing affects cognitive function. Specifically, the studies 

described in Chapter III determine if future subordinate animals experienced impaired 

cognitive function initially and whether any noted impairments persisted after stable 

social hierarchies had been established.    
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5. COCAINE ABUSE 

The reinforcing effects of cocaine depend on its ability to bind to the DA 

transporter (DAT) (Di Chiara and Imperato, 1988), although it binds similarly to the 

serotonin (5-HT), and NE transporters (SERT, NET, respectively; Ritz and Kuhar, 1989; 

Bennett et al., 1995). When cocaine binds, it blocks the removal of DA from the synapse, 

acutely elevating synaptic concentrations of all DA within the mesocorticolimbic system, 

this results in a buildup of DA in the synapse and increased stimulation of the receiving 

neuron (Di Chiara, and Imperato, 1988; Bradberry et al., 1993; Florin et al., 1994). 

Although the mechanism of action is fairly straight-forward, many factors may contribute 

the reinforcing effects of cocaine, including environmental and endogenous variables.  

5.1 HORMONES AND COCAINE ABUSE 

Studies show that E2 increases, whereas P4 potentially decreases the reinforcing 

effects of cocaine (for review see Bobzean et al., 2014). Preclinical studies in rodents 

have shown that phase of estrous cycle plays a role in sensitivity to cocaine’s reinforcing 

effects. Females are most vulnerable to cocaine’s reinforcing and locomotor effects 

(Roberts et al., 1989; Quinones-Jenab et al., 1999; Hecht et al., 1999; Feltenstein et al., 

2009), and show resistance to extinguishing responding previously paired with cocaine 

(Kippin et al., 2005; Kerstetter et al., 2008) during estrus. These finding are further 

supported by research in OVX rodents which has confirmed a key role for E2 in 

acquisition rates of cocaine SA and cocaine-primed reinstatement of cocaine-seeking 

behavior (Becker, 1999; Lynch et al., 2001; Festa et al., 2004; Larson et al., 2005; Frye, 
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2007). Replacement of E2 restores cocaine SA while administration of P4, and its 

metabolite allopregnanolone, attenuates cocaine seeking, cocaine-induced locomotor 

sensitization and blunts E2-augmented increases in cocaine sensitization (Becker, 1999; 

Lynch et al., 2001; Russo et al., 2003; Niyomchai et al., 2005; Jackson et al., 2006; Anker 

et al., 2007; Feltenstein et al., 2009).  

Clinical studies have also been conducted to explore the extent to which 

endogenous hormone fluctuations across the menstrual cycle contributes to the subjective 

response to cocaine (Lukas et al., 1996; Mendelson et al., 1999; Sofuoglu et al., 1999; 

Evans and Foltin, 2006; Lynch, 2006; Sofuoglu et al., 2004; Collins et al., 2007). Some 

of these studies indicate E2 fascilitates the subjective effects of cocaine. Women report 

increased feelings of high and increased heart rate during the follicular phase, when 

levels of E2 are high and P4 levels are at a minimum (Sofuoglu et al., 1999; Evans et al., 

2002; Evans and Foltin, 2006). Furthermore, in the luteal phase, when P4 levels are at 

their peak, women report reduced positive subjective effects of cocaine (Sofuoglu et al., 

1999; Evans et al., 2002; Evans and Foltin, 2006). It is important to note that E2 levels 

are also elevated at this time; for that reason the majority of studies involving humans 

and NHPs suggest that it is not the enhancing effects of E2 but the attenuating effects of 

P4 that strongly influence the rewarding effects of psychostimulants (Evans and Foltin, 

2010). 

In support of this, exogenous administration of P4 to women results in attenuated 

physiological and positive subjective effects of smoked cocaine (Sofuoglu et al., 2002; 

Evans and Foltin, 2006). However, when investigators administer intranasal cocaine to 

participants, findings are less systematic (Lukas et al., 1996; Collins et al., 2007). These 



        30 
 

findings suggest that with different routes of cocaine, there may be differences in 

pharmacokinetics between cocaine hydrochloride, which is injected IV, and cocaine base, 

which is smoked. This possibility is supported by a large body of literature suggesting 

that route of administration may affect immediacy, duration and magnitude of cocaine’s 

effects (Hatsukami and Fischman, 1996). Additionally, although human studies have 

attempted to replicate the observed preclinical differences in cocaine SA as a function of 

estrous cycle phase in rodents, no orderly effects of menstrual cycle phase (Sofuoglu et 

al., 1999; Reed et al., 2011), or P4 administration (Sofuoglu et al., 2004; Reed et al., 

2011) has been documented. Interestingly, studies investigating treatments for cocaine 

dependence have yielded results that differ depending on the sex of the individual. 

Preclinical studies examining baclofen, a GABAergic drug, reported reduced cocaine use 

particularly in women (Pettinati et al., 2008). In contrast, studies using bupropion found 

that this drug would not be as effective in women as men (Elkashef et al., 2008).  

5.2 SOCIAL STRESS AND COCAINE ABUSE 

The idea of examining the effects of environmental influences on SA behavior is 

not novel; in fact numerous preclinical studies have investigated this interaction by 

exposing animals to “enriched” or “stressful” environments. Enrichment is a broad term 

that encompasses greater access to resources within one’s environment such as food, 

novel stimuli, etc. This can be induced either through experimenter intervention, or 

through social housing resulting in attainment of a dominant position within the social 

hierarchy. As mentioned previously, stress is difficult to quantify, but is often introduced 

through an event that is unfamiliar, startling, and unpredictable or in a social setting 

where an individual is exposed to repeated aggression by others and resources are not as 
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easily gained, such is observed with occupying a subordinate position within the social 

hierarchy. Importantly, across several different species and models of environmental 

stress and enrichment, enrichment has been shown to result in neurobiological changes 

that reduce the vulnerability to self-administer psychostimulants, including cocaine (for 

reviews, see Nader et al., 2008; Stairs and Bardo, 2009; Solinas et al., 2010). Morgan et 

al. (2002) demonstrated that social rank of a monkey was associated with higher DA D2-

like receptor availability, which has been shown to be a state variable that is associated 

with decreased vulnerability to drug SA (Morgan et al., 2002; Nader et al., 2006; Dalley 

et al., 2007). Interestingly, a human study complemented this preclinical data reporting 

that higher socioeconomic status was similarly related to higher DA D2-like receptor 

availability (Martinez et al., 2010). Furthermore, other studies suggest that strong social 

relationships, such as those between spouses, can facilitate recovery from addiction 

(Kosten et al., 1987) whereas weak social attachments may increase the vulnerability to 

substance abuse (Brennan and Shaver, 1995; Caspers et al., 2005).  

Another influences on substance abuse is exposure to acute stressors This results 

in increased cocaine seeking in rodents (Brown and Erb, 2007; Conrad et al., 2010) and 

increased relative reinforcing strength of cocaine in dominant monkeys following 

exposure to the stress of a rubber snake (Czoty and Nader, 2012). These data support the 

primary goal of behavioral treatment strategies because increasing exposure to positive, 

enriching environments (socialization with family, employment) and minimizing 

isolation and stress may reduce vulnerability to relapse and aid in sustaining abstinence.  

Importantly, similar to environmental stressors, studies show that acute 

administration of most drugs of abuse activates the HPA brain stress pathway (Sinha, 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0920


        32 
 

2008). Moreover, data from both human and animal studies demonstrate that regular and 

chronic drug use in addition to states of drug withdrawal and abstinence are associated 

with dysregulation of the HPA axis (for review, see Sinha, 2008). This is important 

because the same types of stressors that trigger activation of the HPA axis have also been 

shown to stimulate initiation of drug use, increase current drug use, and induce relapse to 

compulsive drug taking (Koob 2009; Sinha 2008). As previously discussed with acute vs 

chronic stress exposure; acute and long-term drug use active the HPA axis differentially 

as well. Specifically, both preclinical and human studies have also shown blunted HPA 

axis responses to stress challenge following long-term drug use (Adinoff et al., 

2005 and Kreek, 1997). Not surprisingly, HPA axis dysfunction has been reported in 

substance use disorders (Gerra et al., 2008 and Walter et al., 2006). 

 Importantly, the majority of studies assessing the interaction between stress and 

cocaine abuse have been conducted in male animals and humans. The interaction 

between stress and drug abuse could be very different for females because ovarian 

hormones consistently show modulation of HPA axis stimulation and sensitivity and this, 

in turn, likely influences reward processing and addiction (Handa et al., 1994). Therefore, 

Chapter IV assessed how the rank (and therefore stress profile) of a female monkey 

influenced their susceptibility to the reinforcing effects of cocaine. Additionally, Chapter 

IV investigated the potential interaction of menstrual phase and this vulnerability.    

5.3 PRECLINICAL MODELS OF COCAINE ABUSE 

In preclinical models, the gold standard for measuring the reinforcing effects of drugs is 

intravenous drug SA (Bardo and Bevins, 2000). The classic SA studies involve operant 
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behavioral training where a stimulus (e.g. light, tone) signals the context in which a 

reinforcer (e.g. food, water, drug) will be delivered following a behavioral response (e.g. 

lever press, finger poke). To characterize whether a drug has reinforcing effects, the 

behavior maintained by the drug is compared to the level of the same behavior 

engendered by a neutral stimulus (e.g. the drug vehicle, typically saline). The drug is 

considered to have reinforcing effects if thedrug presentation contingent on the rate of 

behavior occurs at levels greater than behavior leading to presentation of the neutral 

stimulus. Considering the complex nature of cocaine addiction, variations on this 

paradigm have improved the generalizability of SA across species, drug classes, and 

different stages of the addiction cycle being modeled.  

The majority of animal models of drug abuse utilize simple schedules of 

reinforcement, specifically fixed-ratio (FR) schedules of reinforcement in which a 

constant number of responses results in delivery of a reinforcer. Behavior maintained 

under FR schedules does not allow researchers to directly compare the reinforcing 

“strength” of different stimuli. However, the current study used a specific procedure 

designed to measure sensitivity to the reinforcing effects of cocaine by making low doses 

of cocaine successively available until one dose is self-administered above the rate of 

saline. This was termed an acquisition paradigm as it allowed us to assess the lowest dose 

of cocaine that a monkey will ‘acquire’ SA. Furthermore, we compared rates of 

responding and drug intake to address additional questions regarding sensitivity to the 

reinforcing effects of cocaine at higher doses.  

In addition to identifying what drugs are reinforcing, drug SA studies have been 

used for decades to also examine the effects of potential pharmacotherapies (Johanson 
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and Fischman, 1989; Woolverton and Nader, 1990; Mello and Negus, 1996). This is 

typically done by administering the putative pharmacotherapy acutely prior to the SA 

session and observing whether the reinforcer number or rate of responding is altered. 

Importantly, drugs that are abused by humans including stimulants, opiates, and 

barbiturates/benzodiazepines, are readily self-administered by both rodents and monkeys. 

Moreover, these drugs can be delivered via routes identical to those associated with 

humans drug use (e.g. oral, intravenous, inhaled), further contributing to the homology 

between these models. A major strength of the SA paradigm is that following minimal 

training, animals respond reliably and consistently; therefore, any observed deviations 

from this baseline response profile can be attributed to experimental manipulations 

Additionally significant, is the fact that chronic cocaine SA in monkeys produce parallel 

neurobiological effects to those reported in human drug users including metabolic, 

structural and functional CNS alterations (Strickland et al., 1993; Volkow et al., 1993; 

Lyons et al., 1996; Beveridge et al., 2006). In this respect, drug SA studies have strong 

predictive and construct validity to human drug addiction. However, the majority of these 

preclinical studies use individually housed male rats and monkeys. Although this allows 

for a homogenous study population and ensures that results are easier to analyze and 

interpret, it may be limiting our knowledge into the profound contribution that variables 

such as hormones and social stress may have in human cocaine abuse. 

 Hormone-related differences in the motivation for and subjective effects of 

cocaine have been demonstrated in rodent studies. Specifically, female rats’ operant 

behavior is more robust than males’ during acquisition of cocaine SA, escalation of drug 

intake and reinstatement of previously extinguished drug seeking behavior (Lynch and 
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Carroll, 1999; Lynch et al., 2000; Roth and Carroll, 2004). Furthermore, female rats 

acquire intravenous SA of cocaine more rapidly and at lower doses than males (Davis et 

al., 2008; Lynch and Carroll, 1999). Conditioned place preference (CPP) studies have 

also informed researchers on female vulnerability, showing reinstatement of cocaine CPP 

is greater for female animals (Bobzean et al., 2010).  

Studying socially housed animals necessitates increased cost and experimental 

complexity to the experiment due to increases in number of animals. However, it can be 

argued that certain translational questions can only be answered using experimental 

designs incorporating animals living in a social environment (Nader et al., 2013). As 

described previously, the hierarchy continuum incorporates socially derived stress (in 

subordinate monkey), and environmental enrichment (in dominant monkeys) and has 

tremendous predictive, face, and construct validity (Nader and Czoty 2005). Most 

notably, social stresscan influence the behavioral and reinforcing effects of drugs. 

Morgan et al. (2002) demonstrated that dominant males were less vulnerable to the 

reinforcing effects of cocaine than subordinate males. These findings were not replicated 

in female monkeys (Nader et al., 2012). Furthermore, exposures to environmental 

manipulations shifted the cocaine-choice dose-response curve differentially depending on 

social rank of the male monkeys (Czoty and Nader, 2005). These findings emphasize that 

a better understanding of the neurobiological mechanisms underlying the interactions of 

social rank with cocaine reinforcement may provide insight into improved treatment 

strategies (Miczek and de Almeida, 2012). Therefore, the goal of Chapter IV was to 

expand the studies of social rank on the reinforcing effects of cocaine to include female 
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monkeys and hormonal status. We examined the reinforcing effects of cocaine using an 

FR schedule of reinforcement and ascending low doses of cocaine.  

 

6. COCAINE ABUSE AND COGNITIVE FUNCTION 

Drug addiction is described as a chronic, relapsing, neurological illness 

characterized by a loss of control over drug seeking and intake. This loss of control is due 

to the fact that repeated use of drugs alters normal motivated behaviors via the 

dysregulation of brain reward circuitry (Hyman et al., 2006). By determining the 

cognitive alterations that are associated with cocaine use, we may better understand the 

mechanisms associated with the transition from first use to addiction. As mentioned 

above, the DA system underlies the reinforcing effects of cocaine. This system is 

comprised of four neuronal pathways originating in the midbrain with projections to 

various brain structures (for review, see Beaulieu and Gainetdinov 2011). The 

nigrostriatal pathway originates in the substantia nigra pars compacta, innervates the 

dorsal striatum (encompassing the caudate and putamen) and is involved in motor 

control. The mesolimbic pathway projects to the ventral striatum (nucleus accumbens), 

and other limbic structures including the amygdala, hippocampus, and cingulate gyrus. It 

is the key mediator of actions related to reward, reinforcement, emotion, and motivation. 

The mesocortical pathway innervates cortical regions and is implicated in learning and 

memory. Lastly, the tuberoinfundibular pathway projects to the hypothalamus and 

influences anterior pituitary gland function. Therefore, dysregulation of the DA system 

through neurodegeneration or pharmacological insult can have staggering functional 
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effects and contribute to a number of disease states including Parkinson’s Disease, 

depression, attention-deficit/hyperactivity disorder (ADHD), schizophrenia, and 

addiction (for review, see Vallone et al., 2000; Beaulieu and Gainetdinov, 2011). 

Therefore, the majority of drug development strategies for these conditions, including 

cocaine addiction, focus on direct and indirect mechanisms that influence the DA system. 

Chronic cocaine use has a profound impact on brain function related to 

downregulation of dopamine D2 receptors in the striatum (Volkow et al., 1999), 

abnormalities in brain glucose metabolism (Baxter et al., 1988) and vascular 

hypoperfusion in subcortical, temporal and frontal regions (Strickland et al., 1993). 

Although it is understood that there is a difference between acute and long-term effects of 

drugs, there is not extensive insight into the cognitive effects during the temporal 

evolution of the development of drug addiction (Everitt and Robbins 2005). The loss of 

control over drug seeking and intake is not just a product of the positive reinforcing 

effects of drugs and drug-related stimuli; drug-seeking and taking behaviors are also 

promoted via negative reinforcement (Gardner, 2011 and Koob et al., 2014). This concept 

of a shift in motivation and neural systems is used to explain the characteristic persistent 

changes in motivation that are associated with drug dependence (Koob and Le Moal 

2001; Koob and Le Moal 2008). Specifically, this reflects changes in activity of 

midbrain–forebrain systems that are shifting from impulsive to compulsive use, which 

represents a shift from prefrontal regulatory control of behaviors to limbic/striatal control 

(Everitt and Robbins, 2005; Piazza and Deroche-Gamonet, 2013).  

The hallmark cognitive consequence of cocaine addiction is a disruption of 

executive function which includes all processes involved in learning, monitoring and 
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adapting to stimuli to produce complex, goal-oriented behaviors. Different tasks probe 

the specific cognitive domains that are included in the umbrella term of ‘executive 

function’. The specific cognitive domains that chronic cocaine users show impairments 

compared to control groups include 1) updating, which includes monitoring and adapting 

to cues relevant to a current goal and discarding/suppressing irrelevant information, 2) 

shifting, which is the ability to redirect focus between multiple modalities or tasks, and 3) 

inhibition, which is the ability to suppress or withhold a preplanned or impulsive 

response (for review, see Miyake et al., 2000; Jovanovski et al., 2005; Beveridge et al., 

2008; Spronk et al., 2013). These impaired cognitive effects extend into abstinence, 

although the degree of this extension is not fully known, but they can influence treatment 

response, retention, and vulnerability to relapse. 

Most paradigms investigating the effects of cocaine on memory assess either 

immediate/delayed recall or working memory. These tasks are classically used to assess 

the updating component of executive function and present a list of words or number that 

must be recalled at a later point. Studies on the acute effect of cocaine on working 

memory have not observed differences between users and non-users (Higgins et al., 1990; 

Hopper at al., 2004; Haney et al., 2005). However, chronic cocaine users showed poorer 

working memory performance on the n-back task, a test requiring an individual to recall 

and identify a letter or number from a series that occurred n images prior to the current 

one (Verdejo-Garcia et al., 2006; Tomasi et al 2007). Similarly, other tasks assessing 

verbal or visual working memory (Hester and Garavan, 2004; Woicik et al., 2009; 

Hanlon et al., 2011) revealed performance impairments in cocaine users and 

demonstrated that increasing cognitive demand, either by the amount of information to 
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recall, the length of time, or the amount of distractions embedded between sample and 

recall phases, magnifies these cognitive deficits. In Chapter V, the effects of cocaine and 

abstinence were assessed in monkeys with an extensive cocaine SA history and compared 

to performance in cocaine-naïve monkeys.  

Cognitive flexibility is a cognitive construct which involves switching between 

changing stimulus-reward associations. Cocaine users also show impairments in 

cognitive flexibility as measured via reversal learning and set shifting tasks (Kubler et al., 

2005; Fillmore and Rush, 2006; Beveridge et al., 2008; Ersche et al., 2008; Hanlon et al., 

2011). Reversal learning tasks probe specific aspects of the shifting component of 

cognition flexibility in the sense that the subjects must adapt their behavior according to 

changing contingencies. In the task, following a learned discrimination between two 

distinct stimuli the rules are reversed, unbeknownst to the participant, such that a 

previously non-reinforced stimulus is now reinforced and the previously reinforced 

stimulus now has no consequences. In this task, perseverative errors can be documented 

and studies have demonstrated that cocaine-dependent subjects adopt a more 

perseverative response style compared to controls (Ersche et al., 2008; Camchong et al., 

2011; Fernandez-Serrano et al., 2012). Cocaine acutely may improve inhibitory control 

(Fillmore et al., 2002; Fillmore et al., 2005; Garavan et al., 2008), but following chronic 

use, studies clearly show impairments in response inhibition in cocaine users compared to 

non-users (Kaufman et al., 2003; Hester et al., 2007; Verdejo-Garcia et al., 2007; Liu et 

al., 2011; Fernandez-Serrano et al., 2012; Moeller et al., 2014). 

Of importance for treatment development, these cognitive deficits are known to 

persist through weeks and months of abstinence (Verdejo-Garcia et al., 2006; Tomasi et 
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al., 2007). Nevertheless, most human studies compare currently or recently abstinent 

cocaine-dependent groups to cocaine-naïve control groups at only one timepoint which 

provides limited insight into whether acute abstinence from cocaine (e.g., several days) 

affects cognition differentially than longer durations of abstinence (e.g., weeks to 

months). This is extremely important seeing that Woicik and colleagues (2009) revealed 

that measures of attention and executive function were impaired to a greater extent in 

individuals abstinent from cocaine greater than 72 hours when compared to individuals 

that had used cocaine within 72 hours. This suggests that continuous or recent cocaine 

use may mask deficits that become magnified during abstinence and could increase 

vulnerability to relapse. Alternatively, another study showed greater impairments on tasks 

measuring working memory, planning and reaction time in current cocaine users 

compared to a group that maintained abstinence for 30 days (Hanlon et al., 2011). 

Interestingly, in that study, both of the cocaine history groups showed structural and 

cognitive deficits compared to cocaine-naïve controls. These studies highlight the need 

for additional research to elucidate the effects of cocaine, and abstinence from cocaine 

on cognitive performance. Utilizing NHPs we are able to control variables such as 

polydrug use, nutrition, and duration of cocaine use and/or abstinence. In Chapter V, the 

effects of cocaine and subsequent abstinence were assessed in monkeys with a SA history 

and compared to cocaine-naïve monkeys. These monkeys had been abstinent for 90 days, 

which provides an assessment of working memory and reversal learning performance 

during a critical window of abstinence during which treatment-seekers attempt to remain 

abstinent following treatment.  
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 Interestingly, despite the numerous clinical studies demonstrating cognitive 

dysregulations in cocaine-experienced humans, there have not been very many studies 

examining the effects of cocaine on cognition in NHPs. The few studies that have 

addressed these effects in monkeys have been limited in the cognitive domains they have 

tested due to the extensive training required for most tasks. Overall, the most commonly 

assessed cognitive domains have been associative learning, measured using a simple 

discrimination task (SD); behavioral flexibility, measured using a reversal learning task 

(SDR); and working memory, assessed with a delayed matching-to-sample (DMS) task.  

There have been only a few studies examining working memory in NHPs 

following a cocaine SA history. In a study by Liu et al. (2008), rhesus macaues (Macaca 

mulatta) with a cocaine history were trained on a delay alternation task to test working 

memory. The investigators found that monkeys with a cocaine history required a greater 

number of trials to acquire this task and that the cocaine-naïve monkeys improved at a 

significantly greater rate than the monkeys who continued to self-administer cocaine (Liu 

et al., 2008). An additional study by the same group found that, compared to a control 

group, monkeys who self-administered cocaine 4 days/week had impaired performance 

accuracy at the longest delay of a DMS task following 72 hours of abstience during the 

first month, but tolerance developed to these disruptive effects (Porter et al., 2011). The 

effects of higher doses of cocaine and subsequent abstinence on working memory were 

assessed in a study by Gould et al. (2012). Initially, no differences in baseline working 

memory performance were observed between groups in a DMS task, but high-dose 

cocaine SA disrupted DMS performance, although tolerance developed to this. This study 

assessed abstinence from cocaine as secondary aim. Although acute abstinence did not 
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affect performance, by day 30 of abstinence performance accuracy increased significantly 

in cocaine-experienced monkeys, while performance of cocaine-naive monkeys remained 

unchanged. General distractibility during DMS was assessed during abstinence in a study 

by Porter and colleagues (2013). This study showed that although performance in the 

control group was not affected by either a novel or appetitive distractor, DMS 

performance was impaired in the cocaine group in the presence of the novel distractor. 

Taken together, these findings suggest that a history of cocaine exposure reliably alters 

working memory performance in NHPs. 

Tests of behavioral flexibility following cocaine exposure are more common in 

the NHP cognition field. Jentsch et al. (2002) used the Wisconsin General Testing 

Apparatus (WGTA) to administer an object discrimination and reversal test to vervet 

monkeys (Chlorocebus pygerythrus) prior to and following two weeks of once daily, 

experimenter-administered injections of low (2 mg/kg) or high (4 mg/kg) doses of 

cocaine. Both groups of monkeys exhibited impaired abilities to learn the reversal portion 

of this task, but were not impaired in acquiring the initial discrimination (Jentsch et al., 

2002). More recent studies have used touch-sensitive computer screens to administer a 

discrimination and reversal task prior to and following various cocaine SA paradigms 

(Liu et al., 2008; Porter et al., 2011; Gould et al., 2012). In a study by Liu et al. (2008), 

following chronic cocaine SA, monkeys were trained on discrimination contingencies 

between a high and low liquid reward. In this study design, a correct response depended 

on the monkey choosing the higher magnitude reward. It was determined that initial SD 

acquisition was impaired by chronic cocaine intake to such an extent that that the SDR 

component could not be reliably conducted (Liu et al., 2008). Furthermore, Porter et al. 
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(2011) showed that monkeys who initiated cocaine SA did not show impaired percent 

accuracy in the first 15 trials, but did on sustained accuracy (defined as 27 of 30 

consecutive trials correct). Additionally, when compared to controls, monkeys with a 

cocaine SA history had lower accuracy on the first 15 trials (Porter et al., 2011). When 

Gould and colleagues investigated behavioral flexibility in their cohort of monkeys, they 

found that cocaine-experienced monkeys required significantly more trials and 

committed more errors on reversal learning and multidimensional discriminations, 

compared with control monkeys (Gould et al., 2012). Effects of abstinence from cocaine 

on general distractibility during reversal learning was similarly investigated by Porter et 

al in 2013. In that study, stimulus discrimination was unaffected in cocaine-experience 

and control monkeys, whereas, reversal performance was disrupted by both the novel and 

appetitive distractors in only the cocaine-experience monkeys (Porter et al., 2013). 

Overall, previous studies investigating how cocaine impacts behavioral flexability have 

demonstrated impairments following exposure to the drug. 

It has been proposed that cognitive deficits associated with cocaine use can 

perpetuate the cycle of drug use and increase propensity for relapse through both 

dysregulation of pathways controlling behavioral inhibition (i.e., increase impulsivity) 

and disruptions in executive function, perhaps perpetuating maladaptive behaviors (for 

review see Rogers and Robbins, 2001). This idea is supported by studies showing that 

neurobiological and behavioral measures obtained from cocaine-dependent treatment-

seeking individuals prior to treatment initiation have been directly linked to rates of 

attrition and treatment success (Teichner et al., 2001; Turner et al., 2009; Martinez et al., 

2011). Furthermore, the supposition that female cocaine users may be at an increased risk 
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for these cognitive dysregulations and relapse proclivity due to fluctuations in their 

hormonal milieu warrants additional research. Therefore, in Chapter V, we complement 

these studies by examining the effects of abstinence from long-term cocaine SA on 

measures of working memory and behavioral flexibility in female monkeys.  

 

7. SUMMARY 

Males and females differ in their magnitude of response to various properties of drugs of 

abuse. It is likely that the molecular neuroadaptations related to stress, hormones and 

chronic cocaine use, which develop over the course of addiction, contribute to females’ 

increased sensitivity to drug-associated cues, vulnerability and relapse to drug addiction. 

Furthermore, it is becoming increasingly apparent that females are more susceptible to 

the reinforcing effects of drugs of abuse compared to males. E2 has been consistently 

shown to facilitate drug SA by interacting with DA reward pathways and stress systems. 

The research in this dissertation extends these findings to socially housed, normally 

cycling female cynomolgus monkeys and intravenous cocaine SA. 

 The current studies begin to address the role of reproductive hormones in female 

substance abuse by investigating how hormonal fluctuations influence cognitive 

performance in drug-naïve, normally cycling females (Chapter II). The importance of 

hormones on environmental variables and vice-versa was assessed in Chapter III as 

females were socially housed into groups of four and hormonal measures were collected 

prior to and during the initial week of group housing and following establishment of 

social hierarchies. Additionally, alterations in cognitive performance were assessed 
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during this initial week of stress/enrichment for the monkeys (Chapter III). Subsequently, 

the effect of this environmental manipulation on cocaine SA was examined (Chapter IV). 

Potential involvement of circulating hormones (E2 and P4) on drug taking was also 

studied in this chapter. Finally, cognitive effects of chronic cocaine self-administration 

followed by abstinence were evaluated in Chapter V of this dissertation.   

The studies included in this dissertation address an important sex bias that persists 

in neuroscience and biomedical research. For example, out of nearly 2,000 animal studies 

published in 2009, the use of male animals predominated in eight of 10 disciplines (Beery 

and Zucker, 2011). Neuroscientists used 5.5 males for every one female, pharmacologists 

used five, and physiologists used 3.7. Notably, despite the fact that women are twice as 

likely to suffer from major depression, fewer than 45 percent of animal studies related to 

these disorders used females. Ultimately, a careful consideration of the influence of sex 

on disease vulnerability, progression and treatment would work to everyone’s benefit. 

The studies conducted here support the premise that by understanding the mechanisms by 

which sex differences manifest in drug abuse, we may eventually identify sex-specific 

treatments.  

 

 

 

 

 



        46 
 

REFERENCES 

Abel KM, Drake R, Goldstein JM (2010). Review. Sex differences in schizophrenia. Int 

Rev Psychiatry. 22: 417-428. 

Adams MR, Kaplan JR, Clarkson TB, Koritnik DR (1985). Ovariectomy, social status, 

and atherosclerosis in cynomolgus monkeys. Arteriosclerosis. 5: 192-200. 

Adinoff B, Krebaum SR, Chandler PA, Ye W, Brown MB, Williams MJ (2005). 

Dissection of hypothalamic-pituitary-adrenal axis pathology in 1-month-abstinent 

alcohol-dependent men, part 1: adrenocortical and pituitary glucocorticoid 

responsiveness. Alcohol Clin Exp Res. 29: 517-527.  

Adler NE, Epel ES, Castellazzo G, Ickovics JR (2000). Relationship of subjective and 

objective social status with psychological and physiological functioning: preliminary 

data in healthy white women. Health Psychol. 19: 586-592. 

Aharonovich E, Hasin DS, Brooks AC, Liu X, Bisaga A, Nunes EV (2006). Cognitive 

deficits predict low treatment retention in cocaine dependent patients. Drug Alcohol 

Depend. 81: 313-322. 

Allen AP, Kennedy PJ, Cryan JF, Dinan TG, Clarke G (2014). Biological and 

psychological markers of stress in humans: focus on the Trier Social Stress Test. 

Neurosci Biobehav Rev. 38: 94-124. 

Altemus M, Redwine L, Leong YM, Yoshikawa T, Yehuda R, Detera-Wadleigh S, 

Murphy DL (1997). Reduced sensitivity to glucocorticoid feedback and reduced 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0005
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0010
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0010


        47 
 

glucocorticoid receptor mRNA expression in the luteal phase of the menstrual cycle. 

Neuropsychopharmocology. 17: 100-109. 

Anderson SM, Pierce RC (2005). Cocaine-induced alterations in dopamine receptor 

signaling implications for reinforcement and reinstatement. Pharmacol Ther. 3: 389-

403. 

Anker JJ, Carroll ME (2010) The role of progestins in the behavioral effects of cocaine 

and other drugs of abuse: human and animal research. Neurosci Biobehav Rev. 35: 

315-333. 

Anker JJ, Larson EB, Gliddon LA, Carroll ME (2007). Effects of progesterone on the 

reinstatement of cocaine-seeking behavior in female rats. Exp Clin Psychophamacol. 

15: 472-480.  

Appt SE (2004). Usefulness of the monkey model to investigate the of role soy in 

postmenopausal women’s health. ILAR J. 45: 200-211. 

Armario A, Gavalda A, Marti J (1995). Review. Comparison of the behavioral and 

endocrine response to forced swimming stress in five inbred strains of rats. 

Psychoneuroendocrinology. 20: 879-890.  

Arnetz L, Ekberg NR, Alvarsson M (2014). Sex differences in type 2 diabetes: focus on 

disease course and outcomes. Diabetes Metab Syndr Obes. 307: 640-648. 

Ashley OS, Marsden ME, Brady TM (2003). Review. Effectiveness of substance abuse 

treatment programming for women: a review. Am J Drug Alcohol Abuse. 29: 19-53.  

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0015
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0025


        48 
 

Bardo MT, Bevins RA (2000). Conditioned place preference: what does it add to our 

preclinical understanding of drug reward. Psychopharmacology (Berl). 153: 31-43.  

Bauer SA, Leslie KE, Pearl DL, Fournier J, Turner PV (2010). Retrospective case-control 

study of hyperglycemia in group-housed, mature female cynomolgus macaques 

(Macaca fascicularis). J Med Primatol. 39: 408-416. 

Baxter LR Jr, Schwartz JM, Phelps ME, Mazziotta JC, Barrio J, Rawson RA, Engel J, 

Guze BH, Selin C, Sumida R (1988). Localization of neurochemical effects of cocaine 

and other stimulants in the human brain. J Clin Psychiatry. 49: 23-26. 

Beaulieu JM, Gainetdinov RR (2011). The physiology, signaling, and pharmacology of 

dopamine receptors. Pharmacol Rev. 63: 182-217.  

Becker JB (1990). Estrogen rapidly potentiates amphetamine-induced striatal dopamine 

release and rotational behavior during microdialysis. Neurosci Lett. 118: 169-171. 

Becker JB (1999). Gender difference in dopaminergic function in striatum and nucleus 

accumbens. Pharmacol Biochem Behav. 64: 803-812.  

Becker JB, Beer ME (1986). The influence of estrogen on nigrostriatal dopamine activity: 

behavioral and neurochemical evidence for both pre- and postsynaptic components. 

Behav Brain Res. 19: 27-33. 

Becker JB, Beer ME, Robinson TE (1984). Striatal dopamine release stimulated by 

amphetamine or potassium: influence of ovarian hormones and the light-dark cycle. 

Brain Res. 311: 157-160. 



        49 
 

Becker JB, Hu M (2008). Sex differences in drug abuse. Front Neuroendocrinol. 29: 36-

47. 

Becker JB, Perry AN, Westenbroek C (2012). Sex differences in the neural mechanisms 

mediating addiction: a new synthesis and hypothesis. Biol Sex Differ. 3:14. 

Becker JB, Ramirez VD (1981). Experimental studies on the development of sex 

differences in the release of dopamine from striatal tissue fragments in vivo. 

Neuroendocrinology. 32: 168-173.  

Becker JB, Rudick CN (1999). Rapid effects of estrogen or progesterone on the 

amphetamine-induced increase in striatal dopamine are enhanced by estrogen priming: 

a microdialysis study. Pharmacol Biochem Behav. 64: 53-57.  

Beery AK, Zucker I (2011). Sex bias in neuroscience and biomedical research. Neurosci 

Biobehav Rev. 35: 565-572. 

Bennett BA, Wichems CH, Hollingsworth CK, Davies HM (1995). Novel 2-substituted 

cocaine analogs: uptake and ligand binding studies at dopamine, serotonin and 

norepinephrine transport sites in the rat brain. J Pharmacol Exp Ther. 272: 1176-1186. 

Bercovitch FB, Clarke AS (1995). Dominance rank, cortisol concentrations, and 

reproductive maturation in male rhesus macaques. Physiol Behav. 58: 215-221. 

Berga SL, Loucks TL (2006). Use of cognitive behavior therapy for functional 

hypothalamic amenorrhea. Ann N Y Acad Sci. 1092: 114-129. 

Berga S Naftolin F (2012). Neuroendocrine control of ovulation. Gynecol Endocrinol.28: 

9-13. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0075


        50 
 

Berger B, Gaspar P, Verney C (1991). Dopaminergic innervation of the cerebral cortex: 

unexpected differences between rodents and primates. Trends Neurosci. 14: 21-27. 

