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A role for the medial preoptic area in mediating a response to cocaine 
 

Daniel Jonathan Tobiansky, Ph.D. 
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Supervisor:  Juan M. Dominguez 

 

The salience of natural or drug-associated reward is mediated by phasic dopamine 

(DA) release in the nucleus accumbens (NAc) arising from DAergic cells in the ventral 

tegmental area (VTA). Circulating sex steroid hormones can modulate reward associated 

with drugs of abuse; yet, it still remains unclear which brain regions are responsible for 

this modulation. The medial preoptic area (mPOA) is a hypothalamic brain area involved 

in the expression of naturally rewarding behaviors as well as the regulation and reception 

of circulating sex steroid hormones in female rats. Considering its role in regulating 

naturally rewarding behaviors, its well-established anatomical connectivity with the 

VTA, and its responsiveness to circulating sex steroid hormones, the mPOA is an ideal 

neural node through which hormones could modulate the rewarding facets of drugs of 

abuse. Here I show that preoptotegmental efferents to the VTA are primarily GABAergic, 

that they appose putative DAergic cell bodies in the VTA that project to the NAc, and 

that they are capable of responding to sex steroid hormones and changes in DA release. 

Furthermore, cocaine influences neural activity in mPOA efferents that project to the 

VTA. Removal of the mPOA also enhanced cocaine-induced locomotion, Fos-

immunoreactivity in the mesolimbic reward system, DA release in the NAc, and 

augmented conditioned place preference. Together these findings suggest that the mPOA 

modulates the release of DA in the mesolimbic reward circuitry via inhibitory 

connections with DA neurons residing in the VTA, and sex steroid hormones, in turn, 

may act in the mPOA to modulate response to cocaine. 
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Chapter 1: Background 

Use and abuse of illicit drugs is a worldwide problem. In the United States alone, 

an estimated 24.6 million Americans above the age of 12 used illicit drugs in 2013. These 

data also indicate that rates of drug abuse are at their highest since the administration of 

the current version of the SAMSHA survey began in 2002. Of the illegal drugs, cocaine 

has one of the highest rates of initiates (>600,000) and it is the second most used illicit 

drug in the United States (~1.5 million people). The majority of initiates continue to 

abuse cocaine and many of them become dependent on the drug. Historically, the 

overwhelming majority of cocaine users have been males, and studies of cocaine abuse, 

dependence, and treatment have consequently been predominantly male-centric. Yet, 

over the last few decades the gender gap has narrowed as females abuse cocaine at 

elevated rates, albeit at about half the rate of men (0.4% vs. 0.8% of the U.S. population; 

Greenfield, Manwani, & Nargiso, 2003; Substance Abuse and Mental Health Services 

Administration, 2011). A multitude of studies have found evidence of sex differences in 

the subjective effects of cocaine, the path to dependence, and the psychosocial problems 

and health issues related to cocaine use (see Lynch, Roth, & Carroll, 2002 for a 

comprehensive review). This suggests that there are basic neurophysiological differences 

between the sexes that influence cocaine use and abuse. There is a need to further explore 

the neurological underpinnings of cocaine-induced reward in females to better understand 

the road to addiction. This will not only further our basic understanding of inherent sex 

differences in reward-seeking behavior, but it will also help guide potential therapies in 

preclinical and clinical settings.  
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1.1. COCAINE ABUSE IN FEMALES 

There are clear psychosocial differences in cocaine use and abuse between men 

and women, which underscores the need for an in-depth examination of this gender 

disparity. Despite the epidemiological data showing that men abuse cocaine at twice the 

rate of women, women use cocaine at comparable rates given the same opportunity to 

gain access to the drug (Van Etten, Neumark, & Anthony, 1999). Furthermore, women 

have a shorter latency from use to dependence than men (Haas & Peters, 2000; McCance-

Katz, Carroll, & Rounsaville, 1999; Westermeyer & Boedicker, 2000), they begin 

abusing at a younger age (Griffin, Weiss, Mirin, & Lange, 1989), and have shorter 

abstinence periods between bouts of use (Kosten et al., 1996).  

Researchers have also found gender differences in both the health consequences 

of cocaine abuse and treatment outcomes. For example, women who abuse cocaine have 

more social problems and complications with family dynamics (Weiss, Martinez-Raga, 

Griffin, Greenfield, & Hufford, 1997). This may be related to increased incidence of 

premorbid depression and comorbidity with mental disorders in women who use cocaine 

(Griffin et al., 1989; McCance-Katz et al., 1999). Additionally, crack use in women 

results in emergency room visits more often than in men (Dudish & Hatsukami, 1996), 

but this may be due, in part, to women’s propensity to use the medical system at higher 

rates than men (Blume, 1990). The same investigators also noted that women who abuse 

cocaine are more likely to smoke cigarettes, further compounding potential health issues 

associated with cocaine use.  

There also exist sex differences in response to treatment for cocaine abuse. 

Women tend to be younger at the age of first treatment (Griffin et al., 1989), but also 

drop out of treatment programs more quickly (Siqueland et al., 2002). Fortunately, 

women have a propensity to abstain from cocaine use for longer time after completion of 
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treatment (Weiss et al., 1997). Gender-specific substance abuse treatment services might 

improve outcomes for both men and women. Although implementation of such treatment 

services in clinics has been slow, they have been successful when used (see Green, 2006 

for review). Given these inherent sex differences in outcomes of treatment for cocaine 

addiction and health effects of cocaine use, further studies of cocaine-mediated reward 

mechanisms in women become increasingly clear. 

1.1.1. Clinical findings 

Most studies find no evidence for sex differences in pharmacokinetics, 

pharmacodynamics, or physiological effects (e.g., tachycardia) of cocaine regardless of 

route of administration (Collins, Evans, Foltin, & Haney, 2007; Evans & Foltin, 2006; 

Evans, Haney, Fischman, & Foltin, 1999; Mendelson et al., 1999; but see Lukas et al., 

1996). Yet, several studies indicate that women perceive physiological effects of cocaine 

differently. In particular, they feel a greater sense of nervousness after nasal insufflation 

(Kosten et al., 1996), or oral administration (Singha, Mccance-Katz, Petrakis, Kosten, & 

Oliveto, 2000) of cocaine. They exhibit greater latencies from time of administration to 

initiation of the subjective effects of cocaine and lower levels of dysphoria and euphoria 

with intranasal cocaine use (Lukas et al., 1996). Furthermore, Sofuoglu and colleagues 

(1999) found that women had lower perceived tachycardia and paranoia than men. 

Contrary to what one might hypothesize, these attenuated perceptions do not mitigate 

women’s responses to relapse-related stimuli. Notably, women have increased cue 

reactivity (Robbins, Ehrman, Childress, & O’Brien, 1999) and greater craving during 

abstinence (Elman, Karlsgodt, & Gastfriend, 2001).  

These findings point to sexually divergent responses to cocaine, but it is important 

to consider some caveats that are almost always associated with studies of drug use. 
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Human studies, often, have several confounding variables inherent to the experiment, 

because drug abusers are often polydrug users and differences in prior drug use between 

the sexes, which can skew experimental results, are difficult to control for (Gouzoulis-

Mayfrank & Daumann, 2006; Schensul, Convey, & Burkholder, 2005). The use of animal 

models to study sex differences in drug use and reward help overcome many of these 

challenges. 

1.1.2. Preclinical findings 

1.1.2.1. Pharmacokinetics 

Several studies suggest that differences in sex-specific behavioral responses to 

cocaine are driven by neurobiological rather than by sexually divergent cocaine 

pharmacokinetics. There are many biological factors, such as concentrations of enzymes 

responsible for the degradation of cocaine in the brain and liver that play a role in 

determining cocaine pharmacokinetics, and these factors are likely to both differ between 

species and be affected by the hormonal status of the female. Unlike the human data, the 

preclinical studies are divided with regards to sex differences in pharmacokinetics. The 

majority of rodent studies report robust sex differences in cocaine metabolite levels in the 

brain and plasma, yet not levels of cocaine itself, following acute administration (see 

Quiñones-Jenab, 2006 for review); studies differ on which metabolites in the brain are 

different between the sexes (Bowman et al., 1999; Festa & Quiñones-Jenab, 2004; Festa 

et al., 2004; Niyomchai, Jenab, Festa, Akhavan, & Quiñones-Jenab, 2006). On the 

contrary, non-human primate studies have demonstrated that there are little to no sex 

differences in cocaine pharmacokinetics (Mello, Bowen, & Mendelson, 2002; Mello, 

Sarnyai, Mendelson, Drieze, & Kelly, 1993; Mendelson et al., 1999), which is 
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comparable to the aforementioned studies using human participants.  

1.1.2.2. Phases of cocaine dependence 

In preclinical models, acquisition of cocaine-seeking behavior is usually defined 

as the frequency of self-administered intravenous drug infusions over the first few days 

of the experiment or as the establishment of conditioned place preference. Acquisition 

can be used to assess the subjective and motivational effects of a drug (Bardo & Bevins, 

2000). Using these operant conditioning paradigms, research has shown that there are 

definitive sex differences in the acquisition phase of cocaine-seeking behavior. A higher 

percentage of female rats successfully acquire cocaine self-administration compared to 

males, and they do so in a shorter length of time (Jackson, Robinson, & Becker, 2006; 

Kerstetter, Aguilar, Parrish, & Kippin, 2008; Lynch & Carroll, 1999; Lynch, Roth, 

Mickelberg, & Carroll, 2001; Lynch, 2008). Moreover, longer periods of access to 

cocaine during self-administration procedures enhance this sex difference (Roth & 

Carroll, 2004). Female rats (Lynch, 2008; Roberts, Bennett, & Vickers, 1989; see Haney 

et al., 1995 for opposing results) and monkeys (Mello, Knudson, & Mendelson, 2007) 

also reach higher self-administration breakpoints under a progressive ratio schedule. 

Finally, a greater percentage of food-restricted female rats choose cocaine infusions over 

food in a concurrent reinforcement paradigm as compared to males (Kerstetter et al., 

2012). Studies utilizing conditioned place preference (CPP) showed similar results. 

(Russo and colleagues (2003) found that female rats exhibited more entrances into the 

cocaine side compared to male rats, but did not show a difference in overall CPP scores 

(difference in time spent in cocaine-paired chamber between pretest and post-test). The 

same lab found that female rats acquire CPP at lower doses and in a shorter time period 

than males (Russo, Festa, et al., 2003).  
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While there are ample data on behavioral differences between the sexes during 

cocaine acquisition, less research has been done on the maintenance, extinction and 

reinstatement phases of cocaine use. Females display an exaggerated dysregulation of 

self-administered cocaine infusions over several sessions compared to males (Lynch et 

al., 2002). There are contradictory reports on the quantity of cocaine that females self-

administer compared to males during the maintenance phase (Jackson et al., 2006; Lynch, 

Arizzi, & Carroll, 2000). However, this may be a function of the amount of time that the 

animals are allotted access to cocaine, as a longer access period leads to increased rates of 

consumption by females compared to males (Roth & Carroll, 2004). Once maintenance is 

established, researchers utilize abstinence, extinction, and reinstatement protocols as a 

representation of withdrawal and relapse in humans. Overall, females exhibit a greater 

resilience to extinction of cocaine-seeking behaviors (Kerstetter et al., 2008; Perry, 

Nelson, & Carroll, 2008). For example, female rats, whether or not they are given 

priming injections of cocaine, press the previously active lever during the extinction 

phase at higher rates, particularly after 60 and 180 days of withdrawal (Kerstetter et al., 

2008). Much like the initial phases of cocaine abuse, the withdrawal and reinstatement 

phases in females are also more pronounced than in males.  

1.2. APPROPRIATING THE MESOLIMBIC REWARD SYSTEM 

From an evolutionary perspective, it is difficult to see how the use of most drugs 

of abuse could be an advantageous behavior, as they do not provide adaptive benefits, 

reproductive advantages, or increase evolutionary fitness (Wise, 1982, 1996). If anything, 

addiction to psychostimulants is maladaptive considering the health consequences 

(Viscarello, Ferguson, Nores, & Hobbins, 1992; Washton & Gold, 1984) and increase in 

detrimental risk-taking behaviors (Edlin et al., 1994; Tapert, Aarons, Sedlar, & Brown, 
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2001). Drugs of addiction, dopamimetics in particular, act on mechanisms that are 

responsible for integrating and processing naturally rewarding stimuli.  

1.2.1. Reward and the mesolimbic system 

1.2.1.1. Overview of the mesolimbic dopamine system  

The mesolimbic dopamine (DA) system is the canonical neuroanatomical system 

that regulates natural and drug-mediated reinforcement. DA-producing cell bodies in the 

mesencephalic ventral tegmental area (VTA) have complex interactions with a multitude 

of midbrain and forebrain regions (Ikemoto, 2007). In particular, researchers have 

focused on projections from the VTA to the ventral striatum as a crucial component of 

the circuitry thought to be responsible for reinforcement, and reward processing and 

prediction. The VTA can be divided into four distinct regions based on the types of 

neurons present and the brain areas targeted by projections. Both the parabrachial 

pigmented nucleus (PBP) and paranigral nucleus are rich in DA-producing neurons. The 

parafasciculus retroflexus area (PFR) at the rostral extreme of the VTA and the tail of the 

VTA (VTT; Ikemoto, 2007), now more commonly referred to as the rostromedial 

tegmental nucleus (RMTg; Jhou et al., 2013; Maroteaux & Mameli, 2012; Matsui, Jarvie, 

Robinson, Hentges, & Williams, 2014) at the caudal extreme of the VTA both contain 

mostly GABAergic neurons. The PN, PBP and RMTg are of particular relevance here, 

since the PFR does not project to the ventral striatum or influence tegmentostriatal 

connections (Ikemoto, 2007).  

The GABAergic cells of the RMTg project mainly onto DAergic cells in the PBP, 

PN, and the substantia nigra pars compacta (SNc), providing tonic inhibitory input 

(Hong, 2011). This inhibition controls DA release by the PN and PBP, which each send 

projections to different areas of the limbic system (Ikemoto, 2007). A single DAergic cell 
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from these areas can have vast axonal arborization in the forebrain, usually within the 

same region (Matsuda et al., 2009). Neuroanatomically, the PN is the most medial region, 

extending from the ventral midline, whereas the PBP is just lateral to the PN and extends 

to the dorsal aspects of the SNc. Interestingly, the terminals of these DAergic projections 

in the ventral striatum follow the same mediolateral gradient that is seen in their 

respective VTA somata. In other words, the PN and the more medial aspects of the PBP 

project mainly to the ventromedial striatum, whereas the lateral portions of the PBP 

project to the ventrolateral striatum (Ikemoto, 2007). This distinction becomes important 

when examining the functional roles of the ventral striatum.   

Accordingly, the ventral striatum is also subdivided into two distinct 

neuroanatomical regions: the olfactory tubercle (OT) and the nucleus accumbens (NAc). 

Both regions are multisensory processing centers and integrate a variety of external 

stimuli and internal cues (Carlezon & Thomas, 2009). The NAc is further divided into 

core (NAcC) and shell (NAcS) regions. Likewise, these are cytoarchitecturally (Dumitriu 

et al., 2012), functionally (Bassareo & Di Chiara, 1999; Di Chiara, 2002; Ito, Robbins, & 

Everitt, 2004; Sokolowski, Conlan, & Salamone, 1998) and histochemically (Lu, 

Ghasemzadeh, & Kalivas, 1998; Zahm, 2000) distinct regions that receive differential 

input from the VTA (Ikemoto, 2007). Neurons in the medial NAcS receive the majority 

of the their DAergic input from PN and medial PBP, whereas neurons in the lateral NAcS 

and the NAcC receive the majority of their innervation from the lateral PBP and 

nigrostriatal system (Deutch & Cameron, 1992; Ikemoto, 2007).  

The OT and both subregions of the NAc are composed mainly (>90%) of 

GABAergic medium spiny neurons (MSN) that provide tonic inhibitory input to cells in 

the ventral pallidum - an area that serves as the limbic-motor interface (Smith, Tindell, 

Aldridge, & Berridge, 2010). Phenotypically, MSNs are generally classified as either D1-
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type neurons or D2-type neurons (Gerfen et al., 1990). D1-type cells express D1-like DA 

receptors, produce dynorphin and substance P, are responsive to low levels of tonic DA 

from the VTA, and typically project to the substantia nigra. D2-type cells express D2-like 

DA receptors and produce enkephalin, are activated by phasic release of DA from the 

VTA (Albin, Young, & Penney, 1989; Surmeier, Ding, Day, Wang, & Shen, 2007) and 

project to the pallidum (Heimer, Zahm, Churchill, Kalivas, & Wohltmann, 1991). This 

phasic inhibition of the medial NAcS disinhibits the VP, allowing for a locomotor 

response (Smith et al., 2010). 

1.2.1.2. Processing reward 

Homologues of the mammalian mesolimbic DA system are present throughout 

vertebrate phylogeny (O’Connell & Hofmann, 2011). This neural system is responsible 

for assessing salient environmental stimuli, integrating it with the internal state of the 

animal, and producing an appropriate behavioral response (Deco & Rolls, 2005; 

Wickens, Budd, Hyland, & Arbuthnott, 2007). As discussed above, the mesolimbic DA 

system receives input from a variety of cortical and subcortical structures that are 

responsible for interpreting or relaying external stimuli (Grace, Floresco, Goto, & Lodge, 

2007; O’Donnell & Grace, 1995). Moreover, it receives input from several diencephalic 

nodes (e.g., bed nucleus of the stria terminalis) that regulate and integrate hormonal 

signals, which relay information about the internal state (Fahrbach, Morrell, & Pfaff, 

1986; Ikemoto & Bonci, 2014; Jalabert, Aston-Jones, Herzog, Manzoni, & Georges, 

2009; Kudo et al., 2012). It is the VTA that then relays information to the NAc via DA 

signaling about the salience of these stimuli, which help the animal to assess the adaptive 

value, attach valence, and produce an appropriate behavioral output (Di Chiara et al., 

2004; Hart, Rutledge, Glimcher, & Phillips, 2014; Saddoris, Sugam, Cacciapaglia, & 
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Carelli, 2014; Sokolowski et al., 1998).   

Exactly how the DA signal to the NAc assists in assessing the adaptive value and 

attaching valence is unknown. There are a number of hypotheses that attempt to explain 

this phenomenon. Of these, only the most well established hypotheses will be discussed 

here (see Ikemoto, 2007 for a comprehensive review): the anhedonia theory of DA-

mediated reward; the incentive salience/formation theory; and the reward prediction-

error theory. All of these theories stem from preliminary observations that the 

mesolimbic DA system influences motivation to obtain reinforcers. In particular, it was 

Ungerstedt's (1971) account that was one of the first to show that selective lesions of DA 

fibers projecting to the striatum disrupt motivation to obtain food.  

This and similar observations that neuroleptics block reinforcement ((i.e., 

anhedonia; Fouriezos, Hansson, & Wise, 1978; Yokel & Wise, 1976) stemmed the 

anhedonia hypothesis, which is an axiom in the DA hypothesis of reward (Fibiger, 1978; 

Wise, Spindler, Dewit, & Gerber, 1978; Wise, 1978, 1982). The anhedonia theory posits 

that stable tonic DA release in the striatum is responsible for normal functioning, but that 

a stimulus that evokes a phasic or sustained increase in DAergic tone reinforce learned 

reward-seeking behaviors (Wise, 1982). For example, the subjective hedonia experienced 

by the organism as a function of stimulus acquisition correlates with the increase in DA 

(Koob & Le Moal, 2001; Volkow, Fowler, & Wang, 1999). However, critics of this 

hypothesis counter that the subjective experience elicited by a reinforcing stimulus 

cannot be assessed by behavior alone (Ikemoto, 2007). Moreover, Cannon and Palmiter 

(2003) reported that genetically altered mice lacking the ability to produce DA preferred 

sucrose over water and non-caloric, sweet saccharin, suggesting that DA is not necessary 

for motivation to obtain natural rewards.   

Following the DA hypothesis of reward, the incentive salience/formation theory 
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of DA action was first proposed by Robinson and Berridge (incentive salience; 1993, 

2003), and modified by Ikemoto and Panksepp (incentive formation; 1999). The first 

manifestation of this hypothesis posited that striatal DA “transforms the brain's neural 

representations of conditioned stimuli, converting an event or stimulus from a neutral 

‘cold’ representation (mere information) into an attractive and ‘wanted’ incentive that can 

‘grab attention’” (p. 5; Robinson & Berridge, 1993). However, this hypothesis only 

accounts for the wanting (appetitive) aspect and not the liking (consummatory) aspect of 

goal-directed behavior, which is also correlated with striatal DA release. The incentive 

formation hypothesis similarly argues that appetitive motivation is reliant on striatal DA 

(Berridge & Robinson, 1998; Blackburn, Pfaus, & Phillips, 1992; Ikemoto & Panksepp, 

1996), but Ikemoto and Panksepp (1999) further hypothesized that increased DA during 

“liking” attaches a positive valence to the stimulus, whereas decreased or stable DA 

output during this phase reduces the incentive value. A report by Stuber and colleagues 

(2005) using in vivo fast scanning cyclic voltammetry to assess rapid, phasic DA release 

demonstrated that during consecutive extinction trials striatal DA response decreases 

steadily. In sum, DA release is, at least in part, responsible for appetitive motivation and 

is responsible for re-evaluating the valence of the stimuli during the consummatory 

phase. 

A final neurophysiological phenomenon related to DA release, which is not 

included in the incentive salience/formation hypotheses, is known as reward prediction 

error. This phenomenon, first discovered by Schultz (1998, 2000, 2002), describes the 

transfer of firing of DA neurons in the VTA from an acute reinforcer to a predictive 

conditioned stimulus after repeated pairings of the two. Importantly, although the same 

neurons will depolarize when presented with reinforcer-associated cue, they will 

hyperpolarize if the unconditioned stimulus is not delivered; thus, exhibiting ability to 
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code an error in response. This theory, however, does not completely describe the role of 

VTA DA neurons. For example, the tegmental and nigral DAergic neurons examined 

may project to different striatal targets and the downstream consequences of these 

proximal electrophysiological responses remain unknown. Notwithstanding, the results of 

these experiments add to our overall understanding of the mesolimbic DA system 

function and may inform the aforementioned hypotheses.  

