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 While the neurocircuitry and mechanisms controlling the copulatory behavior in 

female rats has been extensively characterized, the neurocircuitry and cellular and 

molecular mechanisms of sexual motivation remain elusive.  Sexual motivation in the 

female rat is mediated by activation of the neural progesterone receptors. Dopamine, 

which mediates natural reward signaling, phosphorylates and activates progesterone 

receptors.  The data presented here demonstrate a novel role for dopamine and 

progesterone receptor interactions in the medial amygdala on enhanced female sexual 

motivation.  Using methamphetamine, which increases extracellular catecholamines such 

as dopamine and norepinephrine, we have shown an increase in sexual motivation and 

behavior in a progesterone dependent manner.  This enhanced sexual motivation 

correlates with increased neuronal activation and neuroplasticity of the medial amygdala.  

We hypothesized that progesterone receptors in the medial amygdala mediate the 

enhancement of female sexual motivation. Both excitotoxic lesions targeted to the 



 

posterodorsal medial amygdala and antagonist of the progesterone receptor attenuated the 

methamphetamine-induced increase in proceptive behavior.  Methamphetamine may 

participate in a reciprocal feed-forward mechanism with progesterone receptor, as (1) the 

administration of ovarian hormones increases tyrosine hydroxylase, the rate-limiting 

enzyme in the production of catecholamines and (2) methamphetamine increased 

progesterone receptor-immunoreactivity in the medial amygdala. Both dopamine and 

norepinephrine have been demonstrated to enhance female sexual behavior and activate 

and increase the expression of progesterone receptors.  To test these candidate 

neurotransmitters, receptor subtype specific agonists and antagonists were administered 

to the medial amygdala.  The activation of the D1 subtype of the dopamine receptors in 

the medial amygdala is both necessary for the methamphetamine-induced enhancements 

of proceptive behavior and sufficient to enhance sexual motivation.  Moreover, D1R are 

necessary for the methamphetamine-increased progesterone receptors. These data 

indicate that methamphetamine, via dopamine, converges with progesterone in the medial 

amygdala to activate and alter the circuitry underlying motivation for sexual behavior. 

While infusions of the α1 adrenoceptor antagonist into the medial amygdala attenuate the 

methamphetamine enhanced sexual motivation, α1 agonist did not enhance the motivated 

behaviors. Taken together our data indicate catecholamines in the medial amygdala 

modulate enhanced sexual motivation through a potential amplification of progesterone 

signaling. 
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Every drive has two components: a generalized drive common to all forms of motivation 

and a specific component dependent on particular biological needs and leading to 

specific behaviors that reduce needs.  Such a two-component theory of biological drives 

maps onto classic distinctions of the functions of motivations, which are both to energize 

behavior and to direct behavior.  

- Donald W. Pfaff, 1999 
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CHAPTER I. GENERAL INTRODUCTION 



 

 2 

Introduction 

 One of the most robust and powerful drives is that for sexual behavior.  While the 

mechanisms controlling the copulatory behavior in female rats have been extensively 

characterized and defined, the neurocircuitry and the cellular and molecular mechanisms 

of sexual motivation remain elusive. Lack of desire or loss of sexual motivation underlies 

the majority of reported sexual dysfunctions in women (Lewis et al., 2004; Basson et al., 

2004; Nappi et al., 2010; Palacios, 2011a).  The most common complaint in women 

seeking treatment for sexual dysfunction is the subjective sexual arousal dysfunction, or 

hypoactive sexual desire disorder (HSDD), which is characterized by markedly 

diminished, or entirely absent, feelings of sexual arousal, sexual excitement, sexual 

pleasure, and distress about lack of desire (Lewis et al., 2004; Basson et al., 2004; Nappi 

et al., 2010; Palacios, 2011a).  To date, the sole pharmacotherapy approved to treat 

hypoactive sexual desire disorder is a testosterone patch, available only to surgically 

menopausal women (Lewis et al., 2004; Basson et al., 2004; Nappi et al., 2010; Palacios, 

2011a).  Therefore, it is of great importance to elucidate the neuroanatomical and 

neurochemical substrates of female sexual motivation in order to identify potential 

therapeutic targets.   

 

A Rodent Model of Female Sexual Behavior 

 As cellular studies cannot be performed in women, animal models can inform the 

physiological processes underlying the human experience.  A good animal model is a 

homolog or analog to the human condition and has predictive validity (Pfaus et al., 2003; 
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Blaustein, 2008a).  Rats are the most frequently used animals in the study of sexual 

behavior (Pfaus et al., 2003; Blaustein, 2008a).  Although sexual behaviors in rodents 

differ in many ways from sexual behavior in women, there are commonalities that are 

useful in gaining a basic understanding of the underpinnings of sexual behavior in 

women.  Rats and humans have similar reproductive tissues, which contribute to the 

neuroendocrine systems.  It is these neuroendocrine systems that influence sexual 

behaviors in primates, including women, and controls sexual behavior in rats.  Both rats 

and human display high levels of behavioral plasticity and opportunistic patterns of 

copulation (Pfaus et al., 2003; Blaustein, 2008a).  Rats also alter behavior to meet the 

demands of specific circumstances, such as performing some arbitrary task (e.g., lever 

press or cross an electrified grid) to engage in sexual behavior (Pfaus, 1996; Pfaus, 1999; 

Pfaus et al., 2003).  It is reasonable to apply the neurobiological concepts derived from 

work in rodents into potential avenues of treatment of female sexual disorders in women.  

 

Coordination of Reproduction and Sexual Behavior 

 Sexual behavior in the female rat is coupled with ovulation and the uterine 

preparations necessary for successful reproduction.  The hypothalamus-pituitary-gonadal 

(HPG) axis orchestrates sexual behavior and reproduction via estrogens (estrone, estriol, 

and estradiol, the most biologically potent estrogens (Feder and Silver, 1974)) and 

progestins, or progestogens, (pregnolone, 17α-hydroxyl-pregnenolone, 17α-hydroxyl-

progesterone, and progesterone, the most biologically potent progestogen), acting 

simultaneously in the ovary, uterus and brain  (Allen and Doisy, 1923; Figure 1).  The 

estrous cycle is the cycle of ovarian development and synthesis of estrogens and 
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progestins in the female rodent (Mandl, 1951; Nequin et al., 1979; Marcondes et al., 

2002). During metestrus or diestrus I, the first day of the estrous cycle, levels of the 

ovarian hormones begin to return to the baseline from their peak.  On diestrus II, the 

levels of estrogens and progestins are extremely low, thus, removing the negative 

feedback on the hypothalamus and pituitary so that the hypothalamus begins 

gonadotropin releasing hormone (GnRH) secretion, triggering the release of 

gonadotropins from the pituitary to begin the development and maturation of an ovum 

(Halasz and Gorski, 1967; Freeman, 1994).  During the day of proestrus, the 

concentrations of estrogens rapidly increase, peaking 18 hr prior to ovulation (Nequin et 

al., 1979).  This increase in estrogens causes the GnRH neurons to fire in a synchronized 

burst, releasing a bolus of follicle stimulating hormone (FSH) and luteinizing hormone 

(LH) from the anterior pituitary known as the LH surge (reviewed in Freeman, 1994; 

Schwartz, 1995).  Four to 6 hrs after the peak of estrogens, the serum concentration of 

progesterone peaks (Nequin et al., 1979).  It is this peak in progesterone that triggers 

behavioral estrus, or the occurrence of female sexual behaviors, some 4 to 6 hrs later.  

The onset of sexual receptivity, or behavioral estrus, occurs on the day of estrus a few 

hours prior to ovulation (Nequin et al., 1979; Freeman, 1994) and sexual receptivity can 

persist for as long as 20 hrs if the female does not engage in sexual behavior. 
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Figure 1: Hypothalamus-pituitary-gonadal axis.  Sexual behavior in the female rat is tightly 
coordinated with ovulation through the HPG axis.  The hypothalamus secretes GnRH into the 
anterior pituitary, where it stimulates the release of the gonadotropins: FSH and LH.  The 
gonadotropins enter the bloodstream and stimulate the maturation of an ovum inside the ovary. 
The granulosa cells surrounding the ovum secrete estrogens, which exert a positive feedback 
effect in the hypothalamus, promoting increased release of GnRH. The positive feedback triggers 
the LH surge, leading to ovulation.  LH also causes the granulosa cells to form the corpus luteum, 
which synthesizes progestins. After ovulation, estrogens and progestins cause a reduction in 
GnRH release, which in turn reduces the release of FSH and LH from the anterior pituitary.  The 
reduction in FSH and LH leads to a subsequent reduction in the production of gonadal hormones. 
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Female Sexual Behavior 

Lordosis Behavior and Neuroanatomical Lordosis Circuitry 

 The historical focus of female sexual behavior has been on the copulatory aspect, 

termed lordosis.  Lordosis is a behavioral reflex triggered by the cutaneous stimulation of 

the female’s flanks (Figure 2), including pressure on the posterior rump, tail base and 

perineum applied by the male during mounting (Pfaff et al., 1994). During lordosis, a 

female rat arches her back, elevates her head and rump, and deflects her tail to one side to 

allow intromission, i.e., penile insertion into the vagina (Beach, 1976; Madlafousek and 

Hliňák, 1977). Researchers have traditionally measured the quantity and/or quality of the 

lordosis response. The lordosis quotient (LQ) quantifies the number of times a female 

displays lordosis following a male’s mount (Boling and Blandau, 1939; Beach, 1976; 

Madlafousek and Hliňák, 1977).  A highly receptive female displays lordosis following 

every, or almost every mount.  The quality of lordosis response is based upon the 

intensity or amplitude of the spinal curvature displayed during the lordosis. A female 

with a strongly concave back and elevated rump is considered to have a stronger lordosis 

amplitude or intensity (LS) than a female whose back is only mildly convex or slightly 

straightened (Hardy and Debold, 1971).  The lordosis intensity reflects the ease of 

activation of the lordosis response, and as such, it is used as an indication of female 

sexual motivation (Erskine, 1989; Pfaff and Ågmo, 2002; Pfaus et al., 2003).  

The sensory input that triggers lordosis is relayed to the gigantocellular and 

paragigantocellular nuclei of the medullary reticular formation (MRF) and lateral 

vestibular nucleus (LVN) via the anterolateral columns of the spinal cord (Brink et al., 

1979; Zemlan et al., 1983; Femano et al., 1984b; Femano et al., 1984a).   If  the  female is  
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Figure 2: Neural mechanisms controlling lordosis.  The copulatory behavior of lordosis is a 
behavioral reflex triggered by somatosensory stimulation of the posterior rump, tail base and 
flanks (shown in blue).  If the female rat is primed with the appropriate hormonal milieu, the 
estrogens and progestins activate their cognate receptors in the VMN.  The VMN projects to the 
PAG and PPN, which send afferents to the MRF and LVM (shown in black).  The MRF and LVN 
integrate the somatosensory information with body posture and position; they also synergize to 
trigger the motor neurons of the spinal cord to contract the back muscles of the lateral 
longissimus and transverspinalis, producing the lordosis posture.  The mPOA and anterior 
hypothalamus provide tonic inhibition to the VMN, which must be inhibited in order for lordosis 
to occur.  
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sexually receptive, the ventromedial nucleus of the hypothalamus (VMN) is activated and 

sends excitatory input to the midbrain nuclei periaqueductal gray (PAG) and the 

peripeduncular nuclei (PPN; Krieger et al., 1979; Clark et al., 1981; Morrell and Pfaff, 

1982; Beitz et al., 1983; Morrell et al., 1984; Dornan et al., 1990; Akesson et al., 1994; 

Daniels et al., 1999).  The PPN and PAG project back to the MRF and LVN (Beitz et al., 

1983; Zemlan et al., 1983; Pfeifle and Edwards, 1983; Femano et al., 1984b; Femano et 

al., 1984a; Lonstein and Stern, 1998), which synergize to control the motor neurons that 

activate the deep back muscles, the lateral longissimus and transverspinalis (Femano et 

al., 1984b; Cottingham et al., 1987; Robbins et al., 1990).  When these muscles contract, 

the spine bends in a ventral dorsoflexion, or concave up, with the rump elevating into the 

lordosis posture (Brink et al., 1979; Brink and Pfaff, 1980; Schwartz-Giblin and Pfaff, 

1980; Molander et al., 1984).   The lordosis reflex is only displayed following flank 

stimulation of a female in behavioral estrus; lordosis is generally under tonic inhibition 

from the medial preoptic area (mPOA) and anterior hypothalamus (Powers and 

Valenstein, 1972; Moss et al., 1974; Pfaff and Sakuma, 1979b; Kow et al., 1985; 

Fahrbach et al., 1989). 

For each area in the lordosis circuit, electrical stimulation facilitates lordosis 

(Mathews and Edwards, 1977; Pfaff and Sakuma, 1979b; Sakuma and Pfaff, 1979a; 

Davis et al., 1979; Brink and Pfaff, 1980; Schwartz-Giblin and Pfaff, 1980; Femano et 

al., 1984b; Femano et al., 1984a), while lesions or damages to the nuclei cause inhibition 

or decreases in lordosis (Pfaff and Sakuma, 1979a; Sakuma and Pfaff, 1979b; Sakuma 

and Pfaff, 1979a; Clark et al., 1981; Zemlan et al., 1983; Pfeifle and Edwards, 1983).  

The vaginocervical stimulation (VCS) and the somatosensory stimulation associated with 
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mating and lordosis behavior also induces Fos, an immediate early gene expressed 

following neuronal activation, in the areas of the lordosis circuit (Tetel et al., 1993; 

Flanagan et al., 1993; Polston and Erskine, 1995; Flanagan-Cato and McEwen, 1995; 

Pfaus et al., 1996; Pfaus and Heeb, 1997).  Recently, a transneuronal tracer virus injected 

into the muscles responsible for lordosis sequentially labeled the nuclei of the 

hierarchical network of lordosis control, confirming that the nuclei of the lordosis reflex 

arc are serially connected (Daniels et al., 1999). 

The VMN, specifically the ventrolateral subdivision (vlVMN), provides the 

hormonal dependence of the lordosis circuit and response.  Lordosis can only be triggered 

when the ovarian hormones, estrogens and progestins, activate their cognate receptors in 

the VMN (Krieger et al., 1979; Clark et al., 1981; Morrell and Pfaff, 1982; Beitz et al., 

1983; Morrell et al., 1984; Dornan et al., 1990; Akesson et al., 1994; Daniels et al., 

1999).  The ovarian hormones activate the neurons of the VMN and overcome the tonic 

inhibition on lordosis (Powers and Valenstein, 1972; Moss et al., 1974; Pfaff and 

Sakuma, 1979b; Kow et al., 1985; Fahrbach et al., 1989).   

 

Sexually Motivated Behaviors 

The female’s role in sexual initiation has been historically ignored or minimized 

in the classic research focusing on lordosis either due to the ease of quantification of 

lordosis or due historical biases that the female rat is a passive participant in sexual 

behavior. However, female sexual behaviors are much more complex and contain many 

more distinctive elements than the quantity and quality of lordosis (Hemmingsen, 1933; 

Beach, 1942b).  Although the lordosis intensity is proportional to the level of sexual 
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motivation (Erskine, 1989; Pfaff and Ågmo, 2002; Pfaus et al., 2003), this is not the only 

indication of female sexual motivation. A sexually motivated female actively solicits and 

initiates sexual contact with the male by her behaviors (Beach, 1976; McClintock and 

Adler, 1978b; Erskine, 1989; Pfaus et al., 2003).  The parameters used to measure a 

sexually motivated female’s behavior and the validations of these measurements are 

discussed below. 

 

Proceptive Behaviors 

 The traditional mating chamber and emphasis has favored males and his role in 

initiating copulatory behavior.  Nonetheless, the female engages in behaviors that reflect 

the female initiative in sexual interactions as they induce the male to chase and mount the 

female (Beach, 1976; Madlafousek and Hliňák, 1983). These behaviors have been 

alternately called precopulatory (Madlafousek and Hliňák, 1977), paracopulatory 

(Blaustein and Erskine, 2002), proceptive (Beach, 1976), or solicitations (Erskine, 1985; 

Pfaus et al., 2003). These behaviors consist of (i) ear wiggling, (ii) presenting posture, 

(iii) hopping, and (iv) darting (Madlafousek and Hliňák, 1977).  During ear wiggling, the 

head shakes or vibrates extremely rapidly, producing the appearance of ear wiggling.  Ear 

wiggling often accompanies the other elements of proceptive behavior and lordosis 

(Beach, 1976; Madlafousek and Hliňák, 1977). The presenting posture, sometimes called 

a crouch, is held prior to the male’s mount and allows the female to display lordosis and 

support the mount (Madlafousek and Hliňák, 1977).  The crouch is distinct from a normal 

sitting posture as fore limbs and paws and hind paws are much further apart, the ventral 

part of the body is pressed to the floor, and back is lowered so that the body is fairly flat, 
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and the head is slightly lifted (Beach, 1976; Madlafousek and Hliňák, 1977).  

Presentation is usually accompanied by ear wiggling.  Hopping is distinct from general 

locomotion as it is a rapid, stiff-legged upward jump, followed by a bow-shaped return to 

the floor, and ends in a crouch.  A hop covers the distance of approximately one extended 

body length (Madlafousek and Hliňák, 1977).  Darting is a specialized form of a runaway 

from the male in which the female accelerates swiftly, using rapid low steps with the 

body held near the floor (Hemmingsen, 1933; Beach, 1942a).  A dart also ends abruptly 

in the presenting posture (Madlafousek and Hliňák, 1977).  For the purposes of this 

thesis, proceptive behavior will refer to hopping, darting, and ear wiggling if present.   

Researchers can make inferences about a female’s sexual motivation based on the 

presence or absence of any of these proceptive behaviors (Hemmingsen, 1933; 

Madlafousek and Hliňák, 1977; Erskine, 1989; Pfaus et al., 2003). As proceptive 

behaviors are important in the initiation of copulatory bouts, and only take place in the 

presence of a male rat, they are used to deduce how much the female wants to engage in 

sexual behavior, or her sexual motivation (Hemmingsen, 1933; Madlafousek and Hliňák, 

1977). Darting, accompanied by ear wiggling, is the most effective in eliciting the male 

copulatory behaviors in inexperienced males (Hemmingsen, 1933; Madlafousek and 

Hliňák, 1977; Madlafousek and Hliňák, 1983).  In the laboratory, a researcher typically 

counts the number or frequency of hops and darts displayed during the sexual behavior 

testing to measure proceptivity.  The more proceptive behaviors displayed by a female, 

the more sexually motivated she is considered to be.   

Women do not have reflexive components to their sexual behavior; thus, lordosis 

is not the most appropriate aspect to measure if the goal of the study is to elucidate 
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female sexual motivation.  Women do have sexual desire, which can be quantified by the 

number of times she initiates sexual activity (Bullivant et al., 2004).  As solicitations, 

hopping and darting represent the desire to initiate or engage in sexual activity, these 

behaviors are also the most analogous rat model of sexual desire in women (Pfaus et al., 

2003).  

 

Procedures to Measure Female Sexual Motivation 

 Although sexual motivation may be inferred from the proceptive behaviors 

displayed, several types of tasks and tests have been used to more directly assess the 

female’s willingness to initiate sexual interactions with the male.  Some of the first such 

tasks were heavily influenced by behavioral paradigms using the male and sexual contact 

with the male as a reward.  Female rats were trained to lever press (Bermant, 1961; 

French et al., 1972) to cross an electrified grid (Meyerson and Lindstrom, 1973) or to 

poke a lever with the nose (Matthews et al., 1997) in order to gain access to a sexually 

active male.  A sexually motivated female makes more lever presses or nose-pokes to 

gain access to the male.  She also overcomes more aversive stimulus, than a non-

motivated female, to engage in sexual behavior.  These studies suggest that to the female 

rat, sexual behavior is in itself rewarding. Conditioned place preference is used to assess 

the rewarding and reinforcing aspects of sexual behaviors.  In this testing procedure, 

female rats are given a choice between spending time in the location she engaged in 

sexual behavior and a neutral location.  In conditioned place preference, female rats 

prefer to spend time in the place in which the sexual encounter occurred (Paredes and 

Alonso, 1997; Meerts and Clark, 2007). 



 

 13 

 Other tests are based on the fact that a sexually motivated female seeks proximity 

to a sexually active male (Meyerson and Lindstrom, 1973; Clark et al., 1981; Pfeifle and 

Edwards, 1983).  In the partner preference test, the female chooses between a preferred 

mate versus non-preferred mate (Meyerson and Lindstrom, 1973; Clark et al., 1981; 

Pfeifle and Edwards, 1983; Rivas and Mir, 1990; Paredes and Vazquez, 1999), and 

amount of time the female spends with the stimulus animals and her proximity to the 

stimulus animals are quantified.  In sexual incentive motivation tests, a variation of the 

preference test, the total distance moved and the mean velocity of movements are 

measured in addition to the time spent and the number of approaches into the area 

surrounding an stimulus animal (Ågmo, 1999; Ellingsen and Agmo, 2004). Partner 

preference tasks do not always allow for copulations as the stimulus animals are 

commonly tethered or placed behind a screen.  In the absence of the opportunity to 

engage in sexual behaviors, the choice to spend time with one stimulus animal may 

reflect something other than sexual motivation, such as social motivation, olfactory 

preference, or some other incentive property of the preferred stimulus animal.   

 In paced mating behavior, the female controls the occurrence and rate of sexual 

interaction through a pattern of approaches to and withdrawal from the male (McClintock 

and Adler, 1978b; Erskine and Baum, 1982; Erskine, 1985; Paredes and Vazquez, 1999; 

Pfaff and Ågmo, 2002; Pfaus et al., 2003; Kondo and Sakuma, 2005; Ågmo, 2007). 