Beveridge TJR, Smith HR, Daunais JB, Nader MA, Porrino LJ (2006). Chronic cocaine 

self-administration is associated with altered functional activity in the temporal lobes 

of nonhuman primates. Eur J Neurosci. 23: 3109-3118.  

Beveridge TJ, Gill KE, Hanlon CA, Porrino LJ (2008). Review. Parrallel studies of 

cocaine-related neural and cognitive impairments in humans and monkeys. Philos 

Trans R Soc Lond B Biol Sci. 363: 3257-66.  

Bitar MS, Ota M, Linnoila M, Shapiro BH (1991). Modification of gonadectomy-

inducted increases in brain monoamine metabolism by steroid hormones in male and 

female rats. Psychoneuroendocrinology. 16: 547-557. 

Bobzean SA, Dennis TS, Addison BD, Perrotti LI (2010). Influence of sex on 

reinstatement of cocaine-conditioned place preference. Nrain Res Bull. 83: 331-336. 

Bobzean SA, DeNobrega AK, Perrotti LI (2014). Sex differences in the neurobiology of 

drug addiction. Exp Neurol. 259: 64-74. 

Bradberry CW, Nobiletti JB, Elsworth JD, Murphy B, Jatlow P, Roth RH (1993). 

Cocaine and cocaethylene: microdialysis comparison of brain drug levels and effects 

on dopamine and serotonin. J Neurochem.60:1429-1435.  

Brady KT, Randall CL (1999). Gender differences in substance use disorders. Psychiatr 

Clin North Am. 22: 241-252. 



        51 
 

Brennan KA, Shaver PR (1995). Dimensions of adult attachment, affect regulation, and 

romantic relationship functioning. Pers Soc Psychol Bull. 21: 267-283.  

Broverman DM, Vogel W, Klaiber EL, Majcher D, Shea D, Paul V (1981). Changes in 

cognitive task performance across the menstrual cycle. J Comp Physiol Psychol. 95: 

646-654. 

Brown ZJ, Erb S (2007). Footshock stress reinstates cocaine seeking in rats after 

extended post-stress delays. Psychopharmacology (Berl). 195: 61-70.  

Brucker-Davis F, Thayer K, Colborn T (2001). Significant effects of mild endogenous 

hormonal changes in humans: considerations for low-dose testing. Environ Health 

Perspect. 109: 21-26. 

Buchanan TW, Lovallo WR (2001). Enhanced memory for emotional material following 

stress-level cortisol treatment in humans. Psychoneuroendocrinology. 26: 307-317. 

Burgess LH, Handa RJ (1992). Chronic estrogen-induced alterations in 

adrenocorticotropin and corticosterone secretion, and glucocorticoid receptor-

mediated functions in female rats. Endocrinology. 131:1261-1269. 

Camchong J, MacDonald AW 3
rd

, Nelson B, Bell C, Mueller BA, Specker S, Lim KO 

(2011). Frontal hyperconnectivity related to discounting and reversal learning in 

cocaine subjects. Bio Psychiatry. 69: 1117-1123.  

Carey MP, Deterd CH, de Koning J, Helmerhorst F, de Kloet ER (1995). The influence 

of ovarian steroids on hypothalamic-pituitary-adrenal regulation in the female rat. J 

Endocrinol. 144: 311-321. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb3130
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0145


        52 
 

Carlsson A (1987). Perspectives on the discovery of central monoaminergic 

neurotransmission. Annu Rev Neurosci. 10: 19-40. 

Carpenter KM, Schreiber E, Church S, McDowell D (2006). Drug Stroop performance: 

relationships with primary substance of use and treatment outcome in a drug-

dependent outpatient sample. Addict Behav. 31: 174-181. 

Carroll ME. Morgan AD, Lynch WJ, Campbell UC, Dess NK (2002). Intravenous 

cocaine and heroin self-administration in rats selectively bred for differential 

saccharin intake: phenotype and sex differences. Psychopharmacology (Berl). 161: 

304-313. 

Caspers KM, Cadoret RJ, Langbehn D, Yucuis R, Troutman B (2005). Contributions of 

attachment style and perceived social support to lifetime use of illicit substances. 

Addict Behav. 30: 1007-1011.  

Castner SA, Xiao L, Becker JB (1993). Sex difference in striatal dopamine: in vivo 

microdialysis and behavioral studies. Brain Res. 610: 127-134. 

Cavigelli SA (1999). Behavioural patterns associated with faecal cortisol levels in free-

ranging female ring-tailed lemurs, Lemur catta. Anim Behav. 57: 935-944. 

Chen K, Kandel D (2002). Relationship between extent of cocaine use and dependence 

among adolescents and adults in the United States. Drug Alcohol Depend. 68: 65-85. 

Cirillo RA, Horel JA, George PJ (1989). Lesions of the anterior temporal stem and the 

performance of delayed match-to-sample and visual discriminations in monkeys. 

Behav Brain Research 34: 55-69.  



        53 
 

Cohen S, Manuck SB (1995). Stress, reactivity, and disease. Psychosom Med. 57: 423-

426.  

Collins SK, Evans SM, Foltin RW, Haney M (2007). Intranasal cocaine in humans: 

effects of sex and menstrual cycle. Pharmacol Biochem Behav. 86: 117-124. 

Conrad KL, McCutcheon JE, Cotterly LM, Ford KA, Beales M, Marinelli M (2010). 

Persistent increases in cocaine-seeking behavior after acute exposure to cold swim 

stress. Biol Psychiatry 68: 303-305.  

Cotto JH, Davis E, Dowling GJ, Elcano JC, Staton AB, Weiss SR (2010). Gender effects 

on drug use, abuse, and dependence: a special analysis of results from the National 

Survey on Drug Use and Health. Gend Med. 7L 402-413. 

Creel S (2001). Social dominance and stress hormones. Trends Ecol Evol. 16: 491-497. 

Creel S, Marushacreel N, Monfort SL (1996). Social stress and dominance. Nature. 379: 

212.  

Creutz LM, Kritzer MF (2002). Estrogen receptor-beta immunoreactivity in the midbrain 

of adult rats: regional, subregional, and cellular localization in the A10, A9, and A8 

dopamine cell groups. J Comp Neurol. 446: 288-300.   

Creutz LM, Kritzer MF (2004). Mesostriatal and mesolimbic projections of midbrain 

neurons immunoreactive for estrogen receptor beta or androgen receptors in rats. J 

Comp Neurol. 476: 348-362. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0180
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0180


        54 
 

Cummings AM, Gallop GJ, Greenfield SF (2010). Self-efficacy and substance use 

outcomes for women in single gender versus mixed-gender group treatment. J Groups 

Addict Recover. 5: 4-16. 

Czoty PW, Gould RW, Martelle JL, Nader MA (2011). Prolonged attenuation of the 

reinforcing strength of cocaine by chronic d-amphetamine in rhesus monkeys. 

Neuropsychopharmacology 36: 539-547.  

Czoty PW, Gould RW, Nader MA (2009). Relationship between social rank and cortisol 

and testosterone concentrations in male cynomolgus monkeys (Macaca fascicularis). 

J Neuroendocrinol. 21: 68-76. 

Czoty PW, Nader MA (2005). PET imaging of dopamine D2 receptors in monkey models 

of cocaine abuse: genetic predisposition versus environmental modulation. Am J 

Psychiatry. 162: 1473-1482.  

Czoty PW, Nader MA (2012). Individual differences in the effects of environmental 

stimuli on cocaine choice in socially housed male cynomolgus monkeys. 

Psychopharmacology (Berl). 224: 57-67. 

Czoty PW, Riddick NV, Gage HD, Sandridge M, Nader SH, Garg S, Bounds M, Garg 

PK, Nader MA (2009). Effect of menstrual cycle phase on dopamine D2 receptor 

availability in female cynomolgus monkeys. Neuropsychopharmacology. 34: 548-554. 

Dalley JW, Fryer TD, Brichard L, Robinson ES, Theobald DE, Lääne K, Peña Y, 

Murphy ER, Shah Y, Probst K, Abakumova I, Aigbirhio FI, Richards HK, Hong Y, 



        55 
 

Baron JC, Everitt BJ, Robbins TW (2007). Nucleus accumbens D2/3 receptors predict 

trait impulsivity and cocaine reinforcement. Science. 315: 1267-1270. 

Davis BA, Clinton SM, Akil H, Becker JB (2008). The effects of novelty-seeking 

phenotypes and sex differences on acquisition of cocaine self-administration in 

selectively bred High-Responder and Low-Responder rats. Pharmacol Biochem 

Behav. 90: 331-338. 

Dazzi L, Seu E, Cherchi G, Barbieri PP, Matzeu A, Biggio G (2007). Estrous cycle-

dependent changes in basal and ethanol-induced activity of cortical dopaminergic 

neurons in the rat. Neuropsychopharmacology. 32: 892-901.  

Denier CA, Thevos AK, Latham PK, Randall CL (1991). Psychosocial and 

psychopathology differences in hospitalized male and female cocaine abusers: a 

retrospective chart review. Addict Behav. 16: 489-496. 

DeVito EE, Babuscio TA, Nich C, Ball SA, Carroll KM (2014). Gender differences in 

clinical outcomes for cocaine dependence: randomized clinical trials of behavioral 

therapy and disulfram. Drug Alcohol Depend. 145: 156-167. 

Di Chiara G, Imperato A (1988). Drugs abused by humans preferentially increase 

synaptic dopamine concentrations in the mesolimbic system of freely moving rats. 

Proc Natl Aca Sci USA 85: 5274-5278.  

Dias R, Robbins TW, Roberts AC (1996). Dissociation in prefrontal cortex of affective 

and attentional shifts. Nature 380: 69-72.  

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0205


        56 
 

Dias R, Robbins TW, Roberts AC (1997). Dissociable forms of inhibitory control within 

prefrontal cortex with an analog of the Wisconsin Card Sort Test: Restriction to novel 

situations and independence from “On-Line” processing. J Neurosci. 17: 9285-9297.  

Di Paolo T (1994). Modulation of brain dopamine transmission by sex steroids. Rev 

Neurosci. 5: 27-41.   

Di Paolo T, Rouillard C, Bédard P (1985). 17 beta-Estradiol at a physiological dose 

acutely increases dopamine turnover in rat brain. Eur J Pharmacol. 5: 197-203.  

Dor-Shav NK (1976). In search of pre-menstrual tension: note on sex differences in 

psychological differentiations as a function of cyclical physiological changes. Percept 

Mot Skills 42:1139–1142 

Duncan EA, Tamashiro KL, Nguyen MM, Garnder SR, Woods SC, Sakai RR (2006). 

The impact of moderate daily alcohol consumption on aggression and the formation of 

dominance hierarchies in rats. Psychopharmacology (Berl). 189: 83-94.  

Elkashef AM, Rawson RA, Anderson AL, Li SH, Holmes T, Smith EV, Chiang N, Kahn 

R, Vocci F, Ling W, Pearce VJ, McCann M, Campbell J, Gorodetzky C, Haning W, 

Carlton B, Mawhinney J, Weis D (2008). Bupropion for the treatment of 

methamphetamine dependence. Neuropsychopharmacology. 33: 1162-1170. 

Ersche KD, Roiser JP, Robbins TW, Sahakian BJ (2008). Chronic cocaine but not 

chronic amphetamine use is associated with perseverative responding in humans. 

Psychopharmacology (Berl.) 197: 421-431.  

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0230
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0225


        57 
 

Evans SM (2007). The role of estradiol and progesterone in modulating the subjective 

effects of stimulants in humans. Exp Clin Psychopharmacol. 15: 418-426. 

Evans SM, Haney M, Foltin RW (2002). The effects of smoked cocaine during the 

follicular and luteal phases of the menstrual cycle in women. Psychopharmacology 

(Berl). 159: 397-406.  

Evans SM, Foltin RW (2006). Pharmacokinetics of repeated doses of intravenous cocaine 

across the menstrual cycle in rhesus monkeys. Pharmacol Biochem Behav. 83: 56-66. 

Evans SM, Foltin RW (2010). Does the response to cocaine differ as a function of sex or 

hormonal status in humans and non-human primates? Horm Behav. 58: 13-21. 

Everitt BJ, Robbins TW (2005). Review. Neural systems of reinforcement for drug 

addiction: from actions to habits to compulsion. Nat Neurosci. 8: 1481-1489. 

Febo M, González-Rodriguez LA, Capó-Ramos DE, González-Segarra NY, Segarra AC 

(2003). Estrogen-dependent alterations in D2/D3-induced G protein activation in 

cocaine-sensitized female rats. J Neurochem. 86: 405-412. 

Feltenstein MW, Byrd EA, Henderson AR, See RE (2009). Attenuation of cocaine-

seeking by progesterone treatment in female rats. Psychoneuroendocrinology. 34: 

343-352. 

Fernández-Serrano MJ, Perales JC, Moreno-López L, Pérez-Garcia M, Verdejo-Garcia A 

(2012). Neuropsychological profiling of impulsivity and compulsivity in cocaine 

dependent individuals. Psychopharnacology (Berl).219: 673-683. 



        58 
 

Ferrini M, Lima A, De Nicola AF (1995). Estradiol abolishes autologous down regulation 

of glucocorticoid receptors in brain. Life Sci. 57: 2403-2412. 

Festa ED, Quinones-Jenab V (2004). Review. Gonadal hormones provide the biological 

basis for sex differences in behavioral responses to cocaine. Horm Behav. 46: 509-

519.  

Fillmore MT, Rush CR (2002). Impaired inhibitory control of behavior in chronic 

cocaine users. Drug Alcohol Depend. 66: 265-273.  

Fillmore MT, Rush CR, Hays L (2005). Cocaine improves inhibitory control in a human 

model of response conflict. Exp Clin Psychopharmacol. 13: 327-335.  

Fillmore MT, Rush CR (2006). Polydrug abusers display impaired discrimination-

reversal learning in a model of behavioural control. J Psychopharmacol. 20: 24-32.  

Florin SM, Kuczenski R, Segal DS (1994). Regional extracellular norepinephrine 

responses to amphetamine and cocaine and effects of clonidine pretreatment. Brain 

Res. 654: 53-62.  

Franz CE, O’Brien RC, Hauger RL, Mendoza SP, Panizzon MS, Prom-Wormley E, 

Eaves LJ, Jacobson K, Lyons MJ, Lupien S, Hellhammer D, Xian H, Kremen WS 

(2011). Cross-sectional and 35-year longitudinal assessment of salivary cortisol and 

cognitive functioning: the Vietnam Era twin study of aging. 

Psychoneuroendocrinology. 36: 1040-1052.  

Frye CA (1995). Estrus-associated decrements in a water maze task are limited to 

acquisition. Physiol Behav. 57: 5-14. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0315


        59 
 

Frye CA (2007). Progestins influence motivation, reward, conditioning, stress, and/or 

response to drugs of abuse. Pharmacol Biochem Behav. 86: 209-219. 

Fugger HN, Cunningham SG, Rissman EF, Foster TC (1998). Sex differences in the 

activational effect of ER on spatial learning. Horm Behav 34:163–170. 

Garavan H, Kaufman JN, Hester R (2008). Acute effects of cocaine on the neurobiology 

of cognitive control. Philos Trans R Soc Lond B Biol Sci. 363: 3267-3276. 

Gardner EL (2011). Additional and brain reward and antireward pathways. Adv 

Psychosom Med. 30: 22-60. 

Garg N, Yates WR, Jones R, Zhou M, Williams S (1999). Effect of gender, treatment site 

and psychiatric comorbidity on quality of life outcome in substance dependence. Am J 

Addict. 8: 44-54.  

Gerra G, Leonardi C, Cortese E, Zaimovic A, Dell’Anello G, Manfredini M, Somaini L, 

Petracca F, Caretti V, Baroni C, Donnini C (2008). Adrenocorticotropic hormone and 

cortisol plasma levels directly correlate with childhood neglect and depression 

measures in addicted patients. Addict Biol. 13: 95-104.  

Gillies GE, McArthur S (2010). Estrogen actions in the brain and the basis for differential 

action in men and women: a case for sex-specific medicines. Pharmacol Rev. 62: 155-

198. 

Gould RW, Duke AN, Nader MA (2014). Review. PET studies in nonhuman primate 

models of cocaine abuse: translational research related to vulnerability and 

neuroadaptations. Neuropharmacology. 84: 138-151. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0365
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0365


        60 
 

Gould RW, Gage HD, Nader MA (2012). Effects of chronic cocaine self-administration 

on cognition and cerebral glucose utilization in Rhesus monkeys. Biol Psychiatry. 72: 

856-863.  

Green CA, Polen MR, Dickinson DM, Lynch FL, Bennett MD (2002). Gender 

differences in predictors of initiation, retention, and completion in an HMO-based 

substance abuse treatment program. J Subst Abuse Treat. 23: 285-295. 

Greenfield SF, Trucco EM, McHugh RK, Lincoln M, Gallop RJ (2007). The Women’s 

Recovery Group Study: a Stage 1 trial of women-focused group therapy for substance 

use disorders versus mixed-gender group drug counseling. Drug Alcohol Depend. 90: 

39-47. 

Greenfield SF, Back SE, Lawson K, Brady KT (2010). Review. Substance abuse in 

women. Psychiatr Clin North Am. 33: 339-355. 

Gust DA, Gordon TP, Hambright MK, Wilson ME (1993). Relationship between social 

factors and pituitary-adrenocortical activity in female rhesus monkeys (Macaca 

mulatta). Horm Behav. 27: 318-331.  

Haas AL, Peters RH (2000). Development of substance abuse problems among drug-

involved offenders. Evidence for the telescoping effect. J Subst Abuse. 12: 241-253. 

Hacia JG, Makalowski W, Edgemon K, Erdos MR, Robbins CM, Fodor SP, Brody LC, 

Collins FS (1998). Evolutionary sequence comparisons using high-density 

oligonucleotide arrays. Nat Genet. 18: 155-158.  



        61 
 

Haleem DJ, Kennett G, Curzon G (1988). Adaptation of female rats to stress: shift to 

male pattern by inhibition of corticosterone synthesis. Brain Res. 458: 339-347.  

Halpern DF (1992). Sex differences in cognitive abilities. 2nd ed. Hillsdale, NJ: 

Lawrence Erlbaum Associates. 

Hampson E (1990) Variations in sex-related cognitive abilities across the menstrual 

cycle. Brain Cogn 14: 26–43.  

Hampson RE, Espana RA, Rogers GA, Porrino LJ, Deadwyler SA (2009). Mechanisms 

underlying cognitive enhancement and reversal of cognitive deficits in nonhuman 

primates by the ampakine CX7171. Psychopharmacol (Berl). 202: 355-369.  

Handa RJ, Burgess LH, Kerr JE, O’Keefe JA (1994). Review. Gonadal steroid hormone 

receptors and sex differences in the hypothalamo-pituitary-adrenal axis. Horm Behav. 

28: 464-476. 

Haney M, Hart C, Collins ED, Foltin RW (2005). Smoked cocaine discrimination in 

humans: effects of gabapentin. Drug Alcohol Depend. 80: 53-61. 

Hanlon CA, Wesley MJ, Stapleton JR, Laurienti PJ, Porrino LJ (2011). The association 

between frontal-striatal connectivity and sensorimotor control in cocaine users. Drug 

Alcohol Depend. 115: 240-243.  

Hanoch Y, Vitouch O (2004). When less is more: Information, emotional arousal and the 

ecological reframing of the Yerkes-Dodson Law. Theory and Psychology. 14: 427-

452. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0380
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0390


        62 
 

Hatsukami DK, Fischman MW (1996). Crack cocaine and cocaine hydrochloride. Are the 

difference myth or reality? JAMA. 276: 1580-1588. 

Hay M, Thomas DW, Craighead JL, Economides C, Rpsenthal J (2014). Clinical 

development success rates for investigational drugs. Nat Biotechnol. 32: 40-51. 

Hecht GS, Spear NE, Spear LP (1999). Changes in progressive ratio responding for 

intravenous cocaine throughout the reproductive process in female rats. Dev 

Psychobiol. 35: 136-145.  

Heinsbroek RP, Van Haaren F, Van de Poll NE, Steenbergen HL (1991). Sex differences 

in the behavioral consequences of inescapable footshocks depend on time since shock. 

Physiol Behav. 49: 1257-1263.  

Hernandez-Avila CA, Rounsaville BJ, Kranzler HR (2004). Opioid-, cannabis- and 

alcohol-dependent women show more rapid progression to substance abuse treatment. 

Drug Alcohol Depend. 74: 265-272. 

Hester R, Garavan H (2004). Executive dysfunction in cocaine addiction: evidence for 

discordant frontal, cingulate, and cerebellar activity. J Neurosci. 24: 11017-11022.  

Hester R, D’Esposito M, Cole MW, Garavan H (2007). Neural mechanisms for response 

selection: comparing selection of responses and items from working memory. 

Neuroimage. 34: 446-454. 

Higgins ST, Bickel WK, Hughes JR, Lynn M, Capeless MA (1990). Effects of intranasal 

cocaine on human learning, performance and physiology. Psychopharmacology 

(Berl). 102: 451-458. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0410


        63 
 

Hopper JW, Karlsgodt KH, Adler CM, Macklin EA, Lukas SE, Elman I (2004). Effects 

of acute cortisol and cocaine administration on attention, recall and cognition task 

performance in individuals with cocaine dependence. Hum Psychopharmacol. 19: 

511-516.  

Hyman SE, Malenka RC, Nestler EJ (2006). Neural mechanisms of addiction: the role of 

reward-related learning and memory. Annu Rev Neurosci. 29: 565-98.   

Hyman SM, Paliwal P, Chaplin TM, Mazure CM, Rounsaville BJ, Sinha R (2008). 

Severity of childhood trauma is predictive on cocaine relapse outcomes in women but 

not men. Drug Alcohol Depend. 92: 208-216. 

Ignjatova L, Raleva M (2009). Gender difference in the treatment outcome of patients 

served in the mixed-gender program. Bratisl Lek Listy. 110: 285-289.  

Izquierdo A, Suda RK, Murray EA (2004). Bilateral orbital prefrontal cortex lesions in 

rhesus monkeys disrupt choices guided by both reward value and reward contingency. 

J Neurosci. 24: 7540-7548. 

Jackson LR, Robinson TE, Becker JB (2006). Sex differences and hormonal influences 

on acquisition of cocaine self-administration in rats. Neuropsychophamacology. 31: 

129-138.  

Jentsch JD, Olausson P, De La Garza R 2nd, Taylor JR (2002). Impairments of reversal 

learning and response perseveration after repeated, intermittent cocaine 

administrations to monkeys. Neuropsychopharmacol. 26:183-90.  



        64 
 

Joel D, Weiner I (2000). The connections of dopaminergic system with the striatum in 

rats and primates: an analysis with respect to the functional and compartmental 

organization of the striatum. Neurosci. 96: 451–474.  

Johanson CE, Fischman MW (1989). The pharmacology of cocaine related to its abuse. 

Pharmacol Rev. 41: 3-52.  

Johnson ML, Ho CC, Day AE, Walker QD, Francis R, Kuhn CM (2010). Oestrogen 

receptors enhance dopamine neurone survival in rat midbrain. J Neuroendocrinol. 22: 

226-237. 

Jones MT, Brush FR, Neame RL (1972). Characteristics of fast feedback control of 

corticotrophin release by corticosteroids. J Endocrinol. 55: 489-497.  

Jovanovski D, Erb S, Zakzanis KK (2005). Neurocognitive deficits in cocaine users: a 

quantitative review of the evidence. J Clin Exp Neuropsychol. 27: 189. 204. 

Kant GJ, Lenox RH, Bunnell BN, Mougey EH, Pennington LL, Meyerhoff JL (1983). 

Comparison of stress reponse in male and female rats: pituitary cyclic AMP and 

plasma prolactin, growth hormone and corticosterone. Psychoneuroendocrinology. 8: 

421-428. 

Kaplan JR (2008). Origins and health consequences of stress-induced ovarian 

dysfunction. Interdiscip Top Gerontol. 36: 162-185. 

Kaplan JR, Manuck SB (1999). Status, stress, and atherosclerosis: the role of 

environment and individual behavior. Ann N Y Acad Sci. 896: 145-161. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0465


        65 
 

Kaplan JR, Chen H, Appt SE, Lees CJ, Franke AA, Berga SL, Wilson ME, Manuck SB, 

Clarkson TB (2010). Impairment of ovarian function and associated health-related 

abnormalities are attributable to low social status in premenopausal monkeys and not 

mitigated by a high-isoflavone soy diet. Hum Reprod. 25: 3083-3094. 

Karila L, Petit A, Lowenstein W, Reynaud M (2012). Review. Diagnosis and 

consequences of cocaine addiction. J Clin Psychiatry. 73: 1056-1061. 

Kaskutas LA, Zhang L, French MT, Witbrodt J (2005). Women’s programs versus 

mixed-gender day treatment: results from a randomized study. Addiction. 100: 60-69. 

Kasperski SJ, Vincent KB, Calderia KM, Garnier-Dykstra LM, O’Grady KE, Arria AM 

(2011). College students’ use of cocaine: results from a longitudinal study. Addict 

Behav. 36: 408-411. 

Kaufman JN, Ross TJ, Stein EA, Garavan H (2003). Cingulate hypoactivity in cocaine 

users during a GO-NOGO task as revealed by event-related functional magnetic 

resonance imaging. J Neurosci. 23: 7839-7843.  

Kawachi I, Kennedy BP (2002). The health of nations: why inequality is harmful to your 

health. New York: The New Press. 

Kelly PJ, Blacksin B, Mason E (2001). Factors affecting substance abuse treatment 

completion for women. Issues Ment Health Nurs. 22: 287-304. 

Kerstetter KA, Aguilar VR, Parrish AB, Kippin TE (2008). Protracted time-dependent 

increases in cocaine-seeking behavior during cocaine withdrawal in female relative to 

male rats. Psychopharmacology (Berl). 198: 63-75. 



        66 
 

Keverne EB, Meller RE, Eberhart JA (1982). Social influences on behavior and 

neuroendocrine responsiveness of talapoin monkeys. Scand J Psychol. 1: 37-47.  

Kippin TE, Fuchs RA, Mehta RH, Case JM, Parker MP, Bimonte-Nelson HA, See RE 

(2005). Potentiation of cocaine-primed reinstatement of drug seeking in female rats 

during estrus. Psychopharmacology (Berl). 182: 245-252.  

Kitay JI (1961). Sex difference in adrenal cortical secretion in the rat. Endocrinology. 68: 

818-824. 

Kitay JI (1963). Effects of estradiol on pituitary-adrenal function in male and female rats. 

Endrocrinology. 72: 947-954. 

Kosten TR, Jalali B, Steidl JH, Kleber HD (1987). Relationship of marital structure and 

interactions to opiate abuse relapse. Am J Drug Alcohol Abuse 13: 387-399.  

Kosten TR, Rounsaville BJ, Kleber (1987). Predictors of 2.5-year outcome in opioid 

addicts: pretreatment source of income. Am J Drug Alcohol Abuse. 13: 19-32. 

Koob GF (1992). Review. Neural mechanisms of drug reinforcement. Ann N Y Acad Sci. 

654: 171-191. 

Koob GF (2009). Review. Brain stress systems in the amygdala and addiction. Brain Res 

1293: 61- 75.  

Koob GF, Le Moal (2001). Review. Drug addiction, dysregulation of reward, and 

allostasis. Neuropsychopharmacology 24: 97-129.   

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0480
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0485
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0495
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0530
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0505


        67 
 

Koob GF, Le Moal (2008). Review. Neurobiological mechanisms for opponent 

motivational processed in addiction. Philos Trans R Soc Lond B Biol Sci. 363: 3113-

3123. 

Koob GF, Buck CL, Cohen A, Edwards S, Park PE, Schlosburg JE, Schmeichel B, 

Vendruscolo LF, Wade CL, Whitfield TW Jr, George O (2014). Addiction as a stress 

surfeit disorder. Neuropharmacology 76: 370-382. 

Kozorovitskiy Y, Gould E (2004). Dominance hierarchy influences adult neurogenesis in 

the dentate gyrus. J Neurosci. 24: 6755-6759. 

Kreek MJ (1997). Goals and rationale for pharmacotherapeutic approach in treating 

cocaine dependence: insights from basic and clinical research.  NIDA Res Monogr. 

175: 5-35. 

Kritzer MF, Creutz LM (2008). Region and sex differences in constituent dopamine 

neurons and immunoreactivity for intracellular estrogen and androgen receptors in 

mesocortical projections in rats. J Neurosci. 28: 9525-9535. 

Kubler A, Murphy K, Garavan H (2005). Cocaine dependence and attention switching 

within and between verbal and visuospatial working memory. Eur J Neurosci. 21: 

1984-1992.  

Kudielka BM, Hellhammer DH, Wüst S (2009). Why do we respond so differently? 

Reviewing determinants of human salivary cortisol responses to challenge. 

Psychoneuroendocrinology. 34: 2-18. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0525
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0545
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0545
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0555


        68 
 

Laakso A, Vilkman H, Bergman J, Haaparanta M, Solin O (2002). Sex differences in 

striatal presynaptic dopamine synthesis capacity in healthy subjects. Biol Psychiatry. 

52: 759-763. 

Laatikainen TJ (1991). Corticotropin-releasing hormone and opioid peptides in 

reproduction and stress. Ann Med. 23: 489-496. 

Lacreuse A, Herndon JG, Moss MB (2000). Cognitive function in aged ovariectomized 

female rhesus monkeys. Behav Neurosci 114: 506–513. 

Larson EB, Roth ME, Anker JJ, Carroll ME (2005). Effect of short- vs. long-term 

estrogen on reinstatement of cocaine-seeking behavior in female rats. Pharmacol 

Biochem Behav. 82: 98-108.  

Lazarus RS (1999). Stress and Emotion: A New Synthesis. New York: Springer Pub Co. 

Leonard BE, Song C (1999). Stress, depression, and the role of cytokines. Adv Exp Med 

Biol. 461: 251-65. 

Le Mevel JC, Abitbol S, Beraud G, Maniey J (1979). Temporal changes in plasma 

adrenocorticotropin concentration after repeated neurotropic stress in male and female 

rats. Endocrinology. 105: 812-817. 

Lévesque D, Di Paolo T (1988). Rapid conversion of high into low striatal D2-dopamine 

receptor agonist binding states after an acute physiological dose of 17 beta-estradiol. 

Neurosci Lett. 88: 113-118. 

Lévesque D, Di Paolo T (1989). Chronic estradiol treatment increases ovariectomized rat 

striatal D-1 dopamine receptors. Life Sci. 45: 1813-1820.  

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0570
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0585
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0600
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0605


        69 
 

Lile JA, Wang Z, Woolverton WL, France JE, Gregg TC, Davies HM, et al., (2003). The 

reinforcing efficacy of psychostimulants in rhesus monkeys: the role of 

pharmacokinetics and pharmacodynamics. J Pharmacol Exp Ther. 307: 356-366.  

Liu S, Heitz RP, Sampson AR, Zhang W, Bradberry CW (2008). Evidence of temporal 

cortical dysfunction in rhesus monkeys following chronic cocaine self-administration. 

Cereb Cortex. 18: 2109-2116. 

Liu S, Lane SD, Schmitz JM, Waters AJ, Cunningham KA, Moeller FG (2011). 

Relationship between attentional bias to cocaine-related stimuli and impulsivity in 

cocaine-dependent subjects. Am J Drug Alcohol Abuse. 37: 117-122.  

Loneck B, Garrett J, Banks SM (1997). Engaging and retaining women in outpatient 

alcohol and other drug treatment: the effect of referral intensity. Health Soc Work. 22: 

28-46. 

Lucassen PJ, Müller MB, Holsboer F, Bauer J, Holtrop A, Wouda J, Hoogendijk WJ, De 

Kloet ER, Swaab DF (2001). Hippocampal apoptosis in major depression is a minor 

event and absent from subareas at risk for glucocorticoid overexposure. Am J Pathol. 

158: 453-468. 

Lukas SE, Sholar M, Lundahl LH, Lamas X, Kouri E, Wines JD, Kragie L, Mendelson 

JH (1996). Sex differences in plasma cocaine levels and subjective effects after acute 

cocaine administration in human volunteers. Psychopharmacology (Berl).  125: 346-

354.  



        70 
 

Lupien SJ, Maheu F, Tu M, Fiocco A, Schramek TE (2007). Review. The effects of 

stress and stress hormones on human cognition: Implications for the field of brain and 

cognition. Brain Cogn. 65: 209-237. 

Lupien SJ, McEwen BS, Gunnar MR, Heim C (2009). Effects of stress throughout the 

lifespan on the brain, behaviour and cognition. Nat Rev Neurosci. 10: 434-445. 

Lupien SJ, Wilkinson CW, Briére S, Ménard C, Ng Ying Kin NM, Nair NP (2002). The 

modulatory effects of corticosteroids on cognition: studies in young human 

populations. Psychoneuroendocrinology. 27: 401-416. 

Lynch WJ (2006). Review. Sex differences in vulnerability to drug self-administration. 

Exp Clin Psychophamacol. 191: 263-271. 

Lynch WJ, Arizzi MN, Carroll ME (2000). Effects of sex and the estrous cycle on 

regulation of intravenously self-administered cocaine in female rats. 

Psychopharmacology (Berl). 152: 132-139. 

Lynch WJ, Carroll ME (1999). Sex differences in the acquisition of intravenously self-

administered cocaine and heroin in rats. Psychopharmacology (Berl). 144: 77-82. 

Lynch WJ, Roth ME, Michelberg JL, Carroll ME (2001). Role of estrogen in the 

acquisition of intravenously self-administered cocaine in female rats. Pharmacol 

Biochem Behav. 68: 641-646.  

Lyons D, Friedman DP, Nader MA, Porrino LJ (1996). Cocaine alters cerebral 

metabolism within the ventral striatum and limbic cortex of monkeys. J Neurosci. 16: 

1230-1238. 



        71 
 

Magariños AM, McEwen BS, Flügge G, Fuchs E (1996). Chronic psychosocial stress 

causes apical dendritic atrophy of hippocampal CA3 pyramidal neurons in subordinate 

tree shrews. J Neurosci. 16: 3534-3540. 

Maki PM, Pich JB, Rosenbaum S (2002). Implicit memory varies across the menstrual 

cycle: estrogen effects in young women. Neuropsychologia 40:518–529. 

Manogue KR, Leshner AI, Candland DK (1975). Dominance status and adrenocortical 

reactivity to stress in squirrel monkeys. Primates. 16: 457–463. 

Marsh JC, Cao D, D’Aunno T (2004). Gender differences in the impact of comprehensive 

services in substance abuse treatment. J Substance Abuse Treat. 27: 289-300. 

Martinez D, Carpenter KM, Liu F, Slifstein M, Broft A, Friedman AC, Kumar D, 

Heertum RV, Kleber HD, Nunes E (2011). Imaging dopamine transmission in cocaine 

dependence: link between neurochemistry and response to treatment. Am J Psychiatry 

168: 634-641.  

Martinez D, Orlowska D, Narendran R, Slifstein M, Liu F, Kumar D, Broft A, Van 

Heertum R, Kleber HD (2010). Dopamine type 2/3 receptor availability in the striatum 

and social status in human volunteers. Biol Psychiatry. 67: 275-278.  

McEwen BS (2004). Review. Protection and damage from acute and chronic stress: 

allostasis and allostatic overload and relevance to the pathophysiology of psychiatric 

disorders. Ann N Y Acad Sci. 1032: 1-7. 

McEwen BS, Alves SE (1999). Estrogen actions in the central nervous system. Endocr 

Rev. 20: 279-307.  

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0650


        72 
 

Mello NK, Negus SS (1996). Preclinical evaluation of pharmacotherapies for treatment 

of cocaine and opioid abuse using drug self-administration procedures. 

Neuropsychopharmacol. 14: 375-424.  