Overall, motivation, reinforcement, and reward processing are regulated by 

complicated neurochemical responses in a variety of neural networks, and active research 

on this topic is still ongoing (reviewed in Baik, 2013; Carlezon & Thomas, 2009; Covey, 

Roitman, & Garris, 2014; Holmes & Fam, 2013; Ikemoto & Bonci, 2014; Ikemoto, 2007; 

Koob & Volkow, 2010; Volkow, Wang, & Baler, 2012; Wise, 2009, 2004, 2008). Further 

complicating our understanding, the neuroanatomy and neurochemistry involved in these 

processes overlap with many circuits and molecular mechanisms associated with learning 

and memory (Lüscher & Malenka, 2011). Although the role of DA in incentive learning 

and reward processing is not fully understood, it is being redefined continuously with 

novel techniques and further pharmacological studies. 

1.2.2. Natural versus cocaine-associated reward 

Both natural rewards (e.g. sex) and cocaine consumption in humans, along with a 

wide variety of other drugs of addiction, share a similar, euphoric “rush” (Levin, 2014; 

Seecof & Tennant, 1986). Moreover, anticipation and consumption of cocaine in rats are 

associated with analogous unconditioned behavioral responses to natural rewards; for 

example, the emission of reward-associated ultrasonic vocalizations (Barker et al., 2010; 

Browning et al., 2011; Ma, Maier, Ahrens, Schallert, & Duvauchelle, 2010). Natural 

rewards, like drugs of addiction (Robinson, Becker, & Presty, 1982; Robinson & Becker, 
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1982; Robinson & Berridge, 2008; Segal & Mandell, 1974) can sensitize the DA 

response in the mesolimbic system (Kohlert & Meisel, 1999), and their reinforcing 

properties can be measured by operant responding (Beach & Jordan, 1956; Caggiula & 

Hoebel, 1966; Crawford, Holloway, & Domjan, 1993; Everitt & Stacey, 1987) and 

conditioned place preference (Martínez & Paredes, 2001; Raúl G Paredes & Vazquez, 

1999; Tzschentke, 2007). There is also a cross-sensitization that occurs with 

psychostimulants and natural reinforcers. Notably, exposure to amphetamine in sexually 

naïve female rats increases appetitive sexual behaviors when they are exposed to a male 

for the first time (Afonso, Mueller, Stewart, & Pfaus, 2009). These commonalities in and 

cross-sensitization of behavioral responses are likely due to similar underlying 

neurochemical mechanisms. Yet, while natural reinforcers also influence a variety of 

neural circuits and neurochemical cascades outside of the mesolimbic system, cocaine 

exerts the majority of its reinforcing influence by acting specifically at DAergic synapses 

in the NAc (Bowman & Richmond, 1996; Carelli & Deadwyler, 1994, 1996; Carelli & 

Deadwyler, 1997; Chang, Janak, Woodward, & Carolina, 1998; Chang, Sawyer, Lee, & 

Woodward, 1994; Peoples & West, 1996; Peoples, Gee, Bibi, & West, 1998).  

Pharmacological agents, including cocaine, have helped delineate the functional 

neuroanatomy and microcircuits of the mesolimbic DA system. The main action of 

cocaine is as a monoamine transporter inhibitor (Kuhar, Ritz, & Boja, 1991; Ritz, Lamb, 

Goldberg, & Kuhar, 1987; Wilcox, Paul, & Woolverton, 1999). Specifically, these 

transporters are membrane-associated proteins that remove the neurotransmitters from the 

synaptic cleft and transport them into the cytosol of the cell, thus controlling the 

monoaminergic stimulation of the post-synaptic cell. In rats, the ratio of cocaine-

mediated monoamine reuptake inhibition in the brain is serotonin-to-dopamine at 2:3 and 

serotonin-to-norepinephrine at 2:5 (Rothman et al., 2001). Yet, the most studied action of 
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cocaine is as a DA transporter (DAT) inhibitor in mesolimbic synapses. This may stem 

from the current popularity of the DA hypotheses of reinforcement (Spanagel & Weiss, 

1999), as discussed above. Though cocaine inhibits norepinephrine clearance more 

strongly than DA clearance, the norepinephrine hypothesis of reward (Stein, 1968) fell 

out of favor by the mid-1970’s as pharmacological and anatomical findings contradicting 

this hypothesis accumulated (see Wise, 2008 for review).  

1.2.2.1. Ventral tegmental area 

The VTA provides strong DAergic input to the NAc, and is directly influenced by 

reward-associated stimuli. Lesions of the VTA generally attenuate naturally rewarding 

behaviors. Ablation of the VTA significantly impairs receptive sexual behavior in female 

rats (Herndon, 1976). The expression of maternal behaviors, similar to sexual behaviors, 

is diminished after electrolytic or 6-hydroxydopamine (6-OHDA) lesions of the VTA 

(Hansen, Harthon, Wallin, Lofberg, & Svensson, 1991; Numan & Smith, 1984). 

Likewise, VTA lesions disrupt operant cocaine seeking behaviors (Roberts & Koob, 

1982). Pharmacological inhibition of VTA DA neurons attenuates operant responding for 

sucrose and food (Cacciapaglia, Wightman, & Carelli, 2011; Ranaldi et al., 2011) 

disrupts maternal behaviors and place preference for pup-paired cues (Numan, 

Stolzenberg, Dellevigne, Correnti, & Numan, 2009; Seip & Morrell, 2009), impairs 

cocaine-associated conditioned approach behavior (Ikemoto and Panksepp, 1996), and 

prevents cocaine-primed reinstatement (McFarland & Kalivas, 2001). Overall, 

acquisition of responding for or presentation of cues associated with natural rewards 

increase activity of the VTA (Balfour, Yu, & Coolen, 2004; Hernández-González, 

Navarro-Meza, Prieto-Beracoechea, & Guevara, 2005; Kest, Cruz, Chen, Galaj, & 

Ranaldi, 2012; Parada, Chamas, Censi, Coria-Avila, & Pfaus, 2010; Pfaus & Heeb, 
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1997), but cocaine’s action on the VTA is not as clear. Electrophysiological studies have 

shown that acute cocaine inhibits VTA firing (Brodie & Dunwiddie, 1990; Bunney, 

Appel, & Brodie, 2001). Immunohistochemical analyses of the protein product of the 

immediate early gene, c-fos, which is indicative of neural activity in response to a 

stimulus, support the electrophysiological data, but demonstrate that activity in the VTA 

increases after chronic treatment with cocaine (Zahm et al., 2010) and in response to 

conditioned cocaine-associated cues (Kufahl et al., 2009). Yet, a study in human subjects 

using fMRI reported that acute cocaine increases activity in the VTA (Kufahl et al., 

2005). Regardless of this discrepancy, optogenetic methods have demonstrated that the 

VTA directly mediates the reinforcing and rewarding aspects of cocaine and natural 

stimuli (reviewed in Stuber, Britt, & Bonci, 2012).  

1.2.2.2. Nucleus accumbens 

Activity in the VTA, which is mediated by cocaine or natural incentives, then 

translates into neurochemical and electrophysiological responses in the NAc. Similar to 

the VTA, lesion studies demonstrated that the NAc is necessary for the rewarding and 

reinforcing aspects of cocaine (Everitt, 1990; Ito et al., 2004; Pettit, Ettenberg, Bloom, & 

Koob, 1984; Roberts, Koob, Klonoff, & Fibiger, 1980; Roberts & Koob, 1982), maternal 

behavior (Hansen et al., 1991; Hansen, 1994; Lee, Clancy, & Fleming, 1999; Li & 

Fleming, 2003; Numan, Numan, Schwarz, et al., 2005), sexual behavior (Hansen et al., 

1991; Hull & Rodriguez-Manzo, 2009; Y.-C. Liu, Sachs, & Salamone, 1998), and 

feeding behavior (Kelley & Stinus, 1985; Koob, Riley, Smith, & Robbins, 1978; 

Whishaw & Kornelsen, 1993). Interestingly, lesions of the NAc spare the reflexive 

lordosis response, but attenuate appetitive, proceptive sexual behavior in female rats 

(Rivas & Mir, 1990, 1991). More targeted techniques such as optogenetic or 
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pharmacological inhibition of the NAc result in an attenuation of cocaine or natural 

incentive seeking behaviors (Kelley & Swanson, 1997; Stefanik, Kupchik, Brown, & 

Kalivas, 2013; Stefanik, Moussawi, et al., 2013; Stuber et al., 2012).  

Moreover, appetitive and consummatory behaviors elicit a similar DA surge in the 

NAc. This has been reported using operant responding protocols for a variety of natural 

reinforcers (e.g., food and sex; Cacciapaglia et al., 2011; Carelli, Ijames, & Crumling, 

2000; Hoebel, 1997; Meisel, Camp, & Robinson, 1993; Mermelstein & Becker, 1995; 

Nicola, Yun, Wakabayashi, & Fields, 2004; Salamone, Cousins, & Snyder, 1997; 

Stratford & Kelley, 1997; Wise, 1998) and cocaine (Peoples & West, 1996). Incentive-

driven DA release, though, is not uniform throughout the NAc (Baliki et al., 2013; 

Bassareo & Di Chiara, 1999; Dalton, Phillips, & Floresco, 2014; Di Chiara, 2002; 

Ikemoto, 2007; Saddoris et al., 2014; Sokolowski et al., 1998). Specifically, both cocaine 

and natural incentives act preferentially through the shell of the NAc. Rats will readily 

self-administer cocaine directly into the shell, but not core, of the NAc (Carlezon, 

Devine, & Wise, 1995; Rodd-Henricks, McKinzie, Li, Murphy, & McBride, 2002), and 

intact DAergic input in the shell, but not the core, is necessary for the development of 

conditioned-place preference for cocaine (Sellings, McQuade, & Clarke, 2006). While 

the activational aspects of naturally rewarding stimuli are not as simple as that of cocaine, 

studies have determined that the shell of the NAc also mediates their value (Di Chiara, 

2002; Numan, Numan, Pliakou, et al., 2005; Sokolowski et al., 1998). For example, 

experimenters were able to initiate feeding behavior in rats by microinfusing non-NMDA 

glutamate receptor antagonists or GABA agonists into the shell of the NAc (Kelley & 

Swanson, 1997; Kelley, 2006) Yet, neural populations in the NAc may respond 

differently to naturally rewarding stimuli and cocaine. For example, Carelli and 

Deadwyler (1994) found that there are four subsets of MSNs in the NAc that respond to 
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cocaine, but one of these subsets does not respond to water reinforcement. Again, there is 

a great deal of evidence to suggest that cocaine-mediated reward, at least in part, results 

from the appropriation of neuroanatomical circuits that are responsible for coding the 

valence of natural rewards.   

1.3. HORMONAL MEDIATION OF COCAINE-ASSOCIATED REWARD  

Given the role of the mesolimbic DA system in integrating and processing 

external cues and internal conditions, it is not surprising that the hormonal status of an 

organism can dictate the response to cocaine. It has been repeatedly demonstrated in 

women and female animal models that the natural cyclicity of circulating sex steroid 

hormones (e.g., estrogens and progestogens) that modulate the menstrual or estrus cycles 

also influences propensity to engage in naturally rewarding behaviors, and cocaine 

seeking and consumption.  

1.3.1. Clinical findings 

There are a number of sex differences apparent in the initiation phase of cocaine 

use, consumption, dependence, and treatment outcomes in humans (e.g., Carroll, Lynch, 

Roth, Morgan, & Cosgrove, 2004; Hu & Becker, 2008; Lynch et al., 2006), which are 

discussed above. Differences in circulating sex steroid hormones are, at least in part, 

responsible for driving these differences (Bobzean, DeNobrega, & Perrotti, 2014; Collins 

et al., 2007; S M Evans & Foltin, 2006; Suzette M Evans & Foltin, 2010; Lukas et al., 

1996; Mendelson et al., 1999; M Sofuoglu et al., 1999). In brief, both men and women 

have circulating testosterone, estrogens and progestogens that influence almost all 

physiological systems. Women generally have higher levels of circulating progestogens 

and estrogens, whereas men have higher levels of circulating testosterone (Mikhail, 

1967). Moreover, in women biphasic pulses of estradiol (E2) and progesterone (P4) 
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regulate the menstrual cycle (Mihm, Gangooly, & Muttukrishna, 2011; Silverthorn, 2013; 

Figure 1.1) and alter their responsivity to salient stimuli (Dreher et al., 2007; Sakaki & 

Mather, 2012; Terner & de Wit, 2006). The menstrual cycle is typically 28 days in 

duration and consists of two phases: follicular and luteal. During the mid- to late 

follicular phase there is a gradual increase in E2, which peaks about half way through the 

cycle and then sharply decreases. This peak in E2 precedes the release of follicle 

stimulating hormone (FSH) and luteinizing hormone (LH) by the pituitary gland, which 

then stimulate the release of the mature egg from the ovarian follicles. Finally, there is a 

steady increase in P4 and a slight rebound of E2 levels, before they fall to baseline levels 

at the end of the luteal phase.  
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Figure 1.1. Mammalian ovulatory cycles. In both (A) rodents and (B) humans, there is 
an initial surge in E2 followed by a surge in P4 and a secondary, lesser increase in E2. (A) 
Adapted from Butcher, Collins and Fugo (1974). (B) Adapted from Stricker et al. (2006). 
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pharmacodynamics of cocaine and other drugs of addiction (see Becker, Perry, & 

Westenbroek, 2012; Hu & Becker, 2008; Hudson & Stamp, 2011; Quiñones-Jenab, 2006 

for extensive reviews). Though the results are not always consistent, many studies have 

shown that the euphoric or “good drug effect” of cocaine is enhanced during the follicular 

phase when smoked (Evans & Foltin, 2010; Evans, Haney, & Foltin, 2002; Sofuoglu et 

al., 1999). Furthermore, during the mid-luteal phase women exhibit attenuated cocaine 

craving, stress, anxiety, and increase in blood pressure induced by cocaine-associated 

cues (Sinha et al., 2007). It is unlikely that these phasic differences are attributable to 

changes in cocaine pharmacokinetics (Collins et al., 2007; Evans & Foltin, 2006; Kosten 

et al., 1996; Mendelson et al., 1999) 

 Instead, these differences are likely due to electrophysiological changes in 

neuronal circuits mediated by fluctuations in circulating levels of E2 and P4. Relatively 

few studies have attempted to examine changes in cocaine-induced reward after 

administration of exogenous ovarian hormones, and those that have focused mainly on 

P4. Overall, studies have found that experiment-administered P4 during the follicular 

phase (high E2) attenuates the “good drug effect” and diminishes the sensitivity of women 

to cocaine as measured by the ability to “feel the last dose” after smoking (Evans & 

Foltin, 2006; Sofuoglu, Babb, & Hatsukami, 2001; Sofuoglu, Babb, & Hatsukami, 2002) 

and i.v. administration (Sofuoglu, Mitchell, & Kosten, 2004). Salivary P4 is negatively 

correlated with the euphoric effects of a similar psychostimulant, D-amphetamine, 

whereas salivary E2 is positively correlated with subjective reports of euphoria (White, 

Justice, & de Wit, 2002). The preceding studies only examined the subjective, self-

reported effects of ovarian hormones on cocaine use. The only study that has assessed the 

influence of ovarian hormones on motivation to consume cocaine found that exogenous 

P4 does not attenuate the propensity to use cocaine at any phase of the menstrual cycle 
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(Reed, Evans, Bedi, Rubin, & Foltin, 2011).  

Of the various challenges involved in completing such studies using human 

participants, one particular confound arises. Namely, previous research has revealed that 

cocaine can disrupt the cyclicity of hormone pulses. Cocaine consumption stimulates LH, 

which can disrupt the menstrual cycle (Mello et al., 2007; Mendelson et al., 1999; 

Sofuoglu et al., 1999) and can lead to amenorrhea and infertility (Cocores, Dackis, & 

Gold, 1986). Furthermore, abstinence from chronic cocaine consumption has been shown 

to increase circulating P4 and cortisol levels for at least one month (Fox, Hong, Paliwal, 

Morgan, & Sinha, 2008). These findings are interesting in their own right and suggest 

that cocaine may directly influence the circulating sex steroid hormones that, in turn, 

mediate responsivity to cocaine.  

1.3.2. Preclinical findings 

To compensate for the scarcity of data from humans, preclinical models exploring 

the effects hormonal cyclicity on cocaine-associated behaviors have been able to fill in 

the gaps. The menstrual cycle of the monkey closely mirrors that of women (Goodman, 

Descalzi, Johnson, & Hodgen, 1977), while rodents have an estrus cycle of 4 to 5 days 

(Butcher, Collins, Fugo, & Virginia, 2013; see figure 1.1.B). The longest phase of the 

estrus cycle is the diestrus phase, which lasts about 2 days. During this stage both of the 

ovarian hormones are at their lowest levels, with a progressive increase in P4 on diestrus 

day 1 and a gradual decrease in P4 during diestrus day 2. Similar to the menstrual cycle, 

there is a sharp rise in E2 before ovulation – the proestrus phase. This increase is followed 

closely by an increase in LH, FSH, and P4 that begins late in the proestrus phase and 

diminishes rapidly over the estrus phase. It is during the estrus phase of the cycle that 

female rodents display signs of sexual receptivity (Beach, Etkin, & Rasquin, 1942; 
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Boling & Blandau, 1939; Powers & Valenstein, 1972). In both monkeys and rodents the 

cyclic nature of ovulation and coinciding levels of ovarian hormones influence the 

different phases of cocaine use.  

There are differences in behavioral responses to cocaine between stages of the 

ovulatory cycle at all phases of drug addiction. A larger percentage of female rats acquire 

cocaine self-administration during estrus compared to non-estrus phases (Lynch & 

Carroll, 2000). On the contrary, female monkeys do not show phasic differences in 

cocaine acquisition or consumption (Cooper, Foltin, & Evans, 2012; Suzette M Evans & 

Foltin, 2010).  

After the acquisition phase, the subjects generally establish a stable pattern of 

cocaine consumption defined as the maintenance phase of cocaine abuse. During this 

phase female rats lever-press for cocaine on a progressive ratio schedule had significantly 

higher breakpoints and more rapid escalation of cocaine intake during the estrus phase 

(Lynch & Carroll, 2000; Roberts et al., 1989). Examining cocaine seeking (lever 

pressing) during the last day of a fixed ratio self-administration schedule, Feltenstein and 

See (2007) found that rats exhibited the highest rates of cocaine-seeking behaviors during 

estrus (low P4), and the lowest rates of cocaine seeking behavior during late proestrus 

(high P4). In a similar vein, female monkeys have higher progressive ratio breakpoints 

during the follicular phase (high E2; Mello et al., 2007).  

The hormonal influences on extinction and drug-primed reinstatement of cocaine 

seeking are similar to those seen during the acquisition, escalation, and maintenance 

phases. Namely, operant responding is elevated during the extinction phase (Feltenstein 

& See, 2007; Kerstetter et al., 2008) and drug-primed reacquisition phase (Feltenstein & 

See, 2007; Kerstetter et al., 2008; Kippin et al., 2005) in the estrus stage of the cycle.  

As is the case for humans, cycle-mediated differences in cocaine 
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pharmacokinetics are an unlikely explanation for the antecedent findings. Studies have 

found that there are no changes in cocaine pharmacokinetics as a function of menstrual 

cycle in non-human primates (Evans & Foltin, 2004, 2006; Mello, Mendelson, Kelly, & 

Bowen, 2000), or as a function of the estrus cycle phase in rats (Festa et al., 2004).  

The phasic and complex nature of the estrus and menstrual cycles make it difficult 

to determine exactly which hormones influence instrumental learning or operant 

responding at the different stages of cocaine dependence. For these reasons, many studies 

opt to use hormone replacement protocols in ovariectomized females. Such hormone 

replacement studies suggest that, generally, E2 enhances and P4 attenuates cocaine-

mediated conditioned approach behavior (Hu, Crombag, Robinson, & Becker, 2004; 

Jackson et al., 2006; Kerstetter et al., 2012; Martinez, Peterson, Meisel, & Mermelstein, 

2014; Peris, Decambre, Coleman-Hardee, & Simpkins, 1991; Perry, Westenbroek, & 

Becker, 2013; Ramôa, Doyle, Naim, & Lynch, 2013; van Swearingen et al., 2013; 

Walker et al., 2001; but see Segarra et al., 2010). Once again, the majority of the phases 

of cocaine dependence are influenced by hormone replacement.  

The literature indicates that E2 enhances acquisition of cocaine self-

administration, but the combined effect of E2 and P4 is less clear. For example, several 

studies have found that E2 enhances rates at which female rats acquire operant responding 

to cocaine (Hu et al., 2004; Lynch et al., 2001; Perry et al., 2013), and another study 

demonstrated that E2 alone leads to faster acquisition than combined E2 and P4 

replacement (Jackson et al., 2006). While classical conditioning paradigms examining 

cocaine acquisition also find that E2 leads to increased responding compared to vehicle 

(Frye & Rhodes, 2006; Segarra et al., 2010, 2014; but see Twining, Tuscher, Doncheck, 

Frick, & Mueller, 2013), they also suggest that E2 and P4 together lead to higher cocaine 

seeking than E2 alone (Russo et al., 2003). This discrepancy may be attributable to 
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differences in drug administration route (i.v. vs. i.p.), timing of hormone injections 

(Bobzean, Dennis, & Perrotti, 2014), or the conditioning paradigms themselves 

(Tzschentke, 2007). During the maintenance phase, systemic P4 treatment leads to a more 

gradual escalation of cocaine consumption compared to vehicle treatment (Larson, 

Anker, Gliddon, Fons, & Carroll, 2007), and systemic E2 increases the number of times 

rats choose cocaine over food in an operant responding task (Kerstetter et al., 2012). 