Paced mating behavior occurs in wild, semi-naturalistic settings or in the laboratory if the 

arena used for sexual behavior has a barrier in which the female, but not the male, can 

cross (McClintock and Adler, 1978b; Erskine and Baum, 1982; Erskine, 1985). The 

female typically approaches the male with a headwise approach, then orients to the male 
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with anogenital investigation or grooming, followed by a runaway.  Proceptive behaviors 

can be considered to be the runaway component displayed in traditional arena in which 

the female cannot pace (McClintock and Adler, 1978b). The measurements of paced 

mating are the rate at which the female withdraws from the male after a mating 

stimulation, i.e., the percent of exits, and the time elapsed before she returns to the male 

after contact, i.e., the return latency (reviewed in Erskine, 1989). A variation of the 

bisected pacing chamber is the bilevel chamber, which consist of two levels connected by 

a set of ramps on either side.  In the bilevel chamber, the female paces the sexual 

behavior by running from level to level, forcing the male rats to give chase (Pfaus et al., 

1999b; Pfaus et al., 1999a).  The pattern of paced mating behavior depends upon the level 

of VCS received from the male; the more intense the stimulation the greater the percent 

exits and the longer the return latency or the more level changes (Peirce and Nuttall, 

1961; Bermant and Westbrook, 1966; Erskine, 1989; Paredes and Vazquez, 1999; Pfaus 

et al., 1999a; Pfaus et al., 1999b; Ågmo, 2007). In general, a highly sexually motivated 

female rat will display a reduction in escapes and the time to return to the male following 

all types of sexual contact (Ågmo, 2007) or a decrease in the level changes per mount 

(Pfaus et al., 1999b; Pfaus et al., 1999a). Pacing behavior is not just an expression of 

female sexual motivation; by controlling the rate at which intromission are spaced, a 

female rat maximizes the chance that insemination will result in pregnancy (reviewed in 

Erskine, 1989).    
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Neurocircuitry of Female Sexual Motivation 

 Female sexual behaviors occur only when a female rat is fertile; however, leading 

researchers in the field postulate that sexual behavior is not motivated by reproduction, 

but by sexual reward, with reproduction as the consequence of sexual behavior (Pfaus et 

al., 2003; Ågmo, 2007).  Some factors other than reproduction drive a female to engage 

in copulatory behaviors.  Researchers have created conceptual models to explain these 

factors and to make predictions regarding the neurobiological processes and the 

neurocircuitry mediating sexual drives, both of which are not well elucidated in either the 

female rat or in women.  However, the conceptual models have informed the neural 

circuitry, with the likely candidate nuclei in the control of female sexual motivation as 

part of the natural reward circuitry or the limbic/hypothalamic circuitry, which mediate 

social behaviors.  It is also possible that female sexual motivation arises from interplay of 

these systems.  

 

Nucleus Accumbens 

 Early modern conceptualizations of sexual motivation have focused on appetitive 

motivation.  There is a biological appetite, or drive, for sexual behavior, and a rat seeks a 

potential mate as incentives for the goal of copulation (Hardy, 1964; Beach, 1976).  As 

such, a rat can learn to make an arbitrary response, such as crossing an electrified grid, 

bar-pressing and running mazes, in order to gain access to a sexual partner (Bermant, 

1961; French et al., 1972; Meyerson and Lindstrom, 1973; Matthews et al., 1997). 

 One potential for the neuroanatomical substrate of sexual motivation is the 

mesocorticolimbic dopamine system, which sends projections from the ventral tegmental 
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area (VTA) to the nucleus accumbens (NAcc), prefrontal cortex (PFC), the amygdala and 

hippocampus   (Figure 3).    Recent evidence indicates that this dopaminergic system 

mediates the motivation or the ‘wanting’ of a natural and/or hedonic stimulus by 

attributing salience to it, as opposed to mediating the pleasure or ‘liking’ of a reward 

(Ikemoto and Panksepp, 1999; Berridge, 2007; Salamone et al., 2007).  The NAcc has 

been implicated in mediating the reinforcing aspects of female sexual behavior, 

specifically that of paced mating behavior.  Dopamine is released into the NAcc prior to 

sexual behaviors and during paced mating behaviors (Mermelstein and Becker, 1995).  

The NAcc mediates the rewarding aspects of sexual behaviors (Becker et al., 2001), and 

female rats with lesions of this area tend to avoid sexual interactions (Jenkins and Becker, 

2001) and have a higher likelihood of leaving the male following a mount (Guarraci et 

al., 2002). However, other manipulations of the NAcc have failed to show any effect on 

paced mating behavior or conditioned place preference. 

 

Ventromedial Nucleus of the Hypothalamus 

 Due to the hormonal dependence of female sexual motivation and behavior, later 

models integrated hormonal status with the appetitive motivation.  Whalen described 

sexual motivation in terms of arousal, the momentary level of sexual excitability, and 

arousability, which are internal factors that regulate sexual drive and the individual’s 

approach to sexual stimulation (Whalen, 1966).  In this model, the basis for sexual 

arousability is the ovarian hormones, with the primary effect of estrogens to facilitate 

lordosis (Whalen, 1966).  However, female sexual behavior is more complex than 

lordosis,   the   consummatory   behavior;   there  are  also   appetitive  responses  such  as  
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Figure 3: The mesocorticolimbic dopamine system.  Dopamine (shown in blue-dashed arrows) 
is released from the VTA into the amygdala, NAcc, and PFC in anticipation or following a 
rewarding stimulation.  These areas also have glutamatergic connections with each other (shown 
in red). 
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instrumental learning, solicitations, proceptive behaviors and pacing (Pfaus, 1996; Pfaus, 

1999).  In the incentive sequence model, these responses also occur as an interaction 

between appetitive and consummatory responses (Pfaus, 1996; Pfaus, 1999).  

 The consummatory circuitry has been elucidated in the female rat, with the VMN 

as the critical behavioral output for female sexual behaviors (see Lordosis Circuitry). 

Lordosis results from disinhibition in the VMN, which occurs under the influence of 

estradiol and progesterone.  While the VMN is critical for the expression of proceptive 

sexual behaviors (reviewed in Pfaff et al., 1994), the role of the VMN in other aspects of 

female sexual motivation is undetermined.  Moreover, the VMN must be activated by 

incentive sensory information in order to display proceptive behaviors.  Nuclei that 

project to the VMN may be sites of integration of the incentive sensory information and 

critical for the initiation of sexual motivation. 

 

Medial Preoptic Area  

 Ågmo presents a model that seeks to account for the entirety of sexual behaviors 

from the discovery of a mate to the completion of sexual behavior: incentive motivation, 

as the male rat serves as an incentive for the female rat (1999).  In the brain exists a 

central motive state, which makes an individual more sensitive to the stimulus properties 

of the incentive male (Ågmo, 1999). The more active the central motive state, the more 

intense the response to the sexual stimulus (Agmo, 2010).  The central motive state is 

likely dependent on the actions of ovarian hormones; however, the location of the central 

motive state in the female brain is unclear.  Both the mPOA (Ågmo, 1999) or VMN 
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(Agmo, 2010) have been postulated as the neuroanatomical substrate from the central 

motive state.  

 While the mPOA is inhibitory to lordosis (Powers and Valenstein, 1972; Moss et 

al., 1974; Pfaff and Sakuma, 1979b; Kow et al., 1985; Fahrbach et al., 1989), the 

activation of preoptic neurons fosters locomotion, such as approach and other proceptive 

behaviors (reviewed in Sakuma, 1995), and the rapid mPOA-dependent locomotion must 

be inhibited in order for lordosis to occur. Neurons in the mPOA increase the firing rate 

during the display of hopping and darting (Kato and Sakuma, 2000). It is possible that the 

mPOA controls the locomotive aspects of sexually motivated behaviors.  Lesions of the 

mPOA also decrease the rate of solicitation behaviors during mating (Guarraci et al., 

2004) and disrupt other sexually motivated behaviors (Yang and Clements, 2000; 

Guarraci et al., 2004). Females with mPOA lesions have a longer return latency following 

sexual stimulation in paced mating, and show a reduction in the time spent with a 

sexually active male (Guarraci and Clark, 2006) and decreased conditioned place 

preference (Garcia-Horsman et al., 2008b).  While the mPOA has a definite role in 

performance of sexually motivated behaviors, it is unknown whether this nucleus is the 

source of the sexual drive. 

 

Medial Amygdala 

 The initiation of female sexual motivation depends upon sensory cues including 

olfactory, auditory, visual and/or somatosensory from the incentive male. Ågmo 

represents this requirement as the central representation of the incentive, or the brain 

region(s) in which the sensory information is processed or integrated (Ågmo, 1999; 
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Agmo, 2010).  Moreover, the central motive state and central representation of the 

incentive act in concert to stimulate approach behaviors (Ågmo, 1999), so it is likely that 

these as of yet unidentified brain areas are interconnected.  Sexual motivation, as with 

other motivated behaviors, also depends upon the level of physiological arousal, or the 

level of alertness or activity (Pfaff, 1999).  The ascending reticular activation systems, 

which consist of dopaminergic and noradrenergic projections from the brainstem to the 

forebrain, stimulate and excite the animal to be awake and behave. The general arousal 

level can influence sexual motivation through an increase in sensory processing, 

activation of the neural circuitry specific for sexual behavior, and the motor output (Pfaff, 

1999; Agmo, 2010). The brain areas in which arousal, via either dopamine and/or 

norepinephrine, may influence sensory processing, sexual motivation and motor outputs 

are not known, but the medial nucleus of the amygdala (MeA) is a good candidate region 

for this integration.  

The MeA is implicated in the regulation of sexual motivation and modulation of 

the output sexual behavior (Masco and Carrer, 1980; Masco and Carrer, 1984; Erskine, 

1989; Kondo and Sakuma, 2005; Garcia-Horsman et al., 2008b; Afonso et al., 2009; 

Guarraci, 2009).  Lesions of the MeA, specifically the posterdorsal MeA (MePD) lead to 

fewer lordosis responses (Masco and Carrer, 1984) and proceptive behaviors (Masco and 

Carrer, 1980; Afonso et al., 2009), and a reduction in conditioned place preference 

(Garcia-Horsman et al., 2008b).  While MePD lesions reduce sensitivity to sexual 

stimulation (Guarraci, 2009), there is no clear effect of lesions on paced mating behaviors 

(Guarraci et al., 2004).   
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Chemosensory signals, such as pheromones derived from the male urine, are 

directly transmitted from the accessory olfactory bulb to the MeA (Scalia and Winans, 

1975; Kevetter and Winans, 1981b; Kevetter and Winans, 1981a) and can influence 

female sexual motivation (Figure 4; Keller et al., 2009).  In rodents, olfactory cues 

associated with sexual behaviors are detected and processed by the main and accessory 

olfactory systems. Disruptions of olfactory processing by ablation of the main olfactory 

bulb and the vomeronasal organ, which is part of the accessory olfactory system, reduce 

female sexual motivation and behavior (Beltramino and Taleisnik, 1983; Rajendren et al., 

1990).  

The MeA also processes the intensity of VCS that affects lordosis behaviors and 

modulates paced mating behaviors (reviewed in Erskine et al., 2004).  Paced mating and 

VCS induce neuronal activation as measured by Fos in the MeA, specifically the MePD, 

the vlVMN, and the mPOA, but only the MePD shows a dose-dependent increase in the 

response to increasing intensity or numbers of VCS (Pfaus, 1993; Tetel et al., 1993; 

Erskine, 1993; Polston and Erskine, 1995; Erskine and Hanrahan, 1997). The MeA has 

been implicated in the control of paced mating behavior by summing or integrating the 

intensity of VCS (Polston et al., 2001; Etgen and Morales, 2002).  

The MePD integrates these sensory stimulations with hormonal status, via steroid 

receptors for estrogens and progestins (Pfaff and Keiner, 1973; Parsons et al., 1982; 

Rainbow et al., 1982; Simerly et al., 1990; Intlekofer and Petersen, 2010).  The MeA also 

receives direct catecholaminergic input from the VTA and the locus coeruleus and 

medullary A2 nuclei (Fallon et al., 1978; De Olmos et al., 1985; Gray, 1999; Pitkänen, 

2000), which can influence  sexual motivation by increasing arousal.   The  projections of  
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Figure 4: The accessory (vomeronasal) olfactory system. This system perceives and processes 
chemical stimuli of a social nature, which can modulate female sexual motivation and behaviors.  
The VNO project to the AOB, which primarily projects to the BNST and MeA.  The MeA have 
reciprocal innervations with the hypothalamic and limbic nuclei, such as the mPOA, VMN and 
PMN, involved in the mediation of social behaviors in addition to reciprocal connections to the 
AOB and BNST. 
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the MePD target and can activate several key output nuclei involved in social and sexual 

behaviors including the medial bed nucleus of the stria terminalis (BNST), the mPOA 

and the VMN (Kevetter and Winans, 1981a; Canteras et al., 1992; Canteras et al., 1995; 

Polston et al., 2001; Simerly, 2002; Lehmann and Erskine, 2005; Keller et al., 2009; 

Baum, 2009).  Taken together, the MePD is a good candidate nucleus to integrate 

incentive sensory information with hormonal status and the level of arousal and modulate 

female sexual motivation.   

 

Hormonal Control of Female Sexual Behavior 

The Role of Estrogens 

 Estrogens are steroid hormones produced from cholesterol by cells in the adrenal 

cortex and gonads. Estradiol is the most biologically potent of the estrogens and is 

synthesized from its direct precursor testosterone by the enzyme P-450 aromatase.  

Estradiol acts on two main receptors in the brain: estrogen receptor (ER) α and β, which 

have specific localization patterns.  High levels of ERα are present in hypothalamic and 

limbic nuclei, including by not limited to the mPOA, BNST, arcuate nucleus, VMN, and 

MeA (Shughrue et al., 1996; Shughrue et al., 1997); the distribution of ERβ similar to 

ERα, but it is more highly expressed in the mPOA and cerebellum. Classically, the 

estradiol binds to its receptors, causing them to homodimerize, cross-phosphorylate and 

translocate to the nucleus where the receptors bind to a hormone response element and 

initiate gene transcription.  More recent evidence suggests these receptors can also 

activate cyctoplasmic signal transduction pathways, which may result in gene changes, 

interactions in ion channels and other G protein coupled receptors (Kato et al., 1995; 
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Bjornstrom and Sjoberg, 2004; Zivadinovic and Watson, 2005; Zivadinovic et al., 2005; 

Prossnitz et al., 2007).   

 Ovarian hormones control the display of female sexual behaviors; removal of the 

ovary abolishes all expression of female sexual behaviors.  High doses of estradiol are 

sufficient to induce the expression of lordosis and maximal receptivity (Tennent et al., 

1980).  As the doses of estradiol increase, there is a progressive display of lordosis 

(Boling and Blandau, 1939; Beach, 1942b; Whalen, 1974).  However, the copulatory 

behaviors induced by estradiol are not analogous to those displayed by a female in 

behavioral estrus: the lordosis intensities are highly variable and rejection behaviors 

(kicking the male’s face with a back paw, turning onto her back and pushing the male 

away, and standing on her hind quarters, hitting and biting the male (Madlafousek and 

Hliňák, 1977)) also occur frequently (Boling and Blandau, 1939; Beach, 1942b; Whalen, 

1974).  Lordosis is a hormonal dependent behavior as the activation of ERs in the VMN 

is necessary for the display of lordosis behaviors (Spiteri et al., 2010), and estradiol in the 

mPOA reduces the tonic inhibition of lordosis (Fahrbach et al., 1989).  These results 

suggest estradiol is not the only ovarian hormone that controls the display of receptive 

sexual behavior.  

 

The Role of Progesterone 

 Progestins, or progestogens, are the second class of steroid hormones synthesized 

in the ovary.  Of the progestins, progesterone is the most biologically potent hormone. 

Progesterone acts on two main receptors in the brain: PRA and PRB.  The PRs are 

expressed throughout the female rat brain, but treatment with estradiol induces the 
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transcription of the genes for PRs within the mPOA, VMN, arcuate nucleus and the 

MePD (Parsons et al., 1982; Rainbow et al., 1982; Intlekofer and Petersen).  

 The induction of PRs plays a pivotal role in female sexual motivation and 

behaviors.  Treatment with progesterone increases the effectiveness of estradiol in the 

display of lordosis.  Moreover, progesterone is necessary for the occurrence of proceptive 

behaviors (Boling and Blandau, 1939; Beach, 1942b; Beach, 1976; Blaustein, 2008a), 

and higher levels of progesterone lead to an increased display of proceptive behaviors 

(Whalen, 1974; Fadem et al., 1979). While progesterone is not necessary for a female rat 

to pace mating interactions (Brandling-Bennett et al., 1999), it is needed for the 

reinforcing aspects of sexual behavior (Gonzalez-Flores et al., 2004a). The strong 

progesterone dependence of sexually motivated behaviors suggests the neural 

mechanism(s) underlying proceptive behaviors differs from those that mediate lordosis 

(Whalen, 1974; Blaustein, 2008b). 

 It is known that the induction and activation of neural PRs are crucial for the 

expression of proceptive behaviors (Tennent et al., 1980; Edwards and Pfeifle, 1983; 

Olster and Blaustein, 1988).  The competitive PR antagonists, mifepristone (RU486) and 

ZK 98299, or antisense oligonucleotides to PR mRNA infused either 

intracerebroventricularly or into the VMN, inhibit the progesterone-facilitated lordosis 

behaviors, and reduces or completely eliminates the display of proceptive behaviors 

(Brown and Blaustein, 1984; Etgen and Barfield, 1986; Vathy et al., 1989; Mani et al., 

1994c; Ogawa et al., 1994).  Taken together, these data indicate that PR in the VMN 

mediate the behavioral expression of proceptive behaviors, but the role of PRs in other 
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brain areas implicated in the control of female sexual motivation remains unknown and 

relatively unexplored. 

 In addition to sexual motivation, progesterone has a further role in female sexual 

behavior.  Once the female enters behavioral estrus, or sexual receptivity, progesterone 

regulates the termination of sexual behaviors (Marrone et al., 1977; Morin, 1977). 

Progesterone is released during sexual behavior, to induce a negative feedback on PR in 

the brain, reducing sexual motivation (Blaustein and Wade, 1977b; Blaustein and Wade, 

1977a; Blaustein, 1982; Blaustein and Brown, 1985; Gonzalez-Flores et al., 2004b).     

 While sexual behavior in the female rat is controlled by the actions of the 

estradiol and progesterone, in women and non-human primates, these ovarian hormones 

play a modulatory role in sexual motivation (reviewed in Wallen, 2001). Among the 

myriad of factors that influence sexual desire in women is progesterone.  Progesterone 

has been thought to be inhibitory on sexual motivation in primates, including women 

(reviewed in Wallen, 2001; Blaustein, 2008a), as sexual activity decreases during the 

luteal phase when progesterone levels are highest and estrogen levels are decreasing 

(Baum et al., 1977b; Adams et al., 1978; Bonsall et al., 1978; Dennerstein et al., 1980).  

The administration of exogenous progesterone also attenuates the estradiol facilitation of 

female sexual activity (Dennerstein et al., 1980; Pazol et al., 2004; Pazol et al., 2006). 

However, it should be noted that the supraphysiological levels of progesterone might 

have lead to the inhibitory actions via a negative feedback.  If the focus is redirected to 

examine female-initiated sexual activity, the role of progesterone becomes more 

complex. Female-initiated sexual activity reaches its peak around the ovulation phase 
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when progesterone levels are beginning to rise (Baum et al., 1977a; Wilson et al., 1982; 

Walker et al., 1983; Bullivant et al., 2004). 

 

 Neurochemistry of Female Sexual Motivation and Behavior 

 While hormones convey a specific sexual status in the female rat, 

neurotransmitters and neuropeptides can also modulate female sexual behavior.  It is 

possible that enhancements of female sexual motivation may arise from an alteration in 

neurotransmitters or neuropeptides.   

 

Neuropeptides  

Melanocortins 

 The melanocortins, adrenocorticotrophin (ACTH), and the melanocyte 

stimulating hormones (α, β, and γ-MSH), are derived from the polypeptide precursor 

proopiomelanocortin (POMC). These melanocortins activate five receptors in the 

rhodopsin family of G-protein coupled receptors: MC1-R, MC2-R, MC3-R, MC4-R, and 

MC5-R.  Of these receptors, MC1-R mediates the effects of melanin on pigmentation, 

and ACTH activates MC2-R (Mountjoy et al., 1994; MacNeil et al., 2002b; MacNeil et 

al., 2002a).  However, only MC3-R and MC4-R are found in the brain (Lindblom et al., 

1998; Kishi et al., 2003).  In female rat, α-MSH increases lordosis responses (Cragnolini 

et al., 2000; Scimonelli et al., 2000; Nocetto et al., 2004).  More recently systemic 

administration of the α-MSH analogues, melanotan II and its metabolite, bremelanotide, 

stimulate solicitation and proceptive behavior, without affecting lordoses, pacing or other 

sexual behaviors (Pfaus et al., 2004; Rossler et al., 2006).  The melanocortins act in the 
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mPOA, but not the VMN, to enhance sexual motivation (Pfaus et al., 2007). Both 

melanotan II and bremelanotide have a high affinity for MC1-R, MC3-R, MC4-R and 

MC5-R (Pfaus et al., 2007), but only the administration of an MC4-R receptor antagonist 

into the mPOA blocked the facilitatory effects of the melanocortins (Pfaus et al., 2007).  

Taken together, these data suggests that the MC4-R receptor in the mPOA mediates the 

facilitatory effect of melanocortins on proceptive sexual behaviors; however, the effects 

of melanocortins in other brain regions associated with female sexual motivation remain 

unknown.  

 

Oxytocin 

 Oxytocin is a neuropeptide that modulates social behaviors, such as maternal 

behavior, but it has also been demonstrated to have a role in female sexual behavior.  