Mendelson JH, Mello NK, Sholar MB, Siegel AJ, Kaufman MJ, Levin JM, Renshaw PF, 

Cohen BM (1999). Cocaine pharmacokinetics in men and in women during the 

follicular and luteal phases of the menstrual cycle. Neuropsychopharmacology. 21: 

294-303.  

Mendoza SP, Coe CL, Lowe EL, Levine S (1978). The physiological response to group 

formation in adult male squirrel monkeys. Psychoneuroendocrinology. 3: 221-229. 

Michopoulos V, Higgins M, Toufexis D, Wilson ME (2012). Social subordination 

produces distinct phenotyps in female rhesus monkeys. Psychoneuroendocrinology. 

37: 1071-1085.  

Miczek KA, de Almeida RM (2012). The case for basic research on the 

psychopharmacology of aggression. J Clin Psychopharmacol. 32: 1-2. 

Miller GM, Yatin SM, De La Garza R 2nd, Goulet M, Madras BK (2001). Cloning of 

dopamine, norepinephrine and serotonin transporters from monkey brain: relevance to 

cocaine sensitivity. Brain Res Mol Brain Res. 87: 124-143. 

Miyake A, Friedman NP, Emerson MJ, Witzki AH, Howerter A, Wager TD (2000). The 

unity and diversity of executive functions and their contributions to complex “frontal 

lobe” tasks: a latent variable analysis. Cognit Psychol. 41: 49-100.  



        73 
 

Monk CS, Zhuang J, Curtis WJ, Ofenlock IT, Tottenham N, Nelson CA, Hu X (2002). 

Human hippocampal activation in the delayed matching- and nonmatching-to-sample 

memory tasks: an event-related functional MRI approach. Behav Neurosci. 116: 716-

721. 

Moeller SJ, Froböse MI, Konova AB, Misyrlis M, Parvaz MA, Goldstein RZ, Alia-Klein 

N (2014). Common and distinct neural correlates of inhibitory dysregulation: stroop 

fMRI study of cocaine addiction and intermittent explosive disorder. J Psychiatr Res. 

58: 55-62.  

Morgan D, Grant KA, Gage HD, Mach RH, Kaplan JR, Prioleau O, Nader SH, 

Buchheimer N, Ehrenkaufer RL, Nader MA (2002). Social dominance in monkeys: 

dopamine D2 receptors and cocaine self-administration. Nat Neurosci. 5: 169-174.  

Morgan D, Grant KA, Prioleau OA, Nader SH, Kaplan JR, Nader MA (2000). Predictors 

of social status in cynomolgus monkeys (Macaca fascicularis) after group formation. 

Am J Primato. 52: 115-131.  

Morissette M, Biron D, Di Paolo T (1990). Effect of estradiol and progesterone on rat 

striatal dopamine uptake sites. Brain Res Bull. 25: 419-422. 

Morissette M, Le Saux, D’Astous M, Jourdain S, Al Sweidi S, Morin N, Estrada-

Camarena E, Mendez P, Garcia-Segura LM, Di Paolo T (2008). Contribution of 

estrogen receptors alpha and beta to the effects of estradiol in the brain. J Steroid 

Biochem Mol Biol. 108: 327-338.  



        74 
 

Mostertz W, Stevenson M, Acharya C, Chan I, Walters K, Lamlertthon W, Barry W, 

Crawford J, Nevins J, Potti A (2010). Sex-specific genomic profiles in non-small cell 

lung cancer. JAMA. 303: 535- 543. 

Munro CA, McCaul ME, Wong DF, Oswald LM, Zhou Y, Brasic J (2006). Sex 

differences in striatal dopamine release in healthy adults. Biol Psychiatry. 59: 966-

974. 

Nader MA, Czoty PW (2005). PET imaging of dopamine D2 receptors in monkey models 

of cocaine abuse: genetic predisposition versus environmental modulation. Am J 

Psychiatry. 162: 1473-1482. 

Nader MA, Morgan D, Gage HD, Nader SH, Calhoun TL, Buchheimer N, et al. (2006). 

PET imaging of dopamine D2 receptors during chronic cocaine self-administration in 

monkeys. Nat Neurosci. 9: 1050-6.  

Nader MA, Czoty PW, Gould RW, Riddick NV (2008). Review. Positron emission 

tomography imaging studies of dopamine receptors in primate models of addiction. 

Philos Trans R Soc Lond B Biol Sci. 363: 3223-3232.  

Nader MA, Nader SH, Czoty PW, Riddick NV, Gage HD, Gould RW, Blaylock BL, 

Kaplan JR, Garg PK, Davies HM, Morton D, Garg S, Reboussin BA (2012). Social 

dominance in female monkeys: dopamine receptor function and cocaine 

reinforcement. Biol Psychiatry. 72: 414-421.  



        75 
 

Newcomer JW, Selke G, Melson AK, Hershey T, Craft S, Richards K, Alderson AL 

(1999). Decreased memory performance in healthy humans induced by stress-level 

cortisol treatment. Arch Gen Psychiatry. 56: 527-533.  

Niyomchai T, Russo SJ, Festa ED, Akhavan A, Jenab S, Quiñones-Jenab V (2005). 

Progesterone inhibits behavioral responses and estrogen increases corticosterone 

levels after acute cocaine administration. Pharmacol Biochem Behav. 80: 603-610.  

O'Brien MS, Anthony JC (2005). Risk of becoming cocaine dependent: epidemiological 

estimates for the United States, 2000-2001. Neuropsychopharmacology 30: 1006-

1018. 

O'Dell LE, Torres OV (2013). A mechanistic hypothesis of the factors that enhance 

vulnerability to nicotine use in females. Neuropharmacology. 76: 566-580. 

Owesson-White CA, Ariansen J, Stuber GD, Cleaveland NA, Cheer JF, Wightman RM, 

Carelli RM (2009). Neural encoding of cocaine-seeking behavior is coincident with 

phasic dopamine release in the accumbens core and shell. Eur J Neurosci. 30: 1117-

1127. 

Patchev VK, Hayashi S, Orikasa C, Almeida OF (1995). Implications of estrogen-

dependent brain organization for gender differences in hypothalamo-pituitary-adrenal 

regulation. FASEB. 9: 419-423. 

Peris J, Decambre N, Coleman-Hardee ML, Simpkins JW (1991). Estradiol enhances 

behavioral sensitization to cocaine and amphetamine-stimulated striatal [3H] 

dopamine release. Brain Res. 566: 255-264. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0770
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0755
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0755
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0765


        76 
 

Pettinati HM, Kampman KM, Lynch KG, Suh JJ, Dackis CA, Oslin DW, O’Brien CP 

(2008). Gender differences with high-dose naltrexone in patients with co-occurring 

cocaine and alcohol dependence. J Subst AbuseTreat. 34: 378-390. 

Phillips SM, Sherwin BB (1992). Variations in memory function and sex steriod 

hormones across the menstrual cycle. Psychoneuroendocrinology 17: 497-506. 

Piazza PV, Deroche-Gamonet V (2013). A multistep general theory of transition to 

addiction. Psychopharmacology (Berl). 229: 387-413.  

Pierce RC, Kumaresan V (2006). The mesolimbic dopamine system: the final common 

pathway for the reinforcing effect of drugs of abuse? Neurosci Biobehav Rev. 40: 215-

238. 

Pierson WR, Lockhart A (1963). Effect of menstruation on simple reaction and 

movement time. Br Med J 1: 796–797 

Pilote L, Dasgupta K, Guru V, Humphries KH, McGrath J, Norris C, Rabi D, Tremblay J, 

Alamian A, Barnett T, Cox J, Ghali WA, Grace S, Hamet P, Ho T, Kirkland S, 

Lambert M, Libersan D, O’Loughlin J, Paradis G, Petrovich M, Tagalakis V (2007). 

Review. A comprehensive view of sex-specific issues related to cardiovascular 

disease. CMAJ. 176: 1-44. 

Pohjalainen T, Rinne JO, Någren K, Syvälahti E, Hietala J (1998). Sex differences in the 

striatal dopamine D2 receptor binding characteristics in vivo. Mol Psychatry. 3: 256-

260. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0790
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0805


        77 
 

Porrino LJ, Daunais JB, Rogers GA, Hampson RE, Deadwyler SA (2005). Facilitation of 

task performance and removal of the effects of sleep deprivation by an ampakine 

(CX717) in nonhuman primates. PLoS Biol, 3: e299.  

Porter JN, Olsen AS, Gurnsey K, Dugan BP, Jedema HP, Bradberry CW (2011). Chronic 

cocaine self-administration in rhesus monkeys: impact on associative learning, 

cognitive control, and working memory. J Neurosci. 31: 4926-4934.  

Porter JN, Gurnsey K, Jedema HP, Bradberry CW (2013). Latent vulnerability in 

cognitive performance following chronic cocaine self-administration in rhesus 

monkeys. Psychopharmacology (Berl). 226: 139-146. 

Quadros IM, Miczek,KA (2009). Two modes of intense cocaine bingeing: increased 

persistence after social defeat stress and increased rate of intake due to extended 

access conditions in rats. Psychopharmacology (Berl). 206: 109-120.  

Quiñones-Jenab V, Ho A, Schlussman SD, Franck J, Kreek MJ (1999). Estrous cycle 

differences in cocaine-induced stereotypic and locomotor behaviors in Fischer rats. 

Behav Brain Res. 101: 15-20.  

Reed SC, Evans SM, Bedi G, Rubin E, Foltin RW (2011). The effects of oral micronized 

progesterone on smoked cocaine self-administration in women. Horm Behav. 59: 227-

235. 

Riddick NV, Czoty PW, Gage HD, Kaplan JR, Nader SH, Icenhower M, Pierre PJ, 

Bennett A, Garg PK, Garg S, Nader MA (2009). Behavioral and neurobiological 



        78 
 

characteristics influencing social hierarchy formation in female cynomolgus monkeys. 

Neuroscience. 158: 1257-1265. 

Rivier C (1999). Gender, sex steroids, corticotropin-releasing factor, nitric oxide, and the 

HPA response to stress. Phamacol Biochem Behav. 64: 739-751.  

Ritz MC, Kuhar MJ (1989). Relationship between self-administration of amphetamine 

and monoamine receptors in brain: comparison with cocaine. J Pharmacol Exp Ther. 

248: 1010-1017.  

Robbins SJ, Ehrman RN, Childress AR, O’Brien CP (1999). Comparing levels of cocaine 

cue reactivity in male and female outpatients. Drug Alcohol Depend. 53: 223-230. 

Robbins TW (2003). Review. Dopamine and cognition. Curr Opin Neurol. Suppl 2:S1-2. 

Roberts AC (1996). Comparison of cognitive function in human and non-human 

primates. Cog Brain Res. 3: 319-327.  

Roberts DC, Bennett SA, Vickers GJ (1989). The estrous cycle affects cocaine self-

administration on a progressive ratio schedule in rats. Psychopharmacology (Berl). 98: 

408-411.  

Roberts DCS, Phelan R, Hodges LM, Hodges MM, Bennett BA, Childers SR, et al. 

(1999). Self-administration of cocaine analogs by rats. Psychopharmacology. 144: 

389–397.  

Rogers RD, Robbins TW (2001). Investigating the neurocognitive deficits associated 

with chronic drug misuse. Curr Opin Neurobiol. 11: 9020-9038.  

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0825


        79 
 

Roth ME, Carroll ME (2004). Sex differences in the escalation of intravenous cocaine 

intake following long- or short-access to cocaine self-administration. Pharmacol 

Biochem Behav. 78: 199-207. 

Rousseau GG, Baxter JD, Tomkins GM (1972). Glucocorticoid receptors: relations 

between steroid binding and biological effects. J Mol Biol. 67: 99-115. 

Russell SE, Rachlin AB, Smith KL, Muschamp J, Berry L, Zhao Z, Chartoff EH (2014). 

Sex differences in sensitivity to the depressive-like effects of the kappa opioid 

receptor agonist U-50488 in rats. Biol Psychiatry. 76: 213-222.  

Russo SJ, Festa ED, Fabian SJ, Gazi FM, Kraish M, Jenab S, Quiñones-Jenab (2003). 

Gonadal hormones differentially modulate cocaine-induced conditioned place 

preference in male and female rats. Neuroscience. 120: 523-533.  

Sanders G, Sjodin M, de Chastelaine M (2002). On the elusive nature of sex differences 

in cognition: hormonal influences contributing to within-sex variation. Arch Sex 

Behav 31: 145–152 

Sapolsky RM (1990). Stress in the wild. Sci Am. 262: 116-123.  

Sapolsky RM (2004). Is impaired neurogenesis relevant to the affective symptoms of 

depression? Biol Psychiatry. 56: 137-139.  

Sapolsky RM (2005). Review. The influence of social hierarchy on primate health. 

Science. 308: 648-652. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0875
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0880


        80 
 

Sapolsky RM, Romero LM, Munck AU (2000). How do glucocorticoids influence stress 

responses? Integrating permissive, suppressive, stimulatory, and preparative actions. 

Endocr Rev. 21: 55-89. 

Sherwin BB (2012). Estrogen and cognitive functioning in women: lessons we have 

learned. Behav Neurosci. 126: 123-127. 

Shieh KR, Yang SC (2008). Effects of estradiol on the stimulation of dopamine turnover 

in mesolimbic and nigrostriatal systems by cocaine- and amphetamine-regulated 

transcript peptide in female rats. Neuroscience. 154: 1589-1597. 

Shimizu K (2005). Studies on reproductive endocrinology in non-human primates: 

application of non-invasive methods. J Reprod Dev. 51: 1-13. 

Shimizu H, Bray GA (1993). Effects of castration, estrogen replacement and estrus cycle 

on monoamine metabolism in the nucleus accumbens, measured by microdialysis. 

Brain Res. 621: 200-206.  

Shively CA, Clarkson TB (1994). Social status and coronary artery atherosclerosis in 

female monkeys. Arterioscler Thromb. 14: 721- 726. 

Shively CA, Clarkson TB, Kaplan JR (1989). Social deprivation and coronary artery 

atherosclerosis in female cynomolgus monkeys. Atherosclerosis. 77: 69-76.  

Siegrist J, Marmot M (2004). Health inequalities and the psychosocial environment-two 

scientific challenges. Soc Sci Med. 58: 1463-1473. 

Sinha R (2008). Chronic stress, drug use, and vulnerability to addiction. Ann N Y Acad 

Sci. 1141: 105-130. 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0905
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0920


        81 
 

Siqueland L, Crits-Christoph P, Gallop R, Barber JP, Griffin ML, Thase ME, Daley D, 

Frank A, Gastfriend DR, Blaine J, Connolly MB, Gladis M (2002). Retention in 

psychosocial treatment of cocaine dependence: predictors and impact on outcome. Am 

J Addict. 11: 24-40. 

Smith MA (2012). Peer influences on drug self-administration: social facilitation and 

social inhibition of cocaine intake in male rats. Psychopharmacology (Berl). 224: 81-

90. 

Sofuoglu M, Dudish-Poulsen S, Nelson D, Pentel PR, Hatsukami DK (1999). Sex and 

menstrual cycle differences in the subjective effects from smoked cocaine in humans. 

Exp Clin Psychopharmacol. 7: 274-283. 

Sofuoglu M, Babb DA, Hatsukami DK (2002). Effects of progesterone treatment on 

smoked cocaine response in women. Pharmacol Biochem Behav. 72: 431-435. 

Sofuoglu M, Mitchell E, Kosten TR (2004). Effects of progesterone treatment on cocaine 

responses in male and female cocaine users. Pharmacol Biochem Behav. 78: 699-705.  

Solinas M, Thiriet N, Chauvet C, Jaber M (2010). Prevention and treatment of drug 

addiction by environmental enrichment. Prog Neurobiol. 92: 572-592.  

Spronk DB, van Wel JH, Ramaekers JG, Verkes RJ (2013). Review. Characterizing the 

cognitive effects of cocaine: a comprehensive review. Neurosci Biobehav Rev. 37: 

1838-1859. 

Stairs DJ, Bardo MT (2009). Neurobehavioral effects of environmental enrichment and 

drug abuse vulnerability. Pharmacol Biochem Behav. 92: 377-382. 



        82 
 

Starcke K, Brand M (2012). Decision making under stress: a selective review. N eurosci 

Biobehav Rev. 36: 1228-1248. 

Strickland TL, Mena I, Villanueva-Meyer J, Miller BL, Cummings J, Mehringer CM, et 

al. (1993). Cerebral perfusion and neuropsychological consequences of chronic 

cocaine abuse. J Neuropsychiatry Clin Neurosci. 5: 419-427.  

Substance Abuse and Mental Health Services Administration. (2014). Results from the 

2013 National Survey on Drug Use and Health: Summary of National Findings 

(Office of Applied Studies, NSDUH Series H-48, HHS Publication No. SMA 14-

4863). Rockville, MD. 

Takahashi T, Ikeda K, Ishikawa M, Tsukasaki T, Nakama D, Tanida S, Kameda T 

(2004). Social stress-induced cortisol elevation acutely impairs social memory in 

humans. Neurosci Lett. 363: 125-130.   

Tan KS, Nackley AG, Satterfield K, Maixner W, Diatchenko L, Flood PM (2007). Beta2 

adernergic receptor activation stimulates pro-inflammatory cytokine production in 

macrophages via PKA- and NF-kappaB-independent mechanisms. Cell Signal. 19: 

251-260.  

Tandon OP, Chintala,R (2001). Hypothalamo-pituitary-gonadal axis in control of female 

reproductive cycle. Indian J Physiol Pharmacol. 45: 395-407. 

Teichner G, Horner MD, Harvey RT (2001). Neuropsychological predictors of the 

attainment of treatment objectives in substance abuse patients. Intern J Neurosci. 106: 

253-263.  



        83 
 

Thompson TL, Moss RL (1994). Estrogen regulation of dopamine release in the nucleus 

accumbens: genomic- and nongenomic-mediated effect. J Neurochem. 62: 1750-1756. 

Tomasi D, Goldstein RZ, Telang F, Maloney T, Alia-Klein N, Caparelli EC, Volkow ND  

(2007). Widespread disruption in brain activation patterns to a working memory task 

during cocaine abstinence. Brain Res. 1171: 83-92.  

Turner TH, LaRowe S, Horner MD, Herron J, Malcolm R (2009). Measures of cognitive 

functioning as predictors of treatment outcome for cocaine dependence. J Subst Abuse 

Treatment 37: 328-334.  

Vallone, D., Picetti, R., Borrelli, E. (2000). Structure and function of dopamine receptors. 

Neurosci Biobehav Rev. 24: 125-132.  

van der Plas EA, Crone EA, van den Wildenberg WP, Tranel D, Bechara A (2009). 

Executive control deficits in substance-dependent individuals: a comparison of 

alcohol, cocaine, and methamphetamine and of men and women. J Clin Exp 

Neuropsychol. 31: 706-719. 

Verdejo-Garcia A, Bechara A, Recknor EC, Perez-Garcia M (2006). Executive 

dysfunction in substance dependent individuals during drug use and abstinence: an 

examination of the behavioral, cognitive and emotional correlates of addiction. J Int 

Neuropsychol Soc. 12: 405-415.  

Verdejo-Garcia A, Perez-Garcia M (2007). Profile of executive deficits in cocaine and 

heroin polysubstance users: common and differential effects on separate executive 

components. Psychopharmacology (Berl). 190: 517-530.  



        84 
 

Viau V, Meaney MJ (1991). Variations in the hypothalamic-pituitary-adrenal response to 

stress during the estrous cycle in the rat. Endocrinology. 129: 2503-2511. 

Volkow ND, Fowler JS, Wang GJ, Hitzemann R, Logan J, Schlyer DJ, et al. (1993). 

Decreased dopamine D2 receptor availability is associated with reduced frontal 

metabolism in cocaine abusers. Synapse 14: 169-177.  

Volkow ND, Fowler JS, Wang GJ, Swanson JM (2004). Dopamine in drug abuse and 

addiction: results from imaging studies and treatment applications. Mol Psychiatry. 9: 

557-569. 

Voytko ML (1999). Impairments in acquisition and reversals of two-choice 

discriminations by aged rhesus monkeys. Neurobiol Aging 20: 617-627.  

Wagner FA, Anthony JC (2007). Male-female differences in the risk of progression from 

first use to dependence upon cannabis, cocaine, and alcohol. Drug Alcohol Depend. 

86: 191-198. 

Walker QD, Ray R, Kuhn CM (2006). Sex differences in neurochemical effects of 

dopaminergic drugs in rat striatum. Neuropsychopharmacology. 31: 1193-1202. 

Weed MR, Bryant R, Perry S (2008). Cognitive development in macaques: attentional 

set-shifting in juvenile and adult rhesus macaques. Neurosci. 157: 22-28.  

Weed MR, Taffe MA, Polis I, Roberts AC, Robbins TW, Koob GF, Bloom FE, Gold LE 

(1999). Performance norms for a rhesus monkey neuropsychological testing battery: 

acquisition and long-term performance. Cogn Brain Res. 8: 185-201.  

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0980
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0985


        85 
 

Weed MR, Woolverton WL, Paul IA (1998). Dopamine D1 and D2 receptor selectivities 

of phenylbenzazepines in rhesus monkey striata. Eur J Pharmacol. 361: 129–142.  

Weerts EM, Fantegrossi WE, Goodwin AK (2007). The value of nonhuman primates in 

drug abuse research. Exp Clin Psychopharmacol 15: 309-327.  

Weiss RD, Martinez-Raga J, Griffin ML, Greenfield SF, Hufford C (1997). Gender 

differences in cocaine dependent patients: a 6 month follow-up study. Drug Alcohol 

Depend. 44: 35-40. 

Weiss SR, Kung HC, Pearson JL (2003). Emerging issues in gender and ethnic 

differences in substance abuse and treatment. Curr Womens Health Rep. 3: 245-253. 

Westermeyer J, Boedicker AE (2000). Course, severity, and treatment of substance abuse 

among women versus men. Am J Drug Alcohol Abuse. 26: 523-535. 

Wilkinson RG (2000). The need for an interdisciplinary perspective on the social 

determinants of health. Health Econ. 9: 581-583.  

Wilson FA, Riches IP, Brown MW (1990). Hippocampus and medial temporal cortex: 

neuronal activity related to behavioral responses during the performance of memory 

by primates. Behav Brain Res. 40: 7-28.  

Wise RA (2004). Rewards wanted: Molecular mechanisms of motivation. Discov Med. 4: 

180-186.   

Wohleb ES, Hanke ML, Corona AW, Powell ND, Stiner LM, Bailey MT, Nelson RJ, 

Godbout JP, Sheridan JF (2011). Beta-Adrenergic receptor antagonism prevents 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb2125


        86 
 

anxiety-like behavior and microglial reactivity induced by repeated social defeat. J. 

Neurosci. 31: 6277-6288.  

Woicik PA, Moeller SJ, Alia-Klein N, Maloney T, Lukasik TM, Yeliosof O, Wang GJ, 

Volkow ND, Goldstein RZ (2009). The neuropsychology of cocaine addiction: recent 

cocaine use masks impairments. Neuropsychopharmacol. 34: 1112-1122.  

Woolverton WL, Nader MA (1990). Experimental evaluation of the reinforcing effects of 

drugs. in Modern Methods in Pharmacology: Testing and Evaluation of Drugs of 

Abuse. (Adler MW and Cowans A eds) pp 165-192, Wiley-Liss, Inc., New York.  

Wu LT, Blazer DG, Patkar AA, Stitzer ML, Wakim PG, Brooner RK (2009). 

Heterogeneity of stimulant dependence: a national drug abuse treatment clinical trials 

network study. Am J Addict. 18: 206-218. 

Wuttke W, Arnold P, Becker D, Creutzfeldt O, Langenstein S, Tirsch W (1975). 

Circulating hormones, EEG, and performance in psychological tests of women with 

and without oral contraceptives. Psychoneuroendocrinology. 1: 141-151. 

Xiao L, Becker JB (1994). Quantitative microdialysis determination of extracellular 

striatal dopamine concentration in male and female rats: effects of estrous cycle and 

gonadectomy. Neurosci Lett. 180: 155-158.  

Young EA, Kwak SP, Kottak J (1995). Negative feedback regulation following 

administration of chronic exogenous corticosterone. J Neuroendocrinol. 7: 37-45. 

Young EA (1996) Sex difference in response to exogenous corticosterone: a rat model of 

hypercortisolemia. Mol Psychiatry. 1: 313-319.  

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb1040
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb1060
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb1065


        87 
 

Young EA, Altemus M, Parkison V, Shastry S (2001). Effects of estrogen antagonists 

and agonists on the ACTH response to restraint stress in female rats. 

Neuropsychopharmacology. 25: 881-891. 

Zhang D, Yang S, Yang C, Jin G, Zhen X (2008). Estrogen regulates responses of 

dopamine neurons in the ventral tegmental area to cocaine. Psychopharmacology 

(Berl). 199: 625-635. 

Zhou W, Cunningham KA, Thomas ML (2002). Estrogen regulation of gene expression 

in the brain: a possible mechanism altering the response to psychostimulants in female 

rats. Brain Res Mol Brain Res.100: 75-83. 

Zimmerman E, Parlee MB (1973). Behavioral changes associated with the menstrual 

cycle: an experimental investigation. J Appl Soc Psychol. 3: 335-344. 

 

 

 

 

 

 

 

 

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb1070
http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb1100


        88 
 

 

CHAPTER II 

 

 

RELATIONSHIP BETWEEN ESTRADIOL AND PROGESTERONE 

CONCENTRATION AND COGNITIVE PERFORMANCE IN NORMALLY 

CYCLING FEMALE CYNOMOLGUS MONKEYS 

 

Sarah A Kromrey, Paul W. Czoty, Michael A. Nader 

 

 

 

 

 

 

The following manuscript has been accepted to Hormones and Behavior April 2015. 

Stylistic variations are due to the requirements of the journal. Sarah A. Kromrey 

performed the experiments, analyzed the data and prepared the manuscript. Paul W. 

Czoty and Michael A. Nader acted in an advisory and editorial capacity. 



        89 
 

Abstract  

Preclinical studies have demonstrated that cognitive function may be influenced 

by estradiol (E2) and progesterone (P4) concentrations, although few cognition studies 

involve normally cycling females. The present study examined cognitive performance in 

normally cycling female cynomolgus macaques (n=14), a species with similarities to 

humans in brain organization and a nearly identical menstrual cycle to women. Initial 

assessments compared cognitive measures to circulating concentrations of E2 and P4 

(n=12). Once a relationship was characterized between hormones and cognitive 

performance, the menstrual cycle was divided into 4 distinct phases: early follicular (EF), 

late follicular (LF), early luteal (EL) and late luteal (LL), verified by the onset of menses 

and serum concentrations of E2 and P4. Concentrations of E2 were highest during the 

LF phase and P4 concentrations peaked during the EL phase. All monkeys were trained 

on two cognitive tasks: reversal learning, involving simple discrimination (SD) and 

reversal (SDR), which measured associative learning and behavioral flexibility, 

respectively (n=3-4 per phase) and a delayed match-to-sample (DMS) task which 

assessed working memory (n=11). P4 concentrations were positively correlated with 

number of trials and errors during SD performance, but not during acquisition of the SDR 

task or maintenance of the reversal-learning task. Across the menstrual cycle, 

significantly fewer errors were made in the SDR task during the LF phase, when E2 

concentrations were high and P4 concentrations low. Working memory, assessed with 

the DMS task, was not consistently altered based on previously characterized menstrual 

cycle phases. These findings demonstrate a relationship between P4, E2 and cognitive 

performance in normally cycling cynomolgus monkeys that is task dependent. 

Knowledge of these interactions may lead to a better understanding of sex-specific 

cognitive performance.     
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INTRODUCTION 

Executive function is largely responsible for the flexible adaptation to changes in the 

environment and encompasses a number of distinct tasks that involve the prefrontal 

cortex (PFC), frontostriatal networks and hippocampus. Executive function can be 

objectively measured by studying tasks that assess reinforcement learning in which 

behavior is shaped by stimulus-outcome associations (Eisenegger et al., 2014). 

Executive function includes 1) monitoring and adapting to cues relevant to a current goal 

and discarding/suppressing irrelevant information, 2) shifting, the ability to redirect focus 

between multiple modalities or tasks, and 3) inhibition, the ability to suppress or withhold 

a preplanned or impulsive response (see Miyake et al., 2000; Gould and Nader, 2015). 

It has been known for some time that sex differences exist in cognitive performance, 

with women performing better on verbal tasks while men have better visuospatial skills 

(cf. Baros et al., 2015). When studying females, these sex differences may be attributed 

to fluctuations in estradiol (E2) and progesterone (P4). Hampson (1990) tested the 

hypothesis that at certain points in the menstrual cycle, hormone fluctuations in women 

would facilitate performance over males by studying performance on a series of 

cognitive tests in normally cycling women. In that study, women were tested twice on a 

battery of six cognitive and motor measures; testing occurred approximately 6 weeks 

apart, once to coincide with menses and the other during the preovulatory elevation of 

E2. Performance on spatial ability tasks was better during menses, when E2 and P4 

concentrations are low, than during the preovulatory phase, while women performed 

better on motor tasks during the preovulatory phase compared to menses. In fact, they 

reported a curvilinear relationship between E2 concentrations and cognition. Although 
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they did not measure P4 concentrations, this study highlights the task-dependent nature 

of E2 (and perhaps P4) effects on cognition (see Lacreuse et al., 2015). In a recent 

review on the role of P4 in cognition, Baros et al. (2015) divide the review into studies 

that show detrimental effects and those that show positive effects. One of the limitations 

noted in that review was the lack of preclinical studies in normally cycling animals.  

Female subjects are typically under-utilized in neuroscience research, partly due to 

changes in neurochemistry, neurohormones and behavior across the menstrual cycle. 

As mentioned above, there is evidence for differences in cognitive performance across 

the menstrual cycle (Drake et al., 2000; Lacreuse et al., 2001; Maki et al., 2002; 

Rosenberg and Park, 2002). In normally cycling women, the mechanism mediating 

interactions between menstrual cycle phase and cognition has been associated with E2 

and P4 concentrations in specific brain regions (e.g., McEwen and Alves, 1999; 

Osterlund et al., 2000; Milad et al., 2010; Zhang et al., 2010; He et al., 2011; see 

Toffoletto et al., 2014 for review), stress pathways (e.g., Felmingham et al., 2012) and 

neurotransmitters. For example, clinical observations suggest that E2 fluctuations 

interact with dopamine (DA) to exert powerful effects on mood, mental state, behavior 

and memory (Fink et al., 1996; Carroll and Anker, 2010; Van Voorhees et al., 2012; 

Manovani and Fucic, 2014). Consistent with these findings, PET studies in female 

monkeys have shown significantly higher brain DA D2/D3 receptor availability in the 

luteal phase compared to the follicular phase of the menstrual cycle (Czoty et al., 2009). 

Less is known about the mechanism by which P4 may interact with the DA system or 

cognitive performance (van Wingen et al., 2008), but allopregnanolone, an active 

metabolite of progesterone, has been shown to influence GABA neurotransmission (see 

Baros et al., 2015).   

The present study examined the effects of fluctuations in E2 and P4 concentration on 

cognitive performance in 14 normally cycling female cynomolgus monkeys. Old World 
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monkeys share many characteristics with humans in terms of endocrine physiology, 

cognition, neuroanatomy and a complex social hierarchy (Lacreuse and Herndon, 2002; 

Phillips et al., 2014; Lacreuse et al., 2015) and they have an approximate 28-day 

menstrual cycle with similar fluctuations of E2 and P4 as observed in women (Appt, 

2004). After initial assessment of E2 and P4 concentrations over 3 months in each 

monkey, they were trained on two cognitive tasks and performance was evaluated in 

relation to hormonal concentrations. The first task assessed associative learning using a 

simple discrimination (SD) and behavioral flexibility (simple discrimination reversal; 

SDR), while the second task assessed working memory using a delayed match-to-

sample (DMS) task. Based on findings suggesting improved cognition when E2 

concentrations are high (Maki et al., 2002; Hatta and Nagaya, 2009), we hypothesized 

that a direct relationship would be revealed between learning and performance of the 

SD/SDR and DMS tasks and E2 concentrations, such that higher E2 concentrations (i.e., 

late follicular phase) would be associated with improved performance on both tasks. It is 

less clear how P4 concentrations would influence performance since some studies show 

high P4 is detrimental (Bimonte-Nelson et al., 2004) while others show high P4 (and high 

E2) lead to enhanced cognitive performance (Hatta and Nagaya, 2009). To examine 

whether phase-of-cycle influence on cognitive performance persisted following 

acquisition, performance was assessed for three consecutive months with re-exposure 

to the reversal-learning task using novel stimuli. We hypothesized that any observed 

differences in the SD/SDR task would dissipate in subsequent months based on 

previous studies that demonstrated rapid improvement on this task with repeated 

exposures (Kromrey et al., 2015).  

 

MATERIALS AND METHODS 
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Subjects. Fourteen drug-naïve pair-housed adult female cynomolgus macaques 

(Macaca fascicularis) served as subjects (Table 1). Each monkey was fitted with an 

aluminum collar (Primate Products, Redwood City, California) and trained to sit in a 

standard primate chair (Primate Products). Monkeys were weighed weekly and feed 

enough fresh fruit and food (Nestle Purina PetCare Company, St. Louis, Missouri) to 

maintain healthy body weights as determined by physical appearance and veterinary 

exams; water was available ad libitum in the home cage which measured 0.71 x 1.68 x 

0.84 m (Allentown Caging Inc., Allentown, New Jersey). All animals had a behavioral 

history of operant responding maintained by sucrose pellets but no drug history. A 

subset of these monkeys was included as a control group in a previous publication 

(Kromrey et al., 2015), but no approach was taken in that publication to address 

hormonal effects on cognition. Environmental enrichment was provided as outlined in the 

Institutional Animal Care and Use Committee’s Non-Human Primate Environmental 

Enrichment Plan. All experimental procedures were performed in accordance with the 

2011 National Research Council Guidelines for the Care and Use of Mammals in 

Neuroscience and Behavioral Research and were approved by the Wake Forest 

University Institutional Animal Care and Use Committee.  

    

Verification of hormonal fluctuation across cycle. Blood sampling occurred in 12 of 

the 14 monkeys (see Table 1). Two of the monkeys included in the cognitive 

assessments were previously on a different study and were not trained for serum 

collection. Monkeys were trained to sit calmly in a primate chair in a quiet room, while 

~3-mL blood sample was collected from the femoral vein. Blood draws occurred every 

other day across three consecutive menstrual cycles. E2 and P4 concentrations were 

performed using a Roche Diagnostics (Indianapolis, IN) Cobas-e411 assay instrument at 

the Endocrine Services Laboratory at the Oregon National Primate Research Center. 
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The assay sensitivity ranges were 5-4250 pg/ml for E2 and 0.035-59 ng/ml for P4. Intra- 

and inter-assay variation with the Roche Cobas-e411 is consistently less than 6% for E2 

and P4. Four phases of the menstrual cycle were defined by counting backwards from 

menses and mean concentration of E2 and P4 during these phases were used to 

confirm menstrual cycle phase. These phases included early follicular (EF, menstrual 

cycle days 1-7), late follicular (LF, menstrual cycle days 8-14), early luteal (EL, 

menstrual cycle days 15-21) and late luteal (LL, menstrual cycle days 22- menstruation). 

Concentrations of P4 and E2 across the four-cycle phases were analyzed using 

separate one-way analyses of variance (ANOVA). Significant main effects were followed 

by post-hoc Tukey test.  