These behaviors may be dependent on the length of access to cocaine during the 

acquisition phase. Ramoa and colleagues (2013) showed that E2 enhances cocaine 

seeking during maintenance, but only when female rats are given longer access to cocaine 

during acquisition. E2 also enhances behavioral sensitization to cocaine (Martinez et al., 

2014; Peris et al., 1991), and leads to a more rapid extinction of cocaine seeking 

behaviors (Twining et al., 2013). Finally, P4 and its metabolites attenuate drug-primed 

reinstatement of cocaine seeking (Anker & Carroll, 2010; Feltenstein, Byrd, Henderson, 

& See, 2009).  

In all, the research suggests that animals with elevated E2 levels, whether due to 

natural cyclicity or hormone replacement, acquire cocaine responding faster and at higher 

rates, which may or may not be further enhanced by concurrent treatment with P4. 

Moreover, elevated levels of E2 and enhance responding during the maintenance phase 

and exacerbate escalation of cocaine consumption, but also accelerate extinction of 

cocaine seeking behaviors. At the same time, P4 may attenuate acquisition and drug-

primed reinstatement. Discrepancies in the literature are likely due to differences in 

methodologies. As in humans, evidence suggesting that chronic cocaine use can disrupt 

the reproductive cycle in rodents (Chen & Vandenbergh, 1994), and non-human primates 

(Mello et al., 1993; Potter et al., 1999) further complicates the study of hormonal effects 

on cocaine-taking behavior. Regardless, research has still been able to identify pertinent 
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roles of ovarian hormones in modulating cocaine use and abuse.  

1.3.3. Hormones and the mesolimbic DA system 

One possible way in which ovarian hormones might influence the salience of 

cocaine in females is through direct actions on the mesolimbic DA system. This theory 

stems from observations in animals and humans that systemic sex steroid hormones affect 

psychostimulant-mediated DA release in the striatum (Becker, 1999; Di Paolo, 1994). E2 

enhances cocaine-mediated tonic DA levels in the ventral striatum (Cummings, 

Jagannathan, Jackson, & Becker, 2014). Moreover, systemic E2 decreases striatal DAT 

density, enhances DA synthesis and degredation (McArthur, McHale, & Gillies, 2007; 

Pasqualini, Olivier, Guibert, Frain, & Leviel, 2002), and downregulates DA binding to 

D2Rs in the striatum (Bazzett & Becker, 1994). In vitro, direct pulsatile application of E2 

to striatal slices induces DA release (Becker, 1990) and enhances K+-mediated DA 

release (Thompson & Moss, 1994). Patch clamp analysis of ion transfer across the 

membrane in disassociated MSNs demonstrated that there is a prompt diminution of Ca++ 

currents in response to acute E2 (Mermelstein & Becker, 1995). Interestingly, E2 

administered inside the cytosol does not reduce the Ca++ current, whereas E2 bound to 

bovine serum albumin, which does not allow it to cross the cell membrane, most 

effectively decreases the current. These results suggest that E2 is acting through a 

membrane-associated protein that is able to rapidly influence ion permeability in the 

striatum, and the resultant decrease in Ca++ current attenuates GABA release. 

Accordingly, studies have confirmed a high density of G protein-coupled estrogen 

receptor 1 (GPER; formally known as GPR30) in the striatum (Brailoiu et al., 2007). 

Since prior experiments show that the striatum has a paucity of ERα and ERβ 

(DonCarlos, Monroy, & Morrell, 1991; Mitra et al., 2003; Österlund, 1998), the presence 
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of GPER provides a mechanism through which E2 can act in the striatum.  

Similarly, PRs in the mesolimbic DA system are sparse (Blaustein, Tetel, Nielsen 

Ricciardi, Delville, & Turcotte, 1994; MacLusky & McEwen, 1978; Warembourg & 

Leroy, 2004); but P4 has been shown to influence electrophysiological and neurochemical 

activity (Hudson & Stamp, 2011). Studies in women have demonstrated that exogenous 

P4 attenuates the euphoric effects of smoked cocaine (Evans & Foltin, 2006; Sofuoglu et 

al., 2004), suggesting that P4 somehow decreases response to or release of DA in the 

ventral striatum. At the same time, the direct action of P4 on activity in the mesolimbic 

DA system is not as well defined as it is for E2, and reports have claimed opposing 

actions. In the VTA, microinfusions of P4 increase activity of neurons within 60 seconds 

(Rose, 1990). Systemic P4 in ovariectomized females increases the basal firing rate of 

VTA DA neurons and simultaneously attenuates cocaine-mediated firing rate and 

bursting activity compared to vehicle treatment (Zhang, Yang, Yang, Jin, & Zhen, 2008). 

These phenomena may be a function of a P4-mediated increase in basal DA and 5-HT 

release in the VTA (Russo et al., 2003). Interestingly, this study did not show an effect of 

P4 on DA release in cocaine treated animals. Instead, observed effects of P4 in the VTA 

may stem from its influence on the striatum. Actions of P4 in the VTA may also be a 

function of its neuroactive metabolites (Frye, 2007). The metabolite allopregnanolone 

(3α,5α-THP) is a positive allosteric modulator of GABAA receptors (GABAAR; Belelli, 

Casula, Ling, & Lambert, 2002) and a negative allosteric modulator of the 5-HT3 receptor 

(Wetzel et al., 1998), and has been shown to influence activity in the VTA (Frye, 2007). 

It is also possible, then, that an increase in GABA sensitivity, via modulation of 

GABAAR by allopregnanolone may reduce activity in GABA-sensitive DA neurons in 

the VTA, thus decreasing DA release in the striatum.  

Experimental data does not support such a simple role for neuroactive metabolites 
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or P4 in general. Researchers have reported that E2-primed animals given systemic P4 

exhibit an enhanced DA response in the NAc after psychostimulant administration 

(Becker & Rudick, 1999; Dluzen & Ramirez, 1984, 1987, 1989, 1990, 1991; Russo, 

Jenab, et al., 2003). Additionally, in vivo treatment with P4 does not influence D2R 

binding in the striatum, unlike systemic E2; suggesting that, even though E2+P4 treatment 

may increase drug-induced DA release, it does not influence striatal sensitivity to DA 

(Lévesque & Di Paolo, 1991). To complicate this issue further, other studies have shown 

that P4 treatment alone decreases the number of neurons in the NAc containing D2-like 

DA receptors (Fernández-Ruiz, Amor, & Ramos, 1989), and actually decreases DA 

release in striatal slices (Peris et al., 1991). Though this discrepancy is difficult to 

reconcile, there is another more promising avenue through which P4 may mediate the 

response of the striatum to DA. Just as E2 may influence NAc DA signaling through 

membrane hormone receptors, P4 may also act primarily through membrane-associated 

proteins (Ke & Ramirez, 1990; Ramirez, Zheng, & Siddique, 1996). Several recently 

discovered membrane-associated progesterone receptors are indeed present in the VTA 

and the striatum (Intlekofer & Petersen, 2011b; Pang, Dong, & Thomas, 2013; Petersen 

et al., 2013). Signals mediated by these membrane progesterone receptors have been 

implicated in regulating female sexual behaviors (Mani & Portillo, 2010), but the brain 

regions through which they act are not known.  

Despite the lack of traditional nuclear receptors for E2 and P4 in the VTA and 

NAc, these hormones work, often in tandem with one another, to modulate the activity 

and neurochemistry of the mesolimbic DA system. Both ovarian hormones increase DA 

release in the medial Ventral striatum, but the P4-mediated increase seems to conflict with 

clinical and preclinical studies showing that P4 generally attenuates the reinforcing and 

rewarding aspects of cocaine. In turn, the actions of these ovarian hormones on the NAc 



 

 28 

and VTA may be mediated by novel membrane-associated receptors, associated 

neuroactive metabolites, or regulation of secondary or tertiary neural systems 

downstream.   

1.4. A ROLE FOR THE MPOA IN COCAINE-MEDIATED REWARD 

While circulating sex steroid hormones directly influence the functioning of the 

mesolimbic reward system, it is also likely that they modulate its activity indirectly 

through connections with hypothalamic regions essential for regulating and integrating 

the hormonal milieu. A particularly attractive hypothalamic candidate for such 

modulation is the medial preoptic area (mPOA). The mPOA was the first brain region 

discovered to contain a sexual dimorphic nucleus (SDN; Gorski, Gordon, Shryne, 

Southam, & Angeles, 1978; Gorski, Harlan, Jacobson, Shryne, & Southam, 1980). The 

SDN is an ovoid cluster of sizable perikarya that is located near the centromedial portion 

of the mPOA and is about twice as large in males as it is in females. The mPOA is one of 

the most rostral hypothalamic structures, is adjacent to the third cerebral ventricle, and 

lies between the anterior commisure and the optic chiasm.  

As with most neural nodes, the mPOA has reciprocal, afferent, and efferent 

connections with a multitude of neuroanatomically distinct brain regions. Tract-tracing 

studies done by Simerly and Swanson (1986, 1988) demonstrate that the mPOA has a 

dense network of reciprocal connections with the lateral septum (LS), BNST, medial 

amygdala (MeA), arcuate nucleus (ARC), and periventricular nucleus of the 

hypothalamus (PVN). Regions that send the majority of the unilateral signals to the 

mPOA are the ventromedial hypothalamus (VMH), the amygdalo-hippocampal area, and 

the lateral PBP of the VTA. Finally, key regions that receive information from the mPOA 

include the lateral preoptic area, PN of the VTA, the medial PBP of the VTA, and the 
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periaqueductal gray (PAG). Qualitative studies of preoptic connections, particularly with 

subregions of the VTA, suggest that the mPOA may influence motivation and reward.  

 Experiments employing lesions and electrical stimulation of the mPOA to 

examine its influence on naturally rewarding behaviors have provided the strongest data 

in support of a role for the mPOA in mediating goal-oriented behaviors. In both sexes, 

the mPOA has been shown to regulate a variety of behaviors and autonomic functions, 

which include, but are not limited to, thermoregulation (Bicego, Barros, & Branco, 2007; 

Boulant, 1981; Kumar, Vetrivelan, & Mallick, 2007), hypovolemic thirst (Bourque, Oliet, 

& Richard, 1994) and feeding (Leibowitz et al., 2007; Patterson et al., 2006). In males, 

mPOA lesion studies have mostly focused on the resultant attenuation of sexual 

behaviors (Alekseyenko, Waters, Zhou, & Baum, 2007; Dominguez, 2009; Dominguez & 

Hull, 2005; Liu, Salamone, & Sachs, 1997; Paredes, Tzschentke, & Nakach, 1998; 

Powers, Newman, & Bergondy, 1987; Will, Hull, & Dominguez, 2014). Meanwhile, 

lesions of the female mPOA influence both sexual behavior (Guarraci & Clark, 2006; 

Paredes et al., 1998; Whitney, 1986; Yahr & Greene, 1992) and maternal behaviors (Lee 

et al., 1999; Numan, Numan, Schwarz, et al., 2005; Tsuneoka et al., 2013). Interestingly, 

ablations of the mPOA have a dichotomous effect on appetitive and consummatory 

sexual behaviors in female rats. In particular, lesions of the mPOA facilitate lordosis 

(Rodriguez-Sierra & Terasawa, 1979; Whitney, 1986), whereas they attenuate proceptive 

behaviors and paced mating (Whitney, 1986; Yang & Clements, 2000) and disrupt 

partner preference (Guarraci & Clark, 2006). The cause of this disparity between control 

of appetitive and consummatory behaviors is not fully understood. One possibility is that 

it may be a function of variations in lesion placement. Balthazart and Ball (2007) 

proposed that the rostral mPOA is necessary for the expression of both appetitive and 

consummatory sexual behavior, whereas the caudal mPOA regulates only consummatory 
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sexual behaviors.  

Maternal behaviors, on the other hand, are uniformly attenuated by mPOA lesions 

(Numan & Smith, 1984; Tsuneoka et al., 2013) and facilitated by electrical stimulation 

(Morgan, Watchus, Milgram, & Fleming, 1999). For example, ablation of the mPOA 

diminishes both operant responding for pups (Lee et al., 1999), and classical conditioning 

to pup-associated environments (Pereira & Morrell, 2010, 2011). An early lesion study 

also demonstrated that the projection from the mPOA to the VTA was necessary for the 

expression of maternal behavior (Numan & Smith, 1984). Thus, in females, appropriate 

behavioral responses to a variety of naturally reinforcing stimuli are dependent on the 

mPOA and possibly its interactions with the VTA.  

 While ablation and stimulation studies gave insight into the function of the 

mPOA, other studies have expanded on the possible neurochemical mechanism and 

neuroanatomical connections involved. GABA, an inhibitory amino acid, is the principle 

neurotransmitter produced by perikarya in the mPOA (Herbison, Augood, & McGowan, 

1992; Herbison, Augood, Simonian, & Chapman, 1995; Simmons & Yahr, 2003; 

Tsuneoka et al., 2013). Indeed, there are about three times as many GABA-producing 

cells as there are glutamate-producing (excitatory amino acid) cells in the mPOA 

(Tsuneoka et al., 2013). Furthermore, the vast majority of cells in the mPOA that project 

to the VTA are GABAergic (Tobiansky et al., 2013), and many of these are activated 

during sexual behavior or access to pups (Simmons, Hoffman, & Yahr, 2011; Tsuneoka 

et al., 2013). On the other hand, there are minimal glutamate-containing efferents 

(Geisler, Derst, Veh, & Zahm, 2007). These reports suggest that the mPOA may play a 

role in inhibiting activity within the VTA. Studies examining neuropeptides produced 

within the mPOA further suggest that the mPOA inhibits downstream brain regions. A 

comprehensive study done by Tsuneoka and colleagues (2013) also showed that galanin 
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neurons, along with the neuropeptides neurotensin and neurokinin B, were activated by 

exposure to pups in females as well. Though each of these neuropeptides has a different 

mechanism of action, when microinjected into the VTA, they all enhance DA release in 

the NAc (Ericson & Ahlenius, 1999; Kalivas, Widerlov, Stanley, Breese, & Prange, 

1983; Marco, Thirion, Mons, & Bougault, 1998).  

Considering that the mPOA also receives DAergic input from the VTA along with 

afferents from adjacent DAergic regions (Miller & Lonstein, 2009), it is not surprising 

that DA signaling in the mPOA influences sex and maternal behaviors. DA increases in 

the mPOA during bouts of copulation in female rats (Matuszewich, Lorrain, & Hull, 

2000) and when given access to their pups after a short period of separation (Hansen, 

Bergvall, & Nyiredi, 1993). In a pair of studies, Dean-Graham and Pfaus (2010, 2012) 

found that DA receptor agonists and antagonists microinjected into the mPOA 

differentially influence receptive and proceptive female sexual behaviors. They posited 

that the D1R-to-D2R ratio in the mPOA dictates the behavioral output, and that sex steroid 

hormones may shift this ratio in favor of one receptor over the other.  

Although sex steroid hormones may act in part by shifting the balance of DA 

receptor activation, receptors for the hormones themselves are also found at high 

densities throughout the mPOA. As discussed above, the literature has focused on two 

main ovarian hormones in the modulation of reinforcing behaviors: E2 and P4. The mPOA 

has a higher concentration of ERα and PR than mesocorticolimbic brain regions 

(DonCarlos et al., 1991; Intlekofer & Petersen, 2011; Merchenthaler, Lane, Numan, & 

Dellovade, 2004; Österlund, 1998; Parsons, Rainbow, MacLusky, & McEwen, 1982; 

Quadros, 2002; Simerly, Chang, Muramatsu, & Swanson, 1990; Warembourg & Leroy, 

2004). Concentrations of these SSHRs in the mPOA vary throughout the ovulatory cycles 

(Shughrue, Bushnell, & Dorsa, 1992), during pregnancy (Koch and Ehret, 1989; Mann 



 

 32 

and Babb, 2005), and following parturition (Ehret & Buckenmaier, 1995; Francis, 

Meddle, Bishop, & Russell, 2002; Tsuneoka et al., 2013). These changes are reflected in 

alterations of electrophysiological properties (Kelly, Moss, Dudley, & Fawcett, 1977) and 

behavioral output (Champagne, Weaver, Diorio, Sharma, & Meaney, 2003). Implantation 

of E2 crystals or microinfusions of E2 into the mPOA enhances certain maternal behaviors 

(Fahrbach & Pfaff, 1986; Numan, Rosenblatt, & Komisaruk, 1977), but reduces food 

intake (Santollo, Torregrossa, & Eckel, 2011). At the same time, virus-mediated 

downregulation of ERα in the mPOA severely attenuates maternal behavior and 

consummatory sexual behaviors (Ribeiro et al., 2012; Spiteri, Ogawa, Musatov, Pfaff, & 

Ågmo, 2012), but increases sex incentive approach behaviors (Spiteri et al., 2012). The 

regulatory actions of E2 in the mPOA on these behaviors may be through the result of 

ERα activation in perikarya that project to the VTA (Fahrbach et al., 1986). The only 

study, to my knowledge, examining microinfusions of P4 into the mPOA found that they 

facilitated lordosis in E2-primed rats (Beyer & Gonzalez-Mariscal, 1989). Unfortunately, 

no studies have examined how PRs in the mPOA directly influence the expression of 

naturally rewarding behaviors in females. Together, the aforementioned reports suggest 

that E2, through its actions on ERα, enhance consummatory behaviors, but attenuate 

appetitive behaviors, while the actions of P4 in the mPOA on these behaviors require 

further examination. 

Viewed collectively, neuroanatomical, neurochemical, and neurohormonal 

evidence supports the role of the mPOA as a modulatory node for influencing naturally 

rewarding behaviors. Considering the its DAergic input and its role in regulating 

maternal and sex behaviors, and preoptic connectivity with the mesolimbic system, it 

stands to reason that the mPOA may also influence cocaine-associated behaviors. Indeed, 

there have been several studies examining how the mPOA mediates cocaine-associated 
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behaviors (Mattson, Williams, Rosenblatt, & Morrell, 2001; Mattson, Williams, 

Rosenblatt, & Morrell, 2003; Pereira & Morrell, 2010, 2011; Seip & Morrell, 2007; Seip 

et al., 2008), and how cocaine mediates activity in and natural behaviors through the 

mPOA (Mattson & Morrell, 2005; Pfaus et al., 2010; Vernotica, Rosenblatt, & Morrell, 

1999; Zahm et al., 2010). Systemic cocaine was known to impair both female sexual 

(Pfaus et al., 2010) and maternal behaviors (Nephew & Febo, 2012), but Vernotica and 

colleagues (1999) were the first to suggest that cocaine may act specifically through the 

mPOA to inhibit maternal behavior. More recent studies show that cocaine-associated 

cues increase putative cellular activity in the mPOA (Mattson & Morrell, 2005). In a 

subsequent study from the same laboratory found that transient inactivation of the mPOA 

during conditioning cycles to pups or cocaine attenuated maternal behavior during the 

early postpartum period, but paradoxically enhanced maternal behavior during the later 

postpartum period (Pereira & Morrell, 2011). Moreover, the group found that transient 

inhibition of the mPOA in postpartum dams during CPP acquisition exhibited a 

preference for the cocaine-associated chamber over the pup-associated chamber in a 

conditioned place preference paradigm (Pereira & Morrell, 2010, 2011).  

These results imply that cocaine may influence activity of the mPOA and that the 

mPOA may regulate cocaine-seeking behaviors. The actions of cocaine in the mPOA are 

likely mediated by DA receptors. Furthermore, considering the abundance of inhibitory 

GABA neurons in the mPOA, its connections to the VTA, and its role in mediating 

cocaine-seeking behavior, cocaine’s enhancement of activity in the mPOA likely 

increases activity of DAergic VTA neurons (see Illustration 1). Finally, circulating sex 

steroid hormones may influence the activational patterns of preoptotegmental efferents in 

response to cocaine, but further studies must be done examining this direct relationship.  
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Illustration 1: The proposed preoptotegmentostriatal circuitry. This circuit involves 
the mPOA in mediating the rewarding and reinforcing aspects of natural 
incentives and cocaine. Multicolored circles within the mPOA 
symbolize a dense concentration of different sex steroid hormones 

1.5. SUMMARY AND CONCLUSIONS 

Overall, preclinical and clinical research has shown clear sex differences in 

cocaine-associated behaviors and provides strong evidence that there is a neuroendocrine 

regulation of cocaine-mediated reinforcement. Females display higher rates of acquisition 

and maintenance, increased resilience to extinction and higher responding during 

reinstatement. Hormonal cyclicity and replacement in females also influences cocaine-

associated reinforcement. While the mesolimbic system and associated structures are 

somewhat sensitive to circulating hormones, there are hypothalamic regions that are 

heavily regulated by SSHs, interact with the mesolimbic system, and are pertinent for 

processing natural rewards. In particular, the mPOA has some of the highest 
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concentrations of SSHRs in the brain, interacts directly with the VTA, and is directly 

involved in the expression of naturally rewarding behaviors. Considering that cocaine 

appropriates neural circuits responsible for processing natural reward, it is likely that the 

mPOA is involved in mediating cocaine-associated neurochemistry and behaviors.  
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Chapter 2: Establishing mPOA connectivity to the mesolimbic reward 
system: neuroanatomy, phenotyping, and functionality1 

2.1. ABSTRACT 

The medial preoptic area (mPOA) is involved in the regulation of naturally 

rewarding behaviors, including maternal and sexual behaviors. The mPOA also 

influences drug-mediated behaviors, such as cocaine acquisition. Tract-tracing studies 

have shown that the mPOA may influence the mesolimbic reward system via projections 

to the ventral tegmental area (VTA). Yet, the mechanisms through which the mPOA 

influences the incentive salience of natural and non-natural rewards remain relatively 

unexplored. Given its putative inhibitory interactions with the mesolimbic reward system 

and its importance for naturally and non-naturally rewarding behaviors, we sought to 

determine whether the mPOA influences the reward system via GABAergic projections 

on dopamine (DA)-producing cells in the VTA, and whether these efferents were DA- or 

hormone-sensitive. Moreover, we sought to determine whether cocaine had activational 

effects on these efferents. Approximately 68% of mPOA-VTA efferents contain γ-

aminobutyric acid (GABA), over 75% are sensitive to DA as evidenced by co-

localization with DA receptors, and nearly 60% of these contain both DA receptors and 

GABA. Subsequently, we show that a high proportion of preoptotegmental perikarya 

contained SSHRs. In particular, progesterone receptor membrane component 1 

(PGRMC1) was found in significantly more preoptic neurons (>60%) than the nuclear 

progestogen receptor (<1%). Nuclear estrogen receptors (ERα) and membrane estrogen 

receptors (GPER) were present at similar levels in preoptotegmental perikarya in the 

                                                
1Portions of text in this section are excerpted from Tobiansky DJ, Roma PG, Hattori T, Will RG, Nutsch 
VL, Dominguez JM, Behavioral Neuroscience 127(2), 293-302. PGR assisted in establishing the 
conditioned place preference paradigm in our lab. TH, RGW, VLN and JMD were involved in edits and 
assisted in surgery. 
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central mPOA (~60%). Finally, a large proportion of these mPOA-to-VTA efferents 

appose DArgic cells in the VTA that then project to the shell of the nucleus accumbens 

(~45%). These findings further elucidate the role of brain regions not typically 

recognized as part of the reward circuitry in modulating the behavioral response to drugs 

of addiction. They also suggest a mechanism by which SSHs may act through indirect 

means to modulate the salience of these drugs. 