Infusions of oxytocin into the mediobasal hypothalamus and the mPOA facilitate both 

lordosis and proceptive behavior in hormonally primed rats (Arletti and Bertolini, 1985; 

Caldwell et al., 1986; Gorzalka and Lester, 1987; Schulze and Gorzalka, 1991; Caldwell, 

1992; Insel, 1992; Benelli et al., 1994).  In particular, oxytocin increases the lordosis 

quotient and duration.  Administration of an oxytocin antagonist into either the VMN or 

mPOA is without effect when administered in an animal treated with estradiol only, but 

when the antagonist is infused in combination with progesterone, there is an attenuation 

of lordosis behavior (Schumacher et al., 1989; Witt and Insel, 1991; Caldwell et al., 

1994; Benelli et al., 1994). Oxytocin induces release of norepinephrine into the VMN, 

which as discussed below facilitates sexual behavior (Vincent and Etgen, 1993).  The 

effects of oxytocin in other brain areas, such as the MePD and NAcc, have not been 
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explored even though these areas contain also contain oxytocin receptors (reviewed in 

Gimpl and Fahrenholz, 2001).  

    

Opioids  

 Opioid are the class of neuropeptides that mediate endogenous analgesia.  There 

are several types of opioids: β-endorphin, which is derived from POMC, endormorphin, 

enkephalins, and dynorphins.  Each of these classes of opioids bind differentially to 

opioid receptors (OR; Rodriguez-Manzo and Fernandez-Guasti, 1995).  The endorphin 

and endomorphin acts through µOR.  Enkephalins act primarily on the δ receptors, and 

dynorphins activate κOR. The activation of specific opioid receptors has differential 

effects on female sexual behavior:  µOR agonists administered directly into the VMN or 

mPOA inhibit sexual behavior, suggesting that the endorphins and endomorphins are 

inhibitory (Wiesner and Moss, 1984; Sirinathsinghji, 1986; Wiesner and Moss, 1986; 

Acosta-Martinez and Etgen, 2002a; Micevych et al., 2003).  In contrast, when a δ opioid 

agonist is infused into the VMN, lordosis is facilitated (Acosta-Martinez and Etgen, 

2002b), but if the δ opioid agonist is infused into the mPOA, it inhibits lordosis behavior 

(Sinchak et al., 2004).   While the effects of the µ and δOR on proceptive behaviors are 

unknown, infusions of naloxone, an OR antagonist, block the rewarding aspects of 

female sexual behavior (Paredes and Martinez, 2001; Kippin et al., 2004; Garcia-

Horsman et al., 2008a; Coria-Avila et al., 2008).  
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Amino Acids 

Glutamate 

 Glutamate is the major excitatory neurotransmitter in the adult brain.  Glutamate 

can activate two classes of receptors: (1) ionotropic receptors and (2) metabotropic 

receptors.  The ionotropic receptors form an ion channel pore when glutamate is bound to 

the receptors, allowing cations to enter the neuron.  These receptors consist of α-amino-

3-hydroxyl-5-methyl-4-isoxazole-propanoic acid (AMPA-R), kainate and N-methyl-D-

asparate (NMDA-R) receptors.  The metabotropic receptors activate intracellular 

signaling cascades that can either increase or decrease NMDA-R activity (Ambrosini et 

al., 1995; Chu and Hablitz, 2000; Skeberdis et al., 2001; Lea et al., 2002; Endoh, 2004). 

 The effects of glutamate on female sexual behaviors are region specific.  

Glutamate markedly and transiently inhibits lordosis (Kow et al., 1985) and proceptive 

behaviors (Georgescu and Pfaus, 2006a) when infused into the VMN, suggesting the 

excitation of neurons in the VMN inhibits female sexual behavior. The different 

ionotropic receptor types mediate the glutamate inhibition of different aspects of female 

sexual behavior.  Activation of the AMPA-R disrupts solicitations, hops and darts, and 

lordosis (Georgescu and Pfaus, 2006a), while the NMDA-R mediates lordosis, pacing 

and defensive behaviors (McCarthy et al., 1991a; Georgescu and Pfaus, 2006a).  

However, activation of the kainite receptor inhibits all aspects of female sexual behavior 

(Georgescu and Pfaus, 2006a).  Previously it was reported that treatment with the specific 

NMDA-R antagonist D, L 2-amino-5-phosphonopentoic acid (AP-5) has no effect on the 

lordosis reflex of a hormonally primed female rat (McCarthy et al., 1991a); however, 

more recently it has been demonstrated that the glutamate receptor antagonists facilitate 
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lordosis and proceptive behavior when administered into the VMN of animals primed 

only with EB (Georgescu and Pfaus, 2006b).   

 Glutamate in the mPOA has an opposite effect from glutamate in the VMN.  

Based on data that demonstrate activation of the mPOA inhibits lordosis and lesions of 

the mPOA facilitate lordosis (Powers and Valenstein, 1972; Moss et al., 1974; Pfaff and 

Sakuma, 1979b), one would predict that glutamate in the mPOA would suppress lordosis. 

There is no effect of NMDA administration into the mPOA on lordosis, but AP-5 

infusions do attenuate the lordosis reflex (McCarthy et al., 1991a).  It is possible that, in a 

female primed with estradiol only, the effects of NMDA infusion into the mPOA would 

be to enhance lordosis responding.  

 

GABA 

 The major inhibitory neurotransmitter is γ-aminobutyric acid (GABA), which is 

formed from glutamate by the enzyme glutamate decarboxylase. GABA has a dual role 

on female sexual behavior.  Increases in GABA in the mPOA suppress lordosis 

(McCarthy et al., 1990; McCarthy et al., 1991a); while, GABA, or a GABAA-R agonist, 

administered into the VMN enhances the lordosis responding of nonreceptive female rats 

(McCarthy et al., 1990).  Blockade of the GABAA receptor by bicuclline also inhibits the 

lordosis reflex of hormonally-primed females (McCarthy et al., 1990).  GABA as an 

inhibitory neurotransmitter generally depresses neuronal activity, but facilitates lordosis 

when infused into the VMN, as does increased neuronal activity and stimulation of the 

VMN.  Thus, lordosis results from the inhibition of another inhibitory system.  This 

disinhibition occurs under the influence of estradiol and progesterone and allows the 
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lordosis reflex to occur.  However, the source of synaptic input to the VMN, to excite 

certain neurons there, releasing the tonic inhibition is unknown.  

 

Monoamines 

 Motivated behaviors also depend upon a state of general arousal mediated, in part, 

by the monoaminergic neurotransmitters.  Of the monoaminergic modulators female 

sexual behavior, the major focus has been on serotonin as an inhibitor of sexual behavior 

and dopamine, and to a lesser extent, norepinephrine, as activators of lordosis. 

 

Serotonin 

 Serotonin, or 5-hydroxytryptamine (5-HT), is synthesized from tryptophan, and 

the principal source of serotonin in the brain is the raphe nuclei of the brain stem. 

Serotonin acts on the 5-HT receptors, which are all G protein coupled receptors, with the 

exception of 5-HT3-R.  The 5-HT2-R, 5-HT4-R, 5-HT6-R, 5-HT7-R activate excitatory 

intracellular cascades, while the 5-HT1-R and 5-HT5-R receptors inhibit adenylyl cyclase.   

 Classically, serotonin has been thought to inhibit female sexual behavior 

(Meyerson, 1964; Ward et al., 1975; Foreman and Moss, 1978), as systemic 

administration or infusions into the hypothalamus, of serotonin agonists decreased 

lordosis responding (Foreman and Moss, 1978; Fernandez-Guasti et al., 1987; 

Mendelson, 1992; Matuszczyk et al., 1998; Sarkar et al., 2008). However, with the advent 

of receptor specific agonists, a dual role for serotonin has been discovered.  Activation of 

the 5-HT2-R receptor leads to an attenuation of lordosis (Mendelson and Gorzalka, 1986; 

Fernandez-Guasti et al., 1987); whereas 5-HT1-R activation facilitates both proceptive 
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and receptive sexual behaviors (Mendelson and Gorzalka, 1985).  In most of these 

studies, the serotonin agonists and antagonists have been administered systemically, so it 

is difficult to determine the site of actions.   

 

Norepinephrine 

Norepinephrine, which is synthesized from dopamine by dopamine-β-

hydroxylase, comes from the locus coeruleus and other medullary nuclei and regulates 

physiological arousal functions such as increases in heart rate, release of glucose from 

energy stores, and increasing blood flow to skeletal muscle.  Norepinephrine acts on the 

α adrenergic receptors (αR) and β adrenergic receptors (βR).  The α adrenergic receptors 

consist of the excitatory α1R, which are coupled to phospholipase C (PLC) and result in 

an increase in intracellular calcium, and the α2 autoreceptor.  The β adrenergic receptors 

are coupled to adeneylyl cyclase and are excitatory in nature.   High concentrations of the 

α1R localization exist in, but are not limited to, the mPOA, BNST, VMN, arcuate and 

MeA; the α2R are distributed in, but not limited to, the BNST, amygdala, arcuate, and the 

lateral septum (Young and Kuhar, 1980; Rosin et al., 1996; Talley et al., 1996; 

Domyancic and Morilak, 1997).  

 Activation of α1R in the VMN facilitates lordosis behaviors, while activation of 

the α2R inhibits lordosis behaviors (Etgen, 1990). The α1R activates PLC to produce 

inositol-1,4,5-triphosphate (IP3), which then releases calcium from intracellular stores, 

and diacylglycerol (DAG), which activates protein kinase C (PKC). This increase in 

intracellular calcium activates nitric oxide synthase (NOS), which synthesizes nitric 

oxide (NO), a diffusible messenger.  NO facilitates lordosis in hormone-treated females 
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(Mani et al., 1994a).  This NO-facilitated female sexual receptivity occurs via activation 

of guanylate cyclase and increases in cyclic guanosine monophosphate (cGMP) in 

hormonally primed female rats (Chu and Etgen, 1999; Chu et al., 1999; Gonzalez-Flores 

et al., 2004c; Gonzalez-Flores et al., 2007), which ultimately leads to activation of protein 

kinase G (PKG) and the activation of PR.   

 The role of the β adrenoceptors is not well defined due to inconsistencies in the 

literature: Fernandez-Guasti and colleagues have found β adrenoceptors to facilitate 

lordosis (Fernandez-Guasti et al., 1985b; Fernandez-Guasti et al., 1985a) while others 

have found no effect (Etgen, 1990). Interestingly, the systemic administration of 

adrenoceptor antagonists prevents the progesterone-induced lordosis, but not the 

estradiol-induced lordosis, indicating that norepinephrine may be involved in the 

modulation of sexual motivation, not the reflex arc of lordosis (Fernandez-Guasti et al., 

1985b). 

  Norepinephrine is released primarily into the MeA following the VCS associated 

with sexual behavior in hormonally primed female rats (Etgen and Morales, 2002; 

Cameron et al., 2004).  This release of norepinephrine into the MeA has been implicated 

in the ‘neuroendocrine memory’ of VCS that is critical for successful pregnancy.  

However, other potential roles of norepinephrine in the MeA have not been as well 

explored. 

 

Dopamine 

 As discussed above, dopamine mediates reward and motivation via the 

mesocorticolimbic pathway from the VTA to the NAcc.  Dopamine is synthesized from 
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its precursor L-DOPA and acts on two main families of receptors: D1-like receptors 

(D1R), which are excitatory and activate adenylyl cyclase and D2-like receptors (D2R), 

which directly inhibit adenylyl cyclase.  The distributions of both D1R and D2R overlap 

in the caudate putamen, NAcc, paraventriculatr hypothalamus, VMN, the arcuate, and 

MeA (Meador-Woodruff et al., 1989; Mansour et al., 1990; Weiner et al., 1991; Meador-

Woodruff et al., 1991; Meador-Woodruff and Mansour, 1991; Meador-Woodruff et al., 

1992; Huang et al., 1992). A high concentration of the D2R is also found in the substantia 

nigra and VTA, suggesting these receptors can function as autoreceptors (Weiner et al., 

1991).  

 Dopamine, acting via the D1R in the VMN, facilitates lordosis behaviors in 

estradiol-primed rats (Foreman and Moss, 1979; Fernandez-Guasti et al., 1987; Grierson 

et al., 1988), but dopamine acting on D2R inhibits female receptive behaviors (Foreman 

and Hall, 1987; Fernandez-Guasti et al., 1987; Grierson et al., 1988). The D1R activation 

leads to increases cyclic adenosine monophosphate (cAMP) and activation protein kinase 

A (PKA), which then phosphorylates proteins. The PR in vitro can be transcriptionally 

activated by dopamine, in the absence of its ligand, by phosphorylation of its different serine 

sites (Denner et al., 1990; Power et al., 1991; Bai et al., 1997).  This ligand-independent 

activation of the PR in the VMN can also facilitate the lordosis response in the absence of 

progesterone (Mani et al., 1994b; Apostolakis et al., 1996a; Mani et al., 1996; Auger et 

al., 1997; Meredith et al., 1998; Mani et al., 2000; Mani, 2001; Auger, 2004).  A 

dopamine-and-cyclic AMP-regulated phosphoprotein (DARPP-32) is important for the 

ligand-independent activation of the progesterone receptor (Mani et al., 2000).  DARPP-32, 

when phosphorylated on threonine 34 in response to activation of the D1R, becomes a 
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potent inhibitor of protein phosphatase 1 (Nishi et al., 1997; Fienberg et al., 1998; 

Greengard et al., 1998; Nishi et al., 2000), which suggests that the activation of DARPP-

32 allows increased phosphorylation and activation of the PR (Auger, 2001). It is 

possible that a similar mechanism exists in other areas implicated in the mediation of 

female sexual motivation. 

 

Dopaminergic Psychostimulants and Sexual Behavior 

 Drugs of abuse act on the neurocircuitry that regulate motivation and natural 

rewards, such as sexual behavior (Pfaus, 2009). The primary interest in the drugs of 

abuse and sexual behavior originate from the public health risks related to sexual disease 

transmissions, such as HIV/AIDS, and unplanned pregnancies.  However, in studying 

these drugs, one may gain a better understanding of the mechanisms by which drugs 

influence sexual behavior, which may ultimately lead to a better elucidation of the 

underpinnings of sexual motivation.  As dopamine mediates motivation and the natural 

reward signaling, we focus on two drugs of abuse that act primarily on the dopaminergic 

system, amphetamine (AMPH) and methamphetamine (METH). 

 

Amphetamine 

AMPH is a potent psychomotor stimulant drug of abuse.  The major structural 

elements of AMPH are (1) an unsubstituted phenyl ring, (2) a two-carbon side chains 

between the phenyl ring and the nitrogen, (3) a methyl group, and (4) an amino group 

(Sulzer et al, 1995). The most prominent biological effect of the amphetamines are 

elevation of the extracellular levels of catecholamines, particularly dopamine and 
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norepinephrine, and serotonin.  This increase in extracellular catecholamines occurs 

independently of neurotransmitter release by the fusion of secretory vesicles.  AMPH 

both releases catecholamines and also blocks their reuptake (Sulzer et al., 1995; Floor 

and Meng, 1996; Fleckenstein et al., 1997; Jones et al., 1998; Jones et al., 1999; 

Fleckenstein and Hanson, 2003).  AMPH enters the synaptic terminals via the reuptake 

transporters, dopamine transporter (DAT) and norepinephrine transporter (NET), and 

inhibits vesicular monoamine transporter (VMAT1 and 2), which packages the 

neurotransmitters into secretory vesicles (Floor and Meng, 1996; Fleckenstein et al., 

1997; Fleckenstein and Hanson, 2003). As the reuptake transporters are concentration 

dependent, the rising concentration of neurotransmitter within the terminal results in a 

reversal of the transporters (Sulzer et al., 1995; Fukui et al., 2003), and an increase in 

extracellular catecholamines. 

 There is a sex difference in AMPH’s effects on sexual behavior in both humans 

and rodents. Men, but not women, prefer to engage in sexual activity while using AMPH 

(Käll and Nilsonne, 1995).  In male rodents, amphetamine facilitates male sexual 

behavior, as indicated by shorter latencies to mount and intromit, more rats engaging in 

sexual behavior and a greater amount of sexual behavior (Fiorino and Phillips, 1999b).  

In the female rat, acute AMPH reduces both proceptive and receptive behaviors in a 

dose- and time-dependent manner (Michanek and Meyerson, 1977a; Michanek and 

Meyerson, 1977b; Michanek, 1979) and increases both the female’s avoidance of the 

male and the number of escapes following a sexual interaction (Guarraci and Clark, 2003; 

Ellingsen and Agmo, 2004).  However, chronic administration of AMPH can facilitate 
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motivated aspects of female sexual behavior, suggesting that sensitization may be 

necessary for AMPH to enhance female sexual motivation. 

 

Methamphetamine 

Methamphetamine (METH) is the N-methylated form of AMPH.  As such, METH 

has a similar mechanism of action as AMPH, but there are differences in these two drugs 

of abuse.  METH is more lipophilic than AMPH, which indicates that METH enters the 

brain more readily than AMPH (Gulaboski et al., 2007).  This increase in lipophilicity 

may, in part, by why METH is considered to be more addictive and potent that AMPH 

(Gulaboski et al., 2007). 

METH use in women is associated with an increased sex drive and sexual 

activities including high-risk behaviors, leading to sexually transmitted diseases and 

unplanned pregnancies (Rawson et al., 2002; Semple et al., 2004a; Semple et al., 2004b; 

Mansergh et al., 2006).  Nevertheless, women who use METH have been relatively 

understudied (Corsi and Booth, 2008).  The few studies that have investigated the drug-

sex connection in women report that the degree of METH use is directly related to a 

positive or pleasurable sexual experience among women who use the drug, suggesting a 

biological basis for the drug and sex association (Rawson et al., 2002; Semple et al., 

2004a; Semple et al., 2004b; Mansergh et al., 2006).   

In order to gain a better understanding of the mechanisms by which METH may 

enhance sexual motivation, one can utilize animal models.  In male rats, METH increases 

sexual motivation and behavior (Leavitt, 1969); however, the effects of METH on female 

sexual behavior have not been examined.  In the following dissertation, METH is used to 
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enhance female sexual motivation and behavior in order to gain a better understanding of 

the neurobiology of female sexual motivation. 

 

Dysregulation and Disorders of Sexual Desire 

Levine postulates that sexual desire is comprised of three forces: (1) ‘drive,’ the 

neurobiological component, which is influenced by neurochemical and neuroendocrine 

status, (2) ‘motivation,’ the emotional/psychosocial component influenced by both 

personal affective states and interpersonal relationship, and (3) ‘wish,’ the cognitive 

component, which is influenced by internalized cultural values, meanings, and rules 

about sexual expression and by previous sexual experiences and outcomes (2003).  

Historically, the sexual drive in men has been characterized as robust, persistent and 

reliable, whereas women have been described as ‘frigid,’ having a weak sexual drive, and 

only engaging in sexual behavior for reproduction or to please her partner (Angel, 2010).  

As women were assumed to have a lower biological drive for sexual behavior, the 

neurobiological influences on female sexual desire have been minimized or ignored 

entirely in favor of a woman’s ‘motivation’ (Basson, 2000; Levine, 2003).  However, a 

recent study has revealed that 27 of the top 30 reasons for engaging in sexual activity are 

the same for men and women (Meston and Buss, 2007).  Both men and women endorse 

emotional (e.g., to express affection and love) and physical reasons (e.g., to experience 

physical pleasure and orgasm) for engaging in sexual behavior, suggesting that biological 

drive may be just as important for women as men.   

In contrast to the historical bias that women do not have strong spontaneous 

sexual desires that could easily be ignored (Levine, 2003), lack of spontaneous sexual 
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desire or loss of sexual motivation underlies the majority of reported sexual dysfunctions 

in women (Lewis et al., 2004; Basson et al., 2004; Nappi et al., 2010; Palacios, 2011a).  

Women with sexual dysfunctions also report significant levels of emotional and 

psychological distress, reduced general health, and poor quality of life (Laumann et al., 

1999; Leiblum et al., 2006).  However, the etiology of both female sexual dysfunctions 

and female sexual desire remain unknown as the neurobiological underpinnings are only 

recently being recognized.  

A number of psychological and sociological variables have been identified that 

may affect sexual desire, and these include the woman’s relationship with her partner, 

positive emotional well-being and self-image, past sexual experiences, and positive 

feelings for the sexual partner (Bancroft et al., 2003; Dennerstein and Lehert, 2004; 

Laumann et al., 2005).  Based on these factors, cognitive behavior therapy has often been 

prescribed, but these therapies cannot address any underlying physiological or 

neurobiological dysregulations that may underlie HSDD.  It is possible that interactions 

of sex hormones and neurotransmitters in the brain mediate the equilibrium between 

excitatory and inhibitory factors on sexual desire (reviewed in Pfaus, 2009 652), and 

HSDD may arise from a disequilibrium of these factors (Palacios, 2011b). The 

neurobiology of sexual desire in women is an active and growing field of study; however, 

sexual desire in women is complex and complicated, with relatively little understood.  As 

stated previously, animal models of sexual behavior have been instrumental in 

illuminating the neurochemical and neuroanatomical circuitry involved in human sexual 

behavior.  Here we sought to mimic the reported hypersexual behaviors in women users 

of METH in the female rat.  We propose that this animal model may permit a better 
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examination into the mechanism underlying female sexual motivation by increasing the 

activation of the neurocircuitry and allowing for the identification of key 

neuroanatomical and neurochemical substrates.  
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CHAPTER II. GOALS OF THE DISSERTATION 
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The control of the copulatory aspects of sexual behavior in female rats has been well 

defined, yet there is a paucity of information regarding the impetus, or motivation, for 

sexual behavior. Sexual dysfunction in women typically is due a lack of desire, rather 

than a problem of mechanics; therefore, it is important to examine the neurochemical and 

neuroanatomical underpinnings of female sexual motivation.  Increases in dopamine that 

mediate general arousal and natural reward signaling enhance sexual motivation.  Using 

methamphetamine to increase the extracellular concentrations of dopamine in a rodent 

model of female sexual behavior, we propose the following hypothesis: 

 

Hypothesis: Increased dopaminergic signaling interacts with ovarian hormone action in 

the medial amygdala to enhance female sexual motivation and proceptive behaviors 

 

Prediction I.  Methamphetamine enhances sexual motivation and behavior in  

   female rats. 