 

Cognitive assessments. Cognitive testing was conducted 5 to 7 days per week 

between 9:00 am and 12:00 pm using the Cambridge Neuropsychological Test 

Automated Battery apparatus (CANTAB; Lafayette Instruments, Lafayette, Indiana) as 

described previously (Gould et al., 2012, 2013; Kromrey et al., 2015). Monkeys were first 

trained on the SD/SDR task and following completion of Experiment 1 (see below) 

trained on the DMS task with maintenance of performance on the SD/SDR assessed no 

more than once per week. Animals completed a maximum of 200 trials in the SD/SDR 

task and 80 trials in the DMS task. Only one task was assessed per behavioral session. 

For the SD/SDR task, total session length depended on task performance, as sessions 

terminated once reversal criteria were met or a maximum of 200 trials were completed 

(see below). In the DMS task, each animal completed 80 trials, divided up into three 

delay lengths (short, medium and long) which were performance based (see below), 

therefore the total session length varied between animals but was typically one hour. 
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Experiment 1. Influence of E2 and P4 concentrations on acquisition and 

maintenance of a reversal-learning task.   

SD/SDR task: Acquisition. In the SD task, three geometric shapes (A, B, C) appeared in 

a horizontal row across the center of the screen while a light above the food pellet 

dispenser was illuminated. A response on one shape (A+) resulted in delivery of a 190-

mg food pellet, illumination of a light inside the pellet dispenser and a 7-second inter-trial 

interval (ITI) during which the monkey retrieved and ate the food pellet. During the ITI, 

the light above the pellet dispenser was turned off. Responding on either of the other two 

shapes (B-, C-) resulted in a 10-second timeout (TO), followed by a 7-second ITI. During 

the TO the light above the pellet dispenser remained lit but no reinforcer was delivered. 

Shapes were pseudo-randomly distributed throughout the three possible positions on the 

screen with a maximum of 200 trials per day. Acquisition of the SD was defined as 18 

correct responses out of the previous 20 completed trials. Once the acquisition criterion 

was met, the contingencies were altered in the SDR phase so that responding on the 

previously correct shape was incorrect (i.e., A-) while a response on one of the previous 

incorrect shapes was now the correct response (i.e., B+). The third shape, which was 

incorrect in the SD phase, remained incorrect in the SDR phase (i.e., C-). The same 

consequence for responding on the correct or incorrect stimuli and the same criterion for 

acquisition used in the SD phase was used in the SDR phase. Since initial acquisition of 

the task can only occur once, the 14 monkeys were randomly distributed across the four 

phases for the initial exposure to the task (EF, n=3; LF, n=4; EL, n=3; LL, n=4; see Table 

2).  

Data Analysis: The primary dependent variables were the total number of trials to 

criterion, the number of errors committed, and the number of omitted trials to acquisition 

during the SD and SDR tasks. Response and pellet-retrieval latencies were also 

recorded. Perseverative errors were calculated for the SDR task, defined as responses 
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on the stimulus that had been reinforced in the SD phase (A-). Incorrect responses on 

the stimulus that had not been reinforced in the SD phase (C-) were termed seeking 

errors. Multiple linear regressions were used to assess the relationship between E2 and 

P4 concentrations when acquisition occurred and the dependent variables of the 

reversal-learning task (i.e., total trials, errors, perseverative errors and omissions). Two-

way ANOVAs were conducted using phase of cycle (EF, LF, EL, LL) and task phase 

(SD, SDR) as factors. Significant main effects were followed by post-hoc Fishers LSD 

tests. Multiple Pearson correlations were used to assess the relationship between mean 

E2 and P4 concentrations for the phase when acquisition occurred and the dependent 

variables of the reversal learning task (i.e., total trials, errors, perseverative errors and 

omissions). Because the data were not normally distributed, distributions were 

normalized with a square-root transformation to better comply with the assumptions of 

parametric analysis (Roberts et al., 1988; Wright et al., 2013). In all cases, differences 

were considered statistically significant at p < 0.05. 

 

SD/SDR task: Maintenance of performance. Once all monkeys acquired the SD/SDR 

task, they were tested once each week for three months. On the other days of the week 

animals responded on the DMS task or no cognitive testing occurred. Shapes were 

presented in non-overlapping sets of three; the set of shapes used during each testing 

session was randomly selected from the “CAMCOG 0” list associated with the CANTAB 

system and was not re-used throughout this experiment. Task completion criteria were 

identical to those described above. Two monkeys stopped cycling regularly and two 

others were moved to another study, therefore the number of animals that completed 

testing for all three months decreased to 10 monkeys. For this experiment, each monkey 

was tested at each of the four phases of the cycle (EF, LF, EL, LL). Blood samples were 

not collected during this maintenance portion of the task. The within-subject variability in 
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sex hormone concentrations month-to-month in premenopausal subjects was not 

expected to be high considering previous investigations in women (Gann et al., 2001; 

Chatterton et al., 2005). Consistent with these reports, prior sampling of hormone 

concentrations in a subset of monkeys across 3 months did not significantly differ month-

to-month (data not shown). Dependent variables included the total number of trials to 

criterion, the number of errors committed and the number of omitted trials to acquisition 

during the SD and SDR tasks. Three-way ANOVAs were conducted using cycle phase 

(EF, LF, EL, LL), stage of task (SD, SDR), and month as factors; significant main effects 

were followed by post-hoc Fishers LSD tests.  

 

Experiment 2. Effects of menstrual cycle phase on DMS performance. In this task, a 

target image appeared on the screen and, following a response on the target, three 

images appeared after a 0 or 1 second delay. A response on the previously displayed 

image resulted in delivery of a 190-mg food pellet. A response on either of the other two 

images resulted in a 10-second time out and no pellet delivery. Once percent accuracy 

reached 80% for 3 consecutive days with this short delay, trials with gradually higher 

delays were included. Delay values were adjusted until task performance met 

predetermined criteria: short delay, >78% accuracy; middle delay, 55%-78% accuracy; 

long delay <55% accuracy (see Table 1 for short-, medium- and long-delay values for 

each monkey). Delays were randomly presented throughout each session so that there 

were ~27 trials per delay per session. DMS performance was deemed stable when 

accuracy at each delay length remained within these accuracy ranges for 5 consecutive 

days. Eleven of the 14 monkeys included in the analysis reached stability within 3 

months of training initiation; three monkeys did not reach the stability criteria within 6 

months and were therefore not included in statistical analysis (see Table 1). Once 

stability was reached, monkeys continued on the task at their individualized short-, 
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medium- and long-delay values for a minimum of 3 days per menstrual cycle phase (i.e., 

EF, LF, EL, LL).  

Data Analysis: The primary dependent variables were percent accuracy at each delay 

length, response latencies for target and match phases and pellet retrieval latencies. To 

compare baseline delay-effect curves between phases of the menstrual cycle a two-way 

repeated measures ANOVA with phase of cycle (EF, LF, EL, LL) and delay (short, 

medium, long) as factors was conducted. Significant main effects were followed by post-

hoc comparisons using Fisher’s LSD tests. 

In both experiments, effect sizes for ANOVAs were estimated by calculating eta 

squared for each significant result. For pairwise comparisons, Cohen’s d was calculated 

using an online calculator at 

http://www.campbellcollaboration.org/escalc/html/EffectSizeCalculator-SMD1.php. 

 

RESULTS 

Baseline E2 and P4 concentrations across the menstrual cycle. 

Blood sampling occurred every other day across three consecutive menstrual cycles in 

12 normally cycling female monkeys. Concentrations were measured and assigned a 

phase based on when menses was observed. A one-way repeated measures ANOVA 

comparing E2 concentrations across phases indicated that there was a significant main 

effect of menstrual cycle phase (F3,36 = 31.83; p<0.001; Fig. 1, open symbols; Eta 

squared = 0.59). Post-hoc comparisons revealed that E2 in the LF phase of the cycle 

was significantly higher than concentrations from all other phases (all p<0.001; Cohen’s 

d = 1.47 for all); none of the other three phases were significantly different from one 

another. There was also a significant main effect of menstrual cycle phase on P4 

concentrations (F3,36 = 64.86; p<0.001; Fig. 1, closed symbols; Eta squared = 0.75). 

Post-hoc comparisons indicated that all phases were significantly different from one 

http://www.campbellcollaboration.org/escalc/html/EffectSizeCalculator-SMD1.php
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another (all p<0.05; Cohen’s d: for EF vs EL, LF vs EL and EL vs LL = 1.47; for EF vs LL 

= 1.36; for LF vs LL = 0.97) except the LF vs. EF phases. 

 

Experiment 1. Influence of E2 and P4 concentrations on acquisition and 

maintenance of a reversal-learning task. 

SD/SDR task acquisition: E2 and P4 correlates. All the monkeys acquired the SD/SDR 

task within 7 days (mean 3 days ± 0.7 SEM) of initiation and therefore acquired within 

the same phase of the cycle as they were first exposed. Collapsed across all phases of 

the menstrual cycle, the mean number of total trials to meet criteria performance (F1,10 = 

10.86; p < 0.05; Eta squared = 0.15), the number of errors (F1,10 = 11.85; p < 0.05; Eta 

squared = 0.19) and the number of omissions (F1,10 = 14.49; p < 0.05; Eta squared = 

0.11) were significantly different in the SD compared to the SDR stage of the task (Table 

2). Linear regression (n=12) revealed a significant positive correlation between P4 

concentrations and the number of total trials (r = 0.63, p<0.05; Fig. 2B) and errors (r = 

0.66, p < 0.05; Fig. 2D) during the SD stage. In contrast, there was not a significant 

correlation between P4 concentrations and total trials and errors during the SDR task 

(Fig. 2F, 2H). E2 concentrations, while not statistically significant, were negatively 

associated with SD and SDR performance (Fig. 2, left panels).  

While there was not a significant correlation between E2 and P4 concentrations with 

SDR errors, using three stimuli in the SD/SDR task allowed for the determination of 

whether errors made in the SDR phase were perseverative. During the SD phase, 

monkeys made a similar number of errors on each incorrect stimulus, indicating that, 

prior to reversal, no stimulus bias existed (data not shown). During the SDR (Fig. 3), a 

main effect of error type was found (F1,10 = 26.11; p < 0.001; Eta squared = 0.21) and 

post-hoc tests revealed a significant difference between perseverative (i.e., A-) and 

seeking (i.e., C-) errors for the monkeys at all phases of the cycle except the LF phase 
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(all p < 0.05; Cohen’s d for EF = 2.47, for EL = 1.83; for LL = 3.05). Moreover, fewer 

perseverative errors were made during the LF phase of cycle compared to both the EF 

(p < 0.05; Cohen’s d = 1.75) and LL (p < 0.05; Cohen’s d = 1.77) phases.  

 

SD/SDR task maintenance. For the maintenance portion of these studies, after initial 

assessment of SD/SDR performance, monkeys were studied for 3 consecutive months 

on this task. A three-way ANOVA revealed a significant main effect of the task stage (SD 

vs. SDR) on the number of total trials (F1,231 = 7.96; p <  0.01; Eta squared =0.03), errors 

(F1,231 = 14.46; p < 0.01; Eta squared =0.05), and omissions (F1,231 = 3.87; p < 0.05; Eta 

squared =0.015) to criterion (data not shown). However, the positive relationship 

between P4 and SD performance did not extend to this period of maintenance (data not 

shown).    

 

Experiment 2. Effects of menstrual cycle phase on DMS performance. A two-way 

ANOVA revealed a significant main effect of delay value on performance accuracy (F2,60 

= 117.98; p < 0.001; Eta squared =0.71). There was no significant effect of menstrual 

cycle phase or an interaction between cycle phase and delay (Fig. 4). Response and 

pellet retrieval latencies were not significantly different across menstrual cycle phases 

(data not shown) nor were there significant interactions. 

 

DISCUSSION 

The goal of the present set of studies was to examine how fluctuations in estradiol 

and progesterone influence cognitive performance in drug-naïve, normally cycling 

female cynomolgus monkeys. Hormonal measures were assessed with serum 

concentrations of E2 and P4, which showed significant and orderly differences across 

the approximate 30-day menstrual cycle for three consecutive months. There was a 
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significant relationship between P4 concentrations and learning of a simple 

discrimination (SD) such that monkeys with high P4 concentrations required more trials 

and made more errors. There was no significant relationship between E2 concentrations 

and SD performance. However, assessment of behavioral flexibility with the reversal 

task (SDR) showed enhanced performance during the late follicular phase, which 

coincides with high circulating E2 concentrations. These initial relationships between 

hormonal concentrations and cognitive performance were not maintained when monkeys 

were retested on the SD/SDR task over 3 months nor were differences noted in working 

memory as assessed with DMS.  

Although some previous studies in normally cycling women did not show variation in 

cognitive performance across the menstrual cycle (Epting and Overman, 1998; Mordecai 

et al., 2008; Mihalj et al., 2014), others have demonstrated differences in working 

memory and verbal fluency when comparing luteal vs. follicular phases (Drake et al., 

2000; Maki et al., 2002; Rosenberg and Park, 2002). The majority of prior studies tested 

women only twice, in the early follicular and mid-luteal phase, and observed 

improvements in cognitive performance were typically attributed to elevated E2 

concentrations (Maki et al., 2002; Mordecai et al., 2008; Hatta and Nagaya, 2009), 

although measurements of E2 and P4 concentrations were not usually conducted. 

Furthermore, the interaction between menstrual cycle phase and cognitive performance 

appear to depend on the task assessed, the subject’s age and for studies in 

ovariectomized animals, the duration of hormone deprivation (Gogos et al., 2014). For 

example, researchers have shown that women perform better in tasks involving verbal 

fluency, speed and fine motor skills during time points when E2 and P4 concentrations 

are high (Hampson 1990; Drake et al., 2000; Maki et al., 2002; Rosenberg and Park, 

2002; Yonker et al., 2003), whereas when concentrations of these hormones were low 

they performed better in tasks involving spatial ability, target-directed motor tasks and 
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mathematical reasoning (Hampson 1990; Hausmann et al., 2000; Postma et al., 2000). 

One advantage of an automated system such as CANTAB is that different memory tasks 

(e.g., behavioral flexibility and working memory) can be studied using the same motor 

components, thereby eliminating a potential confounding variable.  

In order to better understand the relationships between normal fluctuations in E2 and 

P4 concentrations in normally cycling females and task sensitivity, two different cognitive 

tasks were used. The SD/SDR task measure executive function and behavioral flexibility 

(see Gould and Nader, 2015), which are believed to be mediated through the 

orbitofrontal cortex, medial striatum and ventrolateral prefrontal cortex (cf. Lacreuse et 

al., 2014). Lacreuse et al. (2014) reported a direct relationship between E2 

concentrations and poor performance. That is, exogenously administered E2 to 

ovariectomized monkeys resulted in more errors during the reversal phase. In the 

present study, while E2 concentrations were not significantly related to SD performance, 

there was a relationship between E2 concentrations and errors during the reversal 

phase (SDR) of the task, with monkeys acquiring the reversal faster in the late follicular 

phase when E2 concentrations are highest. The differences in results may be due to the 

study of normally fluctuating E2 concentrations vs. the treatment regimen utilized when 

E2 is administered exogenously (see Lacreuse et al., 2014 for discussion).  

An advantage of studying normally cycling female monkeys is that we can assess 

both E2 and P4 concentrations on cognitive performance. During the follicular phase, E2 

concentrations were elevated while P4 concentrations were low, and under SD 

conditions, low P4 was associated with enhanced cognitive performance. Thus, it could 

be argued that elevations in E2 concentrations do not produce cognitive enhancement, 

but rather luteal increases of P4 concentrations may hinder cognitive performance. We 

found a direct relationship between P4 concentrations and the acquisition of a simple 

discrimination, such that monkeys with higher P4 concentrations performed worse than 
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those with lower concentrations. The present findings are consistent with human data 

where women administered a high dose of P4 performed more poorly on a delayed-

recall and digit symbol substitution test (Freeman et al., 1993). Additionally, in 

ovariectomized rats, P4 administration resulted in compromised performance on a 

radial-arm maze task (Bimonte-Nelson et al., 2004). The role of P4 and memory has 

recently been reviewed (for review see Barros et al., 2015) and it is proposed that 

impairments are due to the relationship between P4 and GABAergic transmission. 

Specifically, certain metabolites of P4, such as allopregnanolone (3-alpha-hydroxy-

5alpha-pregnan-20-one), which have direct actions at the GABAA receptor complex, alter 

the balance between excitatory and inhibitory functions of the central nervous system 

(Amin et al., 2006). These GABAA receptors may also be related to the hormonal 

fluctuations across the menstrual or estrous cycle, since expression of these receptors is 

enhanced during phases when P4 peaks (for review, see Schumacher et al., 2014). 

The present findings are consistent with other studies indicating that the influence of 

hormonal concentrations on cognitive performance is task specific (e.g., Islam et al., 

2008). In fact, Barros et al. (2015) highlight the possibility that increases in P4 

concentration that occur either before or after task performance can result in either 

enhancement or disruption of cognition. The study of normally cycling females on tasks 

that required several days to achieve stable performance, as done in the present study, 

controls for this mediating factor. With regard to E2 concentrations and task specificity, 

one possibility is that E2 influences cognitive function involving tasks reliant on the PFC, 

through the DA system (Shansky and Lipps, 2013). It is known that DA is critical for 

cognitive function (Arnsten, 2011) and E2 has been shown to increase the number of DA 

projections from the VTA to the PFC (Kritzer and Creutz, 2008) as well as enhance 

extracellular DA concentrations (Xiao and Becker, 1994). Our findings that high E2 

concentrations during the LF phase of the menstrual cycle did not result in significantly 

javascript:void(0);
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more perseverative responding offers indirect evidence for the involvement of DA in 

cognitive flexibility. The interaction of the DA system and perseverative responding is 

widely cited (Jentsch et al., 2002; Woicik et al., 2011; Vogel et al., 2013; Eagle et al., 

2014), although to our knowledge, this is the first study to measure perseverative 

responding in normally cycling female monkeys.   

Only one other study by Lacreuse and colleagues (2001) used direct hormonal 

measures to investigate whether cognitive performance fluctuated across the menstrual 

cycle in nonhuman primates. In that study, monkeys performed significantly better on a 

spatial delayed recognition span test during phases of the cycle when estrogen 

concentrations were low and no significant differences in a DMS task (Lacreuse et al., 

2001). The lack of menstrual cycle effect on DMS performance in the present study is 

consistent with these results. The fact that phases when E2 concentrations are high 

were associated with fewer perseverative errors during the SDR task, but not working 

memory deficits during the DMS task may be due to different functional effects of E2 in 

different brain areas. For example, reversal learning is a PFC-dependent task and is 

highly influenced by DA signaling (Floresco and Magyar, 2006). Considering that E2 

alters several aspects of the DA system (Becker, 1990; Jacobs and D’Esposito, 2011), 

this cognitive task may be particularly vulnerable to impairments and/or facilitation due to 

menstrual cycle phase. In contrast, the DMS task relies largely on the hippocampus. 

Although E2 receptors are found in the hippocampus (Quinlan et al., 2007), and E2 

alters brain morphology and physiology in this region (Brinton et al., 2000; Woolley, 

1999; Córdoba Montoya and Carrer, 1997), the functional significance of E2 in this 

region is yet to be fully understood. Our findings suggest that working memory as 

assessed with DMS may not be as susceptible to influence of natural hormonal 

fluctuation across the menstrual cycle as other tasks. That being stated, it should be 

noted that the extensive training required to establish a reliable delay curve in the DMS 
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task (on average 10 weeks) could account for the lack of menstrual cycle effect, since 

training occurs across all phases of the menstrual cycle. This possibility is supported by 

our findings that during maintenance of the reversal task, previously observed cycle 

effects are no longer evident. 

Although we assessed cognitive performance across the menstrual cycle, an inherent 

limitation of these studies is that cognitive performance takes time to assess and 

monkeys may be studied in more than one phase before stable cognitive performance 

has been achieved. We were careful to design the tasks (e.g., SD/SDR) so that 

performance could be assessed while monkeys remained in one phase (e.g., LF), but 

even then, E2 and P4 concentrations can fluctuate. For the DMS task, training 

necessarily occurs over multiple cycles, making it impossible to directly assess the role 

of E2 and P4 on acquisition of this working memory task. In summary, our findings in 

normally cycling Old World monkeys indicate that P4 concentrations influence 

acquisition of a simple discrimination while E2 concentrations during the LF phase of the 

menstrual cycle appear to be associated with enhanced learning of a reversal-learning 

task. However, working memory, as measured by the DMS task, did not fluctuate with 

menstrual cycle phase. These studies add to the literature on how natural hormonal 

fluctuations across the menstrual cycle, particularly P4 and E2 concentrations, can have 

profound behavioral effects, particularly in regard to cognitive performance, that are task 

dependent.   
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Table 1. Subject characteristics: weight (kg), age (years), average menstrual cycle length 

during serum collection (days) and the individual delay times in the DMS task (seconds). 

Subject Weight Age Average Menstrual Cycle 

Length 

Short Medium Long 

C-7905 4.0 5 29.67 3 15 35 

C-7902 2.8 5 27.67 3 25 50 

C-7664 2.9 6 30.33 2 25 40 

C-7591 3.1 6 33.33 2 15 40 

C-8202 2.4 6 32.67 1 15 35 

C-7558 3.0 5 28.33 3 30 45 

C-7460 4.0 8 33.67 1 15 30 

C-7442 2.9 8 ND 0 30 60 

C-7833 2.7 10 33.33 did not reach stability 

C-7436 3.4 8 ND did not reach stability 

C-7870 2.8 11 28.33 1 20 35 

C-7889 3.8 11 27.33 did not reach stability 

C-7964  2.6 5 31 3 15 25 

C-7595 3.1 5 30.33 3 15 35 

ND: Not determined; blood samples were not collected 
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Table 2. Phase of cycle for each subject when acquisition occurred, number of total trials, 

errors and omissions to SD and SDR criterion. 

Subject  Phase of 
cycle 

Total Trials Errors Omissions 

  SD SDR SD SDR SD SDR 

C-7905 EF 101 155 58 56 0 3 

C-7902 EF 48 604 10 454 1 21 

C-7664 EF 28 266 9 119 0 125 

C-7591 LF 59 61 13 32 0 0 

C-8202 LF 72 29 3 10 48 0 

C-7558 LF 25 45 7 19 1 0 

C-7460 LF 57 43 24 15 3 0 

C-7442 EL 32 215 12 77 0 120 

C-7833 EL 120 697 91 307 0 247 

C-7436 EL 112 81 36 44 0 0 

C-7870 LL 45 42 13 23 0 0 

C-7889 LL 236 449 79 281 3 66 

C-7964 LL 40 41 13 19 0 0 

C-7595 LL 314 520 154 313 50 50 

 

 

 

 

Figure 1.  Mean (±SEM) estrogen (E2) and progesterone (P4) concentrations across the 

four selected phases of the menstrual cycle (n=12 monkeys per point). 
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Figure 2.  Relationship between concentrations of estradiol (E2; left panels) and 

progesterone (P4; right panels) and performance on a simple discrimination (SD; panels 

A-D) and SD reversal (SDR; panels E-H) task. Ordinate: Number of total trials (A, B, C, 

D) and errors (E, F, G, H) required to meet criteria performance. Abscissa: left: E2 

concentrations (pg/ml); right: P4 concentrations (ng/ml). 
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     Figure 3.  Error distribution during acquisition of the reversal-learning task in the 

simple discrimination (SD; left) and discrimination reversal (SDR; right) stages of the 

reversal-learning task across the four phases of the menstrual cycle (n=14). Bars 

represent mean (±SD) number of error responses on each non-reinforced stimulus 

during the SD stage (left) and SDR stage (right). *, p < 0.05. 

 

 

     Figure 4.  Accuracy at short, medium, and long delays (n=11) during the four phases 

of the menstrual cycle. Points represent mean (±SD).  
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ABSTRACT 

Rationale: Physiological and behavioral differences between dominant and subordinate 

monkeys have been useful in investigating numerous disease states. It has been inferred 

that subordinate monkeys live in a context of chronic social stress and may be at risk for 

a variety of dysfunctions. Objective: To examine whether several phenotypic 

characteristics are trait markers for eventual social rank or are a consequence of the social 

context (i.e., state markers). Methods: Baseline measures of estrogen, progesterone, 

cortisol and testosterone concentration were obtained from 16 pair-housed female 

cynomolgus monkeys before and after the establishment of social hierarchies 

(n=4/group). Furthermore, effects of the initial week of social rank establishment on 

outcome measures of cognitive performance and home cage activity were examined. 

Results: Body weight and basal circulating estrogen were the only statistically significant 

predictors of eventual rank, with future subordinate monkeys being lighter and having 

higher estrogen concentrations. During initial hierarchy establishment, future subordinate 

monkeys had higher morning and afternoon cortisol concentrations, higher locomotor 

activity and impaired cognitive performance on a working memory task. Following stable 

hierarchy establishment (3 months), subordinate monkeys had blunted circulating 

estrogen and progesterone concentrations. Conclusion: These results, in female monkeys, 

indicate that estradiol may be a trait variable that predicts social rank, however basal 

cortisol and testosterone concentrations and HPA axis function are state variables that 

differentially reflect position in the dominance hierarchy. These data support the 

profound influence of social context on physiology and behavior.  
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INTRODUCTION 

Nonhuman primate social hierarchies have been used to study a range of human diseases 

including drug abuse, psychiatric diseases, reproductive dysfunction and the 

neurobiology of behaviors such as aggression and impulsivity (Kaplan et al., 1982; 

Cameron, 1997; Shively, 1998; Morgan et al., 2002; Riddick et al., 2009). The relative 

position that a monkey holds within a dominance hierarchy has been shown to have 

profound effects on susceptibility and resistance to diseases (Riddick et al., 2009; Kaplan, 

2008; Morgan et al., 2002; Sapolsky, 2005). For example, we have reported differences 

in vulnerability to the reinforcing effects of cocaine in dominant and subordinate 

monkeys that were attributed to their position in the dominance hierarchy (Morgan et al., 

2002; Nader et al., 2012b). The majority of studies assessing disease states as a function 

of social rank have retrospectively examined the effects of “state” variables, which are 

characteristics attributable to environmental circumstances. However, individuals may 

have pre-existing characteristics that underlie their likelihood of occupying a high or low 

social rank, known as “trait” variables. Information regarding both state and trait 

variables is critical to understanding the influence of environmental and social context on 

behavior and disease states.  

  Monkeys establish linear hierarchies based on outcomes of agonistic interactions 

(Kaplan et al., 1982). By defeating other members of the social group in competitive 

interactions, high-ranking or “dominant” monkeys gain priority access to particular 
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resources (Morgan et al., 2000). While an animal’s initial position within the hierarchy is 

obtained through contact aggression, most often subordinate status is maintained by the 

threat of aggression from more dominant animals (Bernstein and Gordon, 1974; 

Bernstein, 1976; Shively and Kaplan, 1984). In captivity, variables such as age and body 

weight have been shown to affect eventual social rank (Morgan et al., 2000; Riddick et 

al., 2009). In a study involving 20 individually housed male cynomolgus monkeys, body 

weights and locomotor activity in a novel environment, assessed prior to social housing, 

predicted eventual social rank, with heavier monkeys becoming the most dominant and 

those with higher levels of locomotor activity more likely to become subordinate 

(Morgan et al., 2000). A similar study in female cynomolgus monkeys showed that both 

higher cerebrospinal fluid (CSF) concentrations of the serotonin (5-HT) metabolite 5-

hydroxyindoleacetic acid (5-HIAA) and a lower latency to touch a novel object predicted 

the likelihood that a monkey would occupy a lower social rank (Shively et al., 1997; 

Shively, 1998; Riddick et al., 2009). Although previous investigations into locomotor 

activity as a rank predictor in females did not find a significant correlation (Riddick et al., 

2009), the present study utilized a different approach to assessing locomotor activity, in 

which activity was measured in the monkey’s homecage rather than a novel environment; 

these measures were also taken during formation of social groups to also examine activity 

as a state variable. Additionally, a functional outcome of this stress response might be 

impaired executive and/or cognitive function as observed in numerous mental health 

disorders (Millan et al., 2012; Chrousos, 2009). Therefore, our study assessed cognitive 

performance of a working memory task, during social rank establishment. 
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 It has been hypothesized that social subordination and dominance represent two 

ends of a continuum from chronically stressed to enriched, respectively (Nader et al., 

2012a). This continuum has remarkable predictive, face and construct validity (Nader and 

Czoty, 2005), which is important considering that chronic stress is a significant causal 

and sustaining risk factor in a number of adverse health outcomes (Sapolsky, 2005; 

McEwen, 2008; Juster et al., 2010). The hypothesis that social status differentially affects 

the physiology of the hypothalamic-pituitary-adrenal (HPA) axis is most commonly 

validated through the measure of serum cortisol. There does not seem to be a direct 

relationship between pre-social housing cortisol concentrations and eventual social rank 

in macaque hierarchies (Goo and Sassenrath, 1980; Morgan et al., 2000; Czoty et al., 

2009a). However, previous studies in male cynomolgus monkeys reported that while 

basal cortisol concentrations did not differ prior to social housing, future subordinate 

monkeys had significantly higher cortisol concentrations during initial social housing, 

although the effect dissipated within 3 days (Czoty et al., 2009a). The current study 

extended this characterization to newly formed social groups of female monkeys.  

The present study also extended this characterization to sex hormones: 

testosterone, estrogen and progesterone. In male monkeys, there is not a significant 

relationship between eventual social rank and testosterone concentrations (Rose et al., 

1975; Morgan et al., 2000; Czoty et al., 2009a). To the best of our knowledge, the current 

study is the first to utilize a within-subjects design to assess testosterone as a trait and 

state variable in female monkeys. Additionally, female cynomolgus monkeys have an 

approximate 28-day menstrual cycle with fluctuations in estrogen and progesterone 

concentrations across the cycle (Appt, 2004). However, prior to the present study, the 
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influence of basal estrogen and progesterone across the menstrual cycle on future social 

rank of female monkeys had not been investigated.  

METHODS 

Subjects. Sixteen adult female cynomolgus macaques (Macaca fascicularis) between 5 

and 11 years old served as subjects (Table 1). All monkeys were fitted with an aluminum 

collar (Primate Products, Redwood City, CA) and trained to sit in a standard primate 

chair (Primate Products). Monkeys were weighed weekly and fed enough fresh fruit and 

food (Purina LabDiet 5045, Brentwood, MO) daily to maintain healthy body weights 

(2.6-3.2 kg) as determined by physical appearance and periodic veterinary exams; water 

was available ad libitum in the home cage. Home cages were divided into four equal 

quadrants by removable partitions. Each quadrant measured 0.71 x 0.84 x 0.84 m 

(Allentown Caging Inc., Allentown, New Jersey) and allowed visual, auditory and 

limited tactile interactions. When pair housed, the vertical partitions were removed; when 

housed in groups of four monkeys, the two vertical and one horizontal partition was 

removed and monkeys occupied the entire cage (0.71 x 1.73 x 1.73 m). Environmental 

enrichment was provided as outlined in the Institutional Animal Care and Use 

Committee’s Non-Human Primate Environmental Enrichment Plan. All experimental 

procedures were performed in accordance with the 2011 National Research Council 

Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research 

and were approved by the Wake Forest University Institutional Animal Care and Use 

Committee. Three of the 16 subjects had previously been surgically prepared under 

sterile surgical conditions with an indwelling venous catheter in a femoral vein, which 
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was connected to a subcutaneous vascular access port (VAP; Access Technologies, 

Skokie, IL) as described previously (Czoty et al., 2005).  

Introduction of social housing conditions. All animals had previously been pair housed 

prior to social housing. Previously paired animals were not put into the same pen for the 

current study. The 16 monkeys were randomly assigned to four pens by weight, with the 

four heaviest monkeys designated to four separate pens, the next three heaviest randomly 

placed into those pens, and so on with the only additional exclusion variable being 

previous pair housing. The average weight of all subjects on the first day of social 

housing was 3.04 (range 2.6–3.7) kg and there were no significant differences in average 

body weight across pens. Initially, each monkey occupied one quadrant in their new pen 

and cage partitions remained in place, although monkeys were allowed visual, auditory 

and limited tactile contact with each future pen-mate. On the first day of social housing, 

three of the four partitions were removed, forming a “C” and allowing all four monkeys 

to be in direct contact with each other.   

At approximately 09.00 h on the first day of social housing, partitions were 

removed and social interactions were video recorded for the first two hours. For the next 

5 days, partitions were replaced at approximately 16.30 h and monkeys remained 

separated overnight. This precaution was taken to prevent injury occurring when 

laboratory personnel were not present. It is important to note that when monkeys were 

separated overnight all interactions other than physical (i.e., visual, olfactory and 

auditory) were maintained, as monkeys remained in close proximity. After the 

initial week, monkeys were socially housed overnight and separated each weekday 

morning, during which time monkeys were involved in cognitive behavioral sessions (see 
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below) and fed. They were socially housed each day beginning in the late afternoon 

(approximately 16.00 h). On weekends, pens were separated for 3 h for feeding. Thus, 

time spent socially housed was approximately 17 h per day on weekdays and 21 h per day 

on weekends. In rare cases of an injury that required veterinary care or other routine 

veterinary procedures, the injured monkey was individually housed until healed as 

determined by the veterinarian. 

Determination of ranks. From weeks 2 to 12 of social housing, two observers separately 

conducted a total of 22 observation sessions per pen. Each 15-min session began 

immediately after partitions were removed in the afternoon. Aggressive, submissive and 

affiliative behaviors during these observation sessions and previously recorded initial 2 

hours of social housing were recorded according to an ethogram described previously 

(Kaplan et al., 1991; Morgan et al. 2000) utilizing Noldus Observer software (Noldus 

Information Technology; Wageningen, The Netherlands). In these focal group sessions, 

both initiators and recipients of behaviors were recorded. The monkey in each pen 

aggressing towards all other monkeys and submitting to none was ranked no. 1 (most 

dominant). The monkey aggressing at everyone except the no. 1-ranked monkey and 

submitting only to the no. 1-ranked monkey was ranked no. 2, and so on. The monkey 

designated no. 4 displayed a low frequency of aggressive behaviors and submitted to all 

other monkeys in the pen. Thus, a transitive, linear hierarchy was established in each pen 

(see Morgan et al., 2000). 

Hormonal measures. Initial evaluations of basal cortisol, testosterone, estrogen and 

progesterone concentrations were performed when animals were pair-housed with no 

observable hierarchies in place between animals. These measures were repeated over the 
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course of 3 months of social housing. For assessing hormones across the menstrual cycle 

prior to social housing, blood draws occurred at approximately 09.00 h every other 

weekday across three menstrual cycles. The duration of the menstrual cycle was initially 

assessed by daily vaginal swabs over several months (see Kromrey et al., 2014). The first 

day of bleeding was accepted as menses and was counted as day 1 of the cycle. To obtain 

both pre- and post- social housing measures of estrogen, progesterone, cortisol and 

testosterone concentrations, monkeys were seated in a primate chair in a quiet room and 

trained to sit calmly while a ~3.0 mL blood sample was collected from the femoral vein 

and then centrifuged (Beckman Coulter, GPR Centrifuge) at 4 °C for 30 min at 3000 rpm. 

The serum was aspirated into an Eppendorf tube and stored at -70° C. Estrogen and 

progesterone concentrations were performed using a Roche Diagnostics (Indianapolis, 

IN) Cobas-e411 assay instrument at the Endocrine Services Laboratory at the Oregon 

National Primate Research Center. The assay sensitivity ranges were 5-4250 pg/ml for 

estrogen and 0.035-59 ng/ml for progesterone. Intra- and inter-assay variation with the 

Roche Cobas-e411 is consistently less than 6% for estrogen and progesterone. Cortisol 

and total testosterone concentrations were quantitated by RIA using commercially 

available kits (Coat-A-Count, Diagnostic Products Corp.). Assays were performed at the 

Clinical Chemistry and Endocrinology Laboratory at the Comparative Medicine Clinical 

Research Center, Wake Forest School of Medicine. Intra-assay coefficients of variation 

were less than 10% for these two assays. 