2.2. INTRODUCTION 

Rates of cocaine abuse have increased among women and adolescent females in 

the last few decades (Zilberman, Tavares, & El-Guebaly, 2003). Women also have higher 

cue reactivity and much higher levels of cocaine craving during periods of abstinence 

(see Lynch et al., 2002 for review). Furthermore, female rats acquire cocaine self-

administration faster and at lower doses than males (Lynch & Carroll, 1999; Lynch, 

2008; Russo, Jenab, et al., 2003), and have an increased locomotor response (Sell, 

Scalzitti, Thomas, & Cunningham, 2000) relative to males. Yet, many rehabilitation 

paradigms and treatments rely on treating addiction in the same manner regardless of sex, 

and worse yet treatment designs have been based on primarily male-centric data (Gillies 

& Mcarthur, 2010; Lynch et al., 2002). Meanwhile, there is overwhelming evidence 

across species that ovarian hormones modulate the rewarding properties and 

pharmacokinetics of addictive psychostimulants (Bowman et al., 1999; Lukas et al., 

1996; Niyomchai et al., 2006; see Quiñones-Jenab, 2006 for review; Zhang et al., 2008). 

For example, the subjective value of psychostimulants differs across the menstrual cycle 

in women (Collins et al., 2007; Evans et al., 2002; Jeffcoat, Perez-Reyes, Hill, Sadler, & 

Cook, 1989), and treatment with exogenous progesterone (P4) attenuates the hedonic 

value of smoked cocaine (Evans & Foltin, 2006; Sofuoglu et al., 2004). Female rats also 
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experience similar hormone-mediated differences in conditioned approach behavior 

depending on the stage of their estrus cycle (Caine et al., 2004; Feltenstein et al., 2009; 

Feltenstein & See, 2007). This suggests that there is a need for a further understanding of 

how sex steroid hormones (SSHs) and their corresponding receptors (SSHRs) influence 

the rewarding and addictive properties of psychomotor simulants.   

The neurocircuitry underlying psychostimulant-associated behavior is well 

established. Phasic dopamine (DA) from neurons originating in the ventral tegmental area 

(VTA) is released in a number of subcortical and cortical regions (Chen, Tsai, Yeh, Tai, 

& Tsai, 2008; Wise, 1996). Projections from the VTA to medium spiny neurons in the 

ventral striatum, otherwise known as the mesolimbic DA system, are thought to be the 

principal mediators of drug-associated behaviors (see Ikemoto & Bonci, 2014 for 

review). Yet, there are a number of other areas (e.g., periaqueductal gray, basal lateral 

amygdala, lateral habenula, locus coeruleus) that modulate the output of these DArgic 

neurons (see Ikemoto & Bonci, 2014; Jhou et al., 2013 for review). While SSHs have 

been shown to act directly on the VTA and ventral striatum (Frye, Walf, Kohtz, & Zhu, 

2013; Frye, 2007; Schultz et al., 2009) and modulate their cellular activity (Zhang et al., 

2008), other brain regions (e.g., ventral medial hypothalamus and preoptic areas) are 

more sensitive to neurosteroids and interact with the VTA (Adamantidis et al., 2011; 

Chiba & Murata, 1985; Fahrbach et al., 1986; Jhou et al., 2013; Simerly & Swanson, 

1988; Stopper & Floresco, 2014; Swanson, Mogenson, & Simerly, 1987; Tobiansky et 

al., 2013). These diencephalic nodes are essential for the integration and regulation of the 

hormonal milieu (Blaustein & Erskine, 2002; Spratt & Herbison, 1997) and have much 

higher concentrations of SSHRs (Hazell et al., 2009; Intlekofer & Petersen, 2011; Liu & 

Arbogast, 2009; Mitra et al., 2003; Simerly et al., 1990).   
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 Hypothalamic areas that interact with the mesolimbic system are also essential for 

the expression of naturally rewarding behaviors (Dominguez & Hull, 2005; Hull, Du, 

Lorrain, & Matuszewich, 1995; Lonstein, Dominguez, Putnam, De Vries, & Hull, 2003). 

One area in particular, the medial preoptic area (mPOA), regulates maternal behavior 

(Numan & Smith, 1984; Numan, Numan, Pliakou, et al., 2005; Stack, Balakrishnan, 

Numan, & Numan, 2002; Stolzenberg & Numan, 2010; Tsuneoka et al., 2013) and 

reproductive behaviors in females (Graham & Pfaus, 2010, 2012). Chemical inhibition of 

the mPOA attenuates conditioned behaviors associated with natural reinforcers (Pereira 

& Morrell, 2010). Considering that drugs of addiction appropriate neurocircuitry 

involved in regulating naturally rewarding behaviors (see Hedges, Staffend, & Meisel, 

2010 for review), and the mPOA is necessary for the expression of naturally reinforcing 

behaviors, it is not surprising that the mPOA also modulates psychostimulant responses. 

Projections from the mPOA to the VTA contain high concentrations of DA receptors, 

suggesting that they are responsive to alterations in extracellular DA levels, and thus, the 

actions of cocaine (Tobiansky et al., 2013). Likewise, removal of the mPOA facilitates 

place preference and increases activity of mesolimbic regions in rats when cocaine is 

administered systemically (Tobiansky et al. 2013). With one of the highest levels of 

SSHRs in the brain, direct interaction with the VTA, and influence on conditioned 

approach behavior, the mPOA is a logical candidate for a locus of hormonal modulation 

of the rewarding properties of dopamimetic drugs.  

 The purpose of this experiment was to further examine anatomical and functional 

connections from the mPOA to the VTA and determine the role that SSHs might have in 

regulating these cells. We assessed (1) the subregional distribution of perikarya in the 

mPOA projecting to the VTA, (2) the subregional distribution of mPOA outputs in the 

VTA, (3) the presence of the inhibitory transmitter, GABA, and DA receptors in 
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preoptotegmental perikarya, (4) the sex steroid hormone receptor profile of these cells, 

(5) the influence of cocaine on the activity of these cells using molecular markers of 

activation, and (6) the extent of interactions that mPOA-to-VTA fibers have with DArgic 

cells in the VTA that then project to the nucleus accumbens (NAc). 

2.3. MATERIALS AND METHODS 

2.3.1. Subjects 

Adult female Sprague-Dawley rats (PN 65-74, 200-224g; N = 42; Harlan 

Laboratories, Indianapolis, IN) were double housed in a temperature-controlled room 

(22°C, 40 to 50% humidity) and subjected to a reverse light/dark cycle (14 hours light/10 

hours dark; lights off at 10 a.m.). Each female was ovariectomized at the time of the 

intracranial tract-tracer injection and received an intrascapular estradiol silastic capsule 

implant (5% 17-β-estradiol benzoate, 95% cholesterol; 12 mm in length; 1.98 mm I.D. X 

3.18mm O.D.; Dow Corning, Midland, MI). Animal husbandry, surgeries, and 

experiments were approved by the Institutional Animal Care and Use Committee at The 

University of Texas at Austin and were in accordance with the National Health 

Guidelines for the Use of Animals in Research.   

2.3.2. Surgery 

2.3.2.1. Experiment 1 

An intraperitoneal (i.p.) injection of a ketamine hydrochloride (50mg/kg; Animal 

Health Intl. Greeley, CO) and xylazine hydrochloride (4mg/kg; Animal Health Intl. 

Greeley, CO) cocktail was used to anesthetize the rats (n = 30). They were then placed 

into a stereotaxic apparatus, the skull was exposed via a mid-line incision, and a portion 

of the skull was removed above the region of interest. A pulled glass electrode (opening, 

~20μm in diameter) containing the retrograde tract tracer Fluorogold (FLG; 
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Fluorochrome, LLC, Denver, CO) was lowered into the VTA (coordinates determined 

from Paxinos & Watson, 2007; AP, -6.2 mm; ML, +0.7 mm; DV, -8.2 mm). A silver wire 

inserted into the glass electrode, such that it contacted the FLG solution, was connected 

to an iontophoretic current source (Midgard Precision Current Source, Stoelting Co., 

Wood Dale, IL). Current-induced FLG injections occurred immediately after the 

electrode was in position (+7μA, 7 seconds-on, 1 second-off pulses for 5min; Tobiansky 

et al., 2013). The electrode was left in place for 5 minute after the injection. The rats were 

then returned to their home cage and allowed to recuperate for 8 days (see Figure 2.1). 

This also allowed the FLG necessary time to retrogradely travel to the perikarya of the 

efferent processes projecting to the VTA (Fahrbach et al., 1986). 

2.3.2.2. Experiment 2 

Anatomical connections between the mPOA and the VTA were examined using 

the anterograde tract-tracer biotinylated dextran amine (n = 6; 10000 MW; BDA; Sigma-

Aldrich, St. Louis, MO) injected into the mPOA (AP, -0.25 mm; ML -0.5 mm; DV, -8.5 

mm). A final set of animals (n = 6) received iontophoretic injections of both FLG into the 

dorsomedial shell of the NAc (AP, +1.0mm; ML, +1.1mm; DV, -7.0mm) and BDA into 

the mPOA (same coordinates as above). See figure 2.1 for an illustrated representation of 

these injections. Surgeries were performed with assistance of a stereotaxic apparatus 

while animals were still under general anesthesia immediately after the ovariectomy. The 

skull was exposed via a medial incision and the brain exposed directly above the regions 

of interest. A glass electrode (opening, ~20 μm diameter) containing the tract tracer was 

lowered to the predetermined coordinates. The tract-tracer was iontophoretically injected 

(+7 μA; 7 seconds on, 1 second off for 5 minutes) and was left in place for one minute 

after the injection and then slowly removed from the brain. 
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2.3.3. Experimental design 

2.3.3.1. Experiment 1 

Eight days following injection of FLG, rats that only received FLG (n = 24) were 

then given an injection of cocaine HCl (10mg/kg in 0.9% saline solution; s.c.; Sigma 

Aldrich, St. Louis, MO) or vehicle (1mL/kg). They were then returned to their home cage 

for one hour. A subset of female rats (n = 6) received no treatment after the initial 

surgery. All rats were sacrificed on day eight following the FLG injection.   

2.3.4. Tissue collection 

To ensure maximal expression of stimulus-induced c-Fos, animals that received 

cocaine or vehicle were given a lethal dose of Euthasol (0.3 mL/animal, Virbac Animal 

Health, Inc., Fort Worth, TX) 1 hr after the injection (Kovács, 1998). After animals were 

irreversibly anesthetized, the chest cavities were exposed and a blunt-tipped needle 

perforated the apex of the heart and extended into the aorta via the left ventricle. Before 

the perfusion began the descending aorta was clamped. Thereafter, 50 mL of 0.1Μ 

phosphate buffered saline (PBS) was pumped through the circulatory system followed by 

250 mL of 4% paraformaldehyde (PFA) in 0.1Μ phosphate buffer (PB). The brains were 

removed and postfixed in 4% PFA for 1 hr, then transferred to a 30% sucrose solution for 

24 hrs. The brain was transferred once more into fresh 30% sucrose solution and kept at 

4°C until slicing. The brains were sliced in 35μm coronal sections using a freezing 

microtome (Thermo Fisher Scientific Inc., Waltham, MA), placed into a cryoprotectant 

solution (30% ethylene glycol, 30% sucrose, 0.00002% sodium azide in 0.1M sodium 

phosphate buffer), and stored at  -20°C until used for immunostaining.   
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2.3.5. Injection placement 

Coronal slices containing the VTA were examined to determine the placement of 

the FLG injection. The tract-tracer autofluoresces at the emission wavelength of 461nm 

using an excitation wavelength of 365nm; thus, placement was determined using a filter 

(Filtersatz 49 DAPI shift free, Zeiss; Oberkochen, Germany) specific to this wavelength 

on a Zeiss Axioscope microscope (Oberkochen, Germany). Only animals that had the 

injection site within the VTA were used (BDA only: n = 3; FLG only: n = 4; BDA+FLG: 

n = 5).   

For the animals receiving FLG and/or BDA, sections containing the NAc and the 

mPOA were selected. Injection placement of FLG in accumbal sections was determined 

as stated above. Preoptic sections containing BDA were washed in 0.1M PB followed by 

incubation in avidin-biotin complex (Vector Laboratories, Burlingame, CA) for 1h. After 

a subsequent wash, the tissue was exposed to a solution containing 0.02% 3,3’-

diaminobenzidine (DAB), 2% nickel sulfate, and 0.1% H202 in 0.1Μ PB for 10min. The 

chromogen reaction was terminated by extensive washes in 0.1Μ PB.  

2.3.6. Immunohistochemistry and confocal microscopy 

Free-floating sections containing the mPOA from animals that received a FLG 

injection in the VTA were used to determine the hormone receptor phenotype and 

activational effects of cocaine in preoptotegmental efferents. The protocol for fluorescent 

immunohistochemistry used for this experiment is previously described in Tobiansky et 

al. (2013). Each subset of tissue was exposed to different steroid hormone receptor 

(SSHR) antibodies that are described in table 1. Enhancement steps (i.e., avidin-biotin 

complex and streptavidin) were always used with the HR antibody and the Fos antibody 

was always left unenhanced. All sections were mounted and coverslipped using 

Fluoromount™ aqueous mounting media (Sigma Aldrich, St. Louis, MO). Control 
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sections for all antibodies omitted the primary antibody, which in all cases resulted in no 

staining. Colocalization of SSHRs NeuN, or Fos and FLG was quantified in 2 bilateral 

sections of the mPOA (rostral and central) for each animal using National Institutes of 

Health freeware ImageJ (version 1.47v). Images used to quantify colocalization within 

each subregion of the mPOA covered a 1.6mm2 area and were captured using a Zeiss 

Axio Scope.A1 microscope and AxioVision software (Oberkochen, Germany).  

In the second set of experiments immunofluorescence was employed to examine 

colocalization of FG tract-tracer, GABA, and DA D2 receptor (D2R) in the mPOA, or 

BDA, the nuclear protein DAPI, and VGAT in the VTA. Visualization of GABA and 

D2R were obtained after blocking sections for 10 min with 1% H2O2 and incubating the 

tissue overnight in blocking solution with a primary antibody recognizing GABA raised 

in mouse (1:16,000; Fluorochrome, LLC, Denver, CO). Sections were then exposed for 

60 min to biotin-conjugated goat anti-mouse IgG (1:200 in incubation solution; Vector 

Laboratories, INS, Burlingame, CA) and for 60 min to an avidin-biotin complex (1:1000 

in 0.1M PB; ABC-elite; Vector Laboratories, Burlingame, CA). Thereafter the tissue was 

incubated in a solution containing biotinylated tyramide (1:1000; in 0.1M PB; Perkin 

Elmer, Waltham, MA) for 10 minutes. An Alexa Fluor 488-tagged streptavidin (1:400 in 

0.1M PB; Life Technologies, Grand Island, NY) was then introduced for one hour. The 

second fluorescence complex was visualized with the same procedure described above 

but without the enhancement steps. An anti-rabbit D2R antibody (1:800; EMD Millipore, 

Billerica, MA) was introduced followed by an Alexa Fluor 555-tagged goat anti-rabbit 

secondary antibody (1:200; Life Technology Corporation, Carlsbad, CA). The 

anterograde tract-tracer BDA was visualized in coronal sections containing the VTA 

using the same enhancement steps. The tissue was incubated in Alexa Fluor 488-tagged 

streptavidin for 30 minutes. Primary antibodies used were rabbit anti-VGAT (1:2400; 
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EMD Millipore, Billerica, MA) followed by secondary antibodies (Alexa Fluor 555-

tagged goat anti-rabbit, 1:100, Life Technology Corporation, Carlsbad, CA). Sections 

were mounted and coverslipped. Control sections for all antibodies included omission of 

the primary antibody, which resulted in no staining. 

Finally, immunofluorescent staining for BDA and tyrosine hydroxylase (TH) on 

tissue containing the VTA of animals that received an injection of BDA in the mPOA and 

FLG in the NAcS followed the same protocol as described in Tobiansky et al. (2013). 

Information about the TH antibody is provided in Table 1. The tissue was then mounted 

and coverslipped.  

Z-stacks (15μm thickness; 10 slices per stack, 1.25 NA × 40 oil immersion lens, 

optical zoom 2) of VTA sections containing FLG, BDA and TH were captured using a 

confocal laser-scanning microscope (TCS SP2; Leica Microsystems, Mannheim, 

Germany). Sequential scanning with excitation wavelengths of 395, 488 and 555 nm and 

a line averaging value of 4 was used during image acquisition. Number of FLG-positive 

cells, TH-ir cells, and apposition (as determined by synaptic boutton proximity to 

perikarya at 100 nm or less; Cooke & Woolley, 2005) of mPOA efferents (BDA-

containing processes) to FLG-positive and TH-ir cells in the VTA were manually 

quantified using ImageJ.    

2.3.7. Statistical analyses 

All data were analyzed using PASW statistical package (18th Ed). A repeated 

measures ANOVA was used to determine within animal differences between subregions 

of FLG concentrations in the mPOA, with a Tukey multiple comparison test to determine 

specific between-subregion differences. A univariate ANOVA was used to analyze all 

data unless assumptions were not met, in which case, a Kruskall-Wallis nonparametric 
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test and Mann-Whitney U (for pairwise comparisons) were used. For normally distributed 

data, Tukey post-hoc tests were used to determine between group differences only if there 

were statistically significant effects. Data comparing Fos-immunoreactivity in mPOA-

VTA efferents were weighted by multiplying the percentage of colocalization within 

FLG+ cells by 1/√(mean number of FLG+ in the animal; i.e., %colocalization*(1/√n)) 

due to the variance of FLG+ cells in the mPOA per animal before any statistical 

comparisons were made. Finally, we performed a linear regression analysis to confirm 

that the number of FLG-positive cells was not directly related to the number of Fos-

positive cells in the mPOA. Statistical significance was set at α = 0.05 for all analyses. 

 

 

 

Table 1. Antibodies used and relevant information for immunohistochemical staining 
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2.4. RESULTS 

2.4.1. Experiment 1 

2.4.1.1. Subregional distribution of preoptotegmental perikarya 

Rostral and central mPOA  (mPOAr and mPOAc, respectively) contain the 

majority of the perikarya that send projections to the VTA (Figure 2.1). Using a Kruskal-

Wallis one-way ANOVA, we found a statistically significant main effect of region within 

animals [H(2) = 84.69; p < 0.0001].  In particular, the central region (104.2 ± 8.19) had 

significantly more FLG-positive cells than the rostral region (47.78 ± 3.65; p < 0.01), 

which in turn had significantly more FLG-positive perikarya than the caudal region (2.22 

± 0.27; p < 0.001). Because the rostral and central subregions of the mPOA contained the 

majority of cells projecting to the VTA, all subsequent experiments that explored the 

colocalization of tract-tracers or proteins of interest focused on only these subregions.  

2.4.1.2. Differences in connectivity to subregions of the ventral tegmental area 

Injections in DA-rich subregions [i.e., parabrachial nucleus (PBP) and paranigral 

nucleus (PN)] and GABA-rich subregions [i.e., ventral tegmental tail (VTT), now 

commonly referred to as the rostromedial tegmental nucleus (RMTg)] showed higher 

connectivity to the mPOAc than the mPOAr (F(1,64)= 47.21 , p < 0.001; see Figure 2.1. F), 

regardless of the placement of FLG in the VTA. These results give insight into the 

potential interactions between the mPOA and the VTA and possible downstream effects, 

but, since there were no rostral-caudal differences, these comparisons were set aside 

when analyzing colocalization of FLG+ cells in the mPOA. 
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Figure 2.1. Distribution of preoptotegmental efferents. (A) A cartoon image of the 
Fluorogold iontophoretic injection in the VTA. (B) Injection placement of Fluorogold in 
the VTA by experimental group (saline: n = 7; cocaine: n = 8) Adapted from Paxinos and 
Watson (2007) brain atlas. (C) A representative photomicrograph of the FLG injection in 
the VTA. Scale bar, 500 μm; IP, SN, substantia nigra. (D) Representative distribution of 
Fluorogold in the mPOA in a rostral to caudal layout. Scale bar, 500 μm. OX, optic 
chiasm; AC, anterior commisure; 3V, Third ventricle. (E) Average number of Fluorogold 
positive cells rostral, central, and caudal mPOA. (F) Average number of Fluorogold-
positive cells in the rostral and central mPOA as a function of subregional injection 
placement in the VTA (PBP: parabrachial pigmented nucleus; PN: paranigral nucleus; 
VTT: tail of the VTA). (F) Subregional distribution within the mPOA of average number 
of cells that project from the mPOA to the VTA. Values are expressed as mean ± SEM. * 
p < 0.05, ** p < 0.01, *** p < 0.001.  
  