 

Prediction II. Methamphetamine and ovarian hormones activate and induce  

   neural plasticity in the circuitry underlying motivation for sexual  

   behavior in female rats. 

 

Prediction III. Progesterone receptors in the MePD mediate the    

   methamphetamine-induced increase sexual motivation and   

   behavior. 
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Prediction IV. Methamphetamine-induced interactions between the   

   dopaminergic and progesterone receptor signaling in the   

   MePD mediate the increased female sexual motivation 
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CHAPTER III. GENERAL METHODS 
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Animals 

 All procedures were approved by the University of Maryland, Baltimore 

Institutional Animal Care and Use Committee and were in accordance with the National 

Institutes of Health Guide for Care and Use of Laboratory Animals.  All efforts were 

made to minimize animal suffering and to reduce the number of animals used.  All 

experiments were performed on adult female Sprague-Dawley rats obtained from Charles 

River Laboratories.  The animals were obtained at 12-15 weeks of age or 275-300 grams 

body weight. They were housed in the Laboratory Animal Facility of the Health Sciences 

Facilities at the University of Maryland, School of Medicine under a reversed 12 h: 12 h 

dark: light cycle (lights off at 1000 h) with food and water available ad libtum.  

 

Survival Surgeries 

 All surgeries followed aseptic surgical procedures.  Animals were anesthetized 

with either an intraperitoneal injection of Ketamine: Acepromazine (40mg: 0.8mg/kg) or 

with isoflurane.  Pressure was applied to the anterior or posterior paws of the animals to 

confirm that they were not responsive to stimuli.  

 
Ovariectomies 
 
 The animal’s flanks were shaved and an incision was made in the skin and the 

muscle wall allowing for the location and removal of the ovary.  The muscle wall was 

stitched, the skin stapled and the process was repeated on the opposite side.  Post-surgical 

analgesia was administered as necessary.  
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Cannulations 

 The animal’s scalp was shaved and an incision made in the skin, exposing the 

skull.  Chronic indwelling 25-gauge guide cannulae (Plastics One, Roanoke, VA) were 

stereotaxically and bilaterally implanted into the MePD of ovariectomized animals  

(coordinates in relation to Bregma: -3.1 mm anteroposterior; ± 3.7 mm mediolateral and -

8.0 mm dorsoventral to the dura mater).  They were affixed to the skull using dental 

acrylic.  Dummy stylets were placed in the guide cannulae in order to keep them 

unobstructed.  

 

Hormonal Priming 

 The animals were allowed to recover for 7-10 days after ovariectomy.  They were 

randomly assigned to treatment groups.  Hormonally primed animals received a 

subcutaneous injection of 17β-estradiol benzoate (EB) dissolved in sesame oil (5µg, 

0.05cc) followed by a second injection (10µg, 0.1cc) 24 hr later.  Four hours prior to 

testing (and 48 hr following the first injection of estradiol), rats received a subcutaneous 

injection of progesterone (P) dissolved in sesame oil (500µg, 0.1cc; Figure 5).   

This hormone-dosing regime mimics the gradual rise in hormones that occurs 

during the estrous cycle and reliably induces female receptivity (Todd et al., 2005; 

Schwarz and McCarthy, 2008; Hadjimarkou et al., 2008).  Additionally at the time of 

euthanasia, trunk blood was taken from the animals for measurements of serum 

progesterone.  Serum progesterone levels were measured by radioimmune assays (RIA), 

which were performed at the University of Virginia Center for Research in Reproduction 

Ligand   Assay  and   Analysis  Core   (NICHD,  SCCPIR  Grand  U54-HD28934).    Our  
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Figure 5: General  experimental timeline. Rats were ovariectomized (OVX; D1) and allowed to 
recover.  At this time, rats were randomly assigned to treatment groups.  All injections occurred 
on D10, D11, and D12 between 0900 and 1000 hr.  On the last day of experimentation, (D12), 
experimental assays (either sexual behavior, open field behavior, or perfusions for 
immunocytochemistry) were performed 4 h after injections. 
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treatment paradigm resulted in progesterone levels of 10.84 ng/mL ± 2.271; progesterone 

levels on the day of behavioral estrus are typically 3 to 12 ng/mL (Butcher et al., 1974; 

Nequin et al., 1979). 

 

Methamphetamine Treatment 

 Animals were randomly assigned to experimental treatment groups.  Experimental 

animals received three intraperitoneal injections of methamphetamine (5mg/kg/day) 

dissolved in sterile saline (Figure 5).  Control animals received three intraperitoneal 

injection of sterile saline (0.5ml/kg/day).  This repeated administration paradigm mimics 

the self-administration pattern of frequent drug usage within a short time period seen in 

methamphetamine users (Haile et al., 2009).  

 

Sexual Behavior Testing 

 Behavioral testing was conducted under dim red light in the dark phase of the 

light cycle between 1300 and 1600 h, approximately 4 hr after the last methamphetamine 

and progesterone administration.  Females were placed in a 50 cm x 38 cm x 25 cm 

Plexiglas observation chamber with a sexually experience male.  Each behavioral trial 

was recorded by a video cameral and was completed when 10 mounts were received or 

15 min had elapsed.  The investigator remained at a consistent location approximately 0.5 

m away from the observation chambers during all trials.  An experimenter blind to 

treatment groups scored the sexual behaviors.  Quantitative and qualitative parameters of 

the stereotypic, reflexive posture of lordosis were scored.  The lordosis quotient was 

defined as the number of lordoses divided by the number of mounts multiplied by 100.  



 

 50 

The lordosis intensity score assesses the degree of spine curvature, and is measured on a 

scale of 0 to 3 (0 was no response and 3 was a complete dorsoflexion of the spine (Hardy 

and Debold, 1971).  The number of proceptive events occurring in the first 10 min of the 

testing was quantified.  A proceptive event was defined as a hop, a dart, or a series of 

hopping and darting followed by a stop. 

Immunocytochemistry 

 Animals were euthanized and the brains were removed and submersion fixed in 

4% paraformaldehyde and 2.5% acrolein, followed by incubation in 30% sucrose in 

potassium phosphate buffered saline (KPBS).  After sucrose embedding, the brains were 

frozen on dry ice and stored at -80°C until processed for immunocytochemistry (ICC).  

The brains were sectioned at 30µm on a cryostat and stored in a cryoprotectant solution 

(ethylene glycol/glucose in phosphate buffer).  The tissue was then processed for ICC 

using variations on a standard protocol. 

 The tissue was washed in KPBS and prepped for primary antibody incubation.  

After incubation in primary antibody in potassium buffered saline with Triton X-100 

(KPBS-T), the tissue was washed again and incubated for 1 hr at room temperature in the 

appropriate secondary antibody (1:800 dilution in KPBS-T, Vector Laboratories, 

Burlingame, CA).  The tissues was washed and incubated with an avidin-biotin 

horseradish-peroxidase complex (1:800 dilution in KPBS-T, Vectastain ABC, Elite Kit, 

Vector Laboratories, Burlingame, CA) for 1 hr at room temperature, washed again in 

KPBS and 0.175M sodium acetate solution.  The sections were visualized with nickel 

sulfate (25mg/mL) and 3,3’diaminobenzidine tetrahydrochloride (DAB, 0.2mg/mL, 
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Polysciences, Warrington, PA) in sodium acetate solution and transferred to KPBS.  The 

processed tissue was mounted onto 2% gelatin-coated glass slides and coverslipped. 

Statistics 

 All statistical tests were conducted using the GraphPad Prism program (San 

Diego, CA) on a Macintosh Duo-core computer.  The methods and statistical tests used 

are described more detail in the following data chapters. 

 

The methods sections in each data chapter contain further methodological details. 
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CHAPTER IV. A RODENT MODEL OF METHAMPHETAMINE-ENHANCED 

SEXUAL BEHAVIOR. 
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Introduction 

 The enhancement of sexual motivation by drugs of abuse has been well studied in 

rodent models of male sexual behavior: METH (Leavitt, 1969), amphetamine (Fiorino 

and Phillips, 1999a; Fiorino and Phillips, 1999b), cocaine (Ferrari and Giuliani, 1997; 

Andersen et al., 2003), and alcohol (Pfaus and Pinel, 1989; Ferraro and Kiefer, 2004) 

have all been reported to increase measures of motivated male sexual behavior. However, 

studies examining the effects of cocaine and amphetamine in rodent models of sexual 

behavior have resulted in ambiguous and contradictory findings (Michanek and 

Meyerson, 1977a; Michanek and Meyerson, 1977b; Michanek, 1979; Apostolakis et al., 

1996a).  Two of these psychostimulants, cocaine (Rawson et al., 2002) and amphetamine 

(Käll and Nilsonne, 1995) have been reported to increase sexual activities in men, but not 

women.  METH, a psychostimulant similar to cocaine and amphetamine, does enhance 

sexual drive, feelings and activities in women, suggesting that METH may have a unique 

mechanism of action on female sexual motivation.  

 Rodent models are extremely useful in directly testing the cellular and molecular 

events that underlie behavioral phenomena.  These studies are the first, to our knowledge, 

to examine METH’s influence on sexual behavior in the female rodent.  Therefore, we 

first had to develop and validate a rodent model of METH enhanced sexual behaviors, 

both in terms of the dose of METH and the administration protocol.  A typical pattern of 

METH use tends to be multiple doses over a short time period (Haile et al., 2009), so 

METH was given once a day for three days.  To determine the optimal dose of METH, 

one of three doses of METH (1, 3, and 5 mg/kg/day) or saline vehicle was administered 

to female rats.  It was unknown whether a single exposure of METH would be sufficient 
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to increase motivated sexual behaviors.  Here, we tested this possibility by administering 

either the repeated exposures of METH used previously or a single, acute exposure of 

METH on the day of sexual behavior testing. 

 Moderate to high doses (3 to 10mg/kg) of METH induce persistent, repetitive 

behaviors and purposeless movements (stereotypy) and hyperactivity (Segal and 

Kuczenski, 1997).  It is known that stereotyped behavior is induced by METH (3mg/kg) 

shortly after injection and begins to wane 2 h after injection (Milesi-Halle et al., 2007). 

Therefore, a time course analysis of stereotyped behaviors was conducted. As motor 

movements are key components in mating behavior, it was important to test whether 

METH treatment resulted in an overall increase in locomotor activity. Using the open 

field arena, locomotor activity was also assessed 4 hrs after the last administration of 

METH. 

Methods 

Dose Response of Methamphetamine 

 Animals were ovariectomized (OVX) and treated with EB and 200 µg P as 

described in Chapter III. Rats received daily injections of one of three doses of METH (1, 

3, or 5mg/kg) or saline vehicle for 3 days and tested for sexual behavior as described in 

Chapter III (n=7 for all groups).  

 

Exposure Length of Methamphetamine 

 Animals were treated with one dose of METH (5mg/kg, n=6) or saline (n=6) on 

the day of behavior (acute exposure) or three days of METH (n=6) and saline control 
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(n=6) (repeated exposure).  They were tested for sexual behavior as described in Chapter 

III. 

 

Stereotyped Behavior and Hyperactivity 

 A controlled time-course of stereotyped behaviors was conducted in a separate 

cohort of animals. Stereotyped behavior was assessed in the animal’s home cage. 

Animals were OVX and treated with oil and METH (n=4) or saline (n=4) or hormones 

and METH (n=4) or saline (n=4) as described in Chapter 3. Observations of stereotyped 

behaviors were made under dim red light between 0915 and 0930 h, 1130 and 1145 h, 

and 1300 and 1315 h approximately 15, 150, and 240 min after the administration of 

METH. The observation made 240 min after METH injection represents the time point at 

which sexual behavior testing occurred.  The investigator remained at a consistent 

location approximately 0.5 m away from the outside wall of the home cages for all 

observational periods.  A video camera was mounted above the home cages, recording 

the activity of the animal for 5 min.  The animal was observed for 20 sec and then 10 sec 

were allowed to record the score.  This procedure was continued until the 5 min had 

elapsed.  For each 20-sec observational period, the animal was assigned a score using the 

rating scale of Ellinwood and Balster (1974).  These ratings were averaged to yield a 

single value per animal. 

 To further explore the effects of METH on locomotor activity, a separate cohort 

of animals was used for open-field testing. Animals were OVX and treated with oil and 

METH (n=7) or saline (n=7) or hormones and METH (n=8) or saline (n=8) as described 

in Chapter 3. Open field-testing began 4 h after the last administration of METH to assess 
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locomotor behavior at the same time at which sexual behavior testing occurred. Behavior 

was assessed in a large Plexiglas box (120x80x40 cm) with the floor divided into 30 

squares (20 cm long and 16 cm wide).  Testing was conducted under dim red light 

between 1300 and 1500 h.  The investigator remained at a consistent location 

approximately 0.5 m away from the outside wall of the open field apparatus for all trials.  

A video camera was mounted above the open field box, recording each trial.  Each rat 

was placed into the open field arena with its nose facing the wall and allowed to freely 

investigate the arena for 5 min.  The number of grid crossings was quantified.  Between 

trials, the open field box was thoroughly cleaned with 70% ethanol.  

 

Statistical Analyses 

 Results are expressed as means ± SEM. The distribution of data did not deviate 

significantly from normality except for the LQ in the dose response experiment.  In this 

case, a Kruskal-Wallis, nonparametric one-way ANOVA was performed. When 

appropriate, a one-way ANOVA followed by Newman-Keuls comparisons or a two-way 

ANOVA with hormone and drug treatment as independent measures, followed by 

Bonferroni t-test post hoc comparisons was used.  This is indicated where appropriate.  

All statistical tests were conducted using the GraphPad Prism program (San Diego, CA, 

USA) on a Macintosh Duo-core computer.  

Results 

Dose Response of Methamphetamine 

To determine the optimal dose of METH, rats received daily injections of one of 

three doses of METH (1, 3, and 5mg/kg) or saline vehicle for 3 days.  There was a 
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significant main effect of METH on the LQ [H(4) = 9.63, p<0.05; Figure 6A], the LS 

[F(3,24) = 3.402, p<0.05; Figure 6B], and the proceptive behavior [F(3,24) = 3.35, p<0.05; 

Figure 6C].  Post hoc analyses revealed that females exposed to 5mg/kg/day of METH 

exhibited an increased LQ, a higher LS and a greater number of proceptive behaviors.  

Based on these results, all subsequent experiments were conducted using the 5mg/kg 

dose of METH. 

 

Exposure Length of Methamphetamine 

 Females treated with both acute and repeated administrations of METH exhibited 

a greater number of proceptive behaviors, compared to saline-treated controls [F(1,24) = 

14.57, p<0.0001; Figure 7A],  but only repeated exposure to METH significantly 

increased the display of ear wiggling (p<0.05; Figure 7B) compared to all other groups.  

Typically, only the most highly motivated females displayed ear-wiggling behavior in 

conjunction with darting behaviors (reviewed in Madlafousek and Hliňák, 1977). 

Conversely, females acutely exposed to METH displayed significantly more rejection 

behaviors compared to those treated with repeated METH administrations [F(1,24) = 6.623, 

p<0.05; Figure 7C].  The LQ was unaffected by the different exposure lengths of METH 

[F(1,24) = 2.778, p = 0.108; Figure 8A].  There was a significant main effect of METH on 

the LS  [F(1,24) = 6.111, p <0.05; Figure 8B]. 

  

Stereotyped Behavior and Hyperactivity  

 There was a significant interaction of METH treatment and the time following 

administration   [F(6,50)  =  46.61,  p<0.0001;  Figure 9A].   Post hoc analyses revealed that  
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Figure 6: Effects of different doses of METH on female sexual behaviors. Treatment with 
5mg/kg/day of METH increased the (A) LQ, (B), LS and (C) number of proceptive events 
displayed in 10 min, compared to the saline-treated controls (*p<0.05).  Data are represented as 
means ± SEM. 
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Figure 7: Effects of acute and repeated exposures of METH on motivated sexual behaviors. 
(A) METH increased the number of proceptive events, regardless of exposure type, compared to 
saline treatment (*p<0.05).  (B) Repeated exposures of METH increased the number of ear 
wiggling, compared to saline treatment (*p<0.05).  (C) Repeated exposure of METH decreased 
the number of rejection behaviors, compared to an acute treatment with METH (*p<0.05).  Data 
are represented as means ± SEM. 
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Figure 8: Effects of acute and repeated exposures of METH on receptive sexual behaviors. . 
Acute and repeated exposures of METH had no effect on the (A) LQ or the (B) LS.  Data are 
represented as means ± SEM. 
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Figure 9: Effects of ovarian hormones and METH on stereotyped and locomotor behaviors.  
(A) Rats were observed at 15, 150, and 240 min following METH injections for 5 min to assess 
the level of stereotyped behavior.  METH treatment induced stereotyped behaviors at both 15 
(*p<0.001) and 150 min (*p<0.001) post-METH injection, compared to saline-treated controls.  
By 240 min after injection, no stereotyped behaviors were observed.  (B) There were no 
significant effects of METH or ovarian hormones (EB+P) on locomotor activity in the open-field 
testing, in which the female rat was allowed to freely move in a gridded arena. Data are 
represented as means ± SEM. 
 



 

 62 

METH treatment induced stereotyped behavior at both 15 (p<0.001) and 150 min 

(p<0.001) post-METH injection, compared to saline controls, but by 240 min after 

injection, no stereotyped behavior was observed.  Moreover, 240 min post administration 

(the time point at which sexual behavior was tested), there was no evidence of a 

generalized increase in locomotion or hyperactivity due to METH  [F(1,26) = 0.92, p = 0.8; 

Figure 9B]. Hormonal-priming did not affect the psychomotor stimulant effects of METH 

on stereotyped behavior or hyperactivity as measured by the open field.   

Discussion 

 Administration of METH (5mg/kg/day for 3 days) to hormonally primed female 

rats enhanced proceptive behaviors and the lordosis response as quantified by LQ and LS.  

While both acute and repeated treatment paradigms resulted in the same level of total 

proceptive behaviors (i.e., hopping and darting and ear wiggling), the repeated METH 

exposure paradigm increased the number of ear wiggling events and decreased the 

number of rejections behaviors compare to the acutely exposed group. Ear wiggling is the 

visual manifestation of high frequency side-to-side head movements that accompany 

ultrasonic vocalization in females that are the most receptive to sexual interactions 

(Madlafousek and Hliňák, 1977). The percentage of females displaying ear-wiggling 

behavior was proportional to METH exposure.  In the absence of METH, only one-third 

of the hormonally-primed animals displayed ear wiggling behavior. Following an acute 

exposure of METH, there was a 20% increase in animals displaying ear wiggling (50%) 

however, repeated exposure to METH, resulted in 83% of the females displaying the 

behavior. 
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 When a female rat enters behavioral estrus, solicitation behaviors typically 

emerge before lordosis responses are strong and rejections behaviors are still high 

(McClintock and Adler, 1978b).  This pattern of high proceptive and rejection behaviors 

in early behavioral estrus is similar to the increases in proceptive and rejection behaviors 

displayed by animals acutely exposed to METH.  It is possible that an acute exposure of 

METH may somehow interfere with the manifestation of full sexual behavior.  In 

support, acute METH administration disrupts some aspects of sexual motivation, such as 

discriminations of preferred and non-preferred mates, but not others, such as return 

latencies following mounts and intromissions (Winland et al., 2011).  In the same study, 

repeated exposures to METH also lead to a robust enhancement in sexual motivation, but 

these females are less discriminating, as demonstrated by spending the same amount of 

time with both males (Winland et al., 2011). 

 Alternatively, repeated and chronic exposures to METH have been reported to 

induce neuroplasticity and alterations in synaptic patterning (Robinson and Kolb, 2004; 

Jedynak et al., 2007).  The necessity for the repeated administration of METH on the 

facilitation of female sexual behaviors suggests that alterations in the neurocircuitry 

controlling female sexual motivation and behavior mediate the increase in sexual 

motivation.  This hypothesis will be further explored in Chapter VI of the dissertation.   

 METH did not increase stereotypy or locomotor behaviors at the time of sexual 

behavior testing (240 min post METH-injection). Stereotyped behavior induced by 

METH wanes approximately 2 hr after injection (Milesi-Halle et al., 2007), and 

stereotyped behavior is absent by 4 hr after the METH administration. Here, locomotor 

activity returned to baseline by 4 hr after METH exposure, which is supported by earlier 
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studies describing the motor stimulant effects of METH (Edgar and Seidel, 1997; Riviere 

et al., 1999). Taken together, these data indicate that the increase in sexual behavior is not 

due to a generalized effect on locomotor activity, caused by the stimulatory effects of 

METH. 

 The systemic administration of METH enhances both proceptive and receptive 

sexual behavior in female rats. Similarly, acute intracerebroventricular administration of 

cocaine, which blocks the reuptake of dopamine, also facilitates lordosis (Apostolakis et 

al., 1996a) Surprisingly, acute administration of amphetamine, which acts similarly to 

METH, reduces both proceptive and receptive behaviors in a dose- and time-dependent 

manner (Michanek and Meyerson, 1977b; Michanek and Meyerson, 1977a; Michanek, 

1979) and increases both the female’s avoidance of the male and the number of escapes 

following a sexual interaction (Guarraci and Clark, 2003; Ellingsen and Agmo, 2004). 