Experiment 1. Relationship between body weight, home cage activity and social rank. 

Each monkey was weighed approximately one week prior to social housing and a 

Spearman correlation was used to assess whether weight prior to social housing predicted 
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eventual rank. In order to quantify activity, each monkey was fitted with an Actical® 

(Phillips Respironics, Bend, OR) activity monitor, an omnidirectional accelerometer that 

measures the subject’s physical activity, secured to the collar. Activity was recorded in 

30-s epoch lengths (i.e., 2880 samples/day) as the total number of activity counts per 30 

seconds, 24 hours a day. For quantification of activity, data were downloaded and 

analyzed using Actical 3.0® (Phillips Respironics, Bend, OR). Only the period of activity 

during which the lights in the room were on (06.00 h-20.00 h) was analyzed. Monkeys 

had adapted to wearing the activity monitors for one month prior to data collection for 

this study. To assess locomotor activity as a trait variable, an average of four days of 

activity data while individually housed and prior to social housing was analyzed using a 

one-way ANOVA with eventual rank as a factor. As described previously, significant 

main effects were followed by post-hoc multiple comparisons testing using Fisher’s LSD 

tests 

The average activity per day for each monkey during the initial week of social 

housing (Monday-Friday) was analyzed using a two-way repeated-measures ANOVA 

with eventual rank and day of week as factors. The raw activity data did not pass the 

Shapiro-Wilk Normality Test, therefore a log transformation was conducted prior to 

analysis of these data. Furthermore, two of the monkeys removed their accelerometers 

during this week and were therefore not included in the analysis. 

Experiment 2. Concentrations of progesterone, estrogen, testosterone and cortisol as 

trait and state variables related to social rank.Blood samples were obtained at three 

phases of the study: prior to social housing, during the initial week of social hierary 

formation and following stable social hierarchy formation (~ 3 months). For assessing 
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trait markers for estrogen and progesterone concentrations, average area under the curve 

(AUC) for each monkey was analyzed using a one-way analysis of variance (ANOVA). 

Significant main effects were followed by post-hoc multiple comparisons testing using 

Fisher’s LSD tests. To assess cortisol concentrations as a trait marker in this cohort, three 

of the blood draws across the last month of collection, prior to social housing, were timed 

specifically at 09.00 h and 16.30 h to account for the diurnal fluctuations of cortisol. An 

average of these morning and evening serum cortisol concentrations was used to assess 

whether social rank was predicted by morning or evening cortisol concentrations. 

Similarly, two total testosterone concentrations were averaged from the last month of 

blood collection to evaluate whether total testosterone predicted eventual social rank. 

Sigma Stat graphing software was used for all of the statistical analyses in these studies. 

For all analyses, p<0.05 was considered statistically significant. 

 During the initial week of social housing, blood draws occurred twice per day 

(09.00 h and 16.30 h). The concentration of cortisol at morning and evening each day of 

the initial week of social housing (Monday-Friday) was used to assess rank-related 

differences in cortisol concentrations during initial social housing. For morning cortisol, 

concentrations were only assessed Tuesday through Friday since social housing did not 

occur over the preceding weekend. A two-way repeated-measures ANOVA was 

conducted with eventual social rank and day of week as factors. Significant main effects 

were followed by planned post-hoc testing using Fisher’s LSD tests. Similarly, a two-way 

repeated-measures ANOVA was used with eventual rank and day of week as factors, 

followed also by a priori assigned post-hoc testing using Fisher’s LSD tests to determine 

whether there were rank-related changes in morning testosterone. Raw data of the 
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testosterone concentrations did not pass the Shapiro-Wilk Normality Test, therefore a log 

transformation was conducted prior to analysis of this data set.  

 To assess whether circulating estrogen or progesterone concentrations were 

modified following stable hierarchy establishment, blood draws occurred every other 

weekday for one month after animals had been socially housed for 3 months. A one-way 

ANOVA was conducted with AUC of both estrogen and progesterone as a factor of 

social rank. As previously described, selected blood samples taken during this month of 

stable social hierarchy were analyzed for total testosterone. These concentrations were 

also assessed using a one-way ANOVA with rank as a factor.  Significant main effects 

were followed by post-hoc multiple comparisons testing using Fisher’s LSD tests. 

Experiment 3. Cognitive assessments of working memory as trait and state variables of 

social rank. Prior to social group formation, cognitive testing was conducted 5 to 7 days 

per week between 9:00 am and 12:00 pm using the Cambridge Neuropsychological Test 

Automated Battery apparatus (CANTAB; Lafayette Instruments, Lafayette, Indiana) as 

described previously (Gould et al., 2012; Kromrey et al., 2014). In the delayed matching-

to-sample (DMS) task, each animal completed 80 total trials with three delay lengths 

(short, medium and long, see below), therefore the total session length varied between 

animals but lasted one hour on average. For this working memory task, a target image 

appeared on the screen and a response was required to initiate a 1-sec delay. Following 

the delay, three images appeared on the screen and a response on the previously 

displayed image resulted in delivery of a 190-mg food pellet. A response on either of the 

two novel images resulted in a 10-second time out and no pellet was delivered. Once 

percent accuracy exceeded 80% for 3 consecutive days with a short (1-sec) delay, delays 
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were slowly increased. Baseline performance was established by increasing delay lengths 

so that similar individualized delay-dependent reductions in percent accuracy were 

reached. Specifically, there were three target levels of accuracy in each monkey: a delay 

that resulted in >78% accuracy was considered the “short” delay, a “medium” delay 

resulting in 55%-78% accuracy and a “long” delay resulting in <55% accuracy (Table 2). 

Delays were randomly distributed throughout each session so that there were ~27 trials 

per delay. Once accuracy remained within these ranges for 5 consecutive sessions, 

performance was deemed stable for each monkey and the animals completed the task 

only twice a week to maintain performance accuracy.  

 The monkeys completed DMS sessions daily for the week of initial social housing 

and percent accuracy at each delay was reported as a percent change from pre-social 

housing performance. A three-way ANOVA was conducted with day of week (Monday-

Friday), delay (short, medium, long) and future rank (1,2,3 and 4) as factors. Significant 

main effects were followed by post-hoc multiple comparisons testing using Fisher’s LSD 

tests. Furthermore, number of omissions was assessed using a two-way repeated 

measures ANOVA with day of the week and eventual rank as factors. The raw omission 

data of did not pass the Shapiro-Wilk Normality Test, nor the Equal Variance Test, 

therefore a square root transformation was conducted prior to analysis of this data set. A 

square root transformation was used rather than a log transformation because there is the 

possibility of having zero omissions, of which a log cannot be calculated. 

 

 



        131 
 

RESULTS 

Experiment 1. Relationship between body weight, home cage activity and social rank. A 

Spearman correlation revealed a significant negative correlation between a monkey’s 

weight prior to social housing and their eventual rank in the hierarchy (r = -0.54, p<0.05; 

Fig. 1). That is, the lighter the monkey, the more likely she was to be subordinate. 

Although future subordinate monkeys had higher home cage activity, a one-way ANOVA 

did not reveal a significant main effect of eventual rank and daytime activity (Fig. 2A). 

During the initial week of social hierarchy formation, there was a significant effect of the 

day of the week (F4,36 =17.45, p<0.001; Fig 2B) and a significant interaction (F12,36 

=2.85, p<0.01; Fig. 2B) for daytime activity. Post-hoc comparisons showed that eventual 

rank 4 animals had significantly higher average activity compared to both eventual rank 1 

(p<0.05) and rank 2 (p<0.05) monkeys (Fig. 2B).  

Experiment 2. Concentrations of progesterone, estrogen, testosterone and cortisol as 

trait and state variables related to social rank. Across all phases of the menstrual cycle, 

there was a significant main effect between eventual social rank and average estrogen 

concentration (F3,12=3.67, p<0.05; Fig. 3A). Post-hoc testing demonstrated that this 

difference was driven by future rank 3 animals who had significantly higher circulating 

estrogen compared to all other ranks (rank 3 v. 1 p<0.01; rank 3 v 2 p<0.05; rank 3 v 4 

p<0.05; Fig. 3A). In contrast, across all phases of the menstrual cycle, progesterone 

concentrations were not significantly different between eventual social ranks (Fig. 3B). 

Cortisol concentrations from morning (Fig. 3C) and evening (Fig. 3D) and testosterone 

concentrations (Fig. 3E) were not predictive of eventual social rank. When correlations 

between hormone concentration and social rank were conducted to assess potential 



        132 
 

relationships, no significant correlations were found for any of the hormones (i.e. 

estrogen, progesterone, total testosterone, or morning/afternoon cortisol (data not shown).  

During the first week of social housing, a two-way repeated measures ANOVA of 

morning cortisol revealed a significant main effect of eventual rank (F3,35 =4.92, 

p<0.05) and of day of week (F3,35 =3.774, p<0.05; Fig. 4A), but no significant 

interaction. Post-hoc analysis showed that future rank 1 monkeys had significantly lower 

cortisol in the morning throughout the initial week of social housing compared to future 

rank 3 (p<0.05) and future rank 4 monkeys (p<0.01; Fig. 4A). Furthermore, post-hoc 

comparisons of the days of the week demonstrated that morning cortisol concentrations 

on Wednesday (Day 3) were significantly higher compared to both Thursday (Day 4) 

(p<0.01) and Friday (Day 5) (p<0.05; Fig. 4A). Importantly, significant differences 

between future rank 1 and future rank 4 animals remained through Friday morning 

(p=0.01; Fig. 4A).  

 Afternoon cortisol concentrations revealed a significant main effect of eventual 

rank (F3,47 =4.92, p<0.01) and of day of week (F4,47 =3.774, p<0.001), but no 

significant interaction (Fig. 4B). Post-hoc analysis illustrated that eventual rank 4 

monkeys had higher cortisol in the afternoon than both eventual rank 1 (p<0.01) and 

eventual rank 2 (p<0.05; Fig. 4B) monkeys throughout the week of initial social housing. 

Eventual rank 1 animals also had significantly lower concentrations throughout this week 

than eventual rank 3 animals (p<0.05). Additionally, post-hoc analysis showed that 

afternoon cortisol was significantly higher on Monday compared to every other day of 

the week (Tuesday through Friday; all p<0.01; Fig. 4B), and Tuesday had significantly 

higher concentrations compared to Friday (p<0.05). Again, it is important to note that 
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significant differences between afternoon cortisol concentrations between future rank 1 

and future rank 4 animals remained through Friday afternoon (p<0.05; Fig. 4B). 

Assessment of testosterone concentrations with a two-way repeated-measures ANOVA 

found no significant main effect for either eventual rank or day of the week. However, an 

interaction that trended toward significance (p=0.06) was observed (Fig. 4C). 

 After approximately 3 months and when social hierarchies were stable, a one-way 

ANOVA demonstrated that there was a significant main effect of social rank on AUC of 

estrogen (F3,12 =5.32, p<0.05; Fig. 5A). Post-hoc analysis showed that rank 4 monkeys 

had significantly lower estrogen than both rank 1 (p<0.05) and rank 3 (p<0.01) monkeys 

(Fig. 5A). Additionally, a one-way ANOVA assessing AUC of progesterone 

demonstrated a main effect of rank (F3,12 =6.28, p<0.01; Fig. 5B). Post-hoc comparisons 

revealed that rank 4 monkeys had significantly lower circulating progesterone compared 

to both rank 1 (p<0.01) and rank 3 monkeys (p<0.05; Fig. 5B). In contrast to estrogen 

and progesterone concentrations, testosterone concentrations did not vary significantly 

across social rank (Fig. 5C).  

Experiment 3. Cognitive assessments of working memory as trait and state variables of 

social rank. All monkeys were trained on a DMS task involving three delays. There were 

no differences in baseline performance or delay values prior to social housing (Kromrey 

et al., 2014). During the first week of social housing, a three-way ANOVA revealed main 

effects of both eventual rank (F3,165 =5.81, p<0.001) and delay length (F2,165 =7.59, 

p<0.001) but no main effect of day of week (Fig. 6). Moreover, there was a significant 

interaction of eventual rank and delay length (F6,165 =3.98, p<0.001). Post-hoc 

comparisons demonstrated that at the short delay, performance of rank 1 monkeys was 



        134 
 

significantly disrupted when compared to all other ranks (p<0.05; Fig. 6A). In contrast, at 

the medium (Fig. 6B) and long (Fig. 6C) delays performance of eventual rank 4 monkeys 

was significantly disrupted compared to all other ranks (p<0.05). Finally, a two-way 

ANOVA of omissions yielded a significant main effect of eventual rank (F3,43 =5.91, 

p<0.01) and a main effect of day of the week that bordered on significance (p=0.052; Fig. 

6D), but no significant interaction. Post-hoc testing revealed that eventual rank 4 animals 

had significantly more omissions across the week when compared to all other social 

ranks (p<0.05).  

DISCUSSION 

The present study extended earlier work on physiological and neurobiological 

predictors of eventual social rank in cynomolgus monkeys (e.g., Morgan et al., 2000; 

Czoty et al., 2009a; Riddick et al., 2009). These studies included a more thorough 

assessment of hormonal profiles, another method of assessing acitivity and the study of 

cognitive function during establishment of social hierarchies in 16 female cynomolgus 

monkeys. As was observed in males (Morgan et al., 2000), there was a direct relationship 

between body weight and eventual social rank, such that the heaviest monkeys became 

dominant and the lightest monkeys tended to become the most subordinate. These 

findings relating body weight to eventual social rank compliment previous conclusions 

that physical appearance is one of the most important variables in determining social rank 

(Bernstein and Mason, 1962; Tokuda and Jensen, 1969; Bernstein et al., 1974; Bernstein, 

1991; Morgan et al., 2000). Of the two behaviors studied before and after establishing 

social ranks, neither homecage activity nor a working memory task was predictive of 

eventual social rank. The former finding is consistent with other studies using different 
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measures of locomotor activity (Morgan et al., 2000; Riddick et al., 2009). However, 

homecage activity was significantly increased during the first week of social housing in 

monkeys that would eventually become subordinate and working memory performance 

was disrupted in these future subordinate animals. Hormone concentrations involving 

estrogen, progesterone and cortisol, while not predictive of eventual social rank, 

significantly changed after stable social hierarchies were established. These findings add 

to the literature on trait and state variables associated with the social rank.  

 Consistent with the literature depicting typical menstrual cycles in female 

cynomolgus macaques, previous studies in these monkeys reported significantly higher 

concentrations of estrogen during the latter part of the follicular phase and peak 

progesterone concentrations during the early part of the luteal phase (Kromrey et al., 

under review). In the present study higher average estrogen concentrations (across the 

entire menstrual cycle) were associated with monkeys eventually occupying a 

subordinate rank, specifically rank 3. Studies investigating the relationship between basal 

estrogen and eventual social rank are scarce because most studies are conducted in well-

established social groups. However, a study by Gladue (1991) found estrogen 

concentrations to be negatively related to aggression in women. Therefore, the increased 

circulating estrogens may predispose females to avoid confrontation or display less 

aggression and therefore occupy lower ranks. The other neuroendocrine measures of 

progesterone, cortisol and testosterone did not predict eventual social rank. The lack of 

relationship between basal cortisol concentrations and rank is consistent with previous 

studies in Old World monkeys (Rose et al., 1975; Berstein et al., 1983; Morgan et al., 

2000; Czoty et al., 2009a). Similarly, although there is literature supporting the 
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relationship between testosterone and dominance in human males (Dabbs et al., 1987; 

Christiansen and Knussman, 1987) and females (Susman et al., 1987), there is no 

consistent relationship identified in nonhuman primates (see Nader et al., 2012a). Some 

of these studies have shown a positive relationship between androgens and dominance in 

established hierarchy groups (Rose et al., 1971; Joslyn 1973; Cochran and Perachio, 

1977; Czoty et al., 2009a). However, a greater number has found no correlation (Easton 

and Resko, 1974; Gordon et al., 1976; Morgan et al., 2000). Overall, with the exception 

of estrogen concentrations in future #3 ranked monkeys, it appears that circulating 

concentrations of hormones are not trait markers associated with eventual social rank.   

 The second part of this study investigated how these behavioral and physiological 

measures were modified by social housing. Previous studies in our laboratory have 

shown that although dopamine D2/D3 receptor levels, as assessed with positron emission 

tomography, did not predict eventual social rank, they were differentially altered 

depending on the social rank attained following group housing (Morgan et al., 2002; 

Nader et al., 2012b) and were influenced by menstrual cycle phase (Czoty et al., 2009b). 

Therefore, it is important to investigate variables at both stages of the social housing 

process to achieve a greater understanding of the interaction between physiology, 

neurobiology and social rank. Once socially housed, monkeys who became subordinate 

performed the majority of submissive behaviors and received the majority of aggressive 

behaviors while rarely participating in grooming. These behavioral observations reinforce 

the hypothesis that occupying a subordinate rank (i.e. rank 3 and 4) models chronic social 

stress.  
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The current study demonstrated that neuroendocrine measures compliment these 

behavioral observations, as both morning and afternoon cortisol concentrations were 

significantly higher in eventual subordinate monkeys compared to dominant monkeys. 

Although studies of the relationship between rank and cortisol concentration in 

established groups of nonhuman primates have yielded mixed results, the current findings 

support a previous study of female cynomolgus macaques in which subordinate 

individuals exhibited higher levels of glucocorticoids (Shively et al., 1997). Furthermore, 

these findings match those from a previous study in male cynomolgus macaques, which 

reported an inverse relationship between cortisol and future social rank, with significantly 

higher concentrations of cortisol in future subordinate monkeys (Czoty et al., 2009a).  

Interestingly, in the Czoty et al. study, the rank differences in cortisol in males 

were only observed the first two days of social housing, whereas the differences remained 

in the females throughout the entire initial week of social housing. This is important 

because these monkeys experienced a persistently high concentration of plasma cortisol 

for more than 5 days after the introduction to social housing. This chronic activation of 

the HPA axis diverts energy away from physiological processes that are not required for 

immediate survival and can therefore have serious deleterious effects on the individual 

(Seyle, 1976) particularly through suppression of multiple endocrine responses (Harris et 

al., 2014), including reproductive hormones (Knol et al., 1991; Toufexis et al., 2014). 

Furthermore, this exaggerated effect underlines the staggering differences between the 

male and female response to stressors with females reacting more robustly than males 

(for review see Handa and Weiser, 2014; Ter Horst et al., 2009). 
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 No interaction between eventual rank and total testosterone was observed in these 

female monkeys. This may be due to the observation that when positive correlations 

between androgens and dominance are observed in nonhuman primates, it is primarily 

due to the effects of winning and losing altercations (Mazur and Lamb, 1980; Ellison, 

1988), rather than these hormones influencing behavior. Therefore, the relationship will 

vary with context, group stability and time since the competition occurred ( Monaghan 

and Glickman, 1992; Sapolsky 2005). The present data support this hypothesis, as a very 

orderly effect of testosterone and eventual rank was observed on Day 1 of social housing 

when the majority of altercations occurred, yet this effect was not consistent throughout 

the rest of the week. Importantly, after the first day of social housing, testosterone 

concentrations were not different in the most dominant versus the most subordinate 

female monkeys.  

Once social hierarchies were stable and had been maintained for three months, 

follow-up assessments of neuroendocrine measures were obtained to determine whether 

alterations during the initial week were temporary or more persistent in nature. After 3 

months of social housing, both estrogen and progesterone concentrations were blunted in 

the rank 4 monkeys compared to the other ranks. This alteration of circulating hormones 

is not surprising as it is well documented that subordinate individuals are often 

reproductively suppressed (Emlen, 1991; Solomon and French, 1997; Shively et al., 

1997; Setchell et al., 2008). Although reproductive hormones may be influenced by 

multiple factors, including reduced access to resources (Pusey et al., 1997) and/or lack of 

access to males (Zinner et al., 1994), these factors were controlled in this study. It is most 

likely that the blunted estrogen and progesterone concentrations in subordinate monkeys 
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was due to the high levels of chronic social stress resulting from agonistic and aggressive 

interaction that leads to higher circulating glucocorticoids as observed in other studies 

(i.e. Dunbar, 1988; von Holst, 1998) or in increased cortisol concentrations as seen in the 

current study. Future studies will be needed to determine if social rank-related differences 

are due to altered concentrations of estrogen and progesterone.  

After stable social hierarchies had been established, neither testosterone nor 

cortisol concentrations differed across ranks. These findings are similar to previous 

studies in male macaques that have probed the relationship between testosterone and 

social rank (Morgan et al., 2000). Additionally, other groups who have investigated the 

relationship between social rank and cortisol in established social groups of monkeys 

have reached similar findings (Stavisky et al., 2001). A limitation to the present study 

was not assessing HPA axis sensitivity following suppression by the glucocorticoid 

receptor agonist dexamethasone (DEX), nor adrenal responsiveness to a challenge 

injection of adrenocorticotrophic hormone (ACTH). The study by Czoty et al. (2009a) 

demonstrated that although social stress-induced elevations in evening cortisol dissipated 

in male subordinate monkeys by day 3 of social housing, these monkeys remained more 

sensitive to activation of the HPA axis by ACTH reactivity in the DEX-suppressed state. 

Therefore, although not yet tested, a similar physiological response may be present in 

these female subordinate monkeys, whereas sensitivity to acute stressors may remain 

elevated despite basal cortisol concentrations not differing from dominant animals.  

The present study extended behavioral characterizations associated with eventual 

social rank to include cognitive performance using a working memory task (delayed 

match-to-sample). At the short delay lengths, impairment in cognitive performance was 



        140 
 

observed in future dominant monkeys whereas at the medium and long delay lengths the 

impairments were seen in future subordinate monkeys. The observed cognitive disruption 

in future subordinate monkeys was associated with an increased number of omissions in 

these animals during the initial social housing week. There have been relatively few 

studies on the relationship between stress and omissions during cognitive testing, 

however a study conducted by Petrac et al. (2009) found correlations between perceived 

stress and omissions in human subjects, suggesting that increased environmental stress 

related to decreased divided attention performance. A similar situation may have 

occurred in the current study whereby the future subordinate monkeys were unable to 

focus entirely on the cognitive task because of their unstable social environment, which 

required constant vigilance.  

The interaction between stress and cognitive function during initial social housing 

is likely due to the overlapping functions of the prefrontal cortex (PFC), which is 

essential for higher cognitive functions (Fuster, 2000) as well as the processing of 

emotion (Bechara et al., 2000; Cardinal et al., 2002). Additionally, the PFC is integrated 

into a negative feedback system that controls aspects of the HPA axis (Herman et al., 

2005). Interestingly, Herman and colleagues (2005) found that performance at medium 

and long delays, but not short delays, was compromised in monkeys with increased HPA 

activation. Similar findings were observed in a study by Brunner et al. (2006) that 

demonstrated that humans receiving a high dose of cortisol had impairments on longer 

memory tasks whereas shorter-term memory and attention remained unaffected. 

Therefore, it is hypothesized that the functional outcome of increased cortisol on 
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cognitive performance may be due to selective cognitive disruption at longer (more 

demanding) delays rather than a generalized cognitive deficit.  

Interestingly, the dominant monkeys demonstrated impaired cognitive 

performance at the short delays but not the longer ones. It could be hypothesized that this 

impairment was the result of an increase in impulsive responding occuring solely at the 

short delay. Our current delayed match-to-sample task does not record anticipatory 

responding, which is typically a measure in tasks where a sustained response on the 

sample stimulus is required and when that sustained response is not met, an anticipatory 

response is counted (Jentsch and Anzivino, 2004). However, it is plausible that during the 

short delay trials, when the match stimuli are presented almost immediately following the 

initial sample response, the animals are responding quicker than at the longer delays since 

the response is required straightaway, which would reflect impulsivity (Raiker et al., 

2012). Although this difference in response speed may not be large enough to 

significantly alter the overall response latency (was analyzed in the current studies), 

future studies will assess response latency at each delay in an effort to parse out this 

potential involvement of impulsivity. 

The present studies addressed, in normal cycling female monkeys, physiological 

and behavioral variables that may influence the formation of social hierarchies and that 

may change as a result of occupying a specific social rank. Body weight remains the best 

predictor of eventual social rank. However, the present study highlights the importance of 

other behaviors including activity measures and cognition, as well as the influence of 

circulating concentrations of estrogen, progesterone, testosterone and cortisol. Our 

findings demonstrate the profound influence of an individual’s social environment on 
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neuroendocrine, behavioral and functional outcomes associated with many psychiatric 

disorders as well as other clinical manifestations. Understanding these variables will be 

important for studying factors related to the etiology and eventual treatment of disease.  
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Figure 1. The relationship between the weight of a monkey prior to social housing and 

the eventual rank of that animal following social housing. 
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Figure 2. Average daytime locomotor activity prior to social housing (A) and during 

initial week of social housing (B). Points depict mean (n=4/group) ±SEM values. 
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Figure 3. Assessment of hormone concentrations as trait markers for eventual social 

rank. (A) Estrogen (E2), (B) progesterone (P4), (C) morning cortisol, (D) evening 

cortisol, and (E) total testosterone concentrations prior to social housing as predictors of 

eventual rank. Points depict mean (n=4/group) ±SEM. * p< 0.05, ** p<0.01. 
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Figure 4. Assessment of hormone concentrations during the initial week of social rank 

formation. (A) Morning cortisol, (B) evening cortisol, and (C) total testosterone 

concentrations during initial week of social housing (Monday-Friday). Points depict 

mean (n=4/group ±SD values. * p< 0.05, ** p<0.01, *** p<0.001. 
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Figure 5. Assessment of hormone concentrations as state markers for social rank. (A) 

Estrogen (E2), (B) progesterone (P4), and (C) total testosterone concentrations following 

social hierarchy establishment (3 months after initial social housing). Points depict mean 

(n=4/group) ±SEM values. * p< 0.05, ** p<0.01. 
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Figure 6. Performance on a delayed matching-to-sample task during initial week of 

social housing compared to prior baseline performance. Dependent measures include 

accuracy at the short delay length (A), medium delay length (B), long delay length (C) 

and number of omissions (D). Points depict mean (±SD) values. 
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Abstract  

Background: Social environment has been shown to influence cocaine reinforcement. 

Behavioral studies suggest a direct relationship between estradiol and reinforcing effects 

of cocaine in females. The current study investigated the contribution of reproductive 

hormones in socially dominant and subordinate female monkeys to susceptibility to the 

reinforcing effects of cocaine.  

Methods: Blood samples were taken to assess estradiol and progesterone concentrations 

in female monkeys living in groups of four with linear dominance hierarchies. Monkeys 

were trained under a food-reinforced fixed-ratio (FR) schedule during daily sessions, then 

given access to ascending doses of cocaine (0.0003–0.1 mg/kg/injection) under the same 

schedule, with each dose substituted for food reinforcement. Acquisition of cocaine 

reinforcement occurred when response rates were significantly higher than when saline 

was made available.  

Results: Subordinate monkeys appeared more sensitive to the reinforcing effects of 

cocaine during acquisition of cocaine reinforcement but did not reach statistical 

significance. Additionally, average circulating estradiol in individual animals was 

correlated with the dose at which acquisition occurred, with higher estradiol predicting 

lower doses of acquisition. Furthermore, subordinates self-administered cocaine at a 

higher response rates compared to dominants in both the follicular and luteal phases of 

the menstrual cycle. Subordinates also had a higher intake of cocaine in the follicular 

phase of the menstrual cycle.  
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Conclusions: These data indicate that the social environment’s influence on an 

individual’s endogenous hormonal milieu contributes to the reinforcing effects of 

cocaine. The interactions of socially derived stress, female hormones and cocaine 

reinforcement must be considered as part of individualized treatment strategies.  

Key Words: Estradiol, Progesterone, Social Rank, Cocaine, Female cynomolgus 

monkey 

 

INTRODUCTION 

Drug abuse continues to be a major public health problem, with approximately 1.6 

million Americans confirming current cocaine use (SAMHSA 2014). Furthermore, at 

present there are no FDA-approved treatments for cocaine addiction. Although males are 

typically cited as having a higher prevalence of cocaine abuse, women are particularly 

vulnerable to the reinforcing effects of cocaine (Greenfield et al, 2010). In fact, it has 

been widely documented both in clinical cohorts and preclinical models that females have 

a different trajectory to cocaine abuse and dependence. Specifically, women have been 

shown to initiate drug use at an earlier age (Chen and Kandel, 2002), progress from first 

use to dependence faster (Haas and Peters, 2000) and have more severe addiction 

symptoms when entering treatment (Westermeyer and Boedicker, 2000; Lynch, 2006; 

Wagner and Anthony, 2007; Kasperski et al., 2011). It has also been suggested that 

women who seek treatment exhibit a more severe pattern of drug use-related social, 

medical and/or psychiatric problems compared to males (Denier et al., 1991; Hernandez-

Avila et al., 2004; Weiss et al., 1997). Additionally, when women do attempt to quit, they 
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are less successful, with lower rates of treatment retention (Becker and Hu, 2008; 

Carpenter et al., 2006) and higher rates of relapse (Ignjatova and Raleva, 2009); these 

outcomes are thought to be associated with increased craving (Robbins et al., 1999). 

Importantly, although these differences pervade multiple stages of drug abuse (i.e. 

initiation, maintanance, and relapse) female subjects are continually under-represented in 

both preclinical and clinical research.  

Preclinical studies in rodents have shown that phase of estrous cycle plays a role 

in sensitivity to cocaine’s reinforcing effects. Females are most vulnerable to cocaine’s 

reinforcing and locomotor effects (Roberts et al., 1989; Quinones-Jenab et al., 1999; 

Hecht et al., 1999; Feltenstein et al., 2009) as well as resistance to extinction of 

responding previously paired with cocaine (Kippin et al., 2005; Kerstetter et al., 2008) 

during estrus. Overall, it appears that estradiol increases, whereas progesterone decreases, 

the reinforcing effects of cocaine (for review see Bobzean et al., 2014). These findings 

are further supported by research in ovariectomized (OVX) rodents which has confirmed 

a key role for estradiol (E2) in acquisition rates of cocaine self-administration and 

reinstatement of cocaine seeking (Becker, 1999; Lynch et al., 2001; Festa and Quinones-

Jenab, 2004; Larson et al., 2005; Frye, 2007). In OVX rats, replacement of E2 restores 

cocaine self-administration while administration of progesterone, and its metabolite 

allopregnanolone, attenuates cocaine seeking, cocaine-induced locomotor sensitization 

and blunts estradiol-augmented increases in cocaine sensitization (Becker, 1999; Lynch 

et al., 2001; Russo et al., 2003; Niyomchai et al., 2005; Jackson et al., 2006; Anker et al., 

2007; Feltenstein et al., 2009). However, these studies primarily utilized subjects who are 
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either not normally cycling (i.e., OVX and given exogenous hormones) or subjects who 

have an extensive cocaine self-administration history. 

The present study used Old World female cynomolgus macaques which possess 

an approximate 28-day menstrual cycle phase (Appt, 2004). In addition, these monkeys 

lived in social groups. Previous studies have shown that social rank can profoundly 

influence the reinforcing effects of cocaine in both male and female monkeys (Morgan et 

al., 2002; Nader et al., 2012). In male monkeys, it has been hypothesized that dominant 

animals were protected from the reinforcing effects of cocaine because they live in an 

enriched environment, while subordinate monkeys are under chronic social stress. 

Although we have previously attempted to address the question of whether attainment of 

a dominant social position in females has similar functional outcomes as males, 

differences in fluctuating hormones, primarily estradiol and progesterone,  were not taken 

into account (Riddick et al., 2009; Nader et al., 2012). This is an important consideration 

since circulating estradiol can affect dopamine concentrations (Becker, 1999; Watson et 

al., 2006), which could ultimately influence cocaine reinforcement.  

We previously showed that estradiol and progesterone concentrations were 

associated with eventual social rank and changed in monkeys that became subordinate in 

the social group (Kromrey et al. submitted). At present, there are no studies investigating 

how these hormonal alterations and subsequent fluctuations interact with the reinforcing 

effects of cocaine. Therefore, the primary objectives of the present study were to: 1) 

determine how hormonal milieu of females influences vulnerability to acquire cocaine 

reinforcement; 2) investigate how attainment of a dominant or subordinate social 

positions relates to vulnerability to the reinforcing effects of cocaine; and 3) assess if 
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menstrual cycle phase differentially alters cocaine self-administration depending on the 

monkey’s social rank.  

MATERIALS AND METHODS 

Subjects. Sixteen socially housed (4 monkeys/pen) adult female cynomolgus macaques 

(Macaca fascicularis) between 5 and 11 year old served as subjects. All monkeys were 

fitted with an aluminum collar (Primate Products, Redwood City, California) and trained 

to sit in a standard primate chair (Primate Products). Monkeys were weighed weekly and 

feed enough fresh fruit and food (Nestle Purina PetCare Company, St. Louis, Missouri) to 

maintain healthy body weights as determined by physical appearance and veterinary 

exams; water was available ad libitum in the home cage which measured 0.71 x 1.73 x 

1.73 m (Allentown Caging Inc., Allentown, New Jersey) with removable wire mesh 

partitions that separated monkeys into quadrants (0.71 x .84 m). During social housing, 

monkeys were separated and individually housed for 2-4 hours each day to complete self-

administration sessions and for feeding. One monkey died of natural causes before 

completion of cocaine self-administration, bringing the total number of subjects to 15. All 

animals had a behavioral history of operant responding maintained by sucrose pellets. 

Menstrual cycle phase was assessed by daily vaginal swabbing (Czoty et al., 2009) and 

was approximately 28 days. The first day of bleeding was indicative of menses and was 

counted as Day 1 of the menstrual cycle. We considered days 2-11 the follicular phase 

and days 18-27 the luteal phase of the menstrual cycle.  

To obtain serum for analysis of estradiol and progesterone concentrations, 

monkeys were seated in a primate chair in a quiet room and trained to sit calmly while a 
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~3.0 mL blood sample was collected from the femoral vein and then centrifuged 

(Beckman Coulter, GPR Centrifuge) at 4 °C for 30 min at 3000 rpm. Serum aliquots were 

stored at -70°C until analysis. Behavioral studies were conducted in both menstrual cycle 

phases and phasic differences in hormonal concentrations were confirmed by measuring 

plasma estradiol and progesterone concentrations. Estradiol and progesterone 

concentrations were performed using a Roche Diagnostics (Indianapolis, IN) Cobas-e411 

assay instrument at the Endocrine Services Laboratory at the Oregon National Primate 

Research Center. The assay sensitivity ranges were 5-4250 pg/ml for estradiol and 0.035-

59 ng/ml for progesterone. Intra- and inter-assay variation with the Roche Cobas-e411 is 

consistently less than 6% for estradiol and progesterone. Estradiol and progesterone 

concentrations were verified as significantly different between these two phases of the 

menstrual cycle. Environmental enrichment was provided as outlined in the Institutional 

Animal Care and Use Committee’s Non-Human Primate Environmental Enrichment 

Plan. All experimental procedures were performed in accordance with the 2011 National 

Research Council Guidelines for the Care and Use of Mammals in Neuroscience and 

Behavioral Research and were approved by the Wake Forest University Institutional 

Animal Care and Use Committee.  

Social Rank Determination 

Social status was determined by the outcome of agonistic encounters (Kaplan et al., 

1982). From Weeks 2–12 of social housing, two observers separately conducted a total of 

22 observation sessions/pen (Kromrey et al., submitted). In these focal group sessions, 

both initiators and recipients of behaviors were recorded. The monkey in each pen 

aggressing towards all other monkeys and winning fights was considered dominant to 
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losers and recipients of aggression. Thus, linear and transitive hierarchies existed in each 

pen. Eight monkeys were designated as dominant (ranked #1 or #2), and seven were 

subordinate (ranked #3 or #4).  