2.4.1.3. Sex steroid hormone-sensitive cells in preoptotegmental perikarya  

An overview of SSHRs concentrations present in the preoptotegmental efferents 

is presented in Figure 2.2. 97.80% ± 1.5% of mPOA-VTA efferents were 

immunopositive for NeuN (a neuronal marker; n = 4). Membrane-associated hormone 
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receptors [i.e., GPER and progesterone receptor membrane component 1 (PGRMC1)] 

were present on average in 28% of the efferents (28.46% ± 4.81% in the mPOAr and 

58.38% ± 5.00% in the mPOAc for GPER and 60.85% ± 3.97% in the mPOAr and 

86.56% ± 1.26% for PGRMC1) in the mPOAc. Colocalization of traditional nuclear 

SSHRs were seen in disparate quantities, with ERα (6.52% ± 0.73% in the mPOAr and 

55.08% ± 5.04% in the mPOAc) being the higher of the two, and then a near absence of 

PR (<1% in both the mPOAr and mPOAc). There was a significant main effect of 

expression of SSHR levels in FLG+ cells (F(4,216) = 186.30 p < 0.0001).  A Tukey multiple 

comparison test determined that most SSHRs were seen in significantly different 

concentrations from one another within the same subregions of the mPOA (see Figure 

2.2). 

 

 

 



 

 50 

 

 
Figure 2.2. Sex steroid hormone receptor concentrations in preoptotegmental 
efferents. (A) Almost all Fluorogold-positive (FLG+, blue) cells in the VTA colocalize 
with the neuronal marker NeuN. Both membrane-associated hormone receptors (GPER 
and PGRMC1) show a consistently higher colocalization with FLG+ than traditional 
nuclear receptors (PR and ERα). PR is almost nonexistent in preoptotegmental efferents 
while ERα colocalizes with FLG+ cells in the central mPOA in high quantities. Values 
are expressed as means ± SEM. *** p < 0.001. (B) Representative photomicrographs of 
colocalization of NeuN (red) or sex steroid hormone receptors (green) and FLG (blue) in 
the mPOA. Arrows point to cells demonstrating colocalization. Scale bar, 50μm.  

  

2.4.1.4. Cocaine-induced Fos-immunoreactivity in preoptotegmental perikarya 

While the data presented above suggest that these efferents are sensitive to both 

E2 and P4, those analyses do not give us insight into how cocaine may influence the 

activity of these efferents. As such, analysis of percent colocalization of Fos-ir in FLG+ 

perikarya exhibited a trend towards a cocaine-mediated increase in Fos-ir in rostral 
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mPOA-VTA efferents [F(1,19) = 5.168, p = 0.08]. A regression analysis confirmed that the 

presence of FLG in the mPOA did not predict Fos-ir within the mPOA (mPOAr: r2 = 

0.04, p = 0.499; mPOAc: r2 = 0.06; p = 0.407). See figure 2.3 for graphical 

representations of the data.   
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Figure 2.3. Cocaine enhances activity in preoptotegmental perikarya. (A) Graphical 
representation of weighted percent colocalization of Fos-immunopositive cells and FLG 
in the rostral and central mPOA after acute cocaine administration. (B) Representative 
photomicrographs of Fos-immunoreactive cells (red) colocalized with FLG-positive cells 
(blue). (C, D) Scatter plots with a fitted regression line demonstrating that the presence of 
FLG in the perikarya in the rostral or central mPOA does not predict the presence of Fos-
ir. 

2.4.2. Experiment 2 

2.4.2.1. Inhibitory and DA-sensitive preoptotegmental efferents 

After injecting FLG in the VTA (n = 4), we examined FLG-positive, GABA-ir, 

and D2R-ir cells in the rostral mPOA and discovered that a large percent of mPOA-VTA 
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efferents contained GABA (67.6 ± 6.5%) and D2R (76.3 ± 6.5%), whereas 58.3% ± 7.3% 

contained both GABA and D2R (Figure 2.4.A.). To further validate the apparent 

GABAergic profile of mPOA-VTA efferents, we injected the anterograde tract tracer 

BDA in the mPOA followed by analysis of BDA and the vesicular transporter protein for 

GABA (VGAT) in the VTA. Qualitative analyses revealed that many of these fibers 

contained VGAT (Figure 2.4.B.), further demonstrating that many mPOA-VTA efferents 

are GABAergic. We note that the neurotransmitter content associated with mPOA-VTA 

efferents was heretofore unknown, so our initial analysis of exclusively GABA-

containing neurons does not discount possible influences of other neurotransmitters. 

Nonetheless, our results indicate that the rostral mPOA modulates mesolimbic activity 

via GABAergic output, which may then regulate DA release in the NAc. Moreover, this 

mPOA output, itself, is receptive to DA activity, as evidenced by DA receptors 

colocalized with efferent neurons.  
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Figure 2.4. mPOA-VTA efferents contain GABA and DA receptors. (A-B) Cartoon 
representations of a sagittal section of the rat brain depicting (A) a Fluorogold injection in 
the VTA and (B) a BDA injection in the mPOA. (C) Confocal photomicrograph 
demonstrating colocalization of mPOA-VTA efferents (Fluorogold, blue), GABA 
(green), and D2R (red). Analyses of mPOA-VTA efferents revealed that 67.6 ± 6.5% 
contained GABA, 76.3 ± 6.5% contained D2R, and 58.3% ± 7.3% contained both GABA 
and D2R, indicated by arrows. (D) Following injection of the anterograde tract tracer 
biotinylated dextran amine (BDA) into the mPOA, qualitative analyses of BDA (green) 
and the vesicular transporter protein for GABA (VGAT, red) in the VTA revealed that 
most BDA-positive fibers contained VGAT, further validating the GABAergic profile of 
this pathway. Also shown here is DAPI nuclear labeling in blue; scale bars are 10 μm. 
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2.4.2.2. Preoptotegmentostriatal DAergic circuitry 

Cells in the mPOA project to the VTA, but the specific downstream targets of 

these efferent fibers have not been definitively identified. Regions downstream of these 

connections have been heretofore undetermined. Consistent with previous studies 

(Margolis, Lock, Hjelmstad, & Fields, 2006; Nair-Roberts et al., 2008), the majority of 

cells in the VTA that project to the NAcS were DAergic (i.e., TH-ir; 77.3%). Of all of the 

VTA perikarya projecting to the NAcS 45.4% were apposed by mPOA efferents, and 

41.3% of the VTA cells apposed by mPOA efferents contained TH-ir. A moderate 

percentage (45.6%) of the DArgic cells, regardless of the area they project to, in the VTA 

were apposed by fibers originating from cells in the mPOA. All cells and apposition 

percentages were quantified ipsilaterally to the site of tract tracer injections. See figure 

2.5 for a summary of the results. 
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Figure 2.5. mPOA efferents appose VTA DAergic tegmentostriatal perikarya. (A) A 
representative photomicrograph of placement of biotinylated dextran amine, an 
anterograde tract-tracer, in the mPOA. Scale bar, 500μm (B) A representative 
photomicrograph of Fluorogold placement, a retrograde tract-tracer in the shell of the 
nucleus accumbens. Scale bar, 500μm (C) A pie chart describing the percentage of cells 
of all cells sampled in the VTA apposed or unapposed by BDA-positive processes. (D) 
Representative photomicrographs of coronal sections of the VTA containing Fluorogold 
(blue), TH (red), and BDA (green). Arrows represent points of apposition. Scale bars, 
200μm and 20μm from left to right. AC, anterior commisure; 3V, 3rd ventricle; OX, 
optic chiasm; LV, lateral ventricle; TH, tyrosine hydroxylase; BDA, biotinylated dextran 
amine.  

 

2.5. DISCUSSION 

Previous literature has demonstrated that sex steroid hormones play an essential 

role in the acquisition, maintenance and reinstatement of responding for drugs of 

addiction (Becker, Molenda, & Hummer, 2001; Becker & Hu, 2008; Chin et al., 2002; 

Festa & Quiñones-Jenab, 2004; Niyomchai, Akhavan, et al., 2006; Russo, Festa, et al., 

2003). The research presented here elucidates one of the mechanisms by which SSHs 
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may influence cocaine-mediate neural activity. In brief, we were able to replicate findings 

that the mPOA sends projections to the VTA in a subregion-specific manner with most of 

the projections originating from the rostral and mPOAc (Fahrbach et al., 1986; Struthers, 

2001; Swanson et al., 1987; Tobiansky et al., 2013). Furthermore, general activity of 

preoptotegmental cells as indicated by Fos-ir was increased, albeit a trend, in 

preoptotegmental perikarya as a function of cocaine treatment. We also found that 

SSHRs are present in a large portion of the mPOA perikarya that project to VTA. 

Moderate to high percentages of both rostral and central mPOA efferent cells also 

contained G protein-coupled receptors (GPCRs) specific to estrogens (i.e., GPER) and 

progestins (i.e., PGRMC1), but ERα was the only classic nuclear receptor expressed in a 

high percentage of efferents, and this was only the case in the central mPOA cells. The 

relative abundance of SSHRs in different efferent mPOA cell populations suggests that 

SSHs in the mPOA may be important for the rapid modulation of VTA excitability. 

Cocaine moderately influenced the activity of mPOA neurons projecting to the VTA, 

particularly in ERα-ir cells. Additionally, these mPOA neurons may modulate cocaine-

induced activity in the mesolimbic pathway, as anterograde and retrograde tract-tracing 

confirms that preoptotegmental efferents also appose DAergic cells in the VTA that then 

project to the NAcS. Because the VTA-to-NAcS circuitry is one of the principal 

mediators of natural and drug-mediated reward (see Hull, 2011; and Koob & Volkow, 

2010 for review), these connections may provide a mechanism through which SSHs can 

influence response to cocaine.  

It is understood that GABA coming into the VTA arises locally in the VTA and in 

the rostromedial tegmental nucleus. Here, however, we showed, for the first time, that at 

least a portion of the GABA entering the VTA originates in the mPOA. This link may 

help explain why lesions of the mPOA augmented cocaine-induced activity in the NAc 
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and the ensuing cocaine-reward response as the lesions effectively removed a source of 

GABAergic input into the VTA, which allowed for the disinhibition of its output into the 

NAc. There are many potential outcomes of decreased activity of the VTA, which 

contains functionally and cytoarchitecturally different subregions. If the cells of the 

mPOA project to the DAergic portion of the rostral VTA, activity in the mPOA might 

result in a net decrease in DA output onto medium spiny neurons in the NAcS. On the 

other hand, if these cells are projecting to the GABAergic tail of the VTA (see Ikemoto, 

2007 for review), mPOA activation might disinhibit DAergic VTA neurons. This study 

found that mPOA projections to the VTA appose 45.4% of DAergic cells in the VTA that 

then project to the NAcS. Furthermore, injections localized in both DA-rich and GABA-

rich areas of the VTA showed similar connectivity to the mPOA. The complexity of the 

system is understated and it is likely the ratio of DAergic-to-GABAergic cells receiving 

input from preoptotegmental neurons that assists determining the output of the VTA. 

Regardless, these findings point to a modulatory role for the mPOA in cocaine-induced 

mesolimbic activity, through GABAergic connections coming primarily from its rostral 

region. 

The existence of this connection should not be surprising, given that the mPOA 

regulates naturally rewarding sexual and maternal behaviors (Stolzenberg & Numan, 

2011). The mPOA also contains robust connections with the mesolimbic system (Simerly 

& Swanson, 1988). The importance of the mPOA for mating is evidenced in several 

studies showing that lesions significantly impair both male and female sexual behavior, 

whereas stimulation facilitates both consummatory and appetitive aspects of behavior 

(Guarraci & Clark, 2006; Hull & Dominguez, 2007; Yang & Clements, 2000). 

Conversely, neuronal activity in the mPOA increases with mating and in the presence of 

sexually relevant stimuli (Hull & Dominguez, 2007; Pfaus & Heeb, 1997). Moreover, 
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with regard to the mPOA and maternal behavior, in pre- and postpartum rat dams, lesions 

of this area severely disrupt maternal behaviors. Finally, disruption of connections 

between the mPOA and VTA attenuate retrieval behavior (Numan et al., 2009) and 

impede operant responses to obtain access to pups (Lee et al., 1999). Together, these data 

have led to the proposal that mPOA efferents activate VTA DA input to the NAc (Numan 

and Stolzenberg, 2009).  

Initially, our findings appear to counter this proposed model, as we found that a 

large number of cells projecting from the mPOA to the VTA are GABA-producing 

neurons. However, a more recent view of the mPOA and its function suggests varying 

roles for different subregions within the mPOA in regulating different aspects of 

behaviors (Balthazart & Ball, 2007). In fact, large bilateral lesions of the mPOA are 

required to impact behavior, whereas smaller or unilateral lesions have little, if any, 

impact (Hull & Dominguez, 2007; Numan et al., 2009). Our experiments focused on the 

rostral mPOA, where we discovered that cocaine increases activity in preoptotegmental 

perikarya, and that 68% of mPOA-VTA efferents were GABA-producing neurons, which 

suggests that perikarya in the rostral mPOA may further inhibit the VTA after cocaine 

administration. 

The second goal of this study was to determine the SSHR phenotype of 

preoptotegmental perikarya. This goal stems from ample evidence that SSHs modulate 

the salience of artificial and natural rewards, in part by influencing phasic DA release in 

the NAc (Bazzett & Becker, 1994; Hull, 2011; Jackson et al., 2006; Robinson et al., 

1982). Given the paucity of SSHRs in the mesolimbic circuitry (Intlekofer & Petersen, 

2011; Österlund, 1998; Simerly et al., 1990), this study tried to elucidate other neural 

nodes that are sensitive to SSHs and influence the mesolimbic system. Here we show, 

through immunohistochemical staining, that preoptotegmental efferents are highly 
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sensitive to progestogens and estrogens. These steroid-sensitive connections may be one 

way in which hormones modulate DA release in the NAc. Due to the variety of ways in 

which SSHs influence the excitability and protein expression profile of neurons 

containing receptors specific to these hormones (D. P. Edwards et al., 1995; Gordon et 

al., 2009; Hull et al., 1999; Panzica et al., 2011; Tsuda et al., 2011), it is difficult to 

determine precisely how these projections may influence the DAergic output of the VTA 

without further study. Yet, we found that the mPOA-to-VTA efferents contained more 

membrane-associated receptors than traditional nuclear receptors. These membrane-

bound receptors are fundamental to the rapid electrophysiological responses of neurons in 

response to SSHs (Dennis et al., 2009; Graves, Hayes, Fan, & Curtis, 2011; Prossnitz & 

Maggiolini, 2009; P. Thomas, 2012). Furthermore, interactions between 

psychostimulants and ovarian hormones are likely mediated, at least in part, by these 

membrane receptors (Alyea et al., 2008). 

The estrogen-responsive receptor GPER, generally localized in the plasma 

membrane (Funakoshi, 2006) and the endoplasmic reticulum (Langer et al., 2010), is an 

ideal candidate for rapid modulation of neuronal activity in the mPOA. In vitro activation 

of this seven-transmembrane protein facilitates Ca2+ (Kuo, Hamid, Bondar, Prossnitz, & 

Micevych, 2010) and cyclic AMP (Filardo et al., 2007) signaling. Roepke and colleagues 

(2009) found that E2 activation of GPER leads to in increase in phospholipase C, which 

in turn leads to an increase in the catalytic activity of protein kinase A and protein kinase 

C delta (PKC δ). This increase in PKC δ ultimately results in inhibition of GABAB 

receptors and therefore greater neuronal excitability. Because most mPOA projections to 

the VTA are GABAergic, elevated neuronal excitability and release of internal stores of 

Ca2+, which increases the probability of the vesicular release of GABA (Carrasco, 

Jaimovich, Kemmerling, & Hidalgo, 2004; Kelm, Criswell, & Breese, 2011), might 
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ultimately lead to downstream disinhibition of the VTA if these cells interact directly 

with DAergic neurons.  

Much like GPER, the progestogen-specific membrane receptor PGRMC1 is also 

responsible for rapid mediation of neuronal excitability by P4 (Bali et al., 2012; see 

Petersen et al., 2013 for review). Of all the SSHRs examined, we found that PGRMC1 

has the highest colocalization levels in preoptotegmental efferents. PGRMC1 regulates 

intracellular levels of Ca2+ (Bashour & Wray, 2012; Vilner & Bowen, 2000) and also 

mediates cell signaling through protein kinase G (PKG; Peluso, Liu, & Romak, 2007; 

Peluso & Pappalardo, 2004). Administration of a PGRMC1 antagonist attenuates cellular 

inhibition by P4 (Peluso and Pappalardo, 2004; Peluso et al., 2007) possibly via its 

influence on PKG, which has been shown to mediate P4 induced Ca2+ flux in 

gonadotropin-releasing hormone (GnRH) neurons (Bashour & Wray, 2012). PGRMC1 

may also influence cellular activity through its ability to mediate steroid synthesis. In 

particular, PGRMC1 activates Cyp19 aromatase, which is required for E2 synthesis 

(Ahmed, Chamberlain, & Craven, 2012); implications of increased E2 levels in the 

mPOA are discussed below. Thus, PGRMC1 may be involved in influencing the activity 

of preoptotegmental efferents in two ways. The first is a general inhibition of activity 

thus releasing inhibition on VTA DA signaling. Considering the high concentrations of 

PGRMC1 mRNA in the mPOA (Intlekofer & Petersen, 2011a; Krebs et al., 2000), and 

that systemic P4 increases DA release in the mPOA (Matuszewich et al., 2000), P4 may be 

acting through PGRMC1 to inhibit GABAergic preoptotegmental efferents to the VTA, 

ultimately increase DA release in the NAc. Secondly, an increase local E2 synthesis may 

influence E2-specific pathways via GPER, as discussed above, and nuclear ERs.  

While the abundance of ERα in the mPOA has been clearly established, its role in 

modulating the activity of preoptotegmental efferents is much more ambiguous. 
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Behavioral studies suggest that ERα in the mPOA is necessary for the expression of 

maternal and sex behavior. For example, a siRNA-mediated down-regulation of ERα in 

the mPOA of female mice abolished maternal care (Ribeiro et al., 2012). Although that 

study did not explore neuroanatomical connections, it is possible that ERα 

downregulation in preoptotegmental efferents at least partially explains the results. There 

are several cellular mechanisms through which ERα influences the activity of 

preoptotegmental efferents. Previous studies have shown that ERα is present in the 

nucleus and the plasma membrane and can have both genomic and non-genomic actions 

(Kuo et al., 2010; McEwen & Alves, 1999; see Vasudevan & Pfaff, 2008 for review). 

Many, if not most, of the ERα-ir cells in this study displayed both nuclear staining and a 

fainter membrane staining (see figure 2.2). This implies that E2 in the mPOA may 

modulate neuronal activity via protein translation and also via more rapid, intermediate 

messengers. Chronic E2, as was used in this study, increases transcription of the 65kDa 

form of the enzyme glutamic acid decarboxylase (GAD65; McCarthy, Kaufman, Brooks, 

Pfaff, & Schwartz-Giblin, 1995), which is responsible for local GABA synthesis in 

synapses (Herbison & Fenelon, 1995). Taken together, this suggests that E2 in the mPOA 

may increase production of GABA, potentially making it a robust inhibitory node 

regulating the VTA. At the same time, E2 may influence cellular activity through 

membrane bound ERα and its downstream effects on the PI3K-Akt signaling pathway 

(Cardona-Gomez, Mendez, & Garcia-Segura, 2002; Mannella & Brinton, 2006) or rapid 

ERK phosphorylation (Abrahám, Todman, Korach, & Herbison, 2004). Finally, ERα 

may also influence cellular signaling in preoptotegmental efferents through a ligand-

independent phosphorylation mechanism. This process allows the receptors to 

homodimerize, translocate to the nucleus, and bind to the DNA at estrogen response 
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elements (ERE) in promoter regions, producing similar effects to the ligand-bound state 

(see Heldring et al., 2007 for review).  

In all, we found that preoptotegmental efferents show differential expression of 

both nuclear hormone receptors and membrane-associated hormone receptors, 

particularly in the mPOAc. PGRMC1, a membrane receptor located in the endoplasmic 

reticulum, was found in the largest proportion of mPOA-to-VTA efferents. The two E2-

responsive receptors, GPER and ERα, were found in over half of the efferents. On the 

other hand, the P4 nuclear receptor PR was almost entirely absent from all efferents and 

likely do not play a large role in modulating neuronal activity in these cells. The exact 

roles of the aforementioned SSHRs in preoptotegmental efferents still remain to be 

elucidated, but may provide some insight into possible actions.  

2.6. SUMMARY AND CONCLUSIONS 

The results shown here suggest that preoptotegmental efferents may play a role in 

modulating the activity of the VTA, and thus the mesolimbic circuitry, following cocaine 

administration. P4’s widely accepted role in attenuating cocaine-mediated conditioned 

approach behavior (Lynch et al., 2000; Niyomchai et al., 2005; Quiñones-Jenab & Jenab, 

2010; Russo, Festa, et al., 2003) or reward (Evans, 2007; Reed et al., 2011; White et al., 

2002) may be due, at least in part, to its actions in the mPOA. The high proportions of 

mPOA-to-VTA efferents containing membrane-associated hormone receptors and ERα 

suggest that P4 and E2 levels in the mPOA may modulate conditioned approach behavior. 