These observations suggest that METH may have a distinct action not shared by 

amphetamine on the processes underlying female sexual behavior.  In fact, caffeine (a 

psychostimulant with a distinctly different mechanism of action from METH or 

amphetamine) shortens the return latency in a paced mating paradigm, which is indicative 

of enhanced sexual motivation (Guarraci and Benson, 2005).  Taken together, these 

studies suggest that different classes of psychostimulants may preferentially enhance 

natural reward pathways.  At present, the neural mechanisms by which psychostimulants 

such as cocaine, amphetamine and caffeine affect sexual motivation and behavior are 

unclear, and a comparative examination into the effects of the stimulants on sexual 

behavior would be informative in order to gain a better understanding of their differences. 
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 In conclusion, the data validate the use of repeated exposures of METH to 

increase motivated female sexual behaviors without an increase in stereotypy and 

locomotion.  Further investigation can now be conducted to elucidate potential pathways 

and mechanism involved in motivated sexual behaviors in the female rat.  
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CHAPTER V. HORMONAL REQUIREMENTS OF METHAMPHETAMINE 

INCREASED SEXUAL MOTIVATION 
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Introduction 

Female sexual motivation must be inferred from the display of female sexual 

behavior.  Paced mating allows for a more direct measure of female-initiated sexual 

behaviors (reviewed in Erskine, 1989; Pfaus et al., 2003).  In a natural or semi-natural 

environment, the female controls the occurrence and rate of sexual interaction through a 

pattern of approach to and withdrawal from the male (referred to as "pacing;" McClintock 

and Adler, 1978a; Erskine, 1989).  This pattern of pacing behavior is thought to measure 

aspects of female sexual motivation (reviewed in Paredes and Vazquez, 1999; Pfaff and 

Ågmo, 2002; Pfaus et al., 2003; Kondo and Sakuma, 2005; Ågmo, 2007).  In the 

laboratory, we can recreate pacing behavior by use of an arena containing barriers that 

the female, but not the male, can cross.     

Before the paced mating was performed, a dose response of progesterone was 

performed because the display of motivated sexual behaviors such as darting, hopping, 

and ear wiggling is dependent on progesterone (Boling and Blandau, 1939; Beach, 

1942b; Whalen, 1974; Beach; Fadem et al., 1979; Blaustein, 2008a) and activation of 

neural progesterone receptors (Tennent et al., 1980; Edwards and Pfeifle, 1983; Brown 

and Blaustein, 1984; Etgen and Barfield, 1986; Olster and Blaustein, 1988; Vathy et al., 

1989; Mani et al., 1994c; Ogawa et al., 1994). The neurotransmitter dopamine can act in 

a ligand-independent manner on the progesterone receptor to facilitate lordosis response 

in female rats (Mani et al., 1994b; Apostolakis et al., 1996a; Mani et al., 1996; Auger et 

al., 1997; Meredith et al., 1998; Mani et al., 2000; Mani, 2001; Auger, 2004). Thus, when 

one considers that METH, by reversing monoamine reuptake transporters, results in the 

liberation of synaptic terminal dopamine (Fleckenstein et al., 2000), it is possible that an 
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interaction between ovarian hormones and METH results in enhanced dopamine 

signaling in nuclei mediating female sexual motivation and behavior. Therefore, we 

examined the hormonal requirements for the METH-enhancements of proceptive and 

receptive sexual behavior using the traditional arena paradigm.  Following the 

establishment of the hormonal requirements for increased female sexual behavior, the 

motivated components of sexual behavior were further tested using a paced mating 

paradigm.  

 

Methods 

Hormonal Requirements 

 To investigate the level of sexual receptivity required for the METH-facilitated 

sexual behavior, animals were OVX and treated with EB as described in Chapter III.  A 

range of progesterone doses was used in these experiments because the dose of 

progesterone has been shown to mediate changes in sexual motivation.  Animals were 

treated with 0 µg (oil) and METH (n=5) or saline (n=7); 200 µg progesterone and METH 

(n=7) or saline (n=7); 250 µg progesterone and METH (n=6) or saline (n=6); and 500 µg 

progesterone and METH (n=10) or saline (n=8).  Four-six hours after the last injection, 

animals were tested for sexual behavior as described in Chapter III. 

 

Paced Mating Behavioral Testing 

 Natural variations in the degree of paced mating behaviors are present in in-bred 

rat strains and typically correlate with the degree of receptivity (Erskine, 1989).  To avoid 

any potential group biases and to ensure that there were no potential outliers, all animals 
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were first tested for sexual receptivity as described in Chapter 3. Only the rats that 

exhibited sexual receptivity, defined by a LQ of greater than 80% were used in the paced 

mating paradigm.  This receptivity testing revealed very little variation between the 

animals; only one animal failed to meet the receptivity criterion and was removed from 

the study. The rats were then randomly assigned to one of two groups and treated with 

ovarian hormones and either METH (n=7) or saline vehicle (n=8) for three days and were 

tested for paced mating behavior on the third day of METH treatment as described in 

Chapter III.  

 Paced mating behavior was observed in a clear Plexiglas arena (90 cm long x 45 

cm wide x 24 cm high) with clean bedding covering the floor.  The arena was divided 

into three compartments, the middle observational chamber (50 x 45 x 24) and two 

escape chambers (15 x 45 x 24 cm) on either side.  Each escape chamber was demarcated 

by a partition with two openings (5.0 cm) on the right and left of center and separated by 

17 cm.  

 Five minutes before the start of the mating test, the male rat was placed into the 

center compartment.  At the start of the mating test, the experimental female rat was 

placed in one of the two outer chambers. Each behavioral test was recorded by a video 

camera and was completed when 25 min had elapsed. Paced mating tests were terminated 

if no intromissions were received within the first 15 min of the test.  Any female that 

failed to demonstrate paced mating behavior (i.e., did not received 10 intromissions) 

initially was re-tested with a new male.   All females received at least 10 intromissions 

and one ejaculation.  
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 Prior to the experimental session, all animals underwent three acclimation 

sessions: two without the male present and one with the male.  The females during these 

sessions were allowed to explore the entire extent of the arena and obtain knowledge 

about escape routes and escape strategy.  None of these sessions were incorporated into 

the results. 

 

Quantification of Paced Mating Behavior  

 The contact-return latency and percentage of exits of the female in response to 

each mating stimulus (mounts, intromissions and ejaculations) from the male were 

calculated.  Contact-return latency represented the time elapsed before the female re-

entered the male’s compartment following mating stimulation.  Percentages of exits 

represented the frequency of withdrawals by the female from the male’s compartment 

following mating stimulation. The time spent with the male, the number of female 

solicitations (headwise orientations followed by a runaway), proceptive behaviors (hops, 

darts and ear wiggling), rejection behaviors (kicks and defensive postures), and arena 

crossings (sum of entries and exits from the male rat’s compartment) were also 

quantified. Finally, the quantitative (lordosis quotient) and qualitative (lordosis intensity 

score; LS) parameters of lordosis were scored as described in Chapter III. 

 

Statistical analyses 

 Results are expressed as means ± SEM. The distribution of data did not deviate 

significantly from normality. A two-way ANOVA with hormone and drug treatment as 

independent measures, followed by Bonferroni t-test post hoc comparisons, was used to 
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analyze the hormone requirements. Student’s t-tests were used for two-group 

comparisons. All statistical tests were conducted using the GraphPad Prism program (San 

Diego, CA, USA) on a Macintosh Duo-core computer. 

Results 

Hormone Requirements 

 As expected, there was a significant main effect of the dose of progesterone on 

sexual behaviors as measured by proceptive events [F(2,36) = 10.72, p<0.005], the LQ [F(2, 

43) = 38.12, p<0.005], and the LS [F(2, 35) = 11.14, p<0.005].  The lower doses of 

progesterone (200 and 250 µg) did not elicit a high degree of sexual receptivity as 

measured by proceptive events (p<0.05) and lordosis responses (p<0.05) in the saline-

treated animals when compared to a dose of progesterone (500 µg) that is known to 

induce behavioral estrus (Figure 10A). Overall, there was a significant effect of METH 

treatment on female sexual behavior as measured by proceptive events [F(1,35) = 18.62, 

p<0.0001; Figure 10A] and the LS [F(1,35) = 13.41, p<0.001; Figure 10C]. Proceptive 

events were significantly increased following METH treatment in all groups (p<0.05).  

Similarly, METH treatment increased the LS in females receiving progesterone, 

compared to their respective saline-treated controls (p<0.05).  However, there was a 

significant interaction of the dose of progesterone administered and METH treatment on 

the LQ [F (3,43) = 6.242, p<0.05; Figure 10B].  The combination of METH and the lowest 

dose of progesterone had a significant effect on the LQ, compared to the saline-treated 

controls (p<0.05).  Additionally, in animals treated with 250µg progesterone, METH 

treatment increased the LQ, but it did not reach statistical significance (p=0.059).  It 

should be noted that at 250 and 500 µg of progesterone, the LQ responses was near or at  
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Figure 10: Hormonal requirements for METH enhancements of female sexual behavior. (A) 
METH treatment increased the number of proceptive events that occurred with 10 min in animals 
administered all doses of progesterone, compared to the respective saline controls (*p<0.05).  (B) 
METH treatment increased the LS in all administered all doses of progesterone, compared to the 
respective saline controls (*p<0.05).  (C) METH treatment increased the LQ in animals 
administered 200 µg progesterone (*p<0.05) and 250 µg progesterone, compared to the 
respective saline-treated controls. However, in animals treated with 250 µg progesterone, this 
increase did not reach statistical significance (#p=0.06).  Rats treated with estradiol only (EB) 
were not considered sexually receptive, as they did not display any proceptive behaviors and the 
LQ was less than 25% (an LQ of 80% or greater represented a highly receptive female), 
suggesting that progesterone administration is necessary to see METH-induced facilitation of 
sexual behavior. Data are represented as mean ± SEM. 
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a  maximal   response,   respectively,   making   it   numerically  impossible   to   detect  a 

significant increase.  Finally, no quantifiable proceptive behaviors were observed in the 

EB-only  (no progesterone) condition  (Figure  10A).   METH  administration to EB-only 

primed rats yielded mean LQ of 22%, compared to the oil-treated controls, which were at 

0% (Figure 10B).  Of the animals that had a lordosis response, there was no significant 

difference in the mean LS between the METH-treated animals and saline-treated controls 

(Figure 10C). 

 
Paced Mating Behavior 

 There was a significant effect of METH treatment on the contact return latency 

following a mount [t(13) = 1.930, p<0.05; Figure 11A], but there was no significant 

difference in the mean percent exits [t(13) = 0.545, p=0.24; Figure 11B]. METH treatment 

caused a reduction in the contact return latency following an intromission, but it did not 

reach statistical significance [t(13) = 1.477, p=0.08; Figure 11C].  METH treatment did 

significantly decrease the likelihood to exit the male’s chamber following an intromission 

[t(13) = 2.360, p<0.05; Figure 11D]. METH also significantly decreased the contact return 

latency following an ejaculation [t(13) = 1.887, p<0.05; Figure 11E], but had no effect on 

the likelihood to leave the male’s chamber.  It should be noted that all animals left the 

male’s chamber following an ejaculation regardless of treatment group.   

 

Appetitive Sexual Behavior during Paced Mating Behavior 

 Females treated with METH showed a significant increase in the number of 

solicitations [t(13) = 2.980, p<0.001; Figure 12A] and proceptive events [t(13) = 5.635, 

p<0.0001; Figure 12B].  Additionally, METH treatment caused a significant decrease in  
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Figure 11: Effects of METH on paced mating behavior. METH treatment significantly 
decreased the time for the female to (A) return to the male following a mount (*p<0.05), but there 
was no effect on the (B) likelihood of exiting the male’s chamber.  There was no effect of METH 
on the time for the female to (C) return to the male following an intromission.  However, (D) 
METH treatment did decrease the likelihood of exiting the male’s chamber following an 
intromission (*p<0.05). METH treatment significantly decreased the time for the (E) female to 
return to the male following an ejaculation (*p<0.05), but there was no effect on the (F) 
likelihood of exiting the male’s chamber. Data are represented as mean ± SEM. 
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Figure 12: Effects of METH on motivated sexual behaviors observed during paced mating 
behavior.  METH treatment significantly increased the mean number of (A) solicitation and (B) 
proceptive behaviors (*p<0.05).  METH treatment significantly decreased the mean number of 
(C) rejections behaviors compared to saline-treated controls (*p<0.05). Data are represented as 
mean ± SEM. 
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the number of rejections behaviors [t(13) = 3.457, p<0.01; Figure 12C]. METH treatment 

increased the time spent in the male’s chamber (733.7s ± 95.77), compared to saline 

control (562.0s ± 52.98), but it did not reach statistical significance [t(13) = 1.624, 

p=0.06].   

 

Receptive Sexual Behavior during Paced Mating Behavior 

METH treatment increased sexual receptivity as shown by an increase in both the 

LQ [t(13) = 3.293, p<0.001; Figure 13A] and LS [t(13) = 3.652, p<0.01; Figure 13B]. 

 

Arena Crossings during Paced Mating Behavior 

 To measure the locomotor activity during the paced mating behavior, we 

examined the arena crossings.  There was no significant difference in the mean arena 

crossing between METH treated animals (51.29 ± 8.0) and saline-treated controls (51.25 

± 7.9). 

 

Discussion 

Female receptivity as measured by lordosis is dependent upon estradiol while 

progesterone in combination with estradiol will facilitate the response.  In contrast, 

activation of neural progesterone receptors is necessary for proceptive behaviors (Boling 

and Blandau, 1939; Beach, 1942b; Whalen, 1974; Beach; Fadem et al., 1979; Tennent et 

al., 1980; Edwards and Pfeifle, 1983; Brown and Blaustein, 1984; Etgen and Barfield, 

1986; Olster and Blaustein, 1988; Vathy et al., 1989; Mani et al., 1994c; Ogawa et al., 

1994; Blaustein, 2008a).   Overall,  METH treatment enhanced female sexual behavior in  
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Figure 13: Effects of METH on receptive sexual behaviors observed during paced mating 
behavior. METH treatment increased the lordosis responses as quantified by the (A) LQ and (B) 
the LS, compared to the saline treated controls (*p<0.05). Data are represented as mean ± SEM. 
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EB-primed female only when progesterone was present. Specifically, METH increased 

the number of proceptive events displayed in females treated with all doses of 

progesterone (200, 250 and 500 µg).  Remarkably, in animals primed with the lower 

doses of progesterone, METH increased the number of proceptive events to the level of 

saline-treated animals primed with the highest dose of progesterone.   Similarly, METH 

also increased the LQ in animals treated with a low dose of progesterone to that of a 

highly receptive female. These data suggest that the actions of METH on female sexual 

behavior may be mediated through a convergence of the dopamine and progesterone 

signaling pathways. 

Dopamine signaling through the D1 subclass of receptors has been shown to 

facilitate sexual receptivity (i.e., lordosis responses) via progesterone receptors (Mani et 

al., 1994b; Apostolakis et al., 1996a; Mani et al., 1996; Auger et al., 1997; Meredith et 

al., 1998; Mani et al., 2000; Mani, 2001; Auger, 2004).  It is thought that phosphorylation 

of the progesterone receptor underlies dopamine’s ability to increase lordosis behavior in the 

absence of P (Auger et al., 1997; Mani, 2001).  The progesterone receptor in vitro can be 

transcriptionally activated by dopamine, in the absence of its ligand, by phosphorylation of its 

different serine sites (Denner et al., 1990; Power et al., 1991; Bai et al., 1997). Because 

activation of neural progesterone receptors is crucial for the expression of proceptive 

behaviors (Beach, 1942b; Blaustein, 2008a), our data suggest that the combination of 

METH and ovarian hormones has an additive effect on progesterone receptor activation 

leading to an enhancement of female sexual behaviors.  This will be further tested and 

elaborated upon in a subsequent study (Chapter VI). 
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A variety of behavioral paradigms have been used to test aspects of female sexual 

motivation such as (i) the partner preference test in which the female chooses between a 

preferred mate versus non-preferred mate (Rivas and Mir, 1990; Paredes and Vazquez, 

1999), (ii) sexual incentive motivation in which the female’s approach behaviors to a 

stimulus animal is measured (Ågmo, 1999; Ellingsen and Agmo, 2004), and (iii) paced 

mating behavior in which the female controls the occurrence and rate of sexual 

interaction (McClintock and Adler, 1978a; Erskine, 1989).  In the present study, a paced 

mating paradigm was chosen for its ethological relevance and ease in creating a semi-

natural environment to facilitate pacing. 

Overall, females treated with METH were less likely to leave a male following a 

sexual contact (i.e., mounting or intromission) and when they did leave, they returned 

sooner.  Moreover, METH treatment enhanced the solicitation and proceptive behaviors 

as well as the lordosis responses that occurred during the paced mating.  Importantly, 

METH did not increase the mean number of arena crossings, suggesting that observed 

behaviors were not due to a generalized effect on locomotor activity.  In general, a highly 

sexually motivated female rat will display a reduction in escapes and time to return to the 

male following all types of sexual contact (Ågmo, 2007). Thus the METH-induced 

reduction in the return latency and escapes (percent exits) may suggest that METH is 

specifically enhancing female-initiated behaviors.  In further support, METH increases 

the number of sexual contacts by females in a partner preference paradigm suggesting 

enhanced sexual motivation (Guarraci, 2009).   

Of note in the present study, METH treatment did not uniformly reduce the return 

latencies and percent exits following a sexual stimulation (Figure 11B and 11C, 
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respectively).  One possible explanation is variations in the intensity of the male 

stimulation.  The pattern of paced mating behavior depends upon the level of sensory 

stimulation received from the male; the more intense the stimulation the greater the 

percent exits and return latency (Erskine, 1989; Paredes and Vazquez, 1999; Ågmo, 

2007).  All animals, regardless of saline or METH treatment, displayed an increase in 

return latencies following an intromission, compared to those following a mount, and the 

return latencies following an ejaculation, compared to those following an intromission.  It 

should be noted that three animals in each group demonstrated a decrease in percent exits 

following an intromission, compared to their likelihood of leaving the male following a 

mount, suggesting that the likelihood of withdrawal is not as sensitive to the level of VCS 

as the return latencies.  Alternatively, the variation may derive from the nature of the 

measurements where the percentage of exits may not be the most accurate.  The mean 

percentage of exits following a particular stimulation, such as a mount, is necessarily 

dependent upon the total number of mounts received.  If few mounts are received, then 

the measurement may be skewed. 

The current data demonstrate that the combination of METH and ovarian 

hormones increased behaviors indicative of female sexual motivation.  Based on these 

findings, we postulate that METH converges with ovarian hormone action in to increase 

the activity of the circuitry underlying sexual motivation and behavior.  This hypothesis 

will be further elaborated upon and tested in the following chapter. 
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CHAPTER VI. METHAMPHETAMINE INDUCED NEURONAL ACTIVATION AND 

NEUROPLASTICITY OF THE MEDIAL AMGYDALA 
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Introduction 

In the previous chapters we demonstrated that the combination of METH and 

ovarian hormones increased behaviors indicative of female sexual motivation.  Moreover, 

these enhancements require repeated exposures to METH.  Based on these findings, we 

postulate that METH converges with ovarian hormone action to increase the activity and 

induce neuroplasticity of the circuitry underlying sexual motivation and behavior.  To test 

this hypothesis, we used Fos, an immediate early gene, as a marker of neuronal 

activation.  We quantified Fos-immunopositive cells in areas associated with reward and 

sexual motivation and behavior.  We was predicted that METH and ovarian hormones 

would led to an activation of Fos, and that there would be an additive effect of these 

administrations in the areas that mediate the enhancement of sexual behavior by METH.   

The enhanced neuronal activation may be the result of alterations in 

neurotransmitter or ovarian steroid signaling.  Estradiol, as a regulator of gene 

expressions, has been reported to increase the protein expression of tyrosine hydroxylase 

(TH) in the VTA (Dong and Xie, 2003).  TH is the rate-limiting enzyme in the synthesis 

of the catecholamines. Therefore, an increase in TH could lead to greater dopamine 

and/or norepinephrine availability in the anatomical substrates that mediate the METH-

induced increase in female sexual behavior.  TH-immunoreactivity (ir) in the areas 

showing an additive effect of hormones and METH on neuronal activation was quantified 

following treatment with ovarian hormones. 

It is well established that repeated administrations of METH, such as our 

treatment paradigm, increase dendritic branching and spine density in medium spiny 

neurons (Robinson and Kolb, 2004; Jedynak et al., 2007) and induce expression of genes 
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involved in synaptic connectivity (Ishikawa et al., 2006; Numachi et al., 2007) in brain 

nuclei comprising the mesolimbic reward pathway (e.g., NAcc, striatum and amygdala). 

However, it is unknown whether METH alone or in combination with ovarian hormones 

induces changes in spine density in nuclei involved in female sexual behavior.  Here, we 

quantified spinophilin, a cytoskeleton-associated protein highly enriched in dendritic 

spines (Allen et al., 1997; Feng et al., 2000), in the cortex and areas that demonstrated on 

additive effect of hormones and METH on Fos-ir.  

In order to determine the possible neuroanatomical substrate mediating the 

METH-enhanced female sexual motivation, we examined neuroplastic changes in the 

circuitry underlying sexual motivation and behavior following the administration of 

ovarian hormone and METH.  Additive effects of METH and ovarian hormones on 

neuronal activation occurred in the VMN and MePD.  However, only the MePD 

demonstrated pre and post-synaptic morphological alterations.  

 

Methods 

Fos immunoreactivity (Fos-ir) and Quantification 

 OVX animals were treated with (1) ovarian hormones and either METH (n=8) or 

saline vehicle (n=6) as described above or (2) oil vehicle and either METH (n=7) or 

saline vehicle (n=7). The animals used for Fos analysis did not undergo behavioral 

testing, rather, 4 h after the last injection, they were transcardially perfused under sodium 

pentobarbital anesthesia (65 mg/kg) with phosphate buffered saline (PBS; 0.1M, pH 7.4), 

followed by 4% paraformaldehyde in PBS. Following perfusion, the brains were 

removed, stored overnight in 4% paraformaldehyde in PBS at 4ºC followed by 
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cryoprotection in 30% sucrose in PBS. After cryoprotection, the brains were frozen on 

dry ice and stored at -80ºC until processed for immunocytochemistry (ICC).  Brains were 

sectioned (30µm) in the coronal plane in a cryostat and stored in a cryoprotectant solution 

(ethylene glycol ⁄ glucose in phosphate buffer) until processed for Fos-ir.  Cohorts 

containing sections from all treatment groups were processed for Fos 

immunocytochemistry using a rabbit polyclonal antibody (1:250000; Oncogene Sciences, 

MA, USA) following standard protocols (Chapter III).  