Surgery 

Each monkey was prepared with a chronic indwelling venous catheter and subcutaneous 

vascular port (Access Technologies, Skokie, Illinois) under sterile surgical conditions. 

Anesthesia was induced with ketamine (10 mg/kg, i.m.) and maintained with isoflurane 

(~1.5%). Briefly, a catheter was inserted into a peripheral vein to the level of the vena 

cava. The distal end of the catheter was passed subcutaneously to a point slightly off the 

midline of the back, where an incision was made. The end of the catheter was then 

attached to the vascular access port and placed in a pocket formed by blunt dissection. 

Prior to each drug self-administration session, the back of the animal was cleaned with 

chlorhexidine acetate solution and 95% ethanol, and the port was connected to the 

infusion pump located outside the chamber via a 22-gauge Huber Point Needle (Access 

Technologies). The pump was operated for approximately 3 seconds to fill the port and 

catheter with saline or cocaine prior to beginning the session. Following every session, 

each port and catheter was filled with heparinized saline solution (100 U/ml) to prolong 

patency of the catheter. 

Cocaine Self-Administration 

The self-administration apparatus consisted of a ventilated, sound-attenuating chamber 

(1.5 x 0.74 x 0.76 m Med Associates, East Fairfield, VT) designed to accommodate a 

primate chair. Two photo-optic switches (5 cm wide) were located on one side of the 
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chamber with a horizontal row of three stimulus lights 14 cm above each switch, and a 

food receptacle was located between the switches. The receptacle was connected with 

tygon tubing to a pellet dispenser (Gerbarands Corp, Arlington, MA) located on the top 

of the chamber for delivery of 1-g banana-flavored food pellets (Bio-Serv, Frenchtown, 

NJ). Additionally, an infusion pump (Cole-Palmer, Inc., Chicago, IL) was located on top 

of the chamber. Each monkey was trained to respond on the left or right key, under a 30-

response fixed-ratio (FR) schedule of reinforcement. Under these conditions, a food 

pellet was delivered after the 30th response, followed by a 10-sec timeout. Sessions 

ended after 30 reinforcers or 60 min, whichever occurred first. The light above the 

response key signaled food availability; only one key was active during a session. 

After catheter implantation, food-maintained responding was re-established and saline 

was substituted for food pellets for at least 5 consecutive sessions and until responding 

was deemed extinguished (i.e., mean response rate decreased by at least 80% of food-

reinforced responding for 3 consecutive sessions with no trends in responding). After re-

establishing food-maintained responding, different doses of cocaine hydrochloride 

(National Institute on Drug Abuse, Bethesda, Maryland; dissolved in sterile .9% saline) 

were substituted for the food pellets in ascending order from 0.0003 mg/kg/injection 

increasing in half-log units to 0.1 mg/kg/injection; each dose was available for at least 5 

sessions and until responding was deemed stable (response rate mean ± 20% for 3 

consecutive sessions with no trends in responding). Sessions ended after 30 injections or 

60 min, whichever occurred first. There was a return to food-maintained responding, for 

at least 3 sessions, between different cocaine doses. The lowest cocaine dose in which 

response rates were significantly higher than responding leading to saline injections was 
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defined as the acquisition dose. A cocaine dose was operationally defined as reinforcing 

by using two-tailed t tests comparing 3-day mean response rates for a given cocaine dose 

to mean response rates when saline was available. 

To better control for menstrual cycle influences on acquisition, each cocaine dose 

was available between Days 2–10 (early to mid) of the follicular phase and the same dose 

of cocaine was made available during the mid- to late-luteal phase (Days 19–26) for at 

least 5 consecutive sessions. The phase at which the next dose was introduced was 

balanced between subordinates and dominants (i.e. four monkeys of each rank received 

the doses first in the follicular phase and four in the luteal phase). Food-maintained 

responding was re-established during the late follicular to early luteal phase when 

ovulation occurs (typically Days 11–18) and the late luteal to early follicular phase 

(typically Days 27-menstration). Following the self-administration session at which the 

acquisition of cocaine reinforcement criterion had been met, blood was collected for 

hormonal concentration analysis (described above). Once cocaine self-administration was 

acquired, the same dose of cocaine was available for the subsequent phase of menstrual 

cycle. The remaining doses of the cocaine curve were randomly made available until the 

entire curve was determined.  

Statistical Analysis 

To determine whether there were differences in the rate of acquisition between dominant 

and subordinate monkeys, a log-rank analysis of Kaplan-Meier survival curves was 

computed. To evaluate the entire cocaine dose-response curve, the primary dependent 

variables were response rate (total responses divided by session length) and cocaine 
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intake (total intake in mg/kg/session). Food-maintained response rates and reinforcers 

(raw data) were analyzed with separate two-tailed, unpaired t tests. Two-tailed, paired t 

tests—within dominant and subordinate rank—were performed on response rate and 

intake measures to determine whether there was an effect of menstrual cycle phase at 

each dose tested. Because there was at least one cocaine dose at which there was a 

significant effect of menstrual cycle phase (Table. 1), both response rates and intake were 

analyzed with individual two-way repeated-measures ANOVA for each phase of the 

menstrual cycle (follicular and luteal) and social rank (dominants and subordinates) 

followed by post-hoc analysis with all pairwise multiple comparison procedures (Tukey 

test) at each cocaine dose. To perform the two-way ANOVA, the raw data for intake 

were square-root transformed due to unequal variances. In all cases, differences were 

considered statistically significant when p < 0.05. 

RESULTS 

Effect of hormonal fluctuation across the menstrual cycle on vulnerability to cocaine 

reinforcement. Menstrual cycle was monitored throughout the study and confirmed with 

measures of estradiol and progesterone. During the cocaine acquisition phase of this 

experiment, mean concentrations of E2 and P4 were 91.38 pg/ml ± 9.61 and 34.86 pg.ml 

± 7.33 during the follicular phase and 0.35 ng/ml ± 0.1 and 7.54 ng/ml ± 1.58, during the 

luteal phase. The differences in E2 were significant between phases (p<0.001), as were 

the P4 differences in follicular and luteal (p<0.001). There were no differences in 

baseline rates of food-maintained responding between dominant and subordinate 

monkeys and when saline was substituted for food (Table 2) and there were no group 

differences in rates of extinguished responding.  
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Ascending doses of cocaine were sequentially substituted for food in each 

monkey, and acquisition of cocaine reinforcement was examined. Acquisition of cocaine 

self-administration was defined as the dose of cocaine which engendered significantly 

higher response rates compared to response rates when saline was available. For the 15 

monkeys studied, 8 acquired in the follicular phase and 7 in the luteal phase, with an 

equal distribution of dominant and subordinate animals. When assessed independent of 

menstrual cycle phase, a Kaplan-Meier log-rank test for equality of survival curves 

indicated that there were no significant differences between the number of dominant and 

subordinate monkeys that acquired at any dose of cocaine (p=0.26; Fig. 1). Because there 

were no rank-related differences in acquisition, data were combined across ranks and a 

significant negative correlation between the AUC of circulating estradiol and the lowest 

cocaine dose that functioned as a reinforcer was observed (r= -0.71, p<0.01; Fig.2). That 

is, the higher the circulating estradiol concentration, the lower the dose of cocaine that 

was self-administered significantly higher than saline. The correlation between AUC for 

progesterone and cocaine acquisition was not significant (r= -0.09; p=0.75; data not 

shown).     

Effects of menstrual cycle phase on the reinforcing strength of cocaine as it relates to 

social rank. Examination of complete dose-response curves showed that for response 

rates during the follicular phase of the menstrual cycle there was a significant main effect 

of rank [F(1,65) = 16.08; p=0.001], dose [F(5,65) = 5.81; p<0.001], and a significant 

interaction between rank and dose [F(5,65) = 5.26; p<0.001; Fig. 3A]. Post-hoc 

comparisons demonstrated that the rank differences in response rate during the follicular 

phase were significant at the 0.01 mg/kg, 0.03 mg/kg and 0.1 mg/kg doses of cocaine (all 
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p<0.01). Similarly, a two-way repeated measures ANOVA analyzing response rates 

during the luteal phase of the cycle revealed a significant main effect of rank [F(1,65) = 

15.66; p=0.002], dose [F(5,65) = 8.94; p<0.001], and a significant interaction between 

rank and dose [F(5,65) = 5.39; p<0.001; Fig. 3B]. Again, post-hoc comparisons showed 

that the rank differences in response rate during the luteal phase were significant at the 

0.01 mg/kg, 0.03 mg/kg and 0.1 mg/kg doses of cocaine (all p<0.01). 

A two-way repeated measures ANOVA on intake and dose during the follicular 

phase showed a main effect that bordered on significance for rank (p=0.082), a main 

effect of dose [F(5,65) = 108.52; p<0.001], but no significant interaction (Fig. 3C). Post-

hoc comparisons revealed that the rank differences in intake during the follicular phase 

were significant at only the 0.03 mg/kg dose of cocaine (p<0.05). Finally, the same 

analysis for intake during the luteal phase revealed only a main effect of dose [F(5,65) = 

9.24; p<0.001; Fig. 3D]. 

 DISCUSSION 

The current studies extend earlier work on vulnerability to cocaine reinforcement in 

socially housed female monkeys to include a more thorough characterization of the role 

of circulating estradiol and progesterone across the menstrual cycle. While there were no 

differences in concentrations of either hormone in dominant and subordinate monkeys 

under baseline conditions, rates of cocaine self-administration and cocaine intake across 

the menstrual cycle were significantly influenced by menstrual cycle phase. The major 

finding of the present study was that the higher the circulating estradiol concentration, the 

more sensitive the monkey was to the reinforcing effects of cocaine. These within-subject 
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findings are the first to investigate hormonal correlates of intravenous cocaine self-

administration and dominance rank in socially housed female monkeys.  

Measures of total circulating estradiol and progesterone across the menstrual 

cycle revealed a significant correlation between estradiol, but not progesterone, and dose 

at which acquisition of cocaine reinforcement occurred, but not progesterone. These 

findings are consistent with studies in humans (Evans, 2007; Sinha et al., 2007), 

nonhuman primates (Mello et al., 2008; Cooper et al., 2013) and rodents (Sell et al., 

2000; Lynch et al., 2008; Segarra et al., 2010) that reproductive hormones provide the 

basis of observed behavioral responses to cocaine (Festa and Quinones-Jenab, 2004). 

However, this is the first study to assess how individual differences in concentrations of 

these hormones impact vulnerability to the initial reinforcing effects of cocaine in 

socially housed female monkeys. There is a known relationship between estradiol and 

brain concentrations of dopamine (DA); DA being the primary mediator of cocaine 

reinforcement. Consistent with the present results, studies have shown that estradiol 

enhances behavioral sensitization to cocaine and the acquisition of cocaine self-

administration in female rats (Segarra et al., 2010).  

Furthermore, a recent study in rats has demonstrated that estradiol can also 

enchance intake of cocaine after acquisition of self-administration (Zhao and Becker, 

2010).  However, the few studies that have probed how estrogen influences cocaine self-

administration and drug discrimination in monkeys have largely found either minimal 

(Mello et al., 2007) or no effect (Mello et al., 2008).  These findings are surprising as 

human studies report menstrual phase differences in the subjective effects of cocaine 

(Sofuoglu et al., 1999). Our current findings are unique in that we use a sensitive assay to 
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quantify vulnerability to cocaine reinforcement in normal cycling, socially housed 

monkeys, which may be a more translational model to the human condition.   

The experimental procedure of substituting very low cocaine doses for food was 

designed to determine the sensitivity of each monkey to the reinforcing effects of 

cocaine. Starting with very low doses permitted us to quantify sensitivity by directly 

comparing response rates between cocaine- and saline-contingent responding and 

generate survival curves depicting cocaine sensitivity between dominant and subordinate 

monkeys. In an earlier study (Nader et al., 2012), we used this procedure and reported 

that dominant female monkeys were more sensitive to the reinforcing effects of cocaine 

compared to subordinate animals. This finding was not replicated in the present 

experiment. In fact, it appeared that the subordinate monkeys were more sensitive to 

cocaine reinforcement compared to the dominant female monkeys, which is more 

consistent with our earlier findings in socially housed male monkeys (Morgan et al., 

2002; Czoty et al., 2005). There are several important methodological differences 

between this study and the earlier study in females that may account for the different 

findings. Perhaps the most significant difference was that the dose range tested in the 

current study included sub-reinforcing doses (0.0003 mg/kg/inj) at which no monkeys 

acquired cocaine the initial time it was made available. In the previous study, 40% of the 

monkeys acquired cocaine self-administration at the dose presented initially (0.001 

mg/kg/inj; Nader et al., 2012). Additionally, the differences in “pre-social housing 

conditions” between the two studies could be influential. In the Nader et al. (2012) study, 

the monkeys were individually housed for approximately 18 months before the effects of 

social housing was examined; in the present study, monkeys were pair-housed prior to 
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being placed in social groups of four. Future studies will be needed to better determine 

the influence of prior housing conditions on the socially derived stress and enrichment 

that accompanying social housing (see Nader et al., 2012).     

While there were no significant differences in sensitivity to the lowest dose of 

cocaine that at which acquisition occured between dominant and subordinate monkeys, 

there were significant differences in overall response rates and intake across the entire 

cocaine dose-response curve once acquisition had taken place. In both follicular and 

luteal phases, subordinate monkeys had higher response rates compared to dominant 

monkeys. It is unlikely that pharmacokinetic variables associated with hormonal 

concentration can account for these findings since it has been shown that there are no 

differences in cocaine and metabolite levels observed across the menstrual cycle 

following repeated injections of cocaine (Evans and Foltin, 2006). These findings are 

consistent with an earlier study in male monkeys showing significantly higher response 

rates and intake across the entire cocaine dose-response curve in subordinate monkeys 

(Morgan et al., 2002).  

Our results indicating that subordinate female monkeys are more sensitive to 

cocaine reinforcement are consistent with increased instances of other addictive 

behaviors observed in animals subject to psychosocial stress such as higher consumption 

of low-fat and high-fat diets (Wilson et al., 2008; Arce et al., 2010), increased alcohol 

intake (Bahi, 2013) and increased opiate consumption (Heyne and Wolffgramm, 1998). 

Alterations in the dopaminergic system may underly this increase susceptibility as 

individual differences in dopaminergic function have been shown to result in varying 

degrees of susceptibility to drug abuse (Piazza and Le Moal, 1996; Lucas et al., 1998; 
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Morgan et al., 2002; Nader et al., 2012). Additionally, it is well accepted that 

reproductive hormones influence the dopaminergic system (Di Paolo, 1994). Our lab 

have previously demonstrated that menstrual cycle alters DA receptor availability (Czoty 

et al., 2009), therefore it is not surprising that we observed significant effects of 

menstrual cycle phase on cocaine reinforcement. There is considerable evidence in rodent 

self-administration studies to demonstrate that both phase and exogenous reproductive 

hormone administration affects cocaine’s reinforcing effects, yet few studies have 

investigated these effects in non-human primates (Roberts et al., 1989; Hecht et al., 1999; 

Feltenstein et al., 2009; Mello et al., 2007; Cooper et al., 2013). The studies in which an 

effect of reproductive hormones on cocaine-maintained behaviors was observed showed 

that the effects were more pronounced during cycle phases when circulating estradiol 

concentration are at their highest and progesterone concentrations are at their lowest 

(Feltenstein and See, 2007). The present findings compliment these preclinical studies as 

well as several human studies reporting that cocaine’s positive subjective effect ratings 

are lower during the luteal phase relative to the follicular phase (Sofuoglu et al., 1999; 

Evans et al., 2002; Sofuoglu et al., 2002; Evans and Foltin, 2006). 

Taken together, the present findings indicate that factors that may influence 

vulnerability to drug abuse – in this study, the relationship between estradiol 

concentration and lowest dose of cocaine to function as a reinforcer - do not necessarily 

impact maintenance of continued cocaine use. In the case of the latter, we deomonstrate 

that social rank was related to differences in sustained cocaine self-administration 

however hormonal fluctuations were not, as evident by the lack of effect of menstrual 

cycle phase. We have shown in male monkeys that even when baseline rates of cocaine 



        174 
 

self-administration are similar between dominant and subordinate monkeys, the effects of 

environmental and pharmacological manipulations frequently reveal rank-related 

differences in sensitivity (Czoty and Nader, 2012, 2013). Whether similar outcomes will 

occur in socially housed females and if menstrual cycle influences these outcomes, 

remains to be determined. Therefore, the findings of this set of experiments champions 

for the inclusion of female subjects in future studies and suggests that outcomes from 

such studies may be imperative in terms of treatment strategy development and may 

result in individualized treatment options for women compared to men.   

 

ACKNOWLEDGEMENTS 

The authors thank Michael Rowe for excellent technical assistance. This study was 

supported by Public Health Service grants, DA017763 and DA029178.  

 

CONFLICT OF INTEREST: none 

 

 

 

 

 



        175 
 

REFERENCES 

Anker JJ, Larson EB, Gliddon LA, Carroll ME (2007). Effects of progesterone on the 

reinstatement of cocaine-seeking behavior in female rats. Exp Clin Psychopharmacol. 

15: 472-480. 

Appt SE (2004). Usefulness of the monkey model to investigate the of role soy in  

 postmenopausal women’s health. ILAR J. 45: 200-211. 

Arce M, Michopoulos V, Shepard KN, Ha QC, Wilson ME (2010). Diet choice, cortisol  

 reactivity, and emotional feeding in socially housed rhesus monkeys. Physiol Behav. 

101: 446-455. 

Bahi A (2013). Increased anxiety, voluntary alcohol consumption and ethanol-induced 

place preference in mice following chronic psychosocial stress. Stress. 16: 441-451 

Becker JB, Hu M (2008). Sex differences in drug abuse. Front Neuroendocrinol. 29: 36-

47. 

Becker JB (1999). Gender differences in dopaminergic function in striatum and nucleus 

accumbens. Pharmacol Biochem Behav. 64: 803-812.  

Bobzean SA, DeNobrega AK, Perrotti LI (2014). Sex differences in the neurobiology of 

drug addiction. Exp Neurol. 259: 64-74. 

Carpenter KM, Schreiber E, Church S, McDowell D (2006). Drug Stroop performance: 

relationships with primary substance of use and treatment outcome in a drug-

dependent outpatient sample. Addict Behav. 31: 174-181. 



        176 
 

Chen K, Kandel D (2002). Relationship between extent of cocaine use and dependence 

among adolescents and adults in the United States. Drug Alcohol Depend. 68: 65-85. 

Cooper ZD, Foltin RW, Evans SM (2013). Effects of menstrual cycle phase on cocaine 

self-administration in rhesus macaques. Horm Behav. 63: 105-113. 

Czoty PW, Gould RW, Nader MA (2009). Relationship between social rank and cortisol 

and testosterone concentrations in male cynomolgus monkeys (Macaca fascicularis). 

J Neuroendocrinol. 21: 68-76. 

Czoty PW, Nader MA (2012). Individual differences in the effects of environmental 

stimuli on cocaine choice in socially housed male cynomolgus monkeys. 

Psychopharmacology (Berl). 224: 57-67. 

Czoty PW,  Nader MN (2013). Effects of dopamine D2/D3 receptor ligands on food-

cocaine choice in socially housed male cynomolgus monkeys. J Pharmacol Exp Ther. 

345: 374-382. 

Czoty PW, McCabe C, Nader MA (2005). Assessment of the reinforcing strength of 

cocaine in socially housed monkeys using a choice procedure. J Pharmacol Exp Ther 

312: 96-102. 

Czoty PW, Riddick NV, Gage HD, Sandridge M, Nader SH, Garg S, Bounds M, Garg 

PK, Nader MA (2009). Effect of menstrual cycle phase on dopamine D2 receptor 

availability in female cynomolgus monkeys. Neuropsychopharmacology 34: 548-554. 



        177 
 

Denier CA, Thevos AK, Latham PK, Randall CL (1991). Psychosocial and 

psychopathology differences in hospitalized male and female cocaine abusers: a 

retrospective chart review. Addict Behav. 16: 489-496. 

Di Paolo T (1994). Modulation of brain dopamine transmission by sex steroids. Rev 

Neurosci. 5: 27-41.   

Evans SM (2007). The role of estradiol and progesterone in modulating the subjective 

effects of stimulants in humans. Exp Clin Psychopharmacol. 15: 418-426. 

Evans SM, Haney M, Foltin RW (2002). The effects of smoked cocaine during the 

follicular and luteal phases of the menstrual cycle in women. Psychopharmacology 

(Berl). 159: 397-406.  

Evans SM, Foltin RW (2006). Pharmacokinetics of repeated doses of intravenous cocaine 

across the menstrual cycle in rhesus monkeys. Pharmacol Biochem Behav. 83: 56-66. 

Feltenstein MW, Byrd EA, Henderson AR, See RE (2009). Attenuation of cocaine-

seeking by progesterone treatment in female rats. Psychoneuroendocrinology. 34: 

343-352. 

Feltenstein MW, See RE (2007). Plasma progesterone levels and cocaine-seeking in 

freely  cycling female rats across the estrous cycle. Drug Alcohol Depend. 89: 

183-189. 

Festa ED, Quinones-Jenab V (2004). Review. Gonadal hormones provide the biological 

basis for sex differences in behavioral responses to cocaine. Horm Behav. 46: 509-

519.  

http://www.sciencedirect.com.go.libproxy.wakehealth.edu/science/article/pii/S0014488614000351#bb0230


        178 
 

Frye CA (2007). Progestins influence motivation, reward, conditioning, stress, and/or 

response to drugs of abuse. Pharmacol Biochem Behav. 86: 209-219. 

Greenfield SF, Back SE, Lawson K, Brady KT (2010). Review. Substance abuse in 

women. Psychiatr Clin North Am. 33: 339-355. 

Haas AL, Peters RH (2000). Development of substance abuse problems among drug-

involved offenders. Evidence for the telescoping effect. J Subst Abuse. 12: 241-253. 

Hecht GS, Spear NE, Spear LP (1999). Changes in progressive ratio responding for 

intravenous cocaine throughout the reproductive process in female rats. Dev 

Psychobiol. 35: 136-145.  

Hernandez-Avila CA, Rounsaville BJ, Kranzler HR (2004). Opioid-, cannabis- and 

alcohol-dependent women show more rapid progression to substance abuse treatment. 

Drug Alcohol Depend. 74: 265-272. 

Heyne A, Wolffgramm J (1998). The development of addiction to d-amphetamine in an 

animal model: same principles as for alcohol and opiate. Psychopharmacology (Berl). 

140: 510-518. 

Ignjatova L, Raleva M (2009). Gender difference in the treatment outcome of patients 

served in the mixed-gender program. Bratisl Lek Listy. 110: 285-289.  

Jackson LR, Robinson TE, Becker JB (2006). Sex differences and hormonal influences 

on acquisition of cocaine self-administration in rats. Neuropsychophamacology. 31: 

129-138.  



        179 
 

Kaplan JR, Manuck SB, Clarkson TB, Lusso FM, Taub DM. 1982. Social status, 

environment,  and atherosclerosis in cynomolgus monkeys. Arteriosclerosis 2: 

359-368.  

Kasperski SJ, Vincent KB, Calderia KM, Garnier-Dykstra LM, O’Grady KE, Arria AM 

(2011). College students’ use of cocaine: results from a longitudinal study. Addict 

Behav. 36: 408-411. 

Kerstetter KA, Aguilar VR, Parrish AB, Kippin TE (2008). Protracted time-dependent 

increases in cocaine-seeking behavior during cocaine withdrawal in female relative to 

male rats. Psychopharmacology (Berl). 198: 63-75. 

Kippin TE, Fuchs RA, Mehta RH, Case JM, Parker MP, Bimonte-Nelson HA, See RE 

(2005). Potentiation of cocaine-primed reinstatement of drug seeking in female rats 

during estrus. Psychopharmacology (Berl). 182: 245-252.  

Larson EB, Roth ME, Anker JJ, Carroll ME (2005). Effect of short- vs. long-term 

estrogen on reinstatement of cocaine-seeking behavior in female rats. Pharmacol 

Biochem Behav. 82: 98-108.  

Lucas LR, Angulo JA, Le Moal M, McEwen BS, Piazza PV (1998). Neurochemical 

characterization of individual vulnerability to addictive drugs in rats. Eur J Neurosci. 

10:  3153-3163.  

Lynch WJ (2006). Review. Sex differences in vulnerability to drug self-administration. 

Exp Clin Psychophamacol. 191: 263-271. 



        180 
 

Lynch WJ, Roth ME, Michelberg JL, Carroll ME (2001). Role of estrogen in the 

acquisition of intravenously self-administered cocaine in female rats. Pharmacol 

Biochem Behav. 68: 641-646.  

Mello NK, Knudson IM, Mendelson JH (2007). Sex and menstrual cycle effects on 

progressive ratio measures of cocaine self-administration in cynomolgus monkeys. 

Neuropsychopharmacology. 32: 1956-1966. 

Mello NK, Negus SS, Knudson IM, Kelly M, Mendelson JH (2008). Effects of estradiol 

on cocaine self-administration and cocaine discrimination by female rhesus monkeys. 

Neuropsychopharmacology. 33: 783-795. 

Morgan D, Grant KA, Gage HD, Mach RH, Kaplan JR, Prioleau O, Nader SH, 

Buchheimer N, Ehrenkaufer RL, Nader MA (2002). Social dominance in monkeys: 

dopamine D2 receptors and cocaine self-administration. Nat Neurosci. 5: 169-174.  

Nader MA, Nader SH, Czoty PW, Riddick NV, Gage HD, Gould RW, Blaylock BL, 

Kaplan JR, Garg PK, Davies HM, Morton D, Garg S, Reboussin BA (2012). Social 

dominance in female monkeys: dopamine receptor function and cocaine 

reinforcement. Biol Psychiatry. 72: 414-421.  

Niyomchai T, Russo SJ, Festa ED, Akhavan A, Jenab S, Quiñones-Jenab V (2005). 

Progesterone inhibits behavioral responses and estrogen increases corticosterone 

levels after acute cocaine administration. Pharmacol Biochem Behav. 80: 603-610.  



        181 
 

Piazza PV, LeMoal ML (1996). Pathophysiological basis of vulnerability to drug abuse: 

role of  an interaction between stress, glucocorticoids, and dopaminergic neurons. 

Annu Rev Pharmacol Toxicol. 36: 359-378. 

Quinones-Jenab V, Ho A, Schlussman SD, Franck J, Kreek MJ (1999). Estrous cycle 

differences in cocaine-induced stereotypic and locomotor behaviors in Fisher rats. 

Behav Brain Res. 101: 15-20. 

Riddick NV, Czoty PW, Gage HD, Kaplan JR, Nader SH, Icenhower M, Pierre PJ, 

Bennett A, Garg PK, Garg S, Nader MA (2009). Behavioral and neurobiological 

characteristics influencing social hierarchy formation in female cynomolgus monkeys. 

Neuroscience. 158: 1257-1265. 

Robbins SJ, Ehrman RN, Childress AR, O’Brien CP (1999). Comparing levels of cocaine 

cue reactivity in male and female outpatients. Drug Alcohol Depend. 53: 223-230. 

Roberts DC, Bennett SA, Vickers GJ (1989). The estrous cycle affects cocaine self-

administration on a progressive ratio schedule in rats. Psychopharmacology (Berl). 98: 

408-411.  

Russo SJ, Festa ED, Fabian SJ, Gazi FM, Kraish M, Jenab S, Quiñones-Jenab (2003). 

Gonadal hormones differentially modulate cocaine-induced conditioned place 

preference in male and female rats. Neuroscience. 120: 523-533.  

Substance Abuse and Mental Health Services Administration. (2014). Results from the 

2013 National Survey on Drug Use and Health: Summary of National Findings 



        182 
 

(Office of Applied Studies, NSDUH Series H-48, HHS Publication No. SMA 14-

4863). Rockville, MD. 

Segarra AC, Agosto-Rivera JL, Febo M, Lugo-Escobar N, Menéndez-Delmestre R, Puig-

Ramos A, Torres-Dias YM (2010). Estradiol: a key biological substrate mediating the 

response to cocaine in female rat. Horm Behav. 58: 33-43. 

Sell SL, Scalzitti JM, Thomas ML, Cunningham KA (2000). Influence of ovarian 

hormones and estrous cycle on the behavioral response to cocaine in female rats. J 

Pharmacol Exp Ther. 293: 879-886. 

Sinha R, Fox H, Hong KI, Sofuoglu M, Morgan PT, Bergquist KT (2007). Sex steroid 

hormones, stress response, and drug craving in cocaine-dependent women: 

implications for relapse susceptibility. Exp Clin Psychophamacol. 15: 445-452. 

Sofuoglu M, Dudish-Poulsen S, Nelson D, Pentel PR, Hatsukami DK (1999). Sex and 

menstrual cycle differences in the subjective effects from smoked cocaine in humans. 

Exp Clin Psychopharmacol. 7: 274-283. 

Sofuoglu M, Dudish-Poulsen S, Nelson D, Pentel PR, Hatsukami DK (1999). Sex and 

menstrual cycle differences in the subjective effects from smoked cocaine in humans. 

Exp Clin Psychopharmacol. 7: 274-283. 

Wagner FA, Anthony JC (2007). Male-female differences in the risk of progression from 

first use to dependence upon cannabis, cocaine, and alcohol. Drug Alcohol Depend. 8 

6: 191-198. 



        183 
 

Watson CS, Alyea RA, Hawkins BE, Thomas ML, Cunningham KA, Jakubas AA (2006). 

Estradiol effects on the dopamine transporter- protein levels, subcellular location, and 

function. J Mol Signal. 1:5.  

Weiss RD, Martinez-Raga J, Griffin ML, Greenfield SF, Hufford C (1997). Gender 

differences in cocaine dependent patients: a 6 month follow-up study. Drug Alcohol 

Depend. 44: 35-40. 

Westermeyer J, Boedicker AE (2000). Course, severity, and treatment of substance abuse 

among women versus men. Am J Drug Alcohol Abuse. 26: 523-535. 

Wilson ME, Fisher J, Fischer A, Lee V, Harris RB, Bartness TJ (2008). Quantifying food 

intake in socially housed monkeys: social status effects on caloric consumption. 

Physiol Behav.  94: 586-594. 

Zhao W, Becker JB (2010). Sensitization enhances acquisition of cocaine self-

administration in female rats: estradiol further enhances cocaine intake after 

acquisition. Horm Behav. 58:  8-12. 

 

 

 

 

 

 



        184 
 

Table 1. The effect of menstrual phase at each cocaine dose tested. Mean (±SEM) 

response rate and intake at the follicular phase and luteal phase of the menstrual cycle 

within subordinate and dominant monkeys. *p<0.05 between luteal and follicular at that 

particular dose. 

Dominants Cocaine Self-Administration and Menstrual Cycle Phase 

                      Response Rate (responses/sec) Intake (mg/kg/session) 

Dose 

(mg/kg) 

Follicular  

[Mean ± SEM]  

Luteal  

[Mean ± SEM]   

Follicular  [Mean 

± SEM] 

Luteal  

[Mean ± SEM] 

0.0003 0.021 ± 0.006 0.023 ± 0.006 0.001 ± 0.0002 0.001 ± 0.0002  

0.001 0.014 ± 0.006  * 0.02 ± 0.006  * 0.001 ± 0.001 0.002 ± 0.001 

0.003 0.031 ± 0.014 0.13 ± 0.098 0.006 ± 0.003 0.019 ± 0.012 

0.01 0.19 ± 0.13 0.11 ± 0.06 0.08 ± 0.04 0.073 ± 0.035 

0.03 0.14 ± 0.05 0.3 ± 0.18 0.38 ± 0.13 0.37 ± 0.13 

0.1 0.2 ± 0.05 0.19 ± 0.05 1.53 ± 0.22  *  1.47 ± 0.31  * 

Subordinates Cocaine Self-Administration and Menstrual Cycle Phase 

                 Response Rate (responses/sec) Intake (mg/kg/session) 

Dose 

(mg/kg) 

Follicular 

[Mean ± SEM]  

Luteal  

[Mean ± SEM]   

Follicular  

[Mean ± SEM] 

Luteal  

[Mean ± SEM] 

0.0003 0.11 ± 0.07 0.031 ± 0.007 0.002 ± 0.001 0.001 ± 0.0002 

0.001 0.04 ± 0.016  0.065 ± 0.03 0.003 ± 0.002  * 0.006 ± 0.003  * 

0.003 0.10 ± 0.042 0.097 ± 0.06 0.025 ± 0.01 0.021 ± 0.012 

0.01 0.31 ± 0.16 0.43 ± 0.15 0.13 ± 0.05 0.17 ± 0.05 

0.03 0.56 ± 0.22 0.5 ± 0.23 0.59 ± 0.13 0.55 ± 0.13 

0.1 0.27 ± 0.07  * 0.23 ± 0.05  * 1.95 ± 0.27 1.70 ± 0.22 
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Table 2. Baseline response rates and reinforcers in socially housed female monkeys. 

Food-Maintained Responding Before Cocaine Acquisition 

Social 
Rank 

Response Rate 
Range 

(response/sec) 

Response Rates 
[Mean ± SEM] 

Pellets (n) 
Range 

Pellets (n) 
[Mean ± SEM] 

Dominant 

1 and 2 2.5 - 0.4 1.58 ± 0.25 14.17 - 30 27.21 ± 1.9 

Subordinate 

3 and 4 2.87 - 0.65 1.43 ± 0.29 24.65 - 30 28.11 ± 0.88 

Saline-Maintained Responding Before Cocaine Acquisition 

Social 
Rank 

Response Rate 
Range 

(response/sec) 

Response Rates 
[Mean ± SEM] 

Injections (n) 
Range 

Injections (n) 
[Mean ± SEM] 

Dominant 

1 and 2 0.056 - 0.01 0.03 ± 0.006 4.5 - 0.67 2.23 ± 0.47 

Subordinate 

3 and 4 0.06 - 0.008 0.03 ± 0.008 6 - 0.65 2.47 ± 0.82 
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Figure 1. Dominant female monkeys and subordinate monkeys acquire cocaine 

reinforcement at similar doses. Percentage of dominant (open symbols) and subordinate 

(closed symbols) monkeys that reached criteria to acquire cocaine self-administration at 

various doses of cocaine available under a 30-response fixed-ratio schedule of 

reinforcement.   
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Figure 2. Relationship between average circulating estradiol and dose at which cocaine 

first functioned as a reinforcer.  
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Figure 3.  Reinforcing effects of cocaine are greater in subordinate female monkeys 

compared with dominant animals. Mean (±SEM) rate of responding (responses/sec) when 

saline or various doses of cocaine were available per session for dominant (ranks #1 and 

ranks #2, open symbols, n=8) and subordinate (ranks #3 and #4, closed symbols, n=7) 

monkeys in the follicular (A) or luteal (B) phase of the menstrual cycle. Mean (±SEM) 

cocaine intake (mg/kg/session) during the follicular (C) or luteal (D) phase of the 

menstrual cycle. Each dose was available for at least five sessions until responding was 

stable; data represent to mean of the last 3 days of availability for each monkey. *p<0.05; 

**p<0.01 between dominant and subordinate monkeys at that particular dose. 
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Abstract 

Rationale: Cocaine use has been associated with cognitive impairments that may 

contribute to poor treatment outcomes. However, the degree to which these deficits 

extend into periods of abstinence has not been completely elucidated. Objectives: This 

study tested whether prior experience self-administering cocaine affected acquisition of 

two cognitive tasks in 16 adult female cynomolgus monkeys. Seven monkeys had 

previously self-administered cocaine but had not had access to cocaine for two months at 

the start of this study. Methods: After monkeys were trained to respond on a touchscreen, 

associative learning and behavioral flexibility were assessed using a stimulus 

discrimination (SD) and reversal (SDR) task from the CANTAB battery. Performance on 

this task was monitored over the subsequent three months. Additionally, working 

memory was assessed with a delayed match-to-sample (DMS) task. Results: Cocaine-

naïve monkeys required fewer total trials and made fewer errors and omissions before 

acquiring the SD and SDR tasks compared to monkeys who had previously self-

administered cocaine; two monkeys in the latter group did not acquire the task. However, 

this cognitive impairment dissipated over several months of exposure to the task. The 

number of sessions for touch training and delays required to establish a performance-

based curve on the DMS task did not differ between groups. Conclusion: Results suggest 

that cocaine exposure can impair the ability to learn a novel task requiring behavioral 

inhibition and flexibility, even after an extended period of abstinence. However, this 

deficit did not extend to maintenance of the task or to acquisition of a working memory 

task. 