Indeed, the cocaine-mediated enhancement of Fos-ir in preoptotegmental cells 

demonstrates that the mPOA might impact activity of the mesolimbic DA system. 

Though further investigation of SSHR influences on preoptotegmental projections is 

certainly needed, the results of this study clearly point to a role for the mPOA as a neural 
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node through which SSHs can alter drug-induced mesolimbic system activity and 

behaviors. 
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Chapter 3: Effects of mPOA lesions on cocaine-mediated brain activity 
and striatal dopamine release2 

3.1. ABSTRACT 

The medial preoptic area (mPOA) is involved in the regulation and expression of 

naturally rewarding behaviors in both sexes. In females, it mediates maternal behaviors, 

and appetitive and consummatory sexual behavior. Furthermore the mPOA sends 

extensive inhibitory projections to the ventral tegmental area (VTA), potentially 

influencing the activity of the mesolimbic dopamine (DA) system. Acute cocaine, a 

potent psychostimulant, increases activity of DAergic neurons in the VTA and enhances 

DA release in the nucleus accumbens (NAc). Previous evidence has indicated that the 

mPOA might also influence cocaine-mediated activity in the mesolimbic DA system. In 

this study we sought to determine whether the mPOA influences activity and DA release 

in the NAc in response to cocaine. In the first experiment, mPOA-lesioned and intact 

female rats were given an acute injection of cocaine or vehicle. Fos-immunoreactivity, 

used as a marker for cellular activity, was assessed ex vivo in regions associated with the 

mesolimbic DA system. In the second study, microinjections of neurotoxic levels of N-

methyl-D-aspartate (NMDA) or vehicle were infused into the mPOA of female rats. 

Following complete recovery, a microdialysis probe was placed into the shell/core region 

of the NAc of freely moving rats. Dialysate samples were collected at baseline levels, 

after a saline injection, and after a cocaine injection (10mg/kg, i.p.; 6 samples) in 15-

minute bins. High performance liquid chromatography was used to analyze DA and 5-

hydroxytryptamine (5-HT) levels in dialysate samples. Results in the first experiment 

                                                
2 Portions of text in this section are excerpted from Tobiansky DJ, Roma PG, Hattori T, Will RG, Nutsch 
VL, Dominguez JM, Behavioral Neuroscience 127(2), 293-302. PGR assisted in establishing the 
conditioned place preference paradigm in our lab. TH, RGW, VLN and JMD were involved in edits and 
assisted in surgery. 
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demonstrated that mPOA radiofrequency lesions enhanced cocaine-induced Fos-

immunoreactivity in the NAc. In the second experiment, dialysate samples contained 

comparable baseline and saline-mediated levels of monoamines in both intact and 

lesioned animals. In contrast, there was a significant cocaine-mediated increase in both 

analytes. Importantly, the lesion group demonstrated enhanced DA release compared to 

the sham lesion group. These results suggest that the mPOA may play a role as an 

inhibitory node that directly influences DA release in in the mesolimbic reward system in 

response to acute cocaine. These results underline the need to recognize the mPOA as an 

integral region involved in the processing of reward-related stimuli, both natural and 

artificial. 

3.2. INTRODUCTION 

The medial preoptic area (mPOA) plays an essential role in the expression of 

naturally reinforcing behavior in both males and females. In males, ablation or inhibition 

of the mPOA causes significant deficits in sex behavior (Been & Petrulis, 2010; Hull & 

Dominguez, 2007; Liu et al., 1997; Powers et al., 1987)). In females, damage to the 

mPOA attenuates maternal behaviors (Numan and Insel, 2003; Numan et al., 2005; Lee, 

Clancy and Fleming, 1999; Arrati et al., 2006; Jacobson et al., 1980) and impacts the 

expression of sex behaviors (Hoshina et al., 2004; Sokuma, 2008). For example, Yang 

and Clements (2000) found that lesions of the mPOA increased a female rats latency to 

return to the male during a bout of paced mating. In contrast, Rodriguez-Sierra and 

Terasawa (1979) discovered that electrolytic lesions of the mPOA enhanced lordosis 

behavior in female guinea pigs. Finally, natural reinforcers also enhance activity in the 

mPOA of female rats as inferred by the expression of the immediate early gene Fos 

(Pfaus & Heeb, 1997; Pfaus, Marcangione, Smith, Manitt, & Abillamaa, 1996; Stack et 
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al., 2002; Tsuneoka et al., 2013). These findings suggest that the mPOA is involved in the 

expression of several aspects of naturally reinforcing behaviors and, at least in females, 

may differentially regulate appetitive versus consummatory behaviors.  

Recent research suggests that the mPOA in female rats may also be involved in 

regulating the reinforcing aspects of psychostimulants. Psychostimulants such as cocaine 

are thought to have their reinforcing effects through the mesolimbic dopamine (DA) 

reward system (Berridge & Arnsten, 2013; Ikemoto & Bonci, 2014; Ikemoto, 2007; 

Wise, 2002). This system, which consists of DArgic cell bodies in the VTA that project 

to the nucleus accumbens (NAc) in the forebrain, is responsive to both natural and 

artificial reinforcers (Kelley & Berridge, 2002; J. Matsumoto et al., 2012; Olsen, 2011). 

Cocaine and other cocaine-like stimulants influence DA release at the terminals of these 

cells by inhibiting the DA transporter (DAT) protein, thus increasing the available DA in 

the synaptic cleft (Kuhar et al., 1991; Ritz et al., 1987; Wilcox et al., 1999)). The mPOA 

has reciprocal connections with this pathway via DAergic VTA neurons (Ikemoto & 

Bonci, 2014; Miller & Lonstein, 2009; Simerly & Swanson, 1986, 1988; Tobiansky et al., 

2013), but does not send efferents directly to the NAc (Simerly & Swanson, 1988). This 

indirect circuit likely mediates monoamine release and subsequent activity in NAc 

system prompted by naturally reinforcing stimuli (Carelli, 2002; Carlezon & Thomas, 

2009; Olsen, 2011). Furthermore, cocaine increases activity in the mPOA (Tobiansky et 

al., 2013), but not as strongly as activity induced by pups in postpartum dam rats 

(Mattson & Morrell, 2005). Considering the high density of DAergic (Miller & Lonstein, 

2009) and noradrenergic (Smith et al., 2012) inputs into the mPOA and presence of D2-

like receptors (Khan et al., 1998; Tobiansky et al., 2013) it is not surprising that cocaine 

has an effect. Yet, how cocaine-induced activity in the mPOA influences DA release in 

the mesolimbic reward system is not known. 
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The aforementioned studies suggest that the mPOA may modulate cocaine-

induced neurotransmitter release in the NAc, particularly in female rats. The experiments 

reported below were performed to determine whether the mPOA influences activity in the 

mesolimbic DA system, and accumbal monoamine transmission and behaviors associated 

with cocaine. We hypothesized that the mPOA would enhance activity in the mesolimbic 

DA system and DA transmission in the NAc, but will not influence cocaine-mediate 

locomotion or 5-HT release. This would suggest that the mPOA is directly involved in 

regulating the reinforcing aspects of a psychostimulant via the mesolimbic system and is 

not a consequence of activity in motoric or serotonergic circuits (i.e., nigrostriatal and 

raphe-striatal pathways).  

3.3. MATERIALS AND METHODS 

3.3.1. Subjects 

Adult female Sprague-Dawley rats (PN 65-74, 200-224g; N = 90; Harlan 

Laboratories, Indianapolis, IN) were double housed in a temperature-controlled room 

(22°C, 40 to 50% humidity) and subjected to a reverse light/dark cycle (14 hours light/10 

hours dark; lights off at 10 a.m.). Each female was ovariectomized at the time of the 

lesion surgery and cannulation. An intrascapular estradiol silastic capsule [12.5% 17-β-

estradiol benzoate, (E2) 87.5% cholesterol; 10 mm in length; 0.058 in. I.D. × 0.077 in. 

O.D.; Dow Corning, Midland, MI] was also implanted during the same surgery. This 

concentration of E2 in the capsules has been shown to mirror circulating levels of E2 

during proestrus (Mannino, South, Inturrisi, & Quiñones-Jenab, 2005). Systemic E2 also 

enhances cocaine-mediated DA release (Becker & Rudick, 1999; Castner, Xiao, & 

Becker, 1993; Cummings et al., 2014) and cocaine-seeking behavior (Festa & Quiñones-

Jenab, 2004; Russo, Festa, et al., 2003). Furthermore, studies examining cocaine-
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mediated conditioned place preference generally use this type of hormone replacement to 

avoid differential cyclicity during conditioning (Sell et al., 2000). Animal husbandry, 

surgeries, and experiments were approved by the Institutional Animal Care and Use 

Committee at The University of Texas at Austin and were in accordance with the 

National Health Guidelines for the Use of Animals. 

3.3.2. Surgery 

3.3.2.1. Experiment 1 

All lesions or sham lesions (n = 60) were performed using a Radionics radio-

frequency lesion generator, with a TCZ thermo-coupled electrode (0.25 mm exposed tip). 

Surgeries were performed with the animals situated in a stereotaxic apparatus while still 

under general anesthesia directly after the ovariectomy. Bilateral lesions were aimed at 

the rostro-central mPOA [AP, -0.25 mm; ML, ±0.6 mm; DV, -8.3 mm; according to 

coordinates from Paxinos and Watson (2007)]. Once the electrode reached the mPOA, 

the temperature was raised to, and maintained at, +80°C (±3°C) for 20 seconds. This 

procedure was also done in a bilateral sham-treatment group, without introduction of 

radio frequencies. Animals were allowed a three-week recovery before beginning 

procedures for cocaine-induced cellular activity. 

Ablations produced with radiofrequency-lesion generators are more reproducible 

in size and shape than are those produced with electrolytic or chemical techniques. For 

example, electrolytic lesions can vary up to a factor of four in terms of size and geometry, 

after fixed lesion current and time were applied (Sweet & Mark, 1953). The reason for 

this variability is that electrolytic lesions are influenced by electrolysis action, gas 

formation, anatomy of tissue planes, and nearby vascular interruption, which can vary 
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between animals. Lesions produced with radio frequencies do not present these problems, 

thus the radiofrequency technique was employed for our experiments.  

After all tests were completed, lesion placements were verified histologically. 

Coronal brain sections including the mPOA were processed using methyl green, a Nissl 

stain that allows visualization of all cell nuclei. Any animal that did not have an mPOA 

lesion was removed from further analyses.  

3.3.2.2. Experiment 2 

All surgeries were done under isoflourane (Isosthesia™, Henry Schein Animal 

Health, Dublin, OH) anesthesia using sterile surgical protocols. The animals (n = 30) 

were placed into a stereotaxic apparatus, the skull was exposed via a mid-line incision 

and burr holes were drilled over the regions of interest along with three other burr holes 

that did not fully penetrate the skull and were used to anchor the surgical screws. 

Microinjections were done using a 1 mL gas-tight syringe on an infusion pump (Harvard 

Apparatus, South Natick, MA). The syringe was attached to polyethylene tubing (PE-20; 

Braintree Scientific, Inc., Braintree, MA), which was then attached to a 27-gauge thin-

walled stainless-steel injection cannula. The injection cannula was lowered into the 

mPOA (coordinates: AP, +0.5mm; ML, -0.4; DV, -8.0mm from bregma) and 0.4μL of 

either N-methyl-D-aspartate (NMDA; n = 15; 25μg/μL; Sigma Aldrich, St. Louis, MO) 

dissolved in saline or saline alone (n = 15) was infused unilaterally. The infusions 

occurred over a 5-minute period (0.1 μL/min) and left in place for 5 minutes before 

withdrawal to allow for proper diffusion. After the injector was removed, a guide cannula 

(10mm; 23G stainless steel tubing; Small parts) was lowered into the ipsilateral cortex 

(coordinates: AP, +1.6 mm; ML, +1.1 mm; DV, -1.8 mm), 5mm above the most dorsal 

aspect of the NAc to allow for insertion of microdialysis probe during the experiment. 
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The guide cannula was secured onto the skull using a dental acrylic and skull screws that 

were placed into the previously drilled shallow burr holes. After completion of the 

surgery, the female was injected with gentamicin antibiotic (5mg/kg; company), 

ketoprofen (5mg/kg; company), and 1mL of 0.9% saline ringer (Hospira, Inc., Lake 

Forest, IL) to assist in recovery.  

3.3.4. Experimental design 

3.3.4.1. Experiment 1 

 Three weeks after the initial surgery, female rats were injected with either vehicle 

(0.9% saline; 1mL/kg; i.p.) or cocaine HCl (10 mg/kg; i.p.; Sigma Aldrich, St. Louis, 

MO), in a general use room adjacent to the vivarium. The rats were then returned to their 

home cages for 1 hr. This time period allowed for maximal expression of stimulus-

mediated Fos. Once this time period elapsed, they were transferred to the necropsy room 

where they were euthanized, perfused with a fixative, and brains were removed.  

3.3.4.2. Experiment 2 

Microdialysis and behavioral tests were all done under red light illumination 

during the dark phase of the photocycle. The animals were allowed 3 weeks to recover 

from surgery before the experiment began. After probes were implanted, the rats were 

randomly placed into either the left or right chamber of a conditioned-place preference 

apparatus (San Diego Instruments Place Preference System, San Diego, CA), which 

allowed us to record gross locomotor activity in 15-minute bins via a laser beam-break 

system (full specifications described in Tobiansky et al., 2013). A black, opaque 

Plexiglas divider separated the left and right chambers in each apparatus. A 3-hr 

equilibration phase was allotted to allow DA and 5-HT to reach stable baseline levels 

(Ben-Shahar et al., 2013). Thereafter, samples were collected and gross locomotion was 
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recorded every 15 minutes. After 3 baseline samples, the rats received an i.p. injection of 

0.9% saline ringer (1mL/kg) and three 15 min dialysate samples were collected. Finally, 

we injected a 10mg/kg dose cocaine HCl (i.p.; Sigma Aldrich, St. Louis, MO) and six 15 

min dialysate samples were collected. 

Probes were constructed according to methods used by Yamamoto and Pehek 

(1990). In brief, the probes were designed to have concentric flow and were constructed 

using a dialysis membrane (13,000 MW cutoff; Spectrum Labs, Rancho Dominguez, CA) 

with an outer diameter of 216 μm and an inner diameter of 200 μm. The active dialyzing 

length was 2 mm. The extraction fraction of each probe was measured in vitro before use 

to ensure maximal recovery of analytes. Only probes with recovery rates of > 10% were 

used. Filtered and degassed Dulbecco’s PBS (in mM: 138 NaCl, 2.7 KCl, 0.5 MgCl2, 1.5 

KH2PO4, and 1.2 CaCl2; pH 7.4; Sigma Aldrich, St. Louis, MO) was perfused through 

the probe at a rate of 0.5 μL/min using a 1mL gas-tight syringe on a infusion pump (PHD 

22, Harvard Apparatus, Holliston, MA). Dialysate samples were collected 15 in from the 

active zone 0.65 mL Eppendorf tubes. Samples were frozen in dry ice immediately after 

collection and stored in a -80°C freezer until analysis by high-performance liquid 

chromatography with electrochemical detection (HPLC-EC). 

3.3.5. Tissue collection 

The thoracic and abdominal cavities were exposed and the descending aorta was 

clamped. Rats were then perfused transcardially with 50 ml of 0.1M PBS followed by 

250 ml of 4% paraformaldehyde in 0.1M PB. The brain was quickly removed, post-fixed 

for 1 hour in the same fixative. Thereafter, the brains were transferred to a solution 

containing 30% sucrose in 0.1M PB. Brains were stored and maintained at 4 ºC for at 

least 48-hrs until sectioning. For experiment 1, the brains were cut in coronal sections at 
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35 μm, whereas in experiment 2 they were cut at 100 μm through the NAc, and 50 μm 

through the mPOA. All sections were stored at – 20 °C in cryoprotectant solution 

containing 30% ethylene glycol, 30% sucrose, and 0.0002% sodium azide in 0.1Μ PB 

until immunoprocessing.  

3.3.6. Histology and immunohistochemistry 

3.3.6.1. Experiment 1 

Free-floating sections were extensively rinsed in 0.1M PB between incubations. 

All incubations were performed at room temperature with gentle agitation. Sections were 

blocked with 1% H2O2 for 10 min and then soaked for 1-hr in incubation-block solution 

(0.1% BSA, 0.4% Triton-X, in 0.1M PB). Sections were then incubated overnight (16-

hrs) with a polyclonal antibody recognizing Fos (rabbit anti-Fos, 1:5000; Santa Cruz 

Biotechnology, Santa Cruz, CA). After incubation with primary antibody, sections were 

exposed to biotin-conjugated goat anti-rabbit IgG (1:500 in incubation solution) for one 

hour. Secondary antibody was followed by incubation in avidin-biotin complex (Vector 

Laboratories, Burlingame, CA) for one hour; tissue was then transferred to a solution 

containing 0.02% 3,3’-diaminobenzidine (DAB), 0.1% H202 in 0.1M PB, and 2% nickel 

sulfate. Extensive washing terminated this reaction. Fos-positive cells were counted in 

the regions of interest using NIH freeware Image J. Four sections for both the NAc core 

and shell [two rostral and two caudal; 0.65 mm2 area for core (NAcC) and 0.50 mm2 area 

for the shell (NAcS)] were arbitrarily chosen from each animal, and the immunoreactive 

cells were counted for each section.  

3.3.4.2. Experiment 2 

Free-floating coronal sections containing the mPOA from all animals were 

extensively rinsed in 0.1M PB between incubations. Incubations were done at room 
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temperature and used 0.1M PB as the diluent. After the primary wash, the tissue 

underwent a peroxidase block (1% H202) for 10 min. A blocking solution that contained a 

mild detergent (2% normal goat serum, 2% bovine serum albumin and 0.04% Triton-x) 

was then introduced. Sections were then incubated overnight (18 hrs) in the blocking 

solution containing a monoclonal antibody for NeuN raised in mouse at a concentration 

of 1:16,000 (clone A60; EMD Millipore, Billerica, MA). Thereafter, sections were 

exposed to a biotinylated goat anti-mouse IgG (1:500; Vector Laboratories, Burlingame, 

CA) for 1 hr in blocking solution, followed by an incubation in an avidin-biotin complex 

(Vectastain elite ABC; Vector Laboratories, Burlingame, CA) for signal enhancement. 

Finally, the tissue was transferred to a solution containing 0.02% 3,3’-diaminobenzidine 

(DAB; Sigma Aldrich, St. Louis, MO), 0.1% H202 and 0.04% NiSO4. Extensive rinses in 

0.1 M PB terminated the chromogen reaction. The immunostained tissue along with the 

untreated coronal slices containing the NAc were mounted simultaneously. All sections 

were counterstained with methyl green, dehydrated and coverslipped. Control sections for 

the mouse anti-NeuN antibody omitted the primary antibody, which resulted in no 

staining. Lesions and probe placement were verified under the microscope.  

3.3.7. High performance liquid chromatography 

The Antec Decade II chromatographic system (Antec Leyden, The Netherlands) 

was composed of a Valco Cheminert injector (Valco Instruments Co Inc., Houston, TX) 

with a 6-μL sample loop, a microelectrochemical detector in a microflow cell, and an 

Acclaim RSLC PolarAdvantage II analytical flow column (ThermoFisher Scientific, 

Waltham, MA), and was used for all neurochemical analyses. The analytical stationary 

phase was a reversed-phase capillary column (2.1 mm inner diameter, 100 mm long, 

packed with 2.2 μm C-18 particles). The system used an Antec VT-03 high sensitivity 
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flow cell with an ISAAC reference electrode for electrochemical detection. The working 

electrode was sustained at an applied potential of +0.50V relative to the reference 

electrode and the range was set at 200 pA. An Antec pump (Antec LC 110; Antec 

Leyden, The Netherlands) transported the mobile phase (12.5% HPLC-grade MeOH, 150 

mg/L L-octanesulfonic acid, 8 mM NaCl, 0.1 mM ethylenediaminetetraacetic acid, 50 

mM H3PO4; pH 5.5; filtered and vacuum degassed) through the system at a sustained 

flow rate of 0.225 mL/min. Data were collected with a computer running Clarity software 

(Data Apex, Prague, Czech Republic).  

3.3.8. Statistical analyses 

All data were analyzed using PASW statistical package (18th Ed). The numbers 

of Fos-immunoreactive cells were analyzed with an ANOVA or Kruskal-Wallis non-

parametric test with Mann-Whitney U used to determine between group differences. 

Tukey post-hoc analyses were used to test between group differences if the interaction 

between the independent variables was significant. In the second experiment dependent 

measures were the gross locomotor scores and analyte concentrations. All dependent 

measures were analyzed with a two-factor, repeated measures (RM)-ANOVA) with 

group as the between-subject factor and time as the repeated within-subject factor. When 

appropriate, a Bonferroni post hoc test was performed using the Bonferroni correction as 

a protective measure in the multiple pairwise comparisons procedure. Statistical 

significance was set at α = 0.05 for all analyses.  

3.4. RESULTS 

3.4.1. Experiment 1 

Only animals with mPOA lesions were included in the analyses (n = 54) To 

determine whether cocaine has an influence on activity in the mPOA, we examined 
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cocaine-mediated Fos-ir in the rostral mPOA. Analyses were constrained to the rostral 

mPOA because in a previous study (see Chapter 2) we found that cocaine increases Fos-ir 

in preoptotegmental perikarya in this subregion of the mPOA. The data revealed a main 

effect of acute cocaine (t(1,23) = 2.304, p < .05; Figure 3.1), wherein cocaine increase Fos-

ir in the rostral mPOA. 