 The number of Fos-positive cells was counted with the aid of the Neurolucida 

software (MicroBrightField, Colchester, VT), which allows quantification of cell 

numbers in three-dimensional space.  A standardized contour specific to the nuclei 

examined was used to demarcate the counting areas.  Slides were anatomically matched 

and numerically coded so that the investigator conducting the analysis was blind to the 

experimental group. Sections containing the PFC, NAcc (core and shell), basolateral 

amygdala (BLA), central amygdala (CeM) and MePD, BNST, mPOA, and VMN were 

analyzed. Three brain sections (in series) separated by 120µm were used.  In the event 

that three sections from the appropriate brain region could not be obtained, the animal 

was excluded from that region’s analysis. The placement and size of the counting 

contours were in accordance with previously defined parameters (Hosokawa and Chiba, 

2007). Briefly, the counting contour area was 0.16mm2 for the NAcc core and shell, 

BLA, BNST, and mPOA and 0.09mm2 for the PFC, MePD, VMN, and CeM. Both sides 

of the bilateral nuclei were included in the analysis resulting in six counting contours per 

region.  From these six contours an average Fos-positive cell number per section for each 

region was derived. 
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Tyrosine Hydroxylase-ir and Quantification 

 A separate cohort of animals was used for TH ICC.  OVX animals were treated 

with oil vehicle (n=6) or ovarian hormones (n=6) as described in Chapter III.  Brains 

were collected and processed as described in Chapter III.  Sections from both treatment 

groups were processed for immunocytochemistry using a rabbit polyclonal antibody 

(1:100000; Pel-freeze Biologicals; Rogers, AR) following standard protocols (Chapter 

III).    

Like the Fos quantification, the standardized contour specific for the VMN and 

MePD was used to demarcate the counting areas in anatomically matched and 

numerically coded slides.  With the aid of the Neurolucida software, the length of the 

TH-positive process within that counting frame was measured in three sections.  The 

number of these TH-positive processes per section did not differ among the treatment 

groups. The number of varicosities, or swellings of the process, that may represent 

release sites along the TH-positive process was also counted. The length measurements 

and varicosity counts were averaged to yield a single value per animal. 

 

Western blot immunoblotting 

 Immediately following paced mating behavior (Chapter V), animals were 

asphyxiated by CO2.  The animals included oil-treated controls given either METH (n=3) 

or saline (n=3) that also underwent paced mating behavior.  Brains were removed and 

immediately flash frozen in dry-ice-chilled isopentane and stored at -80ºC until use.  

Starting at approximately -2.56 mm from Bregma, brains were cut into three consecutive 
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300 µm sections on a cryostat.  The MeA, VMN and cortex were micropunched using the 

Palkovits micropunch procedure (Palkovits and Brownstein, 1988) using a punch 

approximately 1 mm in diameter.  The punch targeted to the MeA used the optic tract as a 

medial boundary and the bottom of the brain as the ventral boundary. Punches targeted to 

the VMN and the cortex were consistent with established laboratory protocols (Blutstein 

et al., 2006). 

The micropunched tissue was homogenized in buffer containing 1% NP-40 

(Sigma), 0.5% Sodium Deoxycholate (Sigma), 0.1% SDS (Quality Biological, Inc., 

Gaithersburg, MD), 150mM NaCl, 50mM Tris HCl (pH8). At the time of 

homogenization, protease and phosphatase inhibitors (1:1000 each; Sigma) were added.  

Protein concentration was determined using a bicinchoninic acid assay (BCA) kit (Pierce, 

Rockford, IL).  Protein (10 µg) was loaded into a 10% Tris-glycine SDS-PAGE gel 

(Invitrogen, Carlsbad, CA).  Electrophoresed proteins were blotted onto a polyvinyl 

difluoride (PVDF) membrane (Invitrogen).   

The membranes were washed in 20 mM Tris-buffered saline (TBS) solution with 

0.05% Tween 20 (T-TBS) and then blocked for 1 hr in 5% powdered milk at room 

temperature.  After the milk block, the membranes were incubated in spinophilin (1:5000; 

Millipore Corporation, Billerica, MA) antibody solution (2.5% powdered milk in T-TBS) 

overnight at 4ºC.  Following this incubation, membranes were washed three times in T-

TBS and incubated for 1 hr at room temperature in rabbit secondary antibody solution (T-

TBS, 1:2000).  The Phototype-HRP chemiluminescent system (Cell Signaling 

Technology, Danvers, MA) was used for to detect the 120 kDa spinophilin immunoblot.  

The blots were exposed to Hyperfilm-ECL (Kodak, Rochester, NY).  The films were then 
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scanned into a computer at 1200 dpi, and the scanned images were analyzed using NIH 

Image software (http://rsb.info.nih.gov/nih-image).  The optical densities were measured 

for each individual band. Membranes were then stained with Ponceau S solution (0.5% 

Ponceau in 1% glacial acetic acid made in dH2O), which appears at approximately 45 

kDa for standardization to correct for any errors in sample loading (Olesen and Auger, 

2005; Schwarz et al., 2008; Wright and McCarthy, 2009).  The integrative gray scale 

pixel area densitometry captured with a CCD camera was quantified with NIH Image 

software as described above. 

  

Statistical analyses 

 Results are expressed as means ± SEM. The distribution of data did not deviate 

significantly from normality.  Student’s t-tests were used for two-group comparisons.  

When appropriate, a two-way ANOVA with hormone and drug treatment as independent 

measures, followed by Bonferroni t-test post hoc comparisons was used.  This is 

indicated where appropriate.  All statistical tests were conducted using the GraphPad 

Prism program (San Diego, CA, USA) on a Macintosh Duo-core computer.  

 

Results 

Fos Immunoreactivity 

Reward Areas 

 There was a significant main effect of METH administration on the number of 

neurons expressing Fos in both the core [F(1,24) = 76.49, p<0.0001; Figure 14A] and shell 

[F(1,24) = 46.32; p<0.0001;  Figure 14B]  of  the  NAcc,  a  major  brain  region  regulating  
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Figure 14: Effects of ovarian hormones and METH on neuronal activation in areas 
associated with reward. A two-way ANOVA followed by Bonferroni t-tests indicated a 
significant effect of METH treatment on Fos-immunoreactivity in the nucleus accumbens (A) 
core and (B) shell, the (C) basolateral and (D) central nuclei of the amygdala, compared to saline 
(*p<0.05), but not of hormones.  (E) There was no effect of METH or hormones in the prefrontal 
cortex.  (F) There was a trend to an increase in neuronal activation in the bed nucleus of the stria 
terminalis following METH administration, (p=0.069), but there was no effect of hormonal 
treatment.  Data are represented as means ± SEM. 
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reward, but there was no effect of hormonal status.  In the BLA and CeM, which are 

implicated in relaying sensory information to induce motivation (Masco and Carrer, 

1984; Newman, 1999), there was a significant main effect of METH administration on 

the number of neurons expressing Fos [F(1,24) = 17.76, p<0.001, F(1,24) = 34.83, p<0.0001 

respectively; Figure 14C, D], but there was no effect of hormonal treatment.  In the PFC, 

there was no effect of METH administration [F(1,24) = 2.221, p=0.1491; Figure 14E] or 

hormone treatment [F(1,24) = 1.680, p=0.2072].  In the BNST, a region implicated in both 

reward and motivation for sex (Masco and Carrer, 1984; Newman, 1999), there was an 

increase in neuronal activation following METH administration, but it did not reach 

statistical significance [F(1,24) = 12.09, p=0.069; Figure 14F], but there was no effect of 

hormonal treatment. 

 

Posterodorsal Medial Amygdala 

 In contrast, there was an effect of both ovarian hormones and METH treatment in 

the MePD, a brain region implicated in sexual behavior (Erskine, 1989; Polston et al., 

2001; Lehmann and Erskine, 2005).  There was a significant main effect of METH 

administration [F(1,18) = 15.85, p<0.01; Figure 15A, B] and ovarian hormones [F(1,18) = 

7.386, p<0.05; Figure 15A, B] on the Fos-immunoreactivity in the MePD.  Individually, 

METH (p<0.05) and ovarian hormones (p<0.05) significantly increased Fos-

immunoreactivity, compared to the oil, saline-treated controls.  Animals treated with both  

ovarian hormones and METH expressed significantly more Fos-positive cells compared 

to all treatment groups (p<0.05; Figure 16B). 
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Figure 15: Effects of ovarian hormones and METH on neuronal activation of the MePD.  
(A) The photomicrographs represent Fos-immunoreactivity (ir) in the MePD.  The contour 
represents the counting area used to quantify the number of Fos-positive cells.  ot, optic tract.  
Scale bar: 200 µm.  (B) A two-way ANOVA, followed by Bonferroni t-tests indicate that the 
combination of EB +P and METH significantly increases Fos-ir, compared to either oil control 
and METH or EB+P and saline controls (*p<0.05).  Data are represented as means ± SEM. 
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Ventromedial Nucleus of the Hypothalamus 

 The VMN showed a pattern of activation similar to that of the MePD in which 

there was a main effect of METH [F(1,24) = 43.39, p<0.0001; Figure 16A, B], and ovarian 

hormones [F(1,24)=10.45, p<0.01; Figure 16A, B].  Post hoc analyses revealed that 

individually METH (p<0.05) and ovarian hormone (p<0.05) treatment significantly 

increased Fos-immunoreactivity with an even greater increase in the presence of both 

ovarian hormones and METH (p<0.05; Figure 17B).   

 

Medial Preoptic Area 

 This pattern of activation was specific to the MePD and the VMN.  In the mPOA, 

which also projects to the VMN and receives innervation from the MePD, there was only 

a significant main effect of ovarian hormones [F(1,24) = 5.169, p<0.05; Figure 17] on the 

number of neurons  expressing Fos.  

 

Tyrosine Hydroxylase Immunoreactivity 

In the MePD and VMN, no TH cell bodies were present as expected. Both nuclei 

contained TH-positive axonal processes (Figure 18A). The length and number of visible 

varicosities, which may represent putative neurotransmitter release sites, were quantified 

as a measure of TH protein expression. Ovarian hormones increased the number of TH-

positive varicosities  [t(10) = 3.723,  p<0.01;  Figure  18B] and the length of TH-positive 

processes [t(10)=4.589, p<0.01; Figure 18C], compared to oil vehicle controls.  There was 

no significant difference in TH-positive varicosities [t(10)=0.5043, p=0.32; Figure 19A] or 

the length of TH-positive processes [t(10)=0.8831, p=0.22; Figure 19B] in the VMN. 
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Figure 16: Effects of ovarian hormones and METH on neuronal activation of the VMN.  (A) 
The photomicrographs represent Fos-immunoreactivity (ir) in the VMN.  The contour represents 
the counting area used to quantify the number of Fos-positive cells.  Scale bar: 200 µm.  (B) A 
two-way ANOVA, followed by Bonferroni t-tests indicate that the combination of EB+P and 
METH significantly increases Fos-ir, compared to either oil control and METH or EB+P and 
saline controls (*p<0.05).  Data are represented as means ± SEM. 
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Figure 17: Effects of ovarian hormones on neuronal activation of the mPOA.  A two-way 
ANOVA, followed by Bonferroni t-tests indicate that EB +P and saline treatment significantly 
increases Fos-immunoreactivity, compared to either oil control and saline controls (*p<0.05).  
Data are represented as means ± SEM. 
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Figure 18: Effects of ovarian hormones on TH-ir in the MePD. (A) The photomicrograph 
represents TH-positivie axonal processes in the MePD.  There are no cell bodies positive for TH 
in the MePD, so (B) the number of varicosities, which may represent putative release sites of 
dopamine, and (C) the length of axonal processes were quantified.  The arrows indicate 
varicosities as putative release sites.  Approximately 20 processes per section were counted.  Data 
represent bilateral counts in three sections that were averaged to yield a single value per animal.  
A t-test indicated that EB+P treatment significantly increased TH-ir (*p<0.05), compare to the oil 
control.  Data are represented as means ± SEM. 
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Figure 19: Effect of ovarian hormones on TH-ir in the VMN. There are no cell bodies positive 
for TH in the VMN, so (A) the number of varicosities, which may represent putative release sites 
of dopamine, and (B) the length of axonal processes were quantified.  Approximately 20 
processes per section were counted.  Data represent bilateral counts in three sections that were 
averaged to yield a single value per animal.  There was no effect on EB+P treatment on either 
measure.  Data are represented as means ± SEM. 



 

 96 

Spinophilin Protein Levels 

 A two-way ANOVA revealed a significant main effect of ovarian hormones on 

spinophilin protein levels in the MeA [F(1,17) = 31.24, p<0.0001; Figure 20A, B]. A 

Bonferroni post hoc test revealed that the combination of ovarian hormones and METH 

significantly increased spinophilin protein levels by approximately 60% (p<0.05), 

compared to hormonally primed, saline-treated controls.  Additionally, ovarian hormones 

increased spinophilin, compared to the respective oil-treated controls (p<0.05). There was 

neither a significant interaction between ovarian hormones and METH [F(1,17) = 1.558, 

p=0.27], nor an effect of METH [F(1,17) = 2.043, p=0.17] on spinophilin protein levels in 

the MeA.   

 In the VMN, there was no significant interaction of ovarian hormones and METH 

[F(1,17) = 1.995, p=0.18; Figure 20C], nor was there a significant effect of either ovarian 

hormones [F(1,17) = 0.6508, p=0.43] or METH [F(1,17) = 1.049, p=0.32].  Similarly, there 

was no significant interaction of ovarian hormones and METH [F(1,17) = 0.3053, p=0.59; 

Figure 21D], nor was there a significant effect of either ovarian hormones [F(1,17) = 2.257, 

p=0.15] or METH [F(1,17) = 0.8154, p=0.38], in the cortex. 
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Figure 20: Effects of ovarian hormones and METH on spinophilin protein expression. (A) 
Representative spinophilin immunoblots of micropunched tissue taken from the MeA of animals 
previously tested for paced mating behavior.  A total of 10 µg of total protein was loaded into 
each lane.  The blots were probed with a rabbit polyclonal antibody against spinophilin that 
recognized a band a 120 kDa.  Each lane represents tissue from one animal. (B) Quantification of 
MeA western blots.  A two-way ANOVA revealed a significant main effect of hormones on 
spinophilin protein levels, compared to oil-controls (*p<0.05).  A Bonferroni post hoc 
comparison revealed a significant difference between hormone-primed rats treated with METH 
and with saline (†p<0.05).  (C) Quantification of VMN western blots.  A two-way ANOVA 
revealed no significant effect of either ovarian hormones or METH treatment on spinophilin 
protein levels.  (D) Quantification of Cortex western blots.  A two-way ANOVA revealed no 
significant effect of either ovarian hormones or METH treatment on spinophilin protein levels.  
Data are represented as the mean ratio of the optical density of the spinophilin-immunoreactive 
band to that of the Ponceau stain band ± SEM. 
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Discussion 

It was hypothesized that the combination of ovarian hormones and METH would 

activate key nuclei in motivational and sexual circuitries that may underlie the increase in 

sexual behavior following METH treatment.  The pattern of neuronal activation of the 

NAcc, BLA, and CeM suggests that while these areas are involved in METH-induced 

reward, they are not necessarily involved in mediating the METH-induced increase in 

sexual behavior.  In the MePD and the VMN, there was an additive effect of both METH 

and ovarian hormones on neuronal activation.  This pattern of neuronal activation may 

implicate the MePD and VMN as brain regions mediating the METH-induced increase in 

the sexual behavior.  It is known that the VMN is involved in the expression of female 

sexual behavior, however the role of the MePD is less understood.  The MeA is a critical 

node in the circuitry controlling social behaviors, such as male sexual behavior, parental 

behavior, and aggressive behaviors in the rat, and other rodents (Newman, 1999).  As 

discussed in Chapter I, the MePD is a good candidate nucleus in the integration of 

sensory information with hormonal status and the level of arousal to modulate female 

sexual motivation and behavior.  Importantly, the MePD projects to and activates several 

key behavioral output nuclei, including the VMN (Kevetter and Winans, 1981a; Canteras 

et al., 1995; Polston et al., 2001; Simerly, 2002; Lehmann and Erskine, 2005; Baum, 

2009; Keller et al., 2009) 

  The increase in TH-immunoreactivity in the MePD in the presence of ovarian 

hormones suggests a potential mechanism by which the combination of ovarian 

hormones and METH enhance female sexual behavior. Actions of METH are generally 

thought to target the dopamine system.  Briefly, METH enters the synaptic terminals via 
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the dopamine reuptake transporters where it inhibits packaging of dopamine into synaptic 

vesicles (Fukui et al., 2003).  However, TH, the rate-limiting enzyme in the production of 

dopamine, is not affected and continues to synthesize dopamine, resulting in an increase 

in unpackaged dopamine within the synaptic terminal (Fleckenstein et al., 2000).  As the 

dopamine reuptake transporters are concentration dependent, the rising concentration of 

dopamine within the terminal results in a reversal of the transporters (Fukui et al., 2003), 

and an increase in extracellular dopamine.  In the presence of METH, a consequence of 

an ovarian steroid-mediated increase in TH could be a further increase in dopamine 

availability and signaling in the MePD.  As TH protein expression in the VMN does not 

change, the projections from the MePD may trans-synaptically excite neurons in the 

VMN in the presence of METH.   

In fact the current finding that the combination of hormones and METH 

significantly increased spinophilin levels over hormones alone in the MeA, but not the 

VMN or cortex further supports the assumption that the MeA is a potential drug-sex 

nexus. The METH-induced increase in spinophilin protein levels in the MeA also 

suggests a potential alteration in synaptic connectivity. Numerous studies have 

demonstrated that spinophilin expression consistently tracks changes in dendritic spine 

density (Allen, 2004; Sarrouilhe et al., 2006; Todd et al., 2007; Prange-Kiel et al., 2009; 

Zhou et al.), supporting its role as a marker of structural plasticity (Sarrouilhe et al., 

2006). Repeated administration of METH induces structural plasticity in nuclei 

traditionally associated with the mesolimbic reward pathway such as the nucleus 

accumbens, medial prefrontal cortex (Robinson and Kolb, 2004) and the dorsal striatum 

(Jedynak et al., 2007). Similarly, spine density in the MeA of the female rat is sensitive to 
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changes in the ovarian hormonal milieu (de Castilhos et al., 2008). Interestingly, in the 

absence of ovarian hormones, METH did not affect spinophilin levels in the MeA, 

suggesting that METH may have a synergistic effect with ovarian hormones on synaptic 

connectivity.  To the best of our knowledge, this is the first report of a synergistic action 

between ovarian hormones and METH on spine plasticity in the MeA.  It should be noted 

that the examination of spinophilin was conducted following paced mating behavioral 

testing. Thus, the possibility remains that the behavior, in addition to the hormonal 

priming and METH treatment, could have influenced the spinophilin levels in the MeA. 

 Based on these findings it is tempting to speculate that METH-induced 

enhancement of female sexual motivation and behavior arise from converging actions of 

ovarian hormones and METH in the MeA, potentially through an enhanced activation of 

dopaminergic signaling systems.  Dopaminergic signaling, which has been demonstrated 

to activate progesterone receptors, may then lead to increased activity and neuroplasticity 

of the circuitry underlying sexual motivation and behavior.  The role of the MePD, and 

more specifically progesterone receptors in the MePD will be examined in subsequent 

experiments (Chapter VII).  The role of dopamine will be tested in Chapter VIII. 
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CHAPTER VII. PROGESTERONE RECEPTOR ACTIVATION IN THE MEDIAL 

AMGYDALA MEDIATES METHAMPHETAMINE-ENHANCED FEMALE SEXUAL 

BEHAVIOR 
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Introduction  

Female rodents display two types of sexual behavior in a traditional mating arena: 

a reflexive, receptive component termed lordosis, and a motivational component 

quantified by proceptive behaviors, or hop-darting and ear wiggles that serve to entice the 

male to mount the female (Beach, 1976; Madlafousek and Hliňák, 1977). The neural 

circuitry for receptive female sexual behavior has been well defined (Pfaff and Sakuma, 

1979a; Pfaff and Sakuma, 1979b; Sakuma and Pfaff, 1979b; Sakuma and Pfaff, 1979a; 

Brink et al., 1979; Femano et al., 1984b; Femano et al., 1984a), and the VMN constitutes 

the major behavioral output nucleus necessary for the expression of both components. 

While the neural mechanisms underlying female sexual motivation remain elusive, it is 

clear that progesterone and the activation of PRs are required for the expression of 

proceptive behaviors (Beach, 1942b; Whalen, 1974; McEwen et al., 1987; Pfaff et al., 

1994; Lydon et al., 1995) and the rewarding aspects of female sexual behavior 

(Gonzalez-Flores et al., 2004a).  

The NAcc, mPOA and the MeA, specifically the MePD (Masco and Carrer, 1980; 

Masco and Carrer, 1984; Erskine, 1989; Afonso et al., 2009), have been identified as 

potential anatomical substrates of female sexual motivation. The NAcc is a putative site 

for mediating the rewarding aspects of female sexual behavior, specifically that of paced 

mating behavior, in which the female controls the occurrence of sexual interaction 

(Mermelstein and Becker, 1995; Becker et al., 2001; Guarraci et al., 2002), whereas the 

mPOA appears to mediate the expression of proceptive behaviors (Kato and Sakuma, 

2000; Guarraci et al., 2004) and paced mating behaviors (Yang and Clements, 2000; 

Guarraci et al., 2004), possibly through controlling the locomotive aspects of these 
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behaviors (reviewed in Sakuma, 1995). The role of the MeA and MePD in motivated 

female sexual behaviors remains less clear as lesions of the MePD reduce sensitivity to 

sexual stimulation (Guarraci et al., 2004), and proceptive behaviors (Masco and Carrer, 

1980; Masco and Carrer, 1984; Afonso et al., 2009), but do not appear to affect paced 

mating behavior (Guarraci et al., 2004). 