        190 
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Introduction 

Cocaine abuse continues to be a major public health problem with more than 1.6 

million Americans confirming current cocaine use (SAMHSA 2014). Attempts to 

develop pharmacological treatments have been largely unsuccessful. The success of some 

non-pharmacological approaches, such as cognitive behavioral therapy, may represent a 

reversal of detrimental effects of cocaine abuse on executive function, which 

encapsulates the abilities to weigh multiple options, make complex decisions and 

organize, implement and control a multitude of cognitive functions (Oscar-Berman and 

Marinković 2007; van der Plas et al. 2009; Sofuoglu et al. 2013). Although some 

structural and functional alterations that occur due to cocaine abuse can recover during 

abstinence (Nader et al. 2006; Moeller et al. 2012; Connolly et al. 2013; Morie et al. 

2013), relatively little is known about the extent to which cognitive impairments persist 

after cessation of cocaine use (De Oliveira et al. 2009). Characterizing the relationship 

between cocaine abuse and cognitive function during abstinence will aid development of 

therapies to reverse these deficits and to minimize relapse. 

Dysfunction in brain dopamine (DA) systems is a hallmark of cocaine exposure 

and is believed to drive the associated cognitive impairments (Cools and D’Esposito 

2011; Ersche et al. 2011; Moeller et al. 2012; Verrico et al. 2013), although it is 

impossible to determine whether these deficits precede or result from cocaine exposure in 

humans. Cocaine users display deficits in many aspects of executive function, including 
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cognitive flexibility and response inhibition (Verdejo-Garcίa et al. 2006), which have 

been attributed specifically to alterations in DA function (Nandam et al. 2013). Cognitive 

deficits during abstinence have been associated with poorer retention and success in 

behavioral treatment programs (Volkow et al. 1992; Teichner et al. 2002; Aharonovich et 

al. 2006; Tomasi et al. 2007; Carroll et al. 2011). However, the time course of recovery 

of executive function during abstinence is not well characterized. Previous studies 

reported that memory deficits lessened over periods of abstinence, with cocaine users 

showing improved cognitive function at 6 months of abstinence when compared to 6 

weeks (Di Sclafani et al 2002; Pace-Schott et al. 2008; Hanlon et al. 2011). However, 

limitations inherent in studies with human subjects make it difficult to track recovery 

over time. Controlled longitudinal studies in laboratory animals can directly address these 

questions. Longitudinal studies of cognitive function in monkeys—specifically those that 

involve repeated drug exposure—have been integral in understanding the development of 

deficits that accompany chronic drug exposure (e.g. Taffe et al. 2001; Jentsch et al. 2002; 

Liu et al. 2008; Gould et al. 2012). 

Sex differences in sensitivity to cocaine are prevalent in both preclinical and 

clinical research (O’Brien and Anthony 2005; Anker and Carroll 2011). Because females 

tend to be underrepresented in clinical and preclinical studies, the extent to which cocaine 

causes cognitive impairments in females is not well understood. This is concerning 

because women are particularly vulnerable to cocaine abuse (e.g. Cotto et al. 2010). 

Women initiate drug use at earlier ages, progress to dependence faster and are more 

susceptible to the physical, mental and social consequences of abuse (Zilberman et al. 

2003; Greenfield et al. 2007b). Furthermore, women are less successful at quit attempts, 
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with lower rates of treatment retention and higher rates of relapse (Siqueland et al. 2002; 

Hyman et al. 2008). Importantly, previous studies have provided evidence for sex-

dependent brain-behavior relationships in the role of the ventromedial prefrontal cortex in 

mediating emotional processing, decision-making and executive function (Bolla et al. 

2004; Tranel et al. 2005; van der Plas et al. 2009). Preclinical evidence also suggests that 

female subjects are more sensitive to the abuse-related effects of cocaine across a range 

of behavioral assays including faster acquisition, higher rates and more pronounced 

reinstatement of self-administration (Lynch and Carroll 1999, 2000; Carroll et al. 2002; 

Lynch and Taylor 2005). However, nonhuman primate studies of the effects of cocaine 

on cognitive function have been conducted almost exclusively in male subjects. 

In the present experiments, 16 adult female cynomolgus monkeys were studied. 

Nine monkeys were cocaine-naïve and seven monkeys had previously self-administered 

cocaine 5 days per week for three months, but had been abstinent for eight weeks at the 

initiation of this study. To assess effects of prior self-administration experience on 

cognition, we examined the time it took to train the monkeys to learn to use a 

touchscreen, then studied the acquisition of a reversal learning task which included a 

simple discrimination (SD) followed by the reversal of that discrimination (SDR). These 

behavioral tasks examined the monkeys’ ability to learn a rule to guide behavior (SD) and 

to inhibit responding under that rule while learning a new rule (SDR). We used a 3-

choice visual discrimination to permit examination of the patterns of errors made to 

determine if they are perseverative (Arnsten et al. 1997; Jentsch et al. 2002). To assess 

whether cognitive deficits persisted following acquisition, we assessed performance for 

three months with re-exposure to the reversal-learning task using novel stimuli. We also 
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evaluated performance on a delayed match-to sample (DMS) task to measure working 

memory. In this task, subjects are trained to identify previously presented stimuli after 

various delay intervals. Because all monkeys had a similar previous experience of lever-

pressing reinforced by delivery of a food pellet, we did not expect to observe group 

differences in touchscreen training. However, we hypothesized that cocaine-experienced 

monkeys would take longer to acquire the SD/SDR task based on previous results in male 

rhesus monkeys (Gould et al. 2012). Moreover, we expected to observe that these 

impairments would be task-specific. Because impairments on the DMS task were shown 

to resolve within 30 days of abstinence in male rhesus monkeys (Gould et al. 2012), we 

hypothesized that the delay lengths used to generate performance-based curves would be 

similar between groups. 

Materials and Methods 

Subjects. Sixteen adult female cynomolgus macaques (Macaca fascicularis) served as 

subjects. Seven monkeys had been surgically implanted with an indwelling intravenous 

catheter as described previously (Czoty et al. 2005) and had experience self-

administering cocaine (approximately 150 mg/kg cocaine over 6 months). Eight weeks 

prior to the start of the present experiments, access to cocaine was discontinued for the 

cocaine-experienced monkeys and they and 9 additional cocaine-naïve monkeys, who 

had been self-administering food pellets for three months, began self-administering 

sucrose pellets 3-5 days per week during under a fixed-ratio schedule. There were no 

differences between the groups in average age or weight at the start of these experiments 

(Table 1); weights did not change significantly during the course of the experiments. All 

monkeys were fitted with an aluminum collar (Primate Products, Redwood City, 
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California) and trained to sit in a standard primate chair (Primate Products). Monkeys 

were weighed weekly and feed enough fresh fruit and food (Nestle Purina PetCare 

Company, St. Louis, Missouri) to maintain healthy body weights (2.6- 3.2 kg) as 

determined by physical appearance and periodic veterinary exams; water was available 

ad libitum in the home cage which measured 0.71 x 1.68 x 0.84 m (Allentown Caging 

Inc., Allentown, New Jersey). Environmental enrichment was provided as outlined in the 

Institutional Animal Care and Use Committee’s Non-Human Primate Environmental 

Enrichment Plan. All experimental procedures were performed in accordance with the 

2003 National Research Council Guidelines for the Care and Use of Mammals in 

Neuroscience and Behavioral Research and were approved by the Wake Forest 

University Institutional Animal Care and Use Committee. 

Cognitive assessments. Cognitive testing was conducted 5 to 7 days per week between 

9:00 am and 12:00 pm using the Cambridge Neuropsychological Test Automated Battery 

apparatus (CANTAB; Lafayette Instruments, Lafayette, Indiana) as described previously 

(Gould et al. 2012). Animals completed a maximum of 200 trials in the stimulus 

discrimination and reversal (SD/SDR) task and 80 trials in the DMS task. Only one task 

was assessed in each behavioral session. Total session length of the reversal learning task 

depended on task performance, as session terminated once reversal criteria were met or a 

maximum of 200 trials were completed (see below). In the DMS task, each animal 

completed 80 total trials with three delay lengths (short, medium and long, see below), 

therefore the total session length varied between animals but lasted one hour on average. 

Experiment 1. Effects of prior cocaine self-administration on acquisition of 

touchscreen training, a reversal-learning task and a DMS task.  
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(1a) Training. Using a touch-sensitive computer screen (Lafayette Instruments; 

Lafayette, IN) monkeys were trained to touch a square that became progressively smaller 

across trials. Specifically, there were six sizes of the square, which became smaller after 

every fourth consecutive touch. Each touch was reinforced with a 190-mg food pellet; 

touching any other part of the screen resulted in a 10-second timeout (Weed et al. 1999). 

The primary dependent variable for touchscreen training was the number of daily 

sessions to reach criteria (two daily sessions in which the monkey reached the smallest 

square). Data from cocaine-experienced (n=7) and cocaine-naïve (n=9) monkeys were 

statistically compared using a t-test. Differences were considered statistically significant 

when p<0.05. Once the touch-training criterion was met monkeys were exposed to the 

SD and SDR tasks. 

(1b) SD/SDR task. In the SD task, three shapes (A, B, C) appeared in a horizontal row 

across the center of the screen. The same three shapes were used for each monkey during 

this stage of the experiment. A response on one shape (A+) resulted in delivery of a 190-

mg food pellet and initiation of a 7-second inter-trial interval (ITI) while responding on 

either of the other two shapes (B-, C-) resulted in a 10-second timeout, followed by a 7-

second ITI. Shapes were randomly distributed throughout the three possible positions on 

the screen with a maximum of 200 trials per day. Acquisition of the SD was defined as 18 

correct responses out of the previous 20 completed trials. Once the acquisition criterion 

was met, contingencies were altered in the SDR phase so that responding on the 

previously correct shape was now incorrect (i.e. A-) while a response on one of the 

previous incorrect shapes now counted as a correct response (i.e. B+). The third shape, 

which was incorrect in the SD phase, remained incorrect in the SDR phase (i.e. C-). The 
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same consequences of responding on a correct or incorrect stimulus and the same 

criterion for acquisition used in the SD phase were used in the SDR phase. Dependent 

variables included the total number of trials, the number of errors and the number of 

omissions to acquisition during the SD and SDR tasks. Total trials included correct trials, 

errors and omissions. Data for errors to criterion underwent a square-root transformation 

prior to analysis to normalize their distribution (see Wright Jr et al. 2013). Response and 

pellet retrieval latencies were also recorded. For the SDR task, perseverative errors were 

determined, defined as responses on the stimulus that had been reinforced in the SD 

phase (A-). Incorrect responses on the stimulus that had not been reinforced in the SD 

phase (C-) were termed seeking errors. Two-way analyses of variance (ANOVAs) were 

conducted using group (cocaine-experienced, cocaine-naïve) and phase of task (SD, 

SDR) as factors. A two-way ANOVA was also conducted to compare the distribution of 

errors across the two incorrect stimuli in the SD and SDR phases between groups.  

Significant main effects were followed by post hoc comparisons using Fisher’s LSD 

tests. For each dependent variable, there were four comparisons of interest (i.e. the 

comparison of cocaine-naïve vs. cocaine-experienced groups for both tests, and the 

comparison for each group across tests). To maintain a family-wise error rate less than 

0.05, a Bonferroni correction was applied following Fisher’s LSD analysis. The resulting 

critical value of p was equal to 0.0125. A similar adjustment was made for analysis of 

error distribution. 

(1c) DMS task. Collection of DMS data began after all animals finished Experiment 1b. 

In the DMS task, a target image appeared on the screen and when a response was made 

(i.e. after a 0-second delay), three images appeared. The three images were taken from a 
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limited stimulus set of six images (i.e. stimuli were not trial-unique). A response on the 

previously displayed image resulted in delivery of a 190-mg food pellet. A response on 

either of the two novel images resulted in a 10-second time out and no pellet delivery. 

Once percent accuracy exceeded 80% for 3 consecutive days with a short (0-sec) delay, 

delays were gradually increased. Baseline performance was established by increasing 

delay lengths until similar reductions in percent accuracy were reached in all monkeys. 

There were three target levels of accuracy in each monkey: >78% accuracy (the 

corresponding delay was considered the “short” delay), 55%-78% accuracy (“medium” 

delay) and <55% accuracy (“long” delay). Delays were randomly distributed throughout 

each session so that there were ~27 trials per delay. Once accuracy remained within these 

ranges for 5 consecutive days, performance was deemed stable for each monkey and the 

average short, medium and long delay lengths were calculated. A two-way ANOVA was 

conducted with group (cocaine-naïve, cocaine-experienced) and delay (short, medium, 

long) as factors. Significant main effects were followed by post hoc comparisons using 

Fisher’s LSD tests. 

Experiment 2. Effects of prior cocaine self-administration on maintenance of 

cognitive performance. Once all monkeys had acquired the SD/SDR task, they were 

tested once each week on the SD/SDR task for three months; data from the last week of 

each month were averaged across monkeys for analysis. On the other four days per week, 

monkeys responded on the DMS task (Experiment 1c). For the SD/SDR task, shapes 

were selected randomly from the “CAMCOG 0” list associated with the CANTAB 

system and presented in non-overlapping sets of three. Sets of shapes were randomized 

across monkeys and time points, with the stipulation that no monkey saw the same set 
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twice; the set used for Experiment 1b was not re-used during this experiment. Task 

completion criteria were identical to those described above. The same dependent 

variables were analyzed as in Experiment 1b. Data were analyzed using a 3-way ANOVA 

with group (cocaine experienced, cocaine-naïve), phase of task (SD, SDR) and month (1, 

2, 3) as factors, followed by post hoc Fisher’s LSD tests. 

Results 

Experiment 1. Effects of prior cocaine self-administration on acquisition of 

touchscreen training, the reversal-learning task and the DMS task. 

Training. There were no differences between the 7 cocaine-experienced and 9 cocaine-

naïve monkeys in the number of days necessary to complete touchscreen training (7.2 ± 

2.6 and 5.9 ± 1.2days, respectively). 

(1a) SD/SDR task. There were no significant differences between groups in response 

latencies or pellet retrieval latencies during the SD/SDR task (Table 2). Two monkeys in 

the cocaine experienced group did not reach a criterion level of performance and were 

excluded from data analysis and presentation. One monkey (C-7431) acquired the SD 

task after 419 total trials (146 errors and 102 emissions) but developed a side bias once 

the SDR was implemented. The other 10 monkey (C-7441) took 703 trials to acquire the 

SD (293 errors and 148 omissions) and after switching to the SDR task, soon began to 

omit nearly all trials. 

Results of analysis of total trials to criterion (Fig. 1, top) revealed main effects of 

group (cocaine-naïve, n=9 vs. cocaine-experienced, n=5; F1,12= 16.91, p<0.001) and test 

(SD vs. SDR; F1,12=4.93, p<0.05), and no significant interaction. Post-hoc tests 



        199 
 

confirmed the difference between the SD and SDR task collapsed across groups (p<0.05), 

as well as the effect of group, collapsed across test (p<0.001). Cocaine-naïve and -

experienced groups were not significantly different on the SD task but differed 

significantly on the SDR (p<0.0125). In errors to criterion (Fig. 1, middle) there were 

also significant main effects of group (F1,12= 11.86, p<0.01) and test (F1,12= 8.85, 

p<0.05) and no interaction. As with trials to criterion, post-hoc testing confirmed the 

difference between the SD and SDR task collapsed across groups (p<0.05), as well as the 

effect of group collapsed across test (p<0.01). Post-hoc comparisons revealed a 

significant group difference only in the SDR phase (p<0.0125). Finally, there was a main 

effect of group (F1,12= 8.79, p<0.05) but not test in the number of omissions that 

occurred prior to reaching criterion for acquisition (Fig. 1, bottom). Post-hoc tests 

confirmed that the groups differed significantly in omissions made during acquisition of 

the SDR test (p<0.0125) but not the SD test. 

Using three stimuli in the SD/SDR task permitted the determination of whether 

errors made in the SDR phase were perseverative. During the SD phase (Fig. 2, left), 

cocaine-experienced monkeys made significantly more errors (main effect of group, 

F1,12=11.42, p<0.01 and post-hoc difference in errors on the C stimulus, p<0.01), but 

both groups made a similar number of errors on each incorrect stimulus (no main effect 

of stimulus B vs. C and no interaction), indicating that, prior to reversal, no bias existed. 

During the SDR, however (Fig 2, right), a main effect of error type (F1,12=157.20, 

p<0.001) and a significant interaction (F1,12=5.61, p<0.05) was found, and the main 

effect of group approached significance (F1,12=4.56, p=0.054). Although both groups 

made significantly more perseverative than seeking errors, the difference was larger in 
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the cocaine experienced monkeys. Moreover, the difference in number of perseverative 

errors between cocaine naïve and –experienced monkeys approached significance 

(p=0.013). 

(1b) DMS task. One cocaine-naïve monkey (C-8202) and one cocaine-experienced 

monkey (C-7434) did not achieve stable DMS task performance with relatively short 

delays (<10 seconds) within 50 daily sessions; their data were excluded from analysis and 

presentation. For the remaining monkeys, increasing the delay between the disappearance 

of the sample stimulus and the presentation of the match and comparison stimuli resulted 

in delay-dependent decreases in accuracy from near 100% to chance levels (F2,20=88.68, 

p<0.001; Fig. 3, left). There was no main effect of group and no interaction. The specific 

delay lengths for individual monkeys are shown in Table 1. Analysis of the delay lengths 

that made up each accuracy level (short, >78% accuracy, medium, 55%-78% accuracy, 

long <55% accuracy) for cocaine-naïve (n=8) and cocaine experienced (n=5) monkeys 

showed no significant main effect of group and no interaction (Fig. 3. right). There was, 

as expected, a significant main effect of delay length (F2,20=73.36, p<0.001); posthoc 

analysis confirmed that short, medium and long delays were all significantly different 

from each other. There no significant differences between groups in response latencies or 

pellet retrieval latencies during the DMS task (Table 2). 

Experiment 2. Effects of prior cocaine self-administration on maintenance of 

cognitive performance. The SD/SDR test was repeated weekly over three months after 

initial acquisition. In analyzing total trials to criterion (Fig 4, top row), a three-way 

ANOVA revealed main effects of month (F2,72=3.82, p<0.05) and group (F1,72=9.75, 

p<0.01) but not test; there were no significant interactions. Post-hoc analyses indicated 
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that the main effects are explained by the increased trials needed by the cocaine-

experienced monkeys to complete the SDR task during month 1. For example, post-hoc 

tests indicated that cocaine-naïve and cocaine-experienced monkeys only differed in 

month 1 and only on the SDR task, and that overall month 1 was different from months 2 

and 3. Moreover, there was no difference across months for the cocaine-naïve group, but 

month 1 was significantly different from months 2 and 3 for the cocaine-experienced 

group. The same pattern of statistical test results was observed for errors to criterion (Fig 

4, bottom row); there were main effects of month (F2,72=5.97, p<0.01) and group 

(F1,72=5.93, p>0.05) but not test. The pattern of results of post-hoc tests was identical to 

those for trials to criterion, indicating that the significant main effects are explained by 

the higher number of errors in month 1 in the cocaine-experienced monkeys on the SDR 

task. Note that acquisition data are included in Fig. 4 for comparison but were not 

included in statistical analysis. Omissions were very low during the SD task (1.0 ± 0.4 

omissions per month across all monkeys) and during the SDR task (1.2 ± 0.5 omissions 

per month when one cocaine-experienced monkey who averaged 11 omissions per month 

is excluded). 

Discussion 

Understanding the extent to which cognitive deficits observed in cocaine abusers 

persist into protracted abstinence will help guide treatment decisions. Although some 

research has shown improvements in cognitive tasks in abstinence (Gould et al. 2012; 

Bell et al. 2013; Morie et al. 2013), other studies demonstrate that deficits in inhibition, 

cognitive flexibility and verbal memory can persist into at least short term abstinence (for 

review see Verdejo-Garcia 2004; van Holst and Schilt 2011). These experiments in 
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cynomolgus monkeys were designed to assess the effects of prior cocaine exposure and 

subsequent abstinence on acquisition and maintainance of two cognitive tasks in female 

monkeys.  

In the simple discrimination (SD) task, although cocaine-experienced females 

required more trials to criterion, committed more errors and made more omissions than 

cocaine-naïve monkeys on average, these effects did not reach statistical significance. 

Any differences observed on this first phase of the task were not due to general 

impairments in ability to respond using the touchscreen since there were no differences 

between groups in initial reinforcement training with the CANTAB system or in response 

or pellet retrieval latency. A previous study in male rhesus monkeys (Gould et al. 2012), 

also showed no significant differences between cocaine-naïve and cocaine-experienced 

monkeys in acquiring the SD task. Although the difference between groups appears to be 

larger in the present study compared to Gould et al. (2012), convincing evidence for an 

effect of cocaine experience on SD performance is lacking. Moreover, results of the 

present experiments do not provide evidence of sex differences, although firm 

conclusions are limited by the relatively small sample size. 

More trials were required to reach criterion and more errors were made in the 

SDR phase compared to the SD phase, indicative of a higher cognitive demand in this 

stage of the task. This supports previous findings utilizing reversal-learning tasks (Jentsch 

et al, 2002; Gould et al. 2012; Kangas and Bergman, 2014), which require inhibition of a 

previously established response while learning a new contingency without explicit signals 

(for review see Bari and Robbins, 2013). Unlike the SD phase, during acquisition of the 

SDR task cocaine-experienced monkeys required significantly more trials to criterion 
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compared to cocaine-naïve monkeys. Cocaine-experienced monkeys also made more than 

twice as many errors on average. These group differences are even more striking in light 

of the fact that two cocaine-experienced monkeys never learned the reversal task and 

were thus not included in the data analysis.  

The design of the SDR phase of the task permitted analysis of the distribution of 

errors across the two incorrect shapes, which provides insight into the mechanisms 

mediating poor cognitive performance following cocaine experience. In the SD portion of 

the task both groups of monkeys made a similar number of error responses on each non-

reinforced shape, indicating that no inherent bias existed. In the SDR phase, however, 

both groups made significantly more perseverative errors—choices of the stimulus that 

had been reinforced in the SD task that was no longer correct—than errors on the third 

stimulus that was never correct. Some responding on the previously reinforced stimulus 

is to be expected since monkeys must learn that the contingency has changed. On 

average, cocaine-experienced monkeys made more perseverative errors (but not more 

seeking errors) compared to cocaine-naïve monkeys, a difference (p=0.013) that 

approached significance (p<0.0125) after Bonerroni adjustments were made for multiple 

comparisons.  Although it is important to note that perseverative responding was 

observed in both groups of monkeys, the observation of more perseverative responding in 

cocaine-experienced monkeys would support the interpretation that cocaine use causes 

deficits that may be driven by an inability to inhibit previously formed associations in 

order to decipher the new contingencies. This conclusion would be consistent with an 

earlier report demonstrating that perseverative errors increased following 14 days of 
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cocaine treatment in vervet monkeys (Jentsch et al. 2002), and suggest that that these 

impairments can be present months after drug taking ceases.  

In addition to group differences in trials to criterion and perseverative errors, the 

number of omissions was also significantly different in the SDR phase. An increase in 

number of omissions resulting from dopaminergic manipulations has been documented in 

other cognitive tasks, including Go/No-Go tasks and the 5-choice serial reaction time test 

(Nakamura et al. 1998; Czernecki et al. 2002; Fletcher et al. 2007; Verdejo-Garcia et al. 

2007). Increases in rate of omissions can result from an inability to perform the task due 

to motor deficits or because monkeys did not find the pellets delivered after correct 

responses to be reinforcing. The lack of group differences in response latencies or pellet 

retrieval latencies argue against these explanations. Increased omissions may also result 

from impairments in attention, an aspect of cognitive function that is markedly impaired 

by cocaine use (Jovanovski et al. 2005; Spronk et al. 2013; Wood et al. 2013). However, 

impairments of attention would likely be accompanied by increased latencies to respond, 

which were not observed. A definitive assessment of deficits in attention would require 

cognitive tasks that directly measure attention, but these were not performed in the 

present study. Because omissions tended to occur after several incorrect responses were 

made, it is also possible that higher omissions in cocaine-exposed monkeys are a 

manifestation of a lack of motivation to engage in the task; cocaine exposed monkeys 

appeared to be more likely to stop initiating trials after several incorrect responses. 

Ultimately, it is difficult to determine what factors drive increased omissions in animal 

models. Whatever the mechanism, there was a clear effect of prior cocaine experience on 

the rate of omissions. Taken together, these results suggest that cocaine self-
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administration produced cognitive impairments in these female monkeys during 

abstinence consistent with those observed during and following cocaine exposure in male 

rats, monkeys and humans (Jentsch et al. 2002; Schoenbaum et al. 2004; Fillmore and 

Rush 2006; Calu et al. 2007; Ersche et al. 2008; Liu et al. 2008; Krueger et al. 2009; 

Camchong et al. 2011; Porter et al. 2011; Gould et al. 2012). 

The second cognitive domain that was addressed in this study was working 

memory, which we evaluated using a DMS task. A delay-performance curve was 

established in the monkeys by introducing varying delay periods between the 

disappearance of the sample stimulus and the presentation of the match and comparison 

stimuli. This increasing delay length raised the difficulty of the task, which was reflected 

in delay-dependent reductions in accuracy. Because the short, medium and long delay 

lengths required to produce the respective target performance accuracies did not differ 

between groups, we conclude that any deficits in working memory caused by cocaine 

self-administration did not persist to this point in abstinence. It is not known whether 

deficits existed during or shortly after cocaine self-administration. It is possible that 

cocaine intake was too low to produce deficits. It is also possible that cognitive 

impairment was present, but alterations in brain function compensated over time (e.g. 

Porter et al. 2014). The specificity of these cognitive impairments in abstinence (i.e., 

group differences in discrimination/reversal but not working memory tasks) mirrors 

findings in male rhesus monkeys (Gould et al. 2012). It is also possible that the lack of 

effect in the present study could be due in part to the extensive training necessary to 

establish stable delay curves. 
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Group differences in performance on the SD/SDR task dissipated when monkeys 

performed the SD/SDR task weekly. Although some group differences were still apparent 

at the end of the first month of testing, cocaine-experienced monkeys had shown 

improvement by then. Performance of the previously cocaine-naïve and cocaine-exposed 

monkeys was not different, and was near perfect, by the third month of weekly exposure 

to the task. These data are consistent with a study in male rhesus monkeys (Porter et al. 

2013) in which no differences were observed in SD, SDR or DMS tasks after three 

months of abstinence. Importantly, Porter et al. had previously reported the presence of 

cognitive deficits in these same subjects (Porter et al. 2011). Taken together, these results 

suggest that although cognitive deficits may be present in cocaine users and acquisition 

of certain novel tasks may be more difficult for abstinent cocaine users, performance can 

improve with practice and/or over time. From a translational point of view these studies 

provide the encouraging clinical message that cocaine-induced cognitive impairments are 

reversible if abstinence can be maintained. 
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Table 1. Subjects’ ages (years), weights (kg), lifetime cocaine intakes (mg/kg) and the 

individual delay times in the DMS task (seconds).  
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Table 2. Mean (± SEM) response latencies and pellet retrieval latencies (in sec) in 

cocaine-naïve (coc-naïve) and cocaine-experienced (coc-exp) monkeys. 
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Figure 1. Performance during acquisition (total trials, errors and omissions to criterion) 

of the simple discrimination (SD) and reversal (SDR) phases in cocaine-naïve (coc-naïve, 

n=9) and cocaine experienced (coc-exp, n=5) monkeys. Data for errors was square-root 

transformed prior to analysis. Bars depict mean (± SD) values. *, p < 0.0125. 
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Figure 2. Error distribution during acquisition of the reversal-learning task in cocaine-

naïve (n=9) and cocaine-experienced (n=5) monkeys. Bars represent mean (± SD) 

number of errors (square-root transformed) on each non-reinforced stimulus during the 

SD phase (left) and SDR phase (right). *, p < 0.0125. 

 

Figure 3. Accuracy at (left), and absolute lengths of (right), the delays deemed short, 

medium and long in cocaine-naïve (n=8) and cocaine-experienced (n=5) monkeys. Points 

represent mean (± SEM). 
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Figure 4. Trials to criterion (top row) and errors to criterion (square-root transformed, 

bottom row) during the simple discrimination (SD, left column) and reversal (SDR, right 

column) phase for the three months following acquisition (A). Points depict mean (± 

SEM) values in cocaine-naïve (n=9) and cocaine-experienced (n=5) monkeys. Data from 

acquisition (A) are included for comparison. 
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CHAPTER VI 

DISCUSSION 

 

 The overarching goal of the work presented in this dissertation was to determine 

the hormonal and behavioral variables that influence cognitive performance and 

vulnerability to cocaine’s reinforcing effects in female cynomolgus monkeys. During the 

time this research was conducted, a staggering male sex bias existed in both clinical and 

preclinical research. Initial reforms were undertaken in 1993 when congress passed the 

National Institutes of Health (NIH) Revitalization Act which required that all NIH-

funded clinical research include women and minorities as subjects “in approximately 

equal numbers of both sexes” unless exclusion was deemed appropriate, such as with 

trials testing potential drugs for erectile dysfunction. Furthermore, the guideline stated 

that phase III clinical trials must be designed to allow separate planning, conducting, and 

reporting of analyses for these groups when prior research has indicated that it may be 

important. Despite this law, to date, women remain underrepresented in clinical trials 

despite this law, and even when included, there remains a lack of sex-based reporting of 

results, thereby abolishing any chance of determining if a therapy has greater benefit in 

one sex over another. Although this law has stimulated the inclusion of women in clinical 

research, there has been little to no focus on the importance of including both sexes in 

basic science or translational research conducted in animals or cell lines.  

In an effort to begin addressing some of the issues described above, the NIH 

recently announced that it will distribute over $10 million in grants to study sex as a 

biological variable in a diverse array of subjects, from drug abuse to fetal development. 
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This funding allotment is aligned with the research presented here, to investigate female 

reproductive hormones in cognitive performance, social rank and susceptibility to the 

reinforcing effects of cocaine.  

Sex differences in physiological and psychological responses to cocaine are well 

documented both preclinical and in epidemiological studies. Females are known to 

progressing through the phases of addiction differently than men. However, the 

downstream mechanisms that result from interactions between estrogen and cocaine on 

dopamine (DA) systems are not clear (Fattore et al., 2008; Segarra et al., 2010; Bobzean 

et al., 2014). The DA system mediates many aspects of cognitive function and therefore 

may interact in sex-specific ways with reproductive hormones and cocaine as well. This 

may be of particular importance as cocaine users reliably exhibit deficits in executive 

function across multiple domains integral in facilitating behavioral modification, 

including working memory and behavioral flexibility (Kubler et al., 2005; Tomasi et al., 

2007; Moeller et al., 2010). Moreover, the fact the cognitive performance at the time of 

treatment initiation has correlated with treatment success (Teichner et al., 2001; 

Aharonovich et al., 2006; Turner et al., 2009) supports efforts to identify time points at 

which behavioral treatment strategies may be most effective in female cocaine abusers.  

The studies described in this dissertation took a systematic approach to validate 

the use of normal cycling, socially housed female cynomolgus macaques to study the 

effects of hormonal fluctuations and stress on cognitive function. Additional studies 

assessed how these factors impacted susceptibility to the reinforcing effects of cocaine as 

well as cocaine-induced cognitive deficits. Investigating the interaction between 

environmental variables, endogenous hormonal milieu and drug self-administration (SA) 
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is a complex and daunting task, but studies such as these are necessary to provide greater 

translational utility of the NHP model. Furthermore, it should be pointed out that fewer 

novel drugs are being approved now than in the past, with most drugs failing in clinical 

trials. From a pharmacotherapy development standpoint, by considering sex difference 

earlier in research studies, some of these disappointments could be circumvented and 

strides could be made towards more personalized medicine. 

 

CHAPTER II: EFFECTS OF HORMONAL FLUCTUATIONS ON COGNITIVE 

PERFORMANCE IN FEMALE MONKEYS 

In order to gain a more comprehensive understanding of how sex hormones 

influence behavior, the first research question this dissertation assessed whether 

circulating estrogen and progesterone concentrations interacted with cognition. 

Specifically, the goal of Chapter II was to determine how phase of menstrual cycle, and 

resulting fluctuating hormone concentrations, impacts performance on an associative 

learning and behavioral flexibility task, as well as a working memory. By using precise 

hormonal analysis through serum collection to validate hormonal state, we were able to 

make methodological improvements over earlier studies. Our hypothesis was that phases 

of the menstrual cycle in which estrogen is elevated will result in improved cognitive 

performance compared to other menstrual cycle phases where progesterone is higher. 

Importantly, hormonal fluctuations were quantified so that individual hormonal 

concentrations could be correlated with performance on the tasks where differences were 

observed. 
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 The role of reproductive hormones on cognitive performance is of interest 

because sex differences are reliably observed in numerous tasks of cognitive function 

(Williams and Meck, 1991; Epting and Overman, 1998). The majority of preclinical 

studies investigating the effect of hormonal fluctuations on cognitive functions are 

limited by the following: no direct measurements of hormonal concentrations, frequent 

administration of exogenous hormones rather than assessment of normal fluctuations, 

testing of only one cognitive task and/or not using a longitudinal within-subject study 

design. The studies in this chapter addressed these issues in order to gain insight into this 

multifaceted question.  

Associative learning and behavioral flexibility were assessed with a reversal 

learning test. When the simple discrimination stage of the task, which assessed 

associative learning, was analyzed with monkeys grouped into four hormonally distinct 

phases, no effect of menstrual cycle was observed, although a positive correlation was 

found between the number of total trials and errors to reach acquisition of an individual 

in the associative learning stage of the task and their circulating progesterone (P4) 

concentrations. This finding suggested that for the associative learning stage, P4 may 

exert an impairing effect on performance rather than E2 aiding in this function. Although 

no studies have been conducted to specifically address the role of progesterone on 

performance during a reversal learning task, a number of finding in tangential fields 

suggest this interaction may be crucial for the associative learning stage of the task. 

Additionally, studies in rodents investigating the contribution of E2 and P4 to multiple 

hippocampal tasks revealed that although higher concentration of P4 in the hippocampus 

predicted enhanced performance, higher turnover of P4 to its metabolites (termed 
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progesterone utilization) in the hippocampus was associated with decreased performance 

in this task (Ladurelle et al., 2000; Paris et al., 2011).  

During the discrimination reversal stage of the task a significant facilitation of 

performance was revealed during the late follicular phase of the menstrual cycle. This 

phase of the menstrual cycle was verified to have significantly higher circulating 

concentrations of estradiol (E2) than the other phases of the menstrual cycle tested. 

Accumulating evidence indicates that in rodents, E2 enhances DA synthesis (Inagaki et 

al., 2010), release (Xiao et al., 2003) and turnover (Di Paolo et al., 1985) in areas 

associated with the mesolimbic pathway, including the PFC (Williams and Goldman-

Rakic, 1998). The mesolimbic pathways relays reward-related neuronal and signals 

between the VTA and the PFC predominantely via dopaminergic neurotransmission 

(Richardson and Gratton, 1998; Floresco, 2013). This is important to cognitive functions 

as the DA supply of the PFC is crucial for its maintenance and performance (Rapp et al., 

2003). Our current findings of improved cognitive performance on a PFC-dependent task 

when E2 concentrations are highest indicate that the reproductive hormonal milieu may 

influence the function of DA neurons in the PFC.  