 To help establish a functional connection between the mPOA and cocaine-

induced mesolimbic activity, we compared Fos- positive immunoreactivity in the NAc of 

rats with or without radiofrequency lesions of their mPOA, following intraperitoneal 

cocaine (10 mg/kg) or vehicle injections. Consistent with previous findings (Graybiel, 

Moratalla, & Robertson, 1990; Zahm et al., 2010), cocaine administration in intact rats 

activated the NAc, as evidenced by an increased number of Fos-positive cells versus 

vehicle controls. However, rats with lesions of their mPOA had a significantly greater 

response to cocaine versus rats with sham lesions. Specifically, removal of the mPOA 

augmented cocaine-induced activity in the NAc (see Figure 3.2); this effect was observed 

in both the NAc core (NAcC; F(1,50) = 8.978, p < .01) and shell regions (NAcS; F(1,50) = 

9.105, p < .01). 
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Figure 3.1. Acute cocaine enhances Fos expression in the rostral mPOA. (A) A graph 
demonstrating that Fos-ir is seen in higher levels in the rostral mPOA in animals that 
received acute cocaine versus animals treated with vehicle. (B) Representative 
photomicrographs of Fos-ir of vehicle and cocaine treatments in the rostral mPOA. Scale 
bar, 50 μm; values are expressed as mean ± SEM. *p < .05. Coronal plate was adapted 
from The Rat Brain in Stereotaxic Coordinates (6th ed.). 
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Figure 3.2. Lesions of the mPOA increased cocaine-induced activity in the NAc. (a) 
Representative perimeters of smallest (black lines) and largest (gray lines) lesion for rats 
with radiofrequency lesions of their mPOA, drawn from Paxinos and Watson (2007). (b) 
Representative photomicrographs of Fos-ir in the NAcs of animals receiving cocaine or 
vehicle injections and lesion or sham-lesion of their mPOA. (c) Graph demonstrating the 
number of Fos-positive cells in the NAcc and NAcs across treatment conditions. Scale 
bar, 50 μm; values are expressed as mean ± SEM. *p < .05, **p < .01, ***p < .001. 
Coronal plates were adapted from The Rat Brain in Stereotaxic Coordinates (6th ed.). 

3.4.2. Experiment 2 

3.4.2.1. Locomotor behavior 

All animals included in the data analyses were checked for lesion placement 

(Figure 3.3.A). Histological analysis of lesions revealed that 9 of 15 (60%) were 
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successful. Of the 9 lesions most were localized in the central mPOA. Furthermore, 

uterine horn widths did not differ (t(19) = 0.24, p = 0.81) between sham lesion (5.46 ± 

0.15; n = 13) and lesion (5.56 ± 0.47; n = 8) groups, suggesting similar levels of 

circulating estradiol. Lesions of the mPOA did not significantly influence baseline, 

saline-induced, or cocaine-induced locomotion compared to sham lesioned animals. In 

particular, raw locomotor counts (F(1,220) = 2.62, p = 0.12) and locomotor counts as a 

percent of baseline (F(1,220) = 2.62, p = 0.12) did not demonstrate significant between-

group differences. Not surprisingly, there were significant main effects when examining 

the within-subject factor, time, in both raw locomotor counts (F(11,220) = 29.68, p < 0.0001) 

and locomotor counts as a percent of baseline (F(11,220) = 29.68, p < 0.0001). No 

significant interactions were observed.  
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Figure 3.3. mPOA lesions do not influence cocaine-mediated locomotion. (A) Coronal 
hemisection plates demonstrating the largest acceptable lesion size (gray), and the 
smallest acceptable lesion size (black) in the mPOA. Plates were adapted from The Rat 
Brain in Stereotaxic Coordinates (6th ed.) by G. Paxinos & C. Watson, 2007, New York, 
NY: Academic Press. (B) Saline and cocaine injections have similar effects on 
locomotion scores represented as a change from baseline between sham lesioned (n = 13) 
and lesioned groups (n = 9). Inset demonstrates a main effect of cocaine-injection on 
locomotion for both groups. Values represent the average of the three collapsed time bins 
directly after each injection (i.e., saline = 60-90 min; cocaine = 105-135 min). All values 
are represented as the mean ± SEM. ***p < 0.001 

3.4.2.1. Neurochemical responses in the NAc 

Overall, there was no significant difference (t(15) = 0.40, p = 0.69) of probe 

recovery between probes used in the sham lesion (17.18 ± 4.99) and lesion (20.09 ± 4.83) 

groups. All 13 sham animals and 9 lesion animals used for locomotor and dialysate 

analyses had probe placements in the NAc, with the majority (50.0%) in the shell region 
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of the NAc, 40.9% in the shell/core border, and 9.1% in the core. There were no between-

group differences in subregional placement of the probe (t(20) = 0.75; p = 0.46) 

Analyses of percent change of DA from baseline revealed a significant time × 

lesion group interaction (F(11, 220) = 2.537; p < 0.05). Bonferroni post hoc tests showed 

significant differences between groups at the two time bins immediately following 

cocaine injection (105 min, p < 0.05; and 120 min, p < 0.01). Finally, a RM-ANOVA 

examining collapsed saline and cocaine-induced levels of DA as a percent baseline 

revealed a significant main effect of cocaine treatment (F(1,20) = 25.72; p < 0.0001). There 

was one animal that had a notably higher percent baseline DA level in the lesion group at 

75 min, 30 min after the initial saline injection, which increased the variance at that time 

point. At first glance, this appears to be a lesion-specific response to stress, but the lack 

of statistical separation between groups suggests otherwise. As for 5-HT, a two-way RM-

ANOVA exposed a main effect of time (F(11,156) = 5.07; p < 0.0001), suggesting a cocaine 

effect, but no significant main effect of lesion (F(1,165) = 0.23; p = 0.64). Similar to the DA 

analysis, a two-way RM-ANOVA for drug treatment demonstrated a significant main 

effect of cocaine (F(1,15) = 14.63; p < 0.01). See Figure 3.4 for a summary of these 

findings.  
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Figure 3.4. mPOA lesions enhance cocaine-mediated DA release. A, DA release 
changes in percent from baseline between sham lesioned (n = 13) and lesioned (n = 9) 
female rats. Group differences are seen time points 105 (sham: 219 ± 37%; lesion: 379 ± 
87%) and 120 (sham: 271 ± 42%; lesion: 478 ± 102%), which were the two dialysate 
samples collected directly after the cocaine injection. Inset shows an interaction as a 
function of average percent baseline DA levels between the three saline and the first three 
cocaine time points collapsed between groups. B, Saline- and cocaine-mediated 5-HT 
release represented as a change in percent from baseline between sham (n = 10) and 
lesion (n = 7). The inset is organized the same way as the inset in 2A and shows a main 
effect of cocaine treatment but no effect of lesion. All values are represented as the mean 
± SEM. *p < 0.05,  **p < 0.01 
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3.5. DISCUSSION 

The goal of this study was to characterize the role of the mPOA in modulating 

cocaine-induced activity and DA release in the mesolimbic system in female rats. 

Literature suggests that the mPOA intercedes a variety of DA-dependent naturally 

reinforcing behaviors (see Hull, 2011 for review; Moses, Loucks, Watson, Matuszewich, 

& Hull, 1995; Pfaus & Scepkowski, 2005) and may play a role in the reinforcing aspects 

of cocaine (Mattson & Morrell, 2005; Pereira & Morrell, 2011; Tobiansky et al., 2013). 

Yet, most if not all reviews and meta-analyses on the mesolimbic DA system and 

psychostimulants do not include the mPOA as a brain region of import (see Björklund & 

Dunnett, 2007; Koob & Volkow, 2010; Nestler, 2005 for examples). Results shown 

above accentuate the need to include it as such.  

This is the first report, to the best of our knowledge, demonstrating that the 

mPOA directly regulates cocaine-induced activity and DA release in the NAc in rats. In 

particular, lesioned animals displayed an enhancement of cocaine-mediated Fos-ir in both 

the shell and core of the NAc. Moreover, the female rats exhibited similar changes in 

percent baseline of DA and 5-HT in response to an acute stressor (i.e., saline injection) 

compared to their sham lesion counterparts. The mPOA has been implicated in stress 

responsivity (Herman & Cullinan, 1997) and the NAc has been associated with stress and 

aversion responses (Carlezon & Thomas, 2009; Ilango, Kesner, Broker, Wang, & 

Ikemoto, 2014; Liu, Shin, & Ikemoto, 2008). Yet, the accumbal DA response to injection 

stress is rapid (< 5 min), and is too transient for detection by in vivo microdialysis 

(Ventura, Cabib, & Puglisi-Allegra, 2001). Importantly, there were similar percent 

baseline levels of stress-induced and cocaine-induced locomotion and 5-HT release. The 

implication being that this enhanced DA response is specific to the reinforcing aspects of 
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cocaine and not its influence on motoric (Leavitt, 1969) or serotonergic systems (Reith, 

Li, & Yan, 1997; Teneud, Baptista, Murzi, Hoebel, & Hernandez, 1996).  

Due to the nature of lesion studies, we can only conjecture on how mPOA lesions 

amplify DA release in the mesolimbic system. The mPOA is composed of a 

heterogeneous population of neurons. Previous studies have shown that the primary 

amino acid produced by preoptic perikarya is γ-aminobutyric acid (GABA; Herbison et 

al., 1992; Unda, Brann, & Mahesh, 1995). While there are glutamate-producing cells, 

GAD67-containing (an enzyme responsible for GABA production) cells are three times as 

prevalent (Tsuneoka et al, 2012). Furthermore, maternal behaviors increase putative 

activity of GABA-producing cells in the mPOA of virgin (Tsuneoka et al., 2012) and 

lactating female rats (Lonstein & De Vries, 2000). Efferent targets of these fos-positive 

cells were unknown. A previous study in our lab determined that the majority (67.6 ± 

6.5%) of rostral and central preoptotegmental efferents are GABAergic, there are 

GABAergic terminals originating from the mPOA in the VTA (Tobiansky et al., 2013) 

and preoptotegmental efferents appose DAergic tegmentostriatal neurons (see Chapter 2). 

Moreover, cocaine enhances putative activity in the rostral mPOA (Tobiansky et al., 

2013; Mattson & Morrell, 2005). In a separate study we found that cocaine increases the 

number of Fos-positive cells in rostral mPOA-to-VTA perikarya (unpublished results). 

There has yet to be a study to determine if these GABAergic efferents are the cells that 

are being activated by cocaine or stimuli associated with maternal behavior. Even if 

cocaine and natural rewards activate these GABAergic efferents, the net effect would be 

difficult to predict due to the phenotypic heterogeneity of VTA cells (Ikemoto, 2007). 

Efferent fibers extended throughout the VTA including the GABAergic tail (VTT) and 

the DA-rich parabrachial pigmented and paranigral nuclei (see Chapter 2). 

Notwithstanding, the data presented here demonstrates a pivotal role for the mPOA in 
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regulating net DA output in the NAc, meaning that the elimination of the mPOA 

enhances cocaine-mediate activity in VTA DA neurons regardless of subregional VTA 

connections. 

3.6. SUMMARY AND CONCLUSIONS 

The findings presented here along with previous reports from our lab hold 

implications for understanding cocaine abuse in women. Cocaine use, addiction, and 

treatment, have been on the rise in women (Greenfield et al., 2003; SAMHSA, 2011). 

Women use cocaine at similar rates when their ability to access the drug is the same as 

men (Van Etten et al., 1999). They also begin using at a younger age (Griffin et al., 1989) 

and have shorter abstinence periods (Kosten et al., 1996). As it is impossible to do in 

humans, animal research has been indispensible in showing that female rats differ in rates 

of cocaine acquisition. Females self-administer cocaine and exhibit cocaine-mediated 

conditioned place preference faster and at lower doses than males (Lynch & Carroll, 

1999; Lynch et al., 2001; Lynch, 2008; Russo, Jenab, et al., 2003). Given that the 

sexually dimorphic mPOA plays a role in sex-specific responses to naturally reinforcing 

stimuli (Edwards & Einhorn, 1986; Graham & Pfaus, 2010, 2012; Miller & Lonstein, 

2005; Will et al., 2014; Yahr & Greene, 1992), this research may help us understand how 

the mPOA influences sex-specific responses to cocaine-mediated reinforcement and 

inform clinical studies on cocaine abuse. 
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Chapter 4: Effects of mPOA lesions on conditioned approach behavior3 

4.1. ABSTRACT 

Drugs of abuse exert their effects by exploiting natural neurobiological reward 

mechanisms, especially the mesolimbic dopamine (DA) system. However, the 

mesolimbic system does not operate in isolation, and input from other reward-relevant 

structures may play a role in cocaine’s rewarding effects. The medial preoptic area 

(mPOA) of the hypothalamus is involved in the regulation of two essential and naturally 

rewarding behaviors: sexual and maternal behaviors. It also makes strong 

neuroanatomical connections with areas of the mesolimbic system, particularly the 

ventral tegmental area (VTA). As such, the mPOA is a logical candidate for a 

neuroanatomical locus modulating activity in the mesolimbic system and emergent 

behavioral expressions of drug reward, yet the role of this structure is largely unexplored. 

Here, using a female rat model, we show that lesions of the mPOA augment cocaine- 

conditioned place preference. This suggests a novel key role for the mPOA in the 

inhibition of the mesolimbic DA circuit. These results reveal the mPOA as a critical 

modulating structure in regulating the incentive salience of cocaine. 

4.2. INTRODUCTION 

Appropriate behavioral responses to natural reward are necessary for survival and 

reproductive success. To this end, neurobiological reward mechanisms have evolved to 

reinforce behaviors such as sexual interactions and parental care. However, drugs of 

abuse, such as cocaine, subvert this natural reward/reinforcement system. In particular, 

the mesolimbic system is recognized as playing a critical role in reward, and cocaine 
                                                
3 Portions of text in this section are excerpted from Tobiansky DJ, Roma PG, Hattori T, Will RG, Nutsch 
VL, Dominguez JM, Behavioral Neuroscience 127(2), 293-302. PGR assisted in establishing the 
conditioned place preference paradigm in our lab. TH, RGW, VLN and JMD were involved in edits and 
assisted in surgery. 
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exerts its psychostimulant effects by producing activity in this pathway (Kalivas & 

Duffy, 1990; Koob, Sanna, & Bloom, 1998; Nestler, 2005; Wise, 2002). However, this 

system does not operate in isolation, and input from other reward-relevant structures may 

play a critical role in cocaine-induced activity.  

An area that is vital for natural reward but has received little attention as a 

potential modulator of cocaine-induced activity is the medial preoptic area (mPOA) of 

the hypothalamus. The hypothalamus is well known for its role in motivated behaviors 

and reinforcement, and the mPOA in particular is critically involved in the regulation of 

two essential and naturally rewarding functions — sexual (Hull & Dominguez, 2007) and 

maternal (Lonstein, 2002) behaviors. It also strongly interacts with areas of the 

mesolimbic system, particularly the ventral tegmental area (VTA; Simerly & Swanson, 

1988; Zahm et al., 2011). As such, the mPOA is a logical candidate for a 

neuroanatomical locus modulating cocaine-induced activity, yet surprisingly little is 

known about the role of this structure in the context of drug abuse. This is a critical gap 

in knowledge because the mPOA is also a central integrative region for gonadal hormone 

stimulation, and, as such, studies elucidating on its role in drug response will shed light 

on mechanisms through which hormones might impact drug activity.  

The purpose of the present study was to determine whether the mPOA modulates 

cocaine-seeking behavior. To this end, female rats received either radiofrequency lesions 

of the mPOA or sham lesions and were exposed to a Pavlovian conditioning paradigm, 

conditioned place preference, to determine whether the mPOA influences the salience of 

cocaine. We hypothesized, that, because lesions of the mPOA generally result in deficits 

of behaviors in response to naturally rewarding stimuli, these radiofrequency lesions 

would attenuate cocaine salience. Results obtained in these experiments will help resolve 

whether the mPOA modulates neural and behavioral responses to cocaine.  
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4.3. MATERIALS AND METHODS 

4.3.1. Subjects 

Adult female Sprague–Dawley rats (Harlan Laboratories, Indianapolis, IN) were 

singly housed in a climate-controlled room (22°C; 40 to 50% humidity) on a reverse 

light–dark cycle (14:10; lights off at 10 a.m.), with food and water freely available. All 

rats were ovariectomized and implanted with an intrascapular estrogen silastic capsule 

(5% 17β-estradiol benzoate, 95% cholesterol; 12 mm in length; 1.98 mm I.D. × 3.18 mm 

O.D.; Dow Corning, Midland, MI). Procedures were in accordance with the National 

Institutes of Health Guidelines for the Use of Animals in Research and were approved by 

the University of Texas at Austin Institutional Animal Care and Use Committee 

4.3.2. Lesions of the mPOA 

All lesions or sham lesions (n = 44) were performed using a Radionics radio-

frequency lesion generator, with a TCZ thermo- coupled electrode (0.25 mm exposed 

tip). Surgeries were performed with the rats situated in a stereotaxic apparatus while still 

under general anesthesia, immediately after the ovariectomy. Bilateral lesions were aimed 

at the rostrocentral mPOA (AP, -0.25 mm; ML, ±0.6 mm; DV, -8.3 mm; according to 

coordinates from Paxinos and Watson, 2007). Once the electrode reached the mPOA, the 

temperature was raised to, and maintained at, +80°C (±3 °C) for 20 s. This procedure was 

repeated for the bilateral sham-treatment group, without introduction of radiofrequency. 

Rats were allowed a 3-week recovery period before beginning procedures for cocaine-

induced conditioned place preference. 

After all tests were completed, lesion placements were verified histologically. 

Coronal brain sections including the mPOA were processed using methyl green, a Nissl 
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stain that allows visualization of all cell nuclei. Any rat that did not have an mPOA lesion 

was removed from further analyses. 

4.3.3. Conditioned place preference 

We utilized a fully biased place-conditioning paradigm using automated two-

chambered conditioned place preference (CPP) apparatuses (San Diego Instruments Place 

Preference System, San Diego, CA). The inner dimensions of each conditioning chamber 

were 35 cm wide × 21 cm deep × 34.5 cm high. The left chamber featured a smooth 

black plastic floor, whereas the right chamber featured a haircell-textured black plastic 

floor. Each individual chamber featured an overhead array of experimenter- operated 

switchable and dimmable white and red LED lights. The red LED light was at maximum 

intensity on the side with the smooth floor. Each apparatus contained a 16 × 4 photobeam 

array for recording time spent in each chamber (in seconds), number of chamber 

transitions, exploratory approaches to adjacent chambers, gross locomotor activity 

(consecutive breaks of adjacent beams), and fine motor activity (repeated breaks of the 

same beam).  

All rats were allotted 20 min free access to the entire apparatus as a baseline-

preconditioning test (PRE test session). For conditioning, drug-paired chamber 

assignments were based on the rats’ initial non-preferred side during the PRE. For the 

conditioning cycles, all rats received an intraperitoneal (i.p.) injection of saline (1 mL/kg) 

and were secluded to their initially preferred chamber for 30 min. Immediately thereafter, 

they received either a 10 mg/kg i.p. injection of cocaine, or equivolume saline for control 

rats, followed by confinement to their respective drug-paired chambers for 30 min. We 

repeated this pattern for two conditioning cycles, and then provided each rat 20 min of 

access to the entire apparatus to assess preferences for the drug-paired chamber (POST 
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test session). The four groups consisted of those having sham lesions and vehicle 

injection (SV; n = 12), sham lesions and cocaine injection (SC; n = 13), mPOA lesions 

and vehicle injection (LV; n = 10), or mPOA lesions and cocaine injection (LC; n = 9). 

4.3.4. Tissue collection 

One to three days after the CPP POST rats were euthanized with a lethal dose of 

Euthasol (0.3 mL/animal, Virbac Animal Health, Inc., Fort Worth, TX). The thoracic and 

abdominal cavities were exposed and the descending aorta was clamped. Rats were then 

perfused with 50 ml of 0.1M PBS, followed by 250 ml of 4% paraformaldehyde in 0.1M 

PB via a transcardial puncture. The brain was quickly removed, postfixed for 1 hr in the 

same fixative. Thereafter, the brains were transferred to a solution containing 30% 

sucrose in 0.1M PB. Brains were stored and maintained at 4 °C for at least 48 hr until 

sectioning. Coronal sections, cut at 35 μm, were stored at –20 °C in cryoprotectant 

solution containing 30% ethylene glycol, 30% sucrose, and 0.0002% sodium azide in 

0.1Μ PB. 

4.3.5. Statistical analyses 

All data were analyzed using PASW statistical package (18th ed.). The 

conditioned place preference POST was analyzed via ANCOVA with total ambulation as 

the covariate. Tukey post hoc analyses were used to test between group differences if the 

interaction between the independent variables were significant. Statistical significance 

was set at α = .05 for all analyses 

4.4. RESULTS 

To address the issue of whether the increased neural activity previously described 

translates into behavioral expression of reward, we utilized cocaine-induced CPP. Results 

showed that lesions of the mPOA indeed increased the effects of cocaine on reward, as 



 

 91 

evidenced by a greater cocaine-induced preference in rats with mPOA lesions versus both 

their vehicle-treated lesioned counterparts and their cocaine-treated sham-lesioned 

controls (F(1,50) = 9.105, p < .01; see Figure 4.1. for a more detailed description). In sum, 

this experiment reveals a modulatory role for neural mechanisms in the mPOA on 

cocaine responses upstream in the mesolimbic system and subsequent behavioral 

manifestation of incentive salience. 
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Figure 4.1. Lesions of the mPOA increased cocaine-induced conditioned place 
preference. (A) Representative perimeters of smallest (black lines) and largest (gray 
lines) lesion for animals with radiofrequency lesions of their mPOA, drawn from Paxinos 
and Watson (2007). (B) Graph demonstrating the shift in chamber preference across 
treatment conditions, cocaine treated animals displayed a cocaine-induced shift in time 
spent in an initially non-preferred chamber, whereas animals receiving lesions of the 
mPOA displayed an even greater shift. Values are expressed as mean ± SEM. *p < .05, 
**p < .01. Coronal plates were adapted from The Rat Brain in Stereotaxic Coordinates 
(6th ed.), Fig 3a from pages 75, 80, and 84, by G. Paxinos & C. Watson, 2007,  

 

4.5. DISCUSSION 

The findings presented here reveal, that the mPOA modulates cocaine-induced 

behavioral activity. We discovered that lesions of the mPOA enhanced behavioral 

expression of cocaine reward, presumably due to the removal of inhibitory mPOA 

efferents to the VTA. Taken together, the present study reveals a robust modulatory role 

of the mPOA in cocaine-induced behavior. 
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It is well established that DA in the NAc, which arises from neurons residing in 

the VTA, plays a vital role in the regulation of drug and natural reward, including 

reproductive and maternal behaviors. Studies demonstrating that mating activates cells in 

the NAc and increases DA levels support this conclusion (Hull & Dominguez, 2007; 

Meisel et al., 1993). For example, NAc DA and Fos activity increase in anticipation of 

sexual activity and further increase during mating in males and females (Damsma, Pfaus, 

Wenkstern, Phillips, & Fibiger, 1992; Jenkins & Becker, 2003; Pfaus & Phillips, 1991). 