METH increases sexual motivation and behavior in female rats (Chapter V;  

Winland et al., 2011). The METH-induced facilitation is dependent upon the ovarian 

hormones, estradiol and progesterone (Chapter V), suggesting an interaction of ovarian 

hormones and METH on female sexual motivation. The METH-induced enhancement of 

female sexual motivation and behavior may arise from converging actions of ovarian 

hormones and METH in the MeA, potentially through an enhanced activation of 

catecholaminergic signaling systems (Chapter VI). The MeA receives both direct 

catecholaminergic input from the VTA, the locus coerulus, and A2 medullary cell group 

(De Olmos et al., 1985; Gray, 1999; Pitkänen, 2000) and contains ovarian steroid 

hormone receptors (Pfaff and Keiner, 1973; Parsons et al., 1982; Rainbow et al., 1982; 

Simerly et al., 1990; Intlekofer and Petersen, 2010). Co-administration of METH and 

ovarian hormones increases neuronal activation and induces neuroplasticity in the MeA 

(Chapter VI), coincident with an enhancement of female sexual behaviors.  This 

enhanced neuronal activation of the MeA may lead to the increased female sexual 

behavior via the activation of downstream nuclei from the MeA (Kevetter and Winans, 

1981a), such as the VMN (Pfaff and Sakuma, 1979a; Pfaff and Sakuma, 1979b; Davis et 

al., 1979).  In support, the co-administration of hormones and METH increases neuronal 

activation, but not neuroplasticity in the VMN (Chapter VI). 
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The METH-enhanced proceptive behavior is dependent on progesterone, which is 

required to induce solicitation and proceptive behaviors in the female rat (Whalen, 1974; 

Erskine, 1989; Blaustein, 2008b).  Here, we tested the hypothesis that PRs in the MePD 

are necessary for the METH-induced increase in sexual behavior. We first examined the 

role of the MePD in the METH-induced enhancement of female sexual behaviors.  Next, 

we investigated the necessity of PR in the MePD on the METH-induced facilitation of 

female sexual behaviors.  Finally, as catecholamines have been reported to increase PR 

expression in the absence of estradiol (Nock et al., 1981; Olesen et al., 2007), we 

investigated whether METH induced PR-ir in the MePD in the presence or absence of 

ovarian hormones.   

   

Materials and Methods 

Medial Amygdala Lesions 

 OVX rats received either neurotoxic lesions of the MePD (n=12) or sham (n=12) 

lesions.  Stereotaxic surgery was performed under isoflurane anesthesia.  Bilateral 

neurotoxic lesions targeted to the MeA were produced with injections of 0.4 µl of 

ibotenic acid (10.0 µg/µl in PBS, Sigma) at the following coordinates: 3.1 mm posterior, 

± 3.7 mm lateral, and 9.3 mm ventral from Bregma on the skull surface (Guarraci et al., 

2004).  Each injection was made with a 5 µl Hamilton syringe (700 series, Hamilton, 

Reno, NV) inserted into a Kopf microinjector attached to a Kopf stereotaxic device 

(David Kopf Instruments, Tujunga, CA) and delivered over a 10 min period.  After each 

injection, the syringe was left in place for a minimum of 10 min.  Sham lesions were 

performed by injecting sterile PBS vehicle using an identical procedure.  Animals were 
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given a 10 day recovery period before treatment with METH (sham: n=6, lesion: n=6) or 

saline (sham: n=6, lesion: n=6) and ovarian hormones as described above and tested for 

sexual behavior (Chapter III).   

 Immediately following sexual behavior testing, animals were asphyxiated by CO2.  

Brains were removed and submersed into a fixative solution of 4% paraformaldehyde and 

2.5% acrolein in KPBS (0.5M, pH 7.4), at 4 ºC, followed by cryoprotection in 30% 

sucrose in kPBS.  After cryoprotection, the brains were frozen on dry ice and stored at -

80 ºC until processed for Nissl staining.  Brains were sectioned (30 µm) in the coronal 

plane in a cryostat and stored in a cryoprotectant solution (ethylene glycol/glucose in 

sodium phosphate buffer) until processed for Cresyl Violet.  The sections were rinsed in 

kPBS, washed in 0.5% hydrogen peroxide (H2O2), and washed KPBS.  They were 

mounted serially on 2% gelatin-coated glass slides.  They were rehydrated in dH2O, 

stained in 0.5% Cresylecht Violet (Chroma) solution containing 1M sodium acetate and 

1M acetic acid and coverslipped. 

 The needle placement and the extent of the lesions were mapped using the 

Neurolucida software (MicroBrightField, Colchester, VT), which allows for the 

reconstruction of an area in three-dimensional space.  Slides were anatomically matched 

and numerically coded so that the investigator conducting analysis was blinded to the 

experimental group.  A contour field was used to mark the extent of the lesion, based 

upon the absence of neurons and presence of pyknotic cells, as indicated by the Cresyl 

Violet staining. In the lesioned animals, the MePD shows evidence of pyknotic cells 

(Figure 21A), while in the injection sites of sham lesioned animals, neurons are present 

(Figure  21B).  The  lesion tracings for each animal at each level of  Bregma  indicate that  
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Figure 21: Exitotoxic lesions of the MePD. Rats were ovariectomized and underwent 
stereotaxic surgery, received either excitotoxic acid or sham lesions, and allowed to recover for 
10-14 days before sexual behavior testing. (A) Photomicrograph of a representative excitotoxic 
acid lesioned MePD.  ot, optic tract. Scale bar: 200 µm.  Arrow points to the needle marks and the 
injection site.  Insert: 60x magnification of the MeA lesion, showing the presence of pyknotic 
cells (arrowhead) and the absence of neurons.   (B) Photomicrograph of a representative sham 
lesioned MePD.  ot, optic tract. Scale bar: 200 µm.  Arrow points to the needle marks, denoting 
the injection site.  Insert: 60x magnification of the MePD, showing neurons (arrow) and some 
microglia (arrowhead). (C) Schematic reconstruction of the lesions for the MePD.  Coronal 
sections through the medial amygdala (2.4 – 3.6 mm posterior to bregma).  Bilateral lesions from 
each animal mapped using a translucent grey intensity for the entire extent of the lesion.  The 
schematics for the lesions for each animal were then overlaid, yielding an area of dark intensity, 
which represents common overlap among the lesioned animals.  Adapted from The Rat Brain in 
Stereotaxic Coordinates (5th ed.) by G. Paxinos & C. Watson, 2005, San Diego, CA: Elsevier 
Academic Press.  Copyright 2005 by Elsevier Academic Press. 
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the ibotenic acid injections were targeted to the MePD (Figure 21C).  The lesion 

placement was deemed appropriate when the needle track was located within sections 

that corresponded plates to 56-60 in a standard brain atlas and fell dorsolateral to the 

optic tract (Paxinos and Watson, 2005).   The MePD corresponding to plates 56 -60 were 

lesioned in all animals administered ibotenic acid.   

 

Medial Amygdala Cannulations 

 Stereotaxic surgery was performed under isoflurane anesthesia.  Chronic 

indwelling 26-gauge guide cannulae (Plastics One, Roanoke, VA) were bilaterally 

implanted into the MePD and affixed to the skull using dental acrylic at the following 

coordinates: 3.1 mm posterior, ± 3.7 mm lateral, and 8.0 mm ventral from Bregma on the 

skull surface.  Dummy stylets were placed in the guide cannulae in order to keep them 

unobstructed.   

OVX animals were allowed to recover for 7 days before treatment with METH 

and ovarian hormones as described in Chapter III.  On the day of behavior, 30 min before 

the injections of METH and P, animals were anesthesized using isoflurane.  The dummy 

stylets were removed and replaced by 33 gauge microneedles, which project 1.3mm 

below the guide cannulae and were attached via polyethylene tubing to a 25 µl Hamilton 

syringe (700 series, Hamilton, Reno, NV) attached to a BASi Bee pump attached to a Bee 

Hive controller (Bioanalytical Systems, Inc., West Lafayette, IN).  The progesterone 

receptor antagonist RU486 (0.2µg/0.5µl, Sigma) or oil vehicle (0.5µl) was infused over 5 

min and the injectors remained in place for an additional 5 min to ensure diffusion away 
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from the injector tips.  Four hours following the injections of METH and P, animals were 

tested for sexual behavior as described in Chapter III. 

 Immediately following sexual behavior, animals were anesthetized with 

isofluorane.  Cannulae placements were confirmed by infusing 1% Evan’s Blue (0.5µl) 

into the MePD, using the same infusion protocol as above.  Immediately following the 

Evan’s Blue infusions, animals were asphyxiated by CO2.  Brains were removed and 

immediately flash frozen in dry-ice-chilled isopentane and stored at -80ºC until use.  

Starting at approximately -2.56 mm from Bregma, 30 µm sections were cut on a cryostat 

and mounted onto 2% gelatin-coated glass slides.  The slides were rehydrated in dH2O 

and placed in 4% formalin.  The slides processed for Neutral Red (0.03M solution; 

Sigma) staining to examine cannulae placements (Figure 22A, B). 

 The cannula placement was deemed appropriate when the needle track was 

located within sections that corresponded to plates 56-60 in a standard brain atlas (Figure 

22C) and fell dorsolateral to the optic tract (Figure 22A, B Paxinos and Watson, 2005).   

Animals who did not have at least one cannula terminating in the MePD were removed 

from analysis; based on this criteria, two animals were removed from analysis.  The 

cannulae were placed in the MePD approximately 82% of the time. 

 

Progesterone Receptor Immunoreactivity (PR-ir) and Quantification 

 Animals were treated as described in Table 1 and were collected for ICC as 

described in Chapter III.  Cohorts containing sections from all treatment groups were 

rinsed in KPBS, reacted with 0.1M glycine in KPBS and rinsed.  Sections were incubated 

in  0.5%  sodium  borohydride  in  KPBS and rinsed.  Sections were then incubated in 1%  
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Figure 22: Cannulae implantations into the MePD. Rats were ovariectomized and underwent 
stereotaxic surgery and cannulae were bilaterally implanted into the MePD, and allowed to 
recover for 7-10 days before sexual behavior testing.  (A) Representative photomicrograph of a 
properly placed cannula, with the injection site in the MePD.  ot, optic tract. Scale bar: 200 µm.  
Arrow points to the needle marks, denoting the injection site. (B) Representative 
photomicrograph of an improperly placed cannula, with the injection site outside of the MePD.  
ot, optic tract. Scale bar: 200 µm.  Arrow points to the needle marks and the injection site. (C) 
Schematic reconstruction of the cannulae placements in the MePD.  Coronal sections through the 
medial amygdala (2.6 – 3.4 mm posterior to bregma).  Bilateral cannulation sites for animals 
infused with RU486 were mapped using a black circle, while the animals receiving oil vehicle are 
marked using a black diamond.  Adapted from The Rat Brain in Stereotaxic Coordinates (5th ed.) 
by G. Paxinos & C. Watson, 2005, San Diego, CA: Elsevier Academic Press.  Copyright 2005 by 
Elsevier Academic Press. 
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Hormone Administration 
(0900h) 

Drug Treatment 

D10 D11 D12 D10-D12 
Oil 

 
 

EB 
(5µg) 

Oil 
 
 

EB 
(10µg) 

Oil 
 
 

Oil 

METH (5mg/kg; n=7) 
or saline (n=7) 

 
METH (5 mg/kg; n=8) 

or saline (n=8) 
 

EB 
(5µg) 

 
EB 

(10µg) 

 
P 

(500µg) 

 
METH (5 mg/kg; n=8) 

or saline (n=6) 
    

Table 1: Experimental treatment groups for progesterone receptor immunocytochemistry.  
Delineation of the experimental treatment groups and the number of animals used. 
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Triton X-100 in KPBS and a blocking solution containing 0.5% Triton X-100, 5% normal 

goat serum (NGS),  and 1% H2O2 in KPBS.   Sections were incubated for 48 hr at 4 °C 

with a mouse monoclonal PR antibody (Invitrogen, Carlsbad, CA) at a dilution of 1:5000 

in 0.05% Triton X-100 and 1% BSA in kPBS.  After primary incubation, the sections 

were rinsed in KPBS and incubated in biotinylated secondary antibody (goat anti-mouse; 

Vector Laboratories, Burlingame, CA) for 1 hr, followed by washes in KPBS.  Finally, 

the sections were incubated with an avidin-biotin HRP complex (Vectastain ABC, Elite 

Kit; Vector Laboratories) for 1 hr at room temperature, washed in kPBS and then in TBS.  

The sections were visualized with a nickel sulfate-enhanced DAB in TBS solution 

containing 30% H2O2, rinsed in TBS and transferred to KPBS.  After visualization, the 

sections were mounted serially on 2% gelatin-coated glass slides and coverslipped. 

 The number of PR-positive cells was counted with the aid of the Neurolucida 

software (MicroBrightField, Colchester, VT).  A standardized contour was used to 

demarcate the counting areas.  Slides were numerically coded so that the investigator 

conducting analysis was blinded to the experimental group.  Sections containing the 

MePD and VMN were analyzed.  Three brain sections (in series) separated by 120 µm 

were used.  In the event that three sections from the appropriate brain region could not be 

obtained, the animal was excluded from that region’s analysis.  The placement and size of 

counting contours were in accordance with previously defined parameters (Chapter VI). 

Briefly, for the MePD, sections were matched to correspond to Plates 57, 58, and 59 in 

(Paxinos and Watson, 2005), with the longest side of the triangular counting contour 

immediately ventrolateral to the optic tract.  The stria terminalis and the dorsal optic tract 

bound the top corner of the counting contour.  The ventral boundary of the counting 
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contour was a line between the ventral edge of the optic tract and the intercalated nucleus 

of the amygdala.  For the VMN, sections were matched to correspond to Plates 51, 52, 

and 53 in (Paxinos and Watson, 2005).  An elliptical counting contour was used based on 

the third ventricle and the cell free zone between the arcuate nucleus and the VMN.  Both 

sides of the bilateral nuclei were included in the analysis, resulting in six counting 

contours per region.  From these six contours, an average PR-positive cell number per 

section for each region was derived. 

 

Statistical Analyses 

 Results are expressed as means ± SEM.  The distribution of data did not deviate 

significantly from normality.  Two-way ANOVAs followed by Bonferroni t-test post hoc 

comparisons were used to analyze the data.  All statistical tests were conducted using the 

Graph Pad Prism program (San Diego, CA, USA) on a Macintosh Duo-core computer. 

 

Results  

Female sexual behavior following MePD lesions 

 The aim of this first experiment was to investigate the role of the MePD in the 

METH-induced enhancement of sexual behavior in hormonally primed ovariectomized 

female Sprague Dawley rats.     Infusions of ibotenic acid lead to lesions of the MePD as 

indicated by the absence of neurons and the presence of pyknotic cells compared to the 

sterile PBS vehicle infusions (Figure 21A,B).  The MePD was at least partially lesioned 

for every animal given ibotenic acid, with an area of common overlap occurring at 
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Bregma -2.76 to -3.24 mm without extending beyond the optic tract or amygdala (Figure 

21C).   

 Sexual behavior in the female rats has a motivational component that can be 

quantified by the presence of proceptive behaviors (hops, darts, and ear wiggles that 

solicit the male’s attention).  There was a significant interaction of METH treatment with 

the MePD lesions [F(1,20) = 10.76, p<0.01; Figure 23A].  As previously reported, 

treatment of METH increased the number of proceptive events displayed by animals 

receiving sham lesions by 100%, compared to saline treated controls (p<0.01; Figure 

23A), and this increase was blocked in the lesion animals. Animals receiving MePD 

lesions displayed levels of proceptivity similar to the sham-saline control animals (Figure 

23A).  Sexual behavior in the female rat also has a receptive component known as 

lordosis, a reflexive dorsoflexion of the spine.  As with proceptive behavior, METH 

treatment resulted in higher LS in the sham-lesioned animals, compared to saline [F(1,20) = 

8.996, p<0.01; Figure 23B], but there was no difference in LS between the MePD -

lesioned animals given either METH or saline.   Importantly, MePD lesions did not 

decrease the receptivity of these animals as measured by the LQ (Figure 23C).  These 

data show that the MePD is required for the METH-induced enhancement of female 

sexual behavior but not baseline receptive or proceptive behaviors. 

  

Sexual behavior following progesterone antagonist infusions 

As progesterone is necessary for the METH-induced enhancement of female 

sexual behavior  (Chapter  IV),  we  next  undertook  experiments  to  examine the role of 

progesterone  and  its  receptor.   We  tested  the  role  of  the  PRs  in the MePD using the  



 

 116 

 

Figure 23: Effects of lesions of MePD on female sexual behaviors. (A) A two-way ANOVA 
revealed a significant interaction of lesion and METH treatment on the proceptive behaviors and 
the LS.  A Bonferroni post hoc comparison revealed a significant difference between sham-
lesioned animals treated with METH and with saline (*p<0.05).  In animals treated with METH, 
excitotoxic lesions blocked the METH-induced enhancement in proceptive behaviors (†p<0.05). 
(C) There was no effect of MePD lesions or METH treatment on the lordosis quotient.  Data are 
represented as means ± SEM. 
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antagonist RU486.  RU486 is a synthetic steroid with antiprogestin actions that have been 

well characterized in the inhibition of progesterone-facilitated female sexual behavior 

(Brown and Blaustein, 1984; Brown and Blaustein, 1986; Etgen and Barfield, 1986; 

Vathy et al., 1987; Vathy et al., 1989; Mani et al., 1994c; Mani et al., 1994b).  Blocking 

the PR prevented the METH-induced enhancements of sexual motivation as indicated by 

the proceptive behaviors [F(1,23) = 8.611, p<0.01].  As previously reported, treatment with 

METH increased the number of proceptive events displayed by animals receiving vehicle 

control infusions (p<0.01; Figure 24A), compared to saline treated controls.  In contrast, 

in the animals receiving microinfusions of RU486, there was no difference in the number 

of proceptive events displayed by those receiving METH (Figure 24A) and those 

receiving saline.  The animals receiving RU486 displayed similar levels of proceptivity 

as the control animals (Figure 24A). Similar to the effect on proceptive behavior, METH 

treatment resulted in higher LS in the vehicle-treated animals (Figure 24B), compared to 

saline [F(1,23) = 10.33, p<0.01], but there was no difference in LS among the RU486-

infused animals given either METH or saline. Importantly, the RU486 treatment did not 

decrease the receptivity of these animals as measured by the LQ (Figure 24C).  These 

data show that the activation on PRs in MePD is required for the METH-induced 

enhancement of female sexual behavior.  Additionally, the blockade of the PRs in the 

MePD does not abolish baseline female receptive or proceptive behaviors. 

 

Progesterone receptor expression in the MeA 

Administration of both ovarian hormones and METH increased the expression of 

PRs  in  the  MePD.   A  very  low  level  of PR-immunoreactivity was detected in the oil- 
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Figure 24: Effects of a progesterone receptor antagonist into the MePD on female sexual 
behaviors.  A two-way ANOVA revealed a significant interaction of RU486 and METH 
treatment on the (A) proceptive behaviors and (B) lordosis score.  Bonferroni post hoc 
comparisons revealed a significant difference between oil-infused animals treated with METH 
and with saline on both proceptive behaviors and the lordosis score (*p<0.05).  In animals treated 
with METH, RU486 blocked the METH-induced enhancement in proceptive behaviors 
(†p<0.05). There was no effect of RU486 or METH treatment on (C) the lordosis quotient. Data 
are represented as means ± SEM. 
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saline control animals (Figure 25A, B).  As expected, treatment with ovarian hormones, 

either EB alone or EB and progesterone, increased the number of PR-positive cells in the 

MePD compared to the oil-saline controls [F(2,38) = 15.17 p<0.0001; Figure 25A, B].  

Interestingly, treatment with METH caused a 600% increase in the number of PR-

positive cells in the MePD of animals treated with oil vehicle, compared to the oil-saline 

controls [F(1,38) = 46.43, p<0.0001; Figure 25A, B].  Animals treated with the 

combination of METH and either EB or EB+P showed a 98% or 62% increase in PR-

immunoreactivity, compared to the respective saline controls (p<0.05; Figure 25A, B).  

These data indicate that METH administration induces the expression of PRs in the 

MePD, suggesting that METH may enhance progesterone signaling to facilitate female 

sexual motivation and behavior. 

 

Progesterone receptor expression in the VMN 

While the MePD has been implicated in the modulation of female sexual 

motivation and behavior, the VMN is absolutely essential for the expression of female 

sexual behavior.  Therefore, the expression of PRs was also examined in the VMN.  As 

expected, animals treated with saline and either EB alone or EB+P [F (1,38) = 25.53, 

p<0.0001] increased the number of PR-positive cells in the VMN, compared to the oil-

saline controls (Figure 26A, B).  Additionally, in animals treated with saline, there is a 

significant increase in the expression of PR following treatment of EB and progesterone, 

compared to EB alone (p<0.05; Figure 26A, B).  However, there was no effect of METH 

treatment on the PR-immunoreactivity in the VMN, irrespective of the hormone 

treatment.   These  data  indicate  that  METH  does  not  affect PR signaling in the VMN,  
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Figure 25: Effects of ovarian hormones and METH on PR-ir in the MePD. (A) The 
photomicrographs represent the PR-ir in the MePD.  ot, optic tract.  Scale bar: 200 µm.  (B) 
Quantification of PR-ir in the MePD.  A two-way ANOVA revealed a significant main effect of 
both ovarian hormones and METH treatment.  Treatment with EB caused a significant increase 
PR-ir, regardless of drug treatment, compared to oil vehicle (*p<0.05).  There was no significant 
difference between EB alone and EB+P, regardless of drug treatment.  For each hormonal group, 
METH treatment caused a significant increase in PR-ir compared to the respective saline group 
(†p<0.05). Data are represented as means ± SEM). 
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Figure 26: Effects of ovarian hormones and METH on PR-ir in the VMN.  (A) The 
photomicrographs represent the PR-ir in the VMN. Scale bar: 200 µm.  (B) Quantification of PR-
ir in the VMN.  A two-way ANOVA revealed a significant main effect of ovarian hormones.  
Treatment with EB caused a significant increase PR-ir, regardless of drug treatment, compared to 
oil vehicle (*p<0.05).  There was also a significant difference between EB alone and EB+P.  Data 
are represented as means ± SEM. 
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further suggesting that the site of hormone-drug interaction is not the VMN in the 

METH-induced enhancement of female sexual behavior. 