An additional insignt into cognition can be gained by tracking perseverative errors 

during the reversal stage of the task. Distribution of errors can offer insight into the 

mechanism behind the observed differences in cognitive function at the different phases 

of the menstrual cycle. Of note, in this study the only phase of the menstrual cycle in 

which monkeys did not exert significantly more perseverative responses was the late 

follicular phase. This suggests that hormonal fluctuations at different phases of the 

menstrual cycle phase may interfere with the ability to disengage from a previously used, 
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but no longer relevant strategy to obtain reinforcement. In humans cyclic shifts in specific 

abilities, such as mental rotations (Hampson, 1990) or implicit memory (Maki et al., 

2002) have demonstrated estrogen-related ‘deficits’ or ‘improvements’ in learning and 

memory to estrogen-related biases in strategies for solving certain tasks.  By collecting 

and interpreting the distribution of errors during the two stages of the reversal learning 

task, we are able to gain insight into the shifts in strategy selection across the menstrual 

cycle. Furthermore, seeing as these findings are applicable solelyt to the behavioral 

flexibility stage of the task, and that estrogens are recognized as powerful modulators of 

the DA content in the PFC (Sarvari et al., 2014), these findings suggest an interaction 

between E2 and DA as the crucial mediator for the observed cognitive differences across 

the menstrual cycle. The link with DA is critical to other studies described in this 

dissertation related to the behavioral and reinforcing effects of cocaine.  

The observed menstrual cycle-related deficits in the reversal-learning task at 

initial exposure did not extend to subsequent testing of this task. Showing E2-related 

performance deficits early but not later in training of a cognitive task has also been 

observed in spatial-learning tasks (Korol et al., 1993; Frye, 1995; Chesler and Juraska, 

2000). Moreover, working memory as measured by the delayed matching-to-sample 

(DMS) task did not show phase-related alterations in performance accuracy. This 

suggests that performance on hippocampal-dependent tasks may be more stable than 

PFC-dependent tasks and/or that the extensive training necessary for a stable delay-curve 

dilutes any phase related differences. Furthermore, some tests of working memory are 

sensitive to the cognitive enhancing effects of estrogen only after the animals have 

acquired the tasks and when the cognitive load is high (Bimonte and Denenberg, 1999; 
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Sandstrom and Williams, 2001). Although we attempted to examine this effect of 

increased cognitive load with the long delay length, the animals were still routinely 

exposed to this delay. Therefore, it is possible that had we incorporated a probe session 

with a novel much longer delay length, we could have observed some of these estradiol-

dependent cognitive alterations.      

The hypothesis that estradiol and progesterone may influence learning and 

memory in a task-dependent manner is supported by literature documenting the 

magnitude and direction of action of E2 on different tasks (for review see Dohanich, 

2002; Frick et al., 2010; Barros et al., 2015). With the life expectancy increasing and 

more options of birth control being made available to women during their reproductive 

years, as well as hormone replacement therapy for postmenopausal women, the question 

of cognitive effects of these interventions are frequently raised. Therefore, further 

investigation into how reproductive hormones influence learning and memory is 

warrante. Our current study contributes to this literature and offers important insights into 

how these hormones may influence specific aspects of different cognitive tasks taking 

into account differing baseline concentrations of hormones and including analysis of 

cognitive strategy.    

The findings from hormone studies demonstrate that acquisition of a novel task 

may be succeptible to hormonal influence. These findings add to the literature by 

suggesting that P4 or E2 can differentially influence performance on a task, depending on 

the brain areas that mediate the task. Specifically, elevated P4 was associated with 

impaired initial acquisition of the associative learning portion of the reversal learning task 

(SD), whereas elevated E2 correlated positively with facilitation of initial acquisition of 
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the reversal portion (SDR). Results from the studies described above are particularly 

generalizable to humans because monkeys have a menstrual cycle similar to humans (~30 

days). Furthermore, the female monkeys in this study had elevated E2 during the late 

follicular phase and elevated P4 during the early luteal phase, which is also observed in 

humans. Finally, this new data on the influence of hormones on cognitive performance in 

normally cycling female monkeys lays the groundwork for future investigations of the 

effects of social rank and drug of abuse on cognition in females.  

 

CHAPTER III: PREDICTORS OF SOCIAL RANK IN FEMALE CYNOMOLGUS 

MONKEYS  

After observing the interaction between hormonal fluctuations and cognitive 

performance, we assessed how circulating E2 and P4 may influence additional behaviors 

associated with cocaine abuse. It is understood that vulnerability to numerous diseases 

states, including drug addiction, are dependent on multiple factors, including a 

susceptible host, a reinforcing agent and a context where the two meet (cf. Mills, 1965). 

Therefore, the research within the next set of studies was designed to investigate how 

hormones influence a female monkey’s susceptibility to occupy a certain rank in the 

social hierarchy (i.e., trait variables), if hormone concentrations changed during social 

group formation and how hormone concentrations were altered following stable 

occupation of this rank (i.e., state variables).  

We hypothesized monkeys that would eventually become subordinate would have 

higher circulating cortisol, locomotor activity, and cognitive impairments compared to 

dominant monkeys. Alternatively, dominant monkeys would have higher circulating 
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testosterone during initial social housing. Following hierarchy establishment, 

subordinate monkeys would exhibit more hormonal disruption (blunted E2/P4) compared 

to dominant monkeys. These hypotheses were largely drawn from previous findings of 

studies assessing similar questions in socially housed male monkeys (Morgan et al., 

2000; Czoty et al., 2009). Additionally, cognitive performance and locomotor activity 

were included as outcome measures during the initial week of social housing.  

The only measure that was predictive of eventual social rank was greater 

circulating E2 during baseline in monkeys that would eventually become rank 3 

monkeys. However, this heightened E2 is blunted following stable hierarchy 

establishment to the extent that differences in E2 area under the curve is no longer 

different between rank 3 monkeys and the dominant ranks. Cortisol concentrations were 

also elevated in a rank-related manner during the initial week of social housing, with 

eventual subordinate monkeys displaying higher circulating cortisol compared to 

dominant ranked monkeys. Finally, there were rank-related cognitive deficits during this 

initial week with dominant animals performing poorly at short delays of a working 

memory task, whereas subordinate animals were impaired at medium and long delays. 

Body weight was predictive of eventual social rank in this cohort of female monkeys. 

These findings were similar to previous studies in male monkeys in which heavier 

monkeys were more likely to become dominant (Morgan et al., 2000), but different than 

previous studies of females (Riddick et al., 2009). There were a number of differences 

between our monkeys and the study by Riddick et al. (2009). One factor that is pertinent 

here is that our animals were pair-housed prior to housing in pens of 4 monkeys whereas 

in the Riddick study animals were individually housed. The experience of living with 
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another monkey prior to being placed in a group setting may have affected the 

establishment of hierarchy. We attempted to preemptively answer this question by 

assessing rank of monkeys when pair-housed to determine if their status in pair-housing 

predicted eventual rank when housed in groups of 4. However, determining the rank of 

monkey when pair-housed was not nearly as straight forward as when housed in larger 

groups. Specifically, reciprocal affilative behaviors were almost exclusively observered 

when pair-housed with virtually no aggression documented. 

No significant main effects on homecage activity were found in the current study. 

Direct comparisons between this study and previously published studies cannot be done 

because novelty-inducted locomotor activity was assessed in Morgan et al. (2000) and 

Riddick et al. (2009), whereas home cage activity was evaluated in the current study by 

placing Actical monitors on each monkey’s collar. Furthermore, ovarian hormone 

fluctuations could have influenced activity since it has been documented in rodents that 

estrus cycle can alter overall locomotor activity (Davis et al., 2008). Although we did not 

address the relationship of hormonal fluctuations and locomotor activity in the current set 

of experiments, we did investigate the effect of menstrual cycle phase on locomotor 

activity in female monkeys (data not shown) and no significant effect of menstrual cycle 

phase was determined.  

 One of the major findings of this study is that future rank #3 monkeys had higher 

circulating E2 than other ranks prior to social housing. It is well known that both E2 and 

P4 exert structural and functional trophic effects on brain development early in life, and 

throughout adolescence and adulthood. The overall effect of ovarian hormones on 

synaptic function seems to be more complex than simple enzymatic up- or down-
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regulation; it relies on the brain region-specific expression of progesterone and estrogen 

receptors, the duration of treatment and possibly also on the dose (or serum/brain levels) 

of these hormones. By analyzing the fluctuations of serum concentrations across the 

menstrual cycle, we can gain insight as to the extent of the exposure across each month 

for individual animals. To our knowledge, measurement of basal circulating estrogen and 

progesterone as trait measures for eventual social rank has not been conducted 

previously. Numerous studies have examined how these hormones differ once rank is 

established. Increased baseline circulating E2 may have predisposed these females to 

become subordinate by altering their behavior and ultimately influencing their 

interactions with the other monkeys. Although we did not correlate circulating E2 with 

any specific subordinate behavior (i.e. lipsmacking or fear grimacing), this hypothesis is 

supported by one study in humans which reported a negative association between high 

rank, as judged by peer assessment, and estradiol (Cashdan, 1995).      

 It has previously been observed in male and female monkeys that cortisol levels 

were not predictive of eventual social rank (Morgan et al., 2002; Riddick et al., 2009). 

Our data support these findings and the conclusion that in captive cynomolgus macaques, 

circulating cortisol prior to social housing is not a trait variable. We observed rank 

differences in cortisol concentrations during the initial week of social housing with future 

rank 4 monkeys having significantly higher circulating cortisol compared to rank 1 

monkeys even on the final day of serum collection (day 5). A similar study in male 

cynomolgus monkeys determined that rank differences in circulating cortisol were no 

longer evident after 3 days of social housing (Czoty et al., 2009). These findings 

supporting the hypothesis that social housing may be a more stressful experience for 
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female monkeys.Hhypercortisolemia has been documented in subordinate monkeys 

living in stable social groups in a number of studies (Sapolsky, 1989, 1992; Kaplan et al., 

1996; Shively et al., 1997). Additionally, the stability of a group may contribute to 

circulating cortisol in monkeys of different ranks. A recent study by Qin and colleagues 

(2013) revealed that in authoritarian groups, cortisol levels were not correlated with 

social rank, but a negative correlation was found between social rank and cortisol levels 

in less stringent hierarchies. Our findings support these results as the cortisol differences 

were most pronounced early in the week. Moreover, as the rank differences remained for 

the entire week the current findings suggest that the stress associated with establishment 

of the social hierarchy may be more pronounced in female monkeys compared to males. 

In the male study, adrenal responsiveness was assessed using DEX suppression and 

ACTH administrations following stable hierarchy establishment and it was revealed that 

although circulating cortisol was not different between ranks, when the system was 

challenged pharmacologically, rank differences emerged once again with subordinates 

presenting a larger cortisol response (Czoty et al., 2009). We did not test adrenal 

responsiveness in the current study but it would be of interest for future assessments so 

that a more complete picture of how social status in female monkeys related to the HPA 

axis.  

Our hypothesis that future dominant monkeys would have higher circulating 

testosterone than future subordinates stemmed from human studies investigating 

androgens in female athletes (Mazur and Booth, 1998; Zilioli and Watson, 2012) and 

college women (Cashdan, 1995), in those studies dominance was associated with higher 

concentrations of androgens. Many of these studies observed a ‘competition effect’ (or 
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winner-loser effect) whereby winners had elevated concentrations of testosterone for a 

few hours following the competition, while losers showed a decrease in testosterone 

concentration (Zilioli and Watson, 2014).  In other human studies, personality traits such 

as fearless dominance and self-centered impulsivity predicted greater antagonistic 

behavior (Geniole et al., 2013). There is evidence in female cynomolgus monkeys living 

in same-sex groups that dominant females are more aggressive then subordinates 

(Shively, 1997; Kaplan et al., 2002; Kaplan and Manuck, 2004). Conversely, studies in 

free-ranging female monkeys have not observed similar correlations between aggression 

and social rank (Higley et al., 1996). We did not observe significant rank differences in 

the current study. This could indicate that there may be additional psychological and 

contextual factors that influence testosterone response besides competition and outcome, 

that delineate social rank. The differences in these seemingly similar studies are not 

surprising given that there is extensive evidence that contextual factors (i.e., stability of 

group, gender composition of cohort, availability of food, etc.) and the inherent 

characteristics of an individual (i.e., neurobiology, past experiences, temperament) 

contribute to the social rank of a monkey rather than it being a trait of the individual 

(Shively and Kaplan, 1991; Kaplan et al., 2002).   

 Following stable social hierarchy establishment, subordinate monkeys had 

blunted E2 concentrations compared to baseline, so that the differences between ranks 

that were previously observed were no longer evident. This observation of differences in 

E2 concentrations according to rank in socially housed monkeys has been observed in 

previous studies reporting lower E2 concentrations in subordinate monkeys across a 

number of species (Abbott et al., 1981; Kaplan et al., 1991; Saltzman et al., 1998; Kaplan 
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et al., 2010). Reduced E2 may indicated impaired ovarian function. The long-term effects 

of impaired ovarian function may adversely affect a females’ health (Kaplan and 

Manuck, 2008). In fact, ovarian insufficiency has been linked to bone loss, cognitive 

impairment, movement disorders, cardiovascular disease and premature death (Sowers et 

al., 1998; Rocca et al., 2006; Gallagher, 2007). Ovulatory and/or neurohormonal 

disruptions in women is difficult to ascribe solely to psychological stress due to the 

frequent co-occurrence of metabolic disruptions (Berga, 1996; De Souza et al., 2003; 

Loucks and Thuma, 2003; Williams et al., 2007). However, reproductive dysfunction of 

psychogenic origin in women is often ascribed to stress imposed by the environment 

(Drew, 1961; Berga, 1996) and is called functional hypothalamic anovulatory syndrome, 

which occurs along a continuum from mid-luteal phase deficits to anovulation and 

amenorrhea (Ginsburg, 1992; Berga, 1996). Furthermore, the role ovarian endocrinology 

plays in modulating a woman’s risk to diseases such as multiple sclerosis (D’hooghe et 

al., 2013), cardiovascular disease (Kallen and Pal, 2011) and postpartum depression 

(Saleh et al., 2012) has been a recent research interest. Additional research into the long-

term effects of hormonal dysfunction observed in our subordinate monkeys is vital to 

understanding the health risks associated with the menstrual dysfunction that occurs in 

women. 

The final assessment in this study involved the effect of social hierarchy 

establishment on cognitive performance. As hypothesized, cognitive impairments were 

observed at the medium and long delays in future subordinate animals. Furthermore, 

these cognitive deficits were reflected in an increased number of omissions. Subordinate 

monkeys demonstrated both increased circulating cortisol and cognitive impairments 
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during the initial week of hierarchy establishment, indicating a possible interaction 

between stress induced cortisol and cognitive function is likely responsible. Cortisol can 

affect cognitive performance acutely through the activation of receptors located in the 

PFC, hippocampus and amygdala (Lupien et al., 2007). Moreover, higher cortisol release 

has been related to poor cognitive performance in healthy humans in a multitude of 

studies (Hodgson et al., 2004; Li et al., 2006; Beluche et al., 2010; Evans et al., 2011, 

Franz et al., 2011). Although animal studies have shown that low long-term cortisol 

exposure may negatively affect cognition (Stienstra et al, 1998; Wossink et al., 2001; 

Finsterwalk and Alberini, 2014), this is the first study to document short-term, within-

subject cognitive impairments and cortisol dysregulation in a nonhuman primate model 

of social stress.  

Cognitive impairments were observed in rank #1 monkeys as well, although these 

impairments were only evident at the short delay of the task. Accuracy during the short-

delay interval is well above chance level and is consistent with accuracy levels observed 

in other studies using no delay (D’Amato et al., 1985; Truppa et al., 2014). Important 

components of cognition include the ability to attend, to learn and to remember. Although 

impairment at any one of these components results in disrupted performance, the specific 

component where the impairment occurs (i.e. attending or recall) is also important. The 

short delay represents a very early stage of visual-memory processing and decreases in 

accuracy at this stage have been attributed to distractibility at times due to the 

environmental context in previous research (Buccafusco, 2008; De Lillo et al., 2011). In 

light of this, it is possible that the decrease in accuracy at the short delay is due to the 

need to allocate cognitive resources to alternative processes, such as increased contextual 
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vigilance, which may have become essential during this period of hierarchy 

establishment. Because at this short delay, the animals must respond on a ‘match’ 

stimulus so quickly after the ‘sample’ stimulus, it is possible that they are rather attending 

to aspects of their environment at this time. This could account for the observed 

detrimental effect on only the short delay trials, as the longer delays allow them 

additional time between ‘sample’ and ‘match’. 

  Overall, the results in Chapter III indicate that endogenous reproductive 

hormones may influence eventual occupied social rank, with higher circulating E2 

predicting a subordinate rank. Additionally, cognitive impairments in working memory 

were observed in all the ranks, although rank differences were observed depending on the 

delay interval. These findings suggest that the mechanisms underlining the observed 

cognitive dysfunction may differ between ranks. Future studies in NHPs should address 

how long-term social rank occupation interacts with cognitive performance. Finally, a 

hormonal profile was observed in subordinate monkeys following social housing with 

increased cortisol concentration short-term and reduced E2 and P4 concentrations long-

term. The disease risk associated with this altered hormonal profile would be of interest 

for future studies.  

 

CHAPTER IV: EFFECTS OF RANK AND MENSTRUAL PHASE ON 

ACQUISITION OF COCAINE SELF-ADMINISTRATION, LOCOMOTOR 

ACTIVITY AND COGNITIVE PERFORMANCE IN CYNOMOLGUS 

MONKEYS 
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The next set of studies conducted in this dissertation investigated how circulating 

hormones, and social rank following stable hierarchy establishment influence 

vulnerability to ther reinforcing effects of cocaine.  We originally hypothesized that 

subordinate monkeys would be more vulnerable to the reinforcing effects of cocaine. 

Additionallywe proposed that all monkeys would demonstrate an increased SA profile 

during the follicular phase of the menstrual cycle compared to the luteal phase. Our 

major findings from this chapter were that 1) subordinate animals did not acquire cocaine 

SA at significantly different rates, but they did SA at higher rates and intake during the 

follicular phase of the menstrual cycle, 2) higher circulating E2 predicted acquisition at a 

lower dose of cocaine. The current study was a crucial addition to previous studies 

conducted by our group investigating how social environment influences vulnerability to 

the reinforcing effects of cocaine (Morgan et al., 2002; Nader et al., 2012). Contrary to 

the Nader et al. (2012) study, acquisition of cocaine reinforcement did not significantly 

differ as a function of social rank in this cohort of females. However, the average dose 

that monkeys acquired cocaine SA was different, with subordinate monkeys acquiring at 

a lower dose (0.003 mg/kg) than dominant monkeys (0.01 mg/kg). This difference in 

mean dose of acquisition suggests a potential difference between vulnerability to the 

reinforcing effects of cocaine due to social rank. Therefore, it is not surprising that 

significant social rank-related differences in response rates and intake across the entire 

dose-response curve were revealed. In both the follicular and luteal phases of the 

menstrual cycle, subordinate monkeys had higher response rates compared to dominant 

monkeys. These findings with subordinate females were similar to a previous study in 
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male monkeys which demonstrated higher response rates and intake in subordinate males 

compared to dominants (Morgan et al., 2002).  

In light of the findings from Chapter IV that female monkeys who become 

subordinate had higher circulating cortisol, which was similar to findings in male 

monkeys (Czoty et al., 2009), it can be assumed that both of these groups of subordinate 

monkeys are in a state of chronic social stress. Although cocaine SA was not studied in 

the male monkeys in the Czoty et al., 2009 study, the Morgan et al. (2002) study revealed 

that no tested dose of cocaine functioned as a reinforcer in dominant male monkeys. This 

is in stark contrast to both our current findings and the results from Nader et al. (2012) in 

which all female subjects acquired cocaine SA regardless of rank.  However, it should be 

noted that compared to males, females reliably exhibit a greater and longer-lasting 

behavioral, physiological and molecular stress response to social and non-social stressors 

(Handa et al., 1994). Furthermore, women are twice as likely as men to develop major 

depressive disorder (Schuch, 2014) many of whom may present with a comorbid 

substance use disorder (Kessler et al., 2005). Therefore, the effects of chronic social 

stress on the mesolimbic reward circuitry that may be underlying the differing 

vulnerability to the reinforcing effects of cocaine between female dominant and 

subordinate monkeys in the current study, may also speak to more pronounced effects in 

these female monkeys regardless of rank compared to male socially housed monkeys. 

Furthermore, this reflection of the human condition in our model of chronic social stress 

in subordinate female monkeys supports its relevance as a useful tool for characterizing 

individual differences associated with stress and substance use behaviors. 
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Another major finding from this chapter was an interaction between E2 and the 

reinforcing effects of cocaine. Circulating E2 concentrations correlated with the dose at 

which cocaine acquisition occurred. Specifically, monkeys with higher circulating E2 

were more likely to acquire cocaine SA at lower doses of cocaine. This result suggests a 

modulatory effect of E2 and supports several lines of evidence demonstrating that E2 

affects components of DA transmission including striatal DA turnover and release 

(Becker and Beer 1986, Di Paolo et al., 1985) and density of striatal DA uptake sites 

(Morissette et al., 1990). E2 has also been shown to promote the sensitivity of VTA DA 

neurons to cocaine (Zhang et al., 2008) and to enhance cocaine-stimulated striatal DA 

release (Peris et al., 1991). These effects of E2 on DA activity could be responsible for 

the observed vulnerability to cocaine reinforcement. Studies in women typically assess 

hormonal influence on the reinforcing effects of cocaine according to menstrual cycle 

phase, rather than by collecting repeated blood samples to gain insight into overall 

hormonal exposure. In those studies, women had greater subjective response to cocaine in 

the follicular phase of the menstrual cycle when estrogen levels are high (Sofuoglu et al., 

1999; Evans et al., 2002; Evans and Foltin, 2006) and DA D2/D3 receptor availability is 

low (Czoty et al., 2009).   

Taken together, we and others provide evidence indicating that the reinforcing 

effects of cocaine are powerfully influenced by a women’s hormonal milieu. This is 

particularly important considering that in Chapter II we demonstrated that during the 

same menstrual cycle timeframe, when E2 is high, more errors and perseverative 

responding were. These findings suggest that elevated E2 concentrations at certain phases 

of the menstrual cycle may contribute to vulnerability to the abuse cocaine by mediating 
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both the reinforcing effects of cocaine as well as impaired cognitive function. In light of 

the fact that P4 is increased during the luteal phase of the cycle, it is possible that instead 

of E2 potentiating the reinforcing effects of cocaine, P4 is attenuating them. A recent 

study by Fox et al. (2013) investigated the effect of exogenous P4 on drug craving and 

cognitive performance and found that P4 decreased cue-induced craving and improved 

cognitive performance. Although attenuation of reinforcing effects with P4 could explain 

the menstrual cycle phase effects observed in the current studies, it does not explain the 

relationship between average circulating E2 and lowest reinforcing dose of cocaine. 

Therefore, further sex-related research is warranted to fully determine the effects of E2 

on cognitive function and the stress system in cocaine using populations 

Because the rate of acquisition did not replicate the results of the previous 

investigation into female social rank and vulnerability to the reinforcing effects of 

cocaine (Nader et al., 2012), a thorough assessment of potential differences in the study 

design and subjects was necessary to parse out potentially important differences in 

experimental details. One of the greatest differences between the studies was the range of 

cocaine doses tested. The Nader et al. (2012) study examined self-administered at doses 

of 0.001-1.0 mg/kg. At the first dose available (0.001 mg/kg) 38% of the monkeys (50% 

of the dominants and 25% of the subordinates) SA that dose of cocaine (Nader et al., 

2012) which makes it difficult to conclude that that was the lowest reinforcing dose of 

cocaine for these monkeys- no lower dose was assessed that was not reinforcing. In an 

effort to make sure the first dose tested in each monkey was low enough to be “saline 

like”, the lowest dose used in the current acquisition study was 0.0003 mg/kg/injection. 

We demonstrated that not only was 0.0003 mg/kg not reinforcing to any monkeys during 
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the initial exposure, the next highest dose of 0.001 mg/kg did not function as a reinforcer 

in the dominant monkeys either. This is in stark contrast to the Nader et al. (2012) study 

where this same dose (0.001 mg/kg) functioned as a reinforcer in 40% of the dominant 

monkeys and suggests that subtle differences in experimental design, such as order of 

exposure to each dose 0.0003 mg/kg prior to 0.001 mg/kg influenced the behavioral 

effects of the doses.  

Although instrumental training with a natural reinforcer (i.e., food, sucrose 

pellets) prior to the onset of drug SA is common and acts to facilitate acquisition 

(Bongiovanni and See, 2008), the impact of repeated extinction of this training has not 

been specifically tested. Therefore, it is possible that by testing each dose of cocaine 

twice, by starting out at lower doses and by requiring a more stringent extinction criterion 

(less than 20% reinforcers earned compared to food maintained responding in the current 

study compared to ‘deemed extinguished’ which in some cases was above 15 injections 

in the older studies) the behavior of these monkeys was driven more by the reinforcing 

effects rather than additional external cues that may have influenced results in the 

previous study. If this theory is correct, it would suggest that the dominant monkeys in 

the previous study (Nader et al. 2012) may have SA the lower doses of cocaine for 

reasons besides the reinforcing effects of cocaine, such as context-induced seeking of 

food pellets, although without additional studies this conclusion remains speculative. 

Another important variable to consider was that the monkeys in the current study were 

pair-housed prior to social housing whereas the monkeys in the Nader et al. (2012) study 

were individually housed. Although the present cohort of monkeys were not assigned to 

groups with monkeys that they were previously paired with, it is possible that the prior 
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experience of living with another monkey contributed to their response to being part of 

the new social group. Additionally, the animals in the current study were younger and 

bred domestically compared to the older, foreign born monkeys in the Nader et al., 

(2012) study. Understanding how these variables – individual vs. pair housing prior to 

housing in groups of 4, studying very low cocaine doses before higher doses, age at the 

start of the study, whether the monkey was feral or domestic –mediate the interactions 

between socially factors and vulnerability to cocaine abuse will be critical for future 

studies.  

The present study demonstrates that the effect that social context has on cycling 

hormone concentrations can produce a susceptible phenotype to the reinforcing effects of 

cocaine. These findings compliment a plethora of data that cite evidence for gender 

differences in cocaine reinforcement in rodents (Lynch et al., 2006; Roberts et al 1989), 

monkeys (Broadbear et al., 1999; Mello et al., 2007) and humans (Fattore, 2008) and 

point to female sex hormones as the primary mediator for these observed differences. As 

mentioned previously, the difference in number of female monkeys who SA at least one 

dose made available in the present study compared to the males in the Morgan et al. 

(2002) study, indicates a higher vulnerability of females to the reinforcing effects of 

cocaine regardless of social rank and emphasizes the importance of cocaine abuse 

research utilizing both male and female subjects. These preclinical findings may reflect 

the human condition of increased responsiveness to drug-conditioned stimuli compared to 

males, which may contribute to women’s increased tendency for relapse (Elman et al., 

2001; Robbins et al., 1999; Sterling et al., 2004). The downstream mechanisms that result 

from interactions between estrogen and the effects of drugs of abuse on the DA system 
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are just beginning to be explored. We propose that sex differences in addiction are due to 

neural systems which mediate positive and negative reinforcement that are differentially 

modulated by ovarian hormones.  

 

CHAPTER V: EFFECTS OF PRIOR COCAINE SELF-ADMINISTRATION ON 

COGNITIVE PERFORMANCE IN FEMALE CYNOMOLGUS MONKEYS 

One of the key challenges in human cocaine dependence research is determining a 

way to predict who is at risk of relapsing during treatment. Human studies have 

demonstrated that cognitive performance prior to entering treatment is one of these 

predictors. Although cognitive deficits in tasks measuring attention, behavioral flexibility 

and working memory associated with chronic cocaine use in humans are well 

documented (Hester and Garacan, 2004; Kubler et al., 2005; Tomasi et al., 2007; Woicik 

et al., 2009), these studies largely include only male subjects. Due to the pronounced sex 

differences at most stages of the addiction cycle, the need for assessment of cognitive 

function in female subjects during abstinence is glaring. Therefore, the next compilation 

of studies (Chapter V) were designed to compare behavioral flexibility and working 

memory between cynomolgus monkeys with previous experience SA cocaine that were 8 

weeks abstinent and age-matched, cocaine-naïve monkeys. We hypothesized that 

following abstinence, monkeys with a chronic SA history would demonstrate impaired 

behavioral flexibility compared to age-matched, cocaine-naïve monkeys. However, 

impairments in working memory performance were not expected to be apparent during 

this same timeframe. 



        245 
 

Significant impairments in reversal learning were evident in monkeys with a 

cocaine SA history compared to drug-naïve monkeys. Although direct measures of the 

DA system were not assessed in the current studies, previous human and NHP studies 

have shown impaired executive function on tasks that are mediated by areas known to be 

influenced by dopaminergic function (Beaulieu and Gainetdinov, 2011; Gould et al., 

2012) and this impaired executive function is potentially to be driven by a 

hypodopaminergic state (Bolla et al., 1998; Volkow et al., 1996, 2004). In support of this, 

imaging studies revealing that cocaine SA is associated with decreased DA D2-like 

receptor availability (Volkow et al., 1993; Nader et al., 2006). Furthermore, a direct 

correlation between DA D2-like receptor availability in the striatum and reversal learning 

performance in monkeys was reported recently (Groman et al., 2011). Additional 

evidence comes from NHP studies demonstrating that cocaine exposure, both 

noncontingent and SA, impairs reversal learning and set-shifting in monkeys (Jentsch et 

al., 2002; Porter et al., 2011; Gould et al., 2012).  

The role of the DA system in the observed cognitive deficits displayed by the 

cocaine-experienced monkeys is further highlighted by the differences between groups of 

perseverative responding. Monkeys with a SA history resorted to perseverative 

responding on the previously rewarded stimulus, whereas naïve monkeys were more 

likely to evenly allocate their responses between the no-longer rewarded stimulus and the 

previously non-reinforced stimulus. Perseverative responding is thought to be modulated 

by DA neurotransmission (Cools et al., 2007; Clarke et al., 2011). This inability to switch 

responding between the stimuli based on their changing relationship with reward is a 

prominent symptom in cocaine abuse, as well as obsessive-compulsive disorder and 
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schizophrenia (Jentsch et al., 2002; Everitt and Robbins et al., 2005; Ersche et al., 2008; 

Clarke et al., 2008). Importantly, a recent study has shown that DA agonist treatment can 

normalize this perseverative responding and may indicate novel avenues to 

pharmacologic treatment of stimulant abuse (Ersche et al., 2011). 

As hypothesized, similar delay-dependent reductions in working memory were 

observed in cocaine-naïve and cocaine-experience monkeys. This is consistent with a 

previous study in male rhesus macaques that assessed performance on a delayed match-

to-sample task during ongoing cocaine SA (Gould et al., 2012). This study also found 

that following 30 days of abstinence performance improved in the cocaine-experienced 

animals but remained unchanged in the cocaine-naïve males. Therefore, it is possible that 

cognitive deficits may have existed at some point during the 8 week period of abstinence 

in our study and the time point we selected was too late to detect such impairments. 

Therefore, future studies should address the within-subject cognitive profile of monkeys 

prior to, during and following cocaine SA in an effort to better understand the alterations 

associated with chronic cocaine use that may impede behavioral treatment strategies.    

The data in Chapter V demonstrated that deficits exist in only one of the two 

cognitive domains assessed. We hypothesized that the lack of effect of drug history on 

working memory could be due to multiple factors. First, these domains are mediated 

largely by different brain areas. These areas may be either differentially affected by 

cocaine exposure and/or recover at different rates from this chronic cocaine intake. Our 

study design did not allow us to tease apart which of these mechanisms underlies these 

results because we did not take cognitive measures prior to abstinence. Alternatively, it 

could be presumed that there would not have been differences in working memory 
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between groups at either the immediate or 8 week abstinent time points because a 

previous study by Gould et al. (2012) demonstrated no differences in working memory 

performance during active cocaine SA. Additionally, the amount of training required for 

the two tasks may have influenced their susceptibility to disruption. Differences in the 

performance on the reversal-learning task were observed solely during the first exposure. 

Once monkeys had performed the task multiple times, these group differences were no 

longer observable. Due to the fact that the dependent variables of the reversal-learning 

task (i.e. number of trials, errors and omissions to acquisition) can be collected in a short 

number of days, data can be collected the initial time a monkey is exposed to the task. 

However, the delayed match-to-sample task requires extensive training to meet the 

performance requirements at multiple delays and therefore the task performance may be 

more resilient to disruption. Overall, the results of the studies in Chapter V are 

encouraging to treatment-seeking cocaine abusers considering that treatment goals are 

first and foremost remaining abstinent but secondarily to integrate back into normal 

society through social and employment settings which require high levels of cognitive 

function.  

The findings within this dissertation offer important insight into the hormonal 

influences on cognitive performance, social status and the reinforcing effects of cocaine 

in a female NHP model of social stress and cocaine abuse.  These results argue for the 

inclusion of female subjects in models of human disease states. Although it has always 

been assumed that what is observed in males will apply to females, the results of these 

studies indicate that endogenous hormonal fluctuations may substantially influence 

females in numerous areas including cognitive performance and cocaine SA. Seeing as 
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sex hormones are known to influence symptoms in human diseases ranging from multiple 

sclerosis to epilepsy (Nicot, 2009; Veliskova and DeSantis, 2013), our findings are not 

surprising. Furthermore, sex differences in incidence, prevalence, symptoms, age at onset 

and severity have been widely documented in autoimmune diseases such as rheumatoid 

arthritis and lupus (Pennell et al., 2012; Schwartzman-Morris and Putterman, 2012), 

psychological disorders, including major depressive disorder, schizophrenia, autism and 

attention deficit hyperactivity disorder (Hasson and Fine, 2012; Goldstein et al., 2013; 

Schuch, 2014; Van Wijngaarden-Cremers et al., 2014). These documented sex 

differences in mental health might have a bearing on drug use and treatment.  

Despite the obvious and documented sex differences to experimental outcomes, 

male research subjects continue to dominate biomedical studies. The studies in this 

dissertation exemplify the profound effect fluctuations of E2 and P4 across the menstrual 

cycle have on cognitive performance of a novel task. Furthermore, these experiments add 

important insight into the current literature on how environmental and social context 

influence self-administration and cognitive performance by extending the research to 

include female subjects and demonstrating that in females, both social rank and menstrual 

cycle phase can exacerbate susceptability to the reinforcing effects of cocaine. 

Considering what is known about individual differences in the effects of environmental 

stimuli (Czoty and Nader, 2012) and potential pharmacotherapies (Czoty and Nader, 

2013) on cocaine choice in socially housed male monkeys, the results of the current 

studies underscore the need for  a similar investigation in female socially housed 

monkeys. Additionally, due to the significant effect of menstrual cycle phase on cocaine 

SA, the results of these studies add to emerging data suggesting that cessation 
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interventions for female substance users may result in different outcomes based on 

gonadal hormones at quit date (Mazure et al., 2011). Specifically, quit attemps may be 

more successful if attempted in the luteal phase of the menstrual cycle. Overall, the 

studies within this dissertation contribute vital information regarding a much needed 

female NHP model of cognitive function, social stress and cocaine abuse. Importantly, 

these studies form the neurobehavioral basis for further exploration into variables that 

make females more vulnerable to developing and sustaining addiction compared to 

males. 
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