As with sex, DA is also integral to the expression of maternal behaviors. Moreover, 

studies show that presenting pups to a lactating dam increases levels of DA (Hansen et 

al., 1993) and Fos activity (Fleming, Suh, Korsmit, & Rusak, 1994) in the NAc, whereas 

removal of DA fibers or pharmacological blockage of DA receptors in the NAc impairs 

maternal behaviors (Hansen, 1994; Keer & Stern, 1999). These and other studies 

establish mesolimbic activity as a critical component in the regulation of these two 

naturally rewarding behaviors. 

By artificially stimulating these same neuronal mechanisms, drugs of abuse, such 

as cocaine, appropriate the natural reward system. Supporting this conclusion is evidence 

that rats will self-administer amphetamine (Hoebel, Hern, Aulisi, Stanley, & Lenard, 

1983; Phillips, Robbins, & Everitt, 1994), DA reuptake inhibitors (Carlezon et al., 1995), 

and DA receptor agonists directly into the NAc (Ikemoto & Glazier, 1997). A similarly 

rewarding effect is observed using CPP: When given a choice between an environment 

previously paired with microinjections of DA agonists into the NAc or an environment 

paired with vehicle injections, animals prefer the drug-paired environment (Carr & 

White, 1983, 1986; White, Packard, & Hiroi, 1991). Given that cocaine increases DA in 

the NAc, and lesions of DA fibers in the NAc severely inhibit cocaine self-administration 

and CPP (Lyness, Friedle, & Moore, 1979; Pettit et al., 1984), it has been concluded that 
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activity in the mesolimbic system serves as a critical mechanism responsible for the 

psychostimulant effects of the drug, much in the same way as it does for natural reward. 

Activity of VTA DA neurons is governed by inhibitory input acting on GABAA 

and GABAB receptors, excitatory input acting on N-methyl-D-aspartate (NMDA) and 

non-NMDA glutamate receptors, and dopamine (DA) input acting on primarily D2-like 

receptors (Johnson & North, 1992). Of neurons residing in the VTA, approximately 65% 

are DArgic (Margolis et al., 2006; Nair-Roberts et al., 2008), which give rise to DA in the 

NAc (Fallon & Moore, 1978; Phillipson & Griffiths, 1985; Swanson, 1982). 

Consequently, modulation of these cells leads to dynamic changes in DA in the NAc and 

ensuing reward responses following a natural or drug stimulus. The prominence of 

GABA’s influence on DA neurons in the VTA for NAc DA and stimulus reinforcement 

is now well established (Jhou, Fields, Baxter, Saper, & Holland, 2009; Johnson & North, 

1992; Laviolette & van der Kooy, 2001; Shank, Seitz, Bubar, Stutz, & Cunningham, 

2007; Stobbs et al., 2004), as several studies illustrate the importance of these 

mechanisms. Studies using intracranial self-administration show that rats will self- 

administer a GABAA receptor (GABAAR) antagonist (picrotoxin) into the anterior VTA, 

but not the substantia nigra or other areas near the VTA (Ikemoto, Murphy, & McBride, 

1997). Ikemoto and colleagues (1997) also showed increased DA in the NAc of rats that 

received picrotoxin into the anterior VTA (Ikemoto, Kohl, & McBride, 1997). Coinfusion 

of muscimol, a GABAAR agonist, reduced both the intracranial self-administration of 

picrotoxin and the increase release of DA in the NAc (Ikemoto et al., 1997; Ikemoto et 

al., 1997). A more recent study performed in mice showed that optogenetic activation of 

VTA GABA neurons suppresses DA neurons in the VTA and the release of DA in the 

NAc, while also disrupting sucrose consumption (van Zessen, Phillips, Budygin, & 
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Stuber, 2012). These and other findings establish that disinhibition of VTA DA neurons 

increases extracellular DA in the NAc and is reinforcing. 

A wealth of pharmacological, neurochemical, and endocrinological evidence 

demonstrates a very important role for gonadal hormones in modulating rewarding 

stimuli, including cocaine (Carroll et al., 2004; Evans et al., 2002; Larson et al., 2007; 

Lynch et al., 2006, 2002; Russo, Festa, et al., 2003). However, the neuroanatomical locus 

of gonadal hormone influences on cocaine effects remains uncertain. Although our 

experiments did not explicitly examine hormonal action, it is still possible to speculate on 

the neuroendocrine implications of our findings. The highest concentration of estrogen 

(Shughrue, 1998; Simerly et al., 1990), progesterone (Hagihara, Hirata, Osada, Hirai, & 

Kato, 1992; Quadros, Pfau, & Wagner, 2007), and androgen receptors (Simerly et al., 

1990) in the CNS are found primarily in the mPOA, which is a known neuroanatomical 

locus through which gonadal hormones act to modulate natural reward (Hull et al., 1999). 

Our results now show that the mPOA also modulates cocaine reward. Given its abundant 

receptivity to gonadal hormones, ongoing and future experiments will examine whether 

the mPOA is a window via which gonadal hormones impact cocaine reward responses, in 

much the same way that it influences other naturally rewarding processes.  

Finally, we should like to comment on cocaine and sex-sensitive differences. 

Cocaine affects females differently than males (hyBecker et al., 2001; Lynch et al., 

2002). In light of our results, this is significant because the mPOA contains the first 

discovered sexually dimorphic nucleus (SDN); the SDN of the preoptic area (SDN-POA) 

is structurally 2 times larger in male rats than in female rats (Gorski et al., 1978, 1980). 

Sexual dimorphism persists in the mPOA even to the level of the synapse, as female rats 

have more synapses on dendritic spines and fewer on shafts than do males (Raisman & 

Field, 1971). A homologous SDN exists in the human hypothalamus (Swaab, Chung, 
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Kruijver, Hofman, & Ishunina, 2001), which is also larger in men than in women. This 

dimorphism is important to note because females have an increased response to cocaine 

after estrogen replacement, whereas males do not have this same response. Here, we 

showed a modulatory role for the mPOA in cocaine-induced activity; therefore, it is 

reasonable to expect that in this capacity, the mPOA may also influence gender-sensitive 

differences in cocaine activity. Ongoing and future experiments will examine whether the 

mPOA modulates these gender differences. 

4.6. SUMMARY AND CONCLUSIONS 

In conclusion, a functional link between the mPOA and mesolimbic system was 

established with lesions of the mPOA, which enhanced the behavioral expression of 

cocaine reward, presumably due to the removal of the inhibitory mPOA efferents to the 

VTA. The present data suggest a modulatory role of the mPOA in cocaine-induced neural 

and behavioral activity. 
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Chapter 5: General Discussion 

 There are significant and consistent sex differences in cocaine seeking and 

consumption behaviors in humans (Evans & Foltin, 2006; Fattore, Melis, Fadda, & 

Fratta, 2014; Sofuoglu et al., 1999), non-human primates (Evans & Foltin, 2010) and 

rodents (Hu & Becker, 2003; Lynch et al., 2000; Lynch & Carroll, 2000). In particular, 

circulating E2 enhances, while circulating P4 attenuates, all phases of cocaine abuse 

(Bobzean, Dennis, et al., 2014; Caine et al., 2004; Carroll & Anker, 2010; Lynch, 2008). 

These differences are mediated, in part, by interactions between circulating sex steroid 

hormones and activity in the mesolimbic dopamine (DA) system (Becker & Cha, 1989; 

Becker, 1999; Cummings et al., 2014). Yet, there is a paucity of traditional nuclear 

receptors for E2 and P4 in the VTA and the ventral striatum, suggesting that these ovarian 

hormones may act on the mesolimbic DA system through a secondary pathway. While 

there are membrane-associated receptors in the VTA and NAc that may assist in 

mediating the effects of these sex steroid hormones (Becker, 1999), other neural nodes 

that are especially sensitive to sex steroid hormones and interact with the mesolimbic DA 

system may also be responsible for hormonal mediation of cocaine-associated reward. 

The main goal of this dissertation was to determine whether the mPOA plays a role as a 

secondary node in mediating the rewarding properties of cocaine, and possibly other 

drugs of addiction.  

 The existence of connections between the mPOA and the mesolimbic system had 

already been well established by several labs prior to the initiation of the experiments 

presented in this dissertation (Fahrbach et al., 1986; Ikemoto & Bonci, 2014; Simerly & 

Swanson, 1986, 1988). Our findings are consistent with their findings and, more 

importantly, we further defined the neuroanatomy and phenotypic profile of this circuit. 
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In particular, this is the first report to demonstrate that there is a rostrocaudal gradient of 

perikarya within the mPOA that then project to the VTA, whereby the rostral and central 

mPOA project heavily to the VTA and the caudal mPOA lacks connectivity to the VTA. 

Drawing on studies from quail and rodents, Balthazart and Ball (2007) proposed that the 

rostral mPOA is important for appetitive sexual behaviors, the central mPOA is important 

for both appetitive and consummatory sexual behavior, and the caudal mPOA is involved 

in regulating consummatory sexual behavior. The rostrocaudal gradient of 

preoptotegmental efferents reported in this dissertation suggests that the rostral and 

central mPOA may mediate the rewarding aspects of appetitive and consummatory 

behaviors through its connectivity to the VTA. Concurrently, these efferents, particularly 

within the central mPOA, project equally to DA rich regions and GABAergic tail of the 

VTA. Regardless of the neurotransmitter content of preoptotegmental efferents, this 

uniform projection to DAergic and GABAergic regions of the VTA makes it difficult to 

determine how these inputs may affect tegmentostriatal DA release. With the advent of 

optogenetics, future studies may be able to look at how afferents from the mPOA in the 

VTA influence DA release in the NAc and subsequent conditioned approach behavior. 

 Nevertheless, we found that preoptotegmental efferents are mainly GABAergic, 

suggesting that it plays an inhibitory role in mediating activity in the VTA. This is in line 

with previous studies demonstrating that the majority of perikarya in the mPOA are 

GABA-producing cells (Herbison et al., 1992, 1995; Tsuneoka et al., 2013). In addition, 

the majority of these GABAergic preoptotegmental efferents are responsive to DA as 

they express D2-like receptors. Sensitivity to DA signaling in these efferents is relevant 

for several reasons. First, the mPOA receives DAergic input from a variety of 

diencephalic and mesencephalic brain regions, including, but not limited to, the 

incertohypothalamic areas, the substantia nigra, and the VTA (Miller & Lonstein, 2009; 
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Wagner, Eaton, Moore, & Lookingland, 1995). Secondly, DA agonists and antagonists 

microinfused into the mPOA affect the expression of maternal (Miller & Lonstein, 2005) 

and female sexual behaviors (Dean-Graham & Pfaus, 2010, 2012). Together, this 

suggests that DA originating from several neural nodes acts in the mPOA, possibly 

through efferents to the VTA, to mediate naturally rewarding behaviors. Finally, cocaine 

is a DAT inhibitor that increases DA levels in the synaptic cleft (Kuhar et al., 1991; Ritz 

et al., 1987; Wilcox et al., 1999). Given that preoptotegmental efferents are DA-

responsive via D2Rs and mainly GABAergic, cocaine-mediated increases in DA would 

likely inhibit mPOA activity, as activation of D2R leads to hyperpolarization of the cell 

membrane; (Missale, Nash, Robinson, Jaber, & Caron, 1998; Stoof & Kebabian, 1981), 

which would ultimately disinhibit the VTA. Because preoptotegmental efferents project 

equally to GABAergic interneurons and DAergic cells in the VTA, these 

neuroanatomical results allow for different mechanisms of mesolimbic modulation. 

Notwithstanding, results presented here demonstrate that almost half of DA-producing 

cells in the VTA that project to the shell of the NAc are apposed by fibers originating 

from mPOA cell bodies; suggesting that cocaine-mediated hyperpolarization of 

GABAergic cells in the mPOA may enhance DA release in the NAc.  

 These mPOA cells are not only GABAergic and DA-sensitive but they are also 

responsive to circulating sex steroid hormones. Clinical and preclinical data suggest that 

E2 and P4 have opposing roles in regulating the rewarding and reinforcing properties of 

cocaine. For example, exogenous E2 in ovariectomized female rats enhances operant 

responding for cocaine self-administration (Larson et al., 2007; Lynch et al., 2001), 

whereas systemically administered P4 attenuates responding (Feltenstein et al., 2009). 

The results presented in this dissertation imply that the mPOA may indeed play this role. 

Rostral mPOA-to-VTA afferents mainly contain membrane-associated hormone 
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receptors (GPER and PGRMC1), whereas the central preoptotegmental efferents contain 

even higher proportions of membrane-associated receptors and a significant amount of 

ERα (55%). Progesterone receptors were absent from the vast majority of 

preoptotegmental perikarya. This indicates that E2, but not P4, can act by both rapidly 

changing the electrophysiological properties of the cell (via GPER; Kuo et al., 2010; 

Roepke, Qiu, Bosch, Rønnekleiv, & Kelly, 2009) and can influence protein translation 

and membrane permeability in the long term (via ERα; Kuo et al., 2010; McEwen & 

Alves, 1999; Micevych & Dominguez, 2009). In contrast, the extensive colocalization of 

PGRMC1 suggests that P4 may influence the activity of these cells, but its function in 

regulating cell activity is not fully understood. Indeed, PGRMC1 is more similar to 

cytochrome-b5 heme/steroid binding proteins (Kimura et al., 2012) than it is to G-protein 

coupled membrane receptors. Further complicating this issue, cocaine also binds to 

PGRMC1 (Matsumoto, McCracken, Pouw, Zhang, & Bowen, 2002), and has been 

reported to mediate its psychomotor properties (Lever et al., 2014). PGRMC1-specific 

agonists also increase DA release in the NAc of freely moving mice (Garcés-Ramírez et 

al., 2011). Since PGRMC1 has limited expression in the NAc and VTA and is highly 

expressed in the mPOA (Intlekofer & Petersen, 2011), it is feasible that P4 may act 

through preoptotegmental efferents. Without electrophysiological or optogenetic data to 

scrutinize the specific effects of E2 or P4 on these cells, it is difficult to determine how 

they may influence VTA activity following the activation of hormone receptors. As such, 

this experiment was mainly exploratory and was intended to give us insight into the 

possible mechanisms through which E2 and P4 may influence preoptotegmental perikarya.  

 Aside from assessing the subregional neuroanatomy and phenotypic profile of 

mPOA-to-VTA neurons, we also examined how acute, non-contingent cocaine 

influenced activity of these cells. In short, the data demonstrated a trend (p = 0.08) 
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towards cocaine enhancing Fos immunoreactivity, a marker of neuronal activity, in 

rostral preoptotegmental efferents. To my knowledge, there have only been two studies 

examining psychostimulant-mediated Fos-ir in preoptotegmental efferents. Colussi-Mas 

and colleagues (2007) found that acute amphetamine did not significantly increase the 

percent of preoptotegmental perikarya expressing Fos-ir. The second study done by 

Mahler and Aston-Jones (2012) was the only study to look at cocaine, but they examined 

activation of projection neurons from the mPOA to the VTA after cue-induced 

reinstatement of cocaine and rather than acute cocaine administration, and found no 

differences. However, both studies did see a notable increase in percent activation of 

preoptotegmental efferents (e.g., ~7% vs. ~20% in Mahler & Aston Jones, 2012), and any 

effects were likely masked by stringent post-hoc comparison corrections. Furthermore, 

neither study examined the rostral mPOA, but focused only on the central region of the 

mPOA as their region of interest. It may be that preoptotegmental efferents are more 

sensitive to naturally rewarding stimuli (Numan & Numan, 2003), and the 

aforementioned studies, including ours, may not have had sufficient statistical power to 

detect a clear activational effect of psychostimulants. Regardless, our data demonstrate 

that acute cocaine may increase putative activity in these efferents, but further study is 

required. 

 In order to further examine whether the mPOA, as a whole, influence the 

mesolimbic reward system, we conducted lesion studies to determine mPOA effects on 

activational, neurochemical, and behavioral responses to acute cocaine. Examining only 

mPOA-intact female rats first, we reported a significant increase in Fos-ir in the rostral 

mPOA after acute cocaine. This suggests that the rostral mPOA may influence 

responsiveness to cocaine. Radiofrequency lesions of the mPOA enhanced cocaine-

mediated activity in the shell and core of the NAc and in the VTA as well, albeit to a 



 

 102 

lesser extent. The small effect size in the VTA is not surprising, as there are only trace 

amounts of Fos-ir in the VTA during basal neural activity, and no increase in the animals 

after acute injections of cocaine compared to saline-treated animals (Zahm et al., 2010). 

These results suggest that the mPOA, either directly or indirectly, modulates activity in 

the NAc. 

 As such, the next experiment evaluated whether the mPOA influences DA release 

in the NAc in response to cocaine. Microinfusions of neurotoxic levels of NMDA were 

used to lesion the mPOA, while saline- and cocaine-mediated release of DA and 5-HT 

was assessed via in vivo microdialysis. Locomotion and 5-HT levels were elevated 

immediately after the cocaine injection, but did not vary between the lesioned and sham-

lesioned group. More importantly, female rats with mPOA lesions displayed an 

enhancement in DA release after cocaine administration compared to the sham-lesioned 

females. This is the first report to demonstrate that the mPOA is directly involved in 

regulating cocaine-induced DA release in the NAc. The lack of a drug-by-lesion 

interaction in locomotion and 5-HT release, along with difference in DA release, suggests 

that the increase in Fos-ir in lesioned animals as described above is, at least in part, due to 

an increase in DA release from the VTA.  

 Finally, moving from protein synthesis and neurochemical events in the NAc to 

behavioral outputs, the penultimate chapter of this dissertation delineates how the mPOA 

assists in directing conditioned approach behavior. Using a well-established Pavlovian 

conditioning paradigm, conditioned place preference, we were able to demonstrate that 

the mPOA is involved in determining the incentive salience of cocaine. Specifically, 

lesions of the mPOA significantly increased the difference in time spent in the drug-

paired chamber between the pretest and posttest (i.e., drug shift). This was the first 

experiment to directly assess the influence of the mPOA on conditioned place preference 



 

 103 

induced by cocaine alone. Although Periera and Morrell (2010) ascertained that transient 

inhibition of the mPOA shifted the conditioned placed preference of postpartum female 

rats from pups to cocaine, but they did not directly assess the effect on the strength of 

cocaine place preference in isolation. Together, along with several other studies showing 

the importance of the mPOA in the formation of conditioned place preference to and 

operant responding for naturally rewarding stimuli (Lee et al., 1999; Morgan et al., 1999; 

Seip & Morrell, 2007), these experiments suggest that the mPOA is important in 

regulating the incentive salience of cocaine. 

 The sum of the data presented above underscores the need to include the mPOA 

as a secondary node involved in regulating the mesolimbic DA system and associated 

behavioral outputs. Current reviews of the mesolimbic DA system and its involvement in 

reward regulation often excludes the mPOA (Carlezon & Thomas, 2009; Koob & 

Volkow, 2010; Pierce & Kumaresan, 2006; Thomas, Kalivas, & Shaham, 2008). 

Considering the extent to which it is evolutionary conserved, its similarity in animals 

throughout the phylogenetic tree (O’Connell & Hofmann, 2012), and its importance in 

mediating the incentive value of natural and artificial stimuli (Hedges et al., 2010; Pereira 

& Morrell, 2010), the data support the mPOA as an essential region in regulating reward. 

As our understanding of functional neuroanatomy involved in regulating incentive 

salience, reward, and reinforcement is expanded by novel experiments, which includes 

the addition of other regulatory diencephalic and epithalamic nodes (e.g., Adrover, Shin, 

& Alvarez, 2014; Nieh, Kim, Namburi, & Tye, 2013; Stuber et al., 2012), we should 

include the mPOA and a variety of other brain areas to discussions of mesolimbic DA 

activity. 

 Additional studies of the role of the mPOA, and hormones in general, on drug 

reward mechanisms can assist us in understanding the neurobiology of cocaine 
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acquisition and addiction in women. While the majority of cocaine abusers are male, 

women still comprise about one-third of users and are in some ways more vulnerable to 

its addictive and psychomotor properties (Chen & Kandel, 2002; Kosten, Gawin, Kosten, 

& Rounsaville, 1993). Moreover, preclinical and clinical treatments are usually based on 

research conducted almost exclusively in males, and do not acknowledge that women 

respond to cocaine differently throughout their ovulatory cycle (Gillies & Mcarthur, 

2010; Lynch et al., 2002). Recent studies of pharmacological and hormonal interventions 

specifically targeted to female cocaine users, while not always ideal, have shown promise 

in more effectively curbing cocaine abuse in women (e.g., Sofuoglu et al., 2004).  
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