 

Discussion  

 Based on previous evidence, we have predicted that the MePD is a potential site 

for the convergence of METH and ovarian hormones actions (Chapters IV, V, VI).  First, 

ovarian hormones increase TH, the rate limiting enzyme for catecholamine synthesis, 

levels in the MePD but not the VMN, suggesting that more catecholamines may be 

available for METH facilitated release in the MePD. Second, in the MeA but not the 

VMN, the combined treatment of METH and ovarian hormones increases protein levels 

of spinophilin, a putative marker for dendritic spines over hormones alone, suggesting 

that excitatory synaptic inputs are increased in the post-synaptic target neurons. Third, 

combined administration of METH and ovarian hormones increases the number of Fos-

positive cells in the MePD over either one alone, which correlate with the METH-

induced increases in female sexual behavior.  Taken together, the current data strongly 

support the assertion that the MePD is a drug-hormone nexus.   

Previous studies in the cat, rat, and deer mouse have suggested that the MeA plays 

a modulatory role in proceptive and receptive behaviors (Masco and Carrer, 1980; Masco 

and Carrer, 1984). In the current study, we demonstrated that the MePD is necessary for 

the METH-induced enhancement of proceptive behaviors, but not for the display of 

baseline sexual behavior.  Pfaus and colleagues have identified a naturally occurring 

variant in Long Evans rats in which females exhibit “super-solicitational” behaviors that 

are marked by increased proceptive events and mounting displays (Afonso and Pfaus, 



 

 123 

2006; Afonso et al., 2009). These super-solicitational rats have a 2.5-fold increase in Fos-

positive cells in the MeA, compared to normal rats (Afonso et al., 2009), and MeA 

lesions abolish the expression of the mounting displays and proceptive behaviors (Afonso 

et al., 2009). It is unclear if the increased activation of the MeA in the super-solicitational 

rats is involved in the initiation of the motivation or if it is a response to sexual behavior. 

Nevertheless, taken together with our previous work demonstrating neuronal activation of 

the MePD above a hormone-induced baseline in sexually naïve rats (Chapter VI), these 

studies suggest that a greater than baseline activation of the MeA is involved in the 

enhancement of sexual motivation. In fact, the finding that MePD lesions do not effect 

baseline motivated behaviors such as paced mating (Guarraci et al., 2004) further 

supports the a role for the MePD in mediating “enhanced” sexual behaviors.   

The MePD is uniquely situated to modulate the motivational component of female 

sexual behavior as it processes and integrates sexually relevant stimulation (Masco and 

Carrer, 1980; Masco and Carrer, 1984; Erskine, 1989; Afonso et al., 2009). 

Chemosensory signals, such as pheromones derived from the male urine and influence 

female sexual motivation, are directly transmitted from the accessory olfactory bulb to 

the MePD (Keller et al., 2009).  Somatosenory stimuli resulting from vaginal-cervical 

and/or flank stimulation activate the MePD (Erskine, 1993; Tetel et al., 1993; Rowe and 

Erskine, 1993; Wersinger et al., 1993; Pfaus et al., 1996; Veening and Coolen, 1998), and 

modulation of paced mating behaviors may involve processing of the intensity of vaginal-

cervical stimulation by the MePD (Erskine et al., 2004).  Receptors for both estrogen and 

progestins have been localized to the MePD (Pfaff and Keiner, 1973; Parsons et al., 1982; 

Simerly et al., 1990), suggesting this area can integrate sensory stimulation with the 
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hormonal status critical for sexual behavior.  Activation of the MePD can lead to 

alterations in behavioral outputs via the efferent projections to key output nuclei involved 

in social and sexual behaviors, including the medial BNST, the mPOA and the VMN 

(reviewed in Kevetter and Winans, 1981a; Canteras et al., 1995; Simerly, 2002; Keller et 

al., 2009; Baum, 2009).   

Progesterone is necessary for METH to facilitate female sexual motivation, and 

the combination of progesterone and METH has a synergistic effect (Chapter VI).  In the 

presence of METH, sub-physiological doses of progesterone that do not typically elicit 

proceptive behaviors characteristic of sexual motivation are sufficient to enhance 

proceptive behavior to levels seen in highly receptive females (Chapter VI).  

Progesterone and the activation of neural PRs in the VMN facilitate the expression of 

lordosis behavior and are necessary to induce solicitation and proceptive behaviors 

(Beach, 1942b; Whalen, 1974; McEwen et al., 1987; Pfaff et al., 1994; Lydon et al., 

1995).  Here, we present evidence that activated PRs in the MePD are involved in the 

enhanced expression of proceptive behaviors.   Administration of RU486 into the MePD 

prevented the enhancement of female sexual behavior by METH without affecting basal 

proceptive or receptive behaviors, indicating that METH interacts with ovarian hormones 

at the level of the PR.  It should be noted that RU486 also inhibits the glucocorticoid 

receptors although its binding affinity is higher for PRs than for glucocorticoid receptors 

in the rodent brain (Etgen and Barfield, 1986; Vathy et al., 1989). The present study 

cannot rule out a role for glucocorticoids in the METH-enhanced motivated behaviors, 

however, numerous studies have clearly demonstrated that the antiprogestin actions of 

RU486 in the VMN abolish the expression of female sexual behaviors (Brown and 
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Blaustein, 1984; Brown and Blaustein, 1986; Etgen and Barfield, 1986; Vathy et al., 

1987; Vathy et al., 1989; Mani et al., 1994b; Mani et al., 1994c; Mani et al., 1996). In 

fact, the dose used in this study is approximately 100 fold less than the reported doses 

used to block PR action in the VMN, leading to attenuated female sexual behavior (Mani 

et al., 1994c; Mani et al., 1994b).  

Progesterone receptors are modulated by catecholamines, particularly dopamine 

(Nock et al., 1981; Denner et al., 1990; Power et al., 1991; Ahlenius, 1993; Mani et al., 

1994b; Apostolakis et al., 1996b; Mani et al., 1996; Bai et al., 1997; Meredith et al., 

1997; Auger et al., 1997; Olesen et al., 2005; Olesen et al., 2007). Dopamine is released 

into the mesolimbic pathway of female rats prior to engaging in sexual behavior 

(Mermelstein and Becker, 1995; Pfaus et al., 1995; Becker et al., 2001; Jenkins and 

Becker, 2003) and during mating stimulation (Meisel et al., 1993; Matuszewich et al., 

2000; Etgen and Morales, 2002).  Moreover, activation of the dopamine receptor, D1R, 

not only facilitates sexual receptivity (Grierson et al., 1988), but also increases the 

phosphorylation and transcriptional activation of PRs (Denner et al., 1990; Power et al., 

1991; Ahlenius, 1993; Mani et al., 1994b; Apostolakis et al., 1996b; Mani et al., 1996; 

Bai et al., 1997; Meredith et al., 1997; Auger et al., 1997). METH increases the 

extracellular concentration of catecholamines, particularly dopamine and norepinephrine, 

by a reversal of the reuptake transporter (Fleckenstein et al., 2000; Fukui et al., 2003). 

While it is not known whether dopamine or norepinephrine is released into the MePD of 

sexually receptive females prior to, during, or after engaging in sexual behavior, we have 

recently demonstrated an increase in TH protein levels in the MeA following ovarian 

hormone administration (Chapter V).  Thus we postulate METH, acting via dopamine, 
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enhances progesterone receptor signaling in the MePD potentially underlying the 

facilitation in female sexual behavior.  An alternate mechanism by which METH could 

enhance female sexual behavior is through norepinephrine, which is released into the 

MeA following mating stimulation (Cameron et al., 2004).  The roles of dopamine and 

norepinephrine will be examined in subsequent experiments in this thesis (Chapter VIII). 

PR induction depends upon the activation of the estrogen receptor (Parsons et al., 

1982; Romano et al., 1989; Delville and Blaustein, 1991); however, both dopamine and 

norepinephrine have been reported to increase PR expression in the hypothalamus and 

amygdala in the absence of estradiol (Nock et al., 1981; Olesen et al., 2005; Olesen et al., 

2007). In fact, the work by Olesen and colleagues (2005; 2007) demonstrates that 

dopamine induction of PR in the amygdala of juvenile rats is a consequence of ligand 

independent activation of the estrogen receptor by dopamine. Here, we report the novel 

finding that METH in the absence of estradiol, increased PR-ir in the MePD, and in 

combination with ovarian hormones, PR expression was increased to levels greater than 

either one alone. Based on the previous finding by Olesen and colleagues, (2005; 2007) it 

is likely that the METH-induced increases in PR are the result of ligand independent 

activation of the estrogen receptor. Alternatively, METH acting via increases in 

extracellular catecholamines may stimulate the local synthesis of estradiol in the MePD, 

leading to an increase in the PRs.  In ovarian granulosa cells, dopamine has been shown 

to stimulate the secretion of estrogens (Bodis et al., 1993). Taken together, these data 

demonstrate that METH may modulate female sexual motivation and behavior via a 

reciprocal feedforward mechanism involving the induction of PRs in the MePD.   
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CHAPTER VIII. MEDIAL AMYGDALA CATECHOLAMINES MEDIATE THE 

METHAMPHETAMINE-ENHANCED SEXUAL BEHAVIORS. 
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Introduction 

 Ovarian hormones induce myriad cellular and molecular changes, including the 

transcription of genes, activation of intracellular signaling pathways, and alteration of 

neuron excitability, which ultimately orchestrate female sexual behavior (reviewed in 

Pfaff et al., 1994; Blaustein and Erskine, 2002).  There is evidence that neurotransmitters 

and neuropeptides can modulate these hormonal actions and shape female sexual 

motivation and behavior.  Both glutamate (Kow et al., 1985; McCarthy et al., 1991a; 

Georgescu and Pfaus, 2006a; Georgescu and Pfaus, 2006b) and GABA (McCarthy et al., 

1990; McCarthy et al., 1991a) facilitate lordosis in a region-specific manner: 

glutamatergic activation in the mPOA facilitates lordosis while in the VMN glutamate 

inhibits receptivity. Conversely the reverse actions in these specific nuclei are true for 

GABA.  Of the neuropeptides, both melanocortins (e.g, α-MSH, and its analogues, 

melanotan II and bremelanotide) (Cragnolini et al., 2000; Scimonelli et al., 2000; Nocetto 

et al., 2004; Pfaus et al., 2004; Rossler et al., 2006; Pfaus et al., 2007) and oxytocin 

(Arletti and Bertolini, 1985; Caldwell et al., 1986; Gorzalka and Lester, 1987; Schulze 

and Gorzalka, 1991; Caldwell, 1992; Insel, 1992; Benelli et al., 1994) can facilitate 

proceptive and receptive sexual behaviors.     

Another area of focus for the neurotransmitter modulation of female sexual 

behavior has been on the catecholamines, particularly dopamine and norepinephrine, as 

these mediate motivation and natural reward and general arousal, respectively.  

Dopamine via the D1R subfamily of dopamine receptors in the VMN facilitates sexual 

receptivity (Grierson et al., 1988; Apostolakis et al., 1996a; Apostolakis et al., 1996b), 

enhances the phosphorylation and transcriptional activation of PRs (Denner et al., 1990; 
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Power et al., 1991; Ahlenius, 1993; Mani et al., 1994b; Apostolakis et al., 1996b; Mani et 

al., 1996; Bai et al., 1997; Meredith et al., 1997; Auger et al., 1997), and increases PR 

expression in the VMN and MeA in the absence of estradiol (Olesen et al., 2005; Olesen 

et al., 2007). However, the role of dopamine receptors in the MePD on female sexual 

motivation is unknown and unexplored.   

Unlike dopamine, norepinephrine has been implicated in female sexual 

motivation and behavior in both the MeA as well as the VMN. Paced mating and VCS 

release norepinephrine into the MePD, where it may mediate the ‘neuroendocrine 

memory’ of VCS critical for successful implantation of the fertilized ovum (Cameron et 

al., 2004; Oberlander and Erskine, 2008).  However, the potential role for norepinephrine 

in the MePD in female sexual motivation has not been as well explored.  Norepinephrine, 

through the activation of the α1R in the VMN, facilitates lordosis behavior via PKG-

induced PR activation (Etgen, 1990; Chu and Etgen, 1999; Chu et al., 1999; Gonzalez-

Flores et al., 2004c; Gonzalez-Flores et al., 2007).  Norepinephrine also increases the 

expression of PR through the activation of the α adrenergic receptors (Nock et al., 1981).   

Thus far, the data demonstrate that METH-induced facilitation of proceptive 

behavior depends upon progesterone and the PR (Chapters V, VII). At present what is not 

clear is the nature of the interaction between METH and progesterone signaling. The 

most parsimonious explanation is that METH, which increases the extracellular 

concentrations of dopamine and norepinephrine, leads to an enhanced activation of the 

catecholaminergic signaling in the MePD. The MePD receives direct dopaminergic 

projections from the VTA (Gray, 1999; Pitkänen, 2000) and contains an intermediate 

level of D1R and a low level of D2R (Meador-Woodruff et al., 1989; Mansour et al., 
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1990; Weiner et al., 1991; Meador-Woodruff et al., 1991; Meador-Woodruff and 

Mansour, 1991; Meador-Woodruff et al., 1992; Huang et al., 1992).  Therefore, it is 

possible that D1R in the MePD mediates the METH-induced increase in proceptive 

behavior. Alternatively, the MePD receives direct noradrenergic input from the locus 

coerulus and A2 medullary cell group (De Olmos et al., 1985; Gray, 1999; Pitkänen, 

2000) and contains a moderately high concentration of α1R (Day et al., 1997). Thus 

METH could act via α1R to enhance female sexual motivation.  Finally, although not 

well elucidated in the literature, both dopamine and norepinephrine may be necessary for 

the METH-induced enhancement of female sexual behavior. 

Here, we elucidated the roles of D1R and α1R in the MePD in the METH-induced 

increase in sexual behavior. We first investigated the necessity of the activation of the 

receptors on the METH-induced facilitation of female sexual behaviors.  Next, we 

determined whether activation of either receptor was sufficient to enhance female sexual 

motivation. The binding of dopamine receptors in the MePD was assessed using 

autoradiography.  Finally, we investigated whether the antagonists blocked the METH 

induced increase in PR in the MePD through use of PR-immunofluorescence (IF). 

 

Materials and Methods 

Medial Amygdala Cannulations 

 Cannulae were implanted into the MePD as described in Chapter III. Animals 

were allowed to recover for 7 days before treatment with METH and ovarian hormones 

as described above.  On each day of drug and hormone treatments, animals were 
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anesthesized using isoflurane.  The dummy stylets were removed and replaced by 33 

gauge microneedles which projected 1.3 mm past the guide cannulae and were attached 

via polyethylene tubing to a 25 µl Hamilton syringe (700 series, Hamilton, Reno, NV) 

attached to a BASi Bee pump attached to a Bee Hive controller (Bioanalytical Systems, 

Inc., West Lafayette, IN).   

 

Receptor antagonists and agonists 

 Animals used in the neurotransmitter antagonist experiments received separate 

infusions of both the dopamine D1R/D5R antagonist SCH23390 (Sigma) and the α1R 

antagonist prazosin (Sigma).  Animals were assigned to the treatment groups in a 

counterbalanced manner, and there were 14 days between experiments.  All animals used 

in the neurotransmitter agonist experiments received the dopamine D1R/D5R agonist 

SKF38393 (Sigma), the α1R agonist phenylephrine (Sigma), and the dopamine D2R 

agonist quirpirole (Sigma).  Animals were assigned to the treatment groups in a 

counterbalanced manner, and there were 7 days between experiments. 

 

Infusion Protocol 

 For all experiments, OVX animals were treated with EB and 500 µg progesterone 

as described in Chapter III.  For the antagonist experiments rats received either daily 

injections of METH (5mg/kg) for 3 days or saline vehicle as described in Table 2.   The 

receptor antagonists (Table 2), agonists (Table 3), and sterile saline vehicle were infused 

over 5 min and the injectors remained in place for an additional 5 min to ensure diffusion 

away from the injector tips, following the protocol described in Chapter VII.  Four hours 



 

 132 

following the injections of progesterone, animals were tested for sexual behavior as 

described in Chapter III. 

 

Cannulae Placement Analysis 

 Immediately following the last sexual behavior test, animals were asphyxiated by 

CO2.  Brains were removed and immediately flash frozen in dry-ice-chilled isopentane 

and stored at -80ºC until use.  Starting at approximately -2.56 mm from Bregma, 20 µm 

sections were cut on a cryostat in a 1 in 4 series and mounted onto 2% gelatin-coated 

glass slides.  The slides of one series were rehydrated in dH2O and placed in 4% 

formalin.  The slides processed for Neutral Red (0.03M; Sigma) staining to examine 

cannulae placements (Chapter VII). 

A placement was deemed appropriate when the needle track was located within 

sections that corresponded to plates 56-60 in a standard brain atlas and fell dorsolateral to 

the optic tract (Paxinos and Watson, 2005).   Animals who did not have at least one 

cannula placed in the MePD were removed from analysis; based on this criteria, four 

animals were removed from analysis in the antagonist experiments and two animals were 

removed in the agonist experiments.  The cannulae were placed in the MePD 

approximately 80% of the time for the neurotransmitter antagonist experiment (Figure 

27) and 71% for the neurotransmitters agonist experiments (Figure 28). 

 

Autoradiography 

To determine whether METH or ovarian hormones alter the level of D1R and D2R 

binding in the MePD autoradiography was performed.  [3H]  SCH23390  (85 Ci/mmol;  
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Experiment Microinfusions Drug Treatment 
  

D1 
Day of Infusion 

D2 
 

D3 
 

D1-D3 
SCH23390 Pilot 0ng 

 
50ng 

 
100ng 

 
200ng 

0ng 
 

50ng 
 

100ng 
 

200ng 

0ng 
 

50ng 
 

100ng 
 

200ng 

METH (n=3) 
 

METH (n=3) 
 

METH (n=3) 
 

METH (n=3) 
SCH23390 
Experiment 

0ng 
 
 

100ng 

0ng 
 
 

100ng 

0ng 
 
 

100ng 

METH (5 mg/kg; n=6) or 
saline (n=6) 

 
METH (5 mg/kg; n=6) or 

saline (n=6) 
Prazosin Pilot 0ng 

 
125ng 

 
250ng 

 
500ng 

0ng 
 

125ng 
 

250ng 
 

500ng 

0ng 
 

125ng 
 

250ng 
 

500ng 

METH (n=3) 
 

METH (n=3) 
 

METH (n=3) 
 

METH (n=3) 
Prazosin 

Experiment 
0ng 

 
 

50ng 
 
 

125ng 

0ng 
 
 

50ng 
 
 

125ng 

0ng 
 
 

50ng 
 
 

125ng 

METH (5 mg/kg; n=5) or 
saline (n=5) 

 
METH (5 mg/kg; n=5) or 

saline (n=5) 
 

METH (5 mg/kg; n=5) or 
saline (n=5) 

Table 2. Neurotransmitter antagonist experimental groups.  Delineation of the experimental 
treatment groups and the number of animals used in each treatment group. 
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Experiment Microinfusions Animals 
  

D1 
Day of Infusion 

D2 
 

D3 
 

SKF38393 Pilot 0ng 
 

50ng 
 

100ng 
 

200ng 

0ng 
 

50ng 
 

100ng 
 

200ng 

0ng 
 

50ng 
 

100ng 
 

200ng 

(n=3) 
 

(n=3) 
 

(n=3) 
 

(n=3) 
Phenylephrine Pilot 0ng 

 
25ng 

 
50ng 

 
200ng 

0ng 
 

25ng 
 

50ng 
 

200ng 

0ng 
 

25ng 
 

50ng 
 

200ng 

 (n=3) 
 

 (n=3) 
 

(n=3) 
 

 (n=3) 

Quinpirole Pilot 0ng 
 
 

100ng 

0ng 
 
 

100ng 

0ng 
 
 

100ng 

(n=3) 
 

 (n=4) 

Table 3. Neurotransmitter agonist experimental groups.  Delineation of the experimental 
treatment groups and the number of animals used in each treatment group. 
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Figure 27: Cannulae implantations into the MePD for the neurotransmitter antagonist 
experiments. Rats were ovariectomized and underwent stereotaxic surgery and cannulae were 
bilaterally implanted into the MePD, and allowed to recover for 7-10 days before sexual behavior 
testing. Schematic reconstruction of the cannulae placements in the MePD.  Coronal sections 
through the medial amygdala (2.6 – 3.4 mm posterior to bregma).  Correctly placed bilateral 
cannulation sites were mapped using a black circle, while the misses were marked using a black 
diamond.  Adapted from The Rat Brain in Stereotaxic Coordinates (5th ed.) by G. Paxinos & C. 
Watson, 2005, San Diego, CA: Elsevier Academic Press.  Copyright 2005 by Elsevier Academic 
Press. 
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Figure 28: Cannulae implantations into the MePD for the neurotransmitter agonist 
experiments. Rats were ovariectomized and underwent stereotaxic surgery and cannulae were 
bilaterally implanted into the MePD, and allowed to recover for 7-10 days before sexual behavior 
testing. Schematic reconstruction of the cannulae placements in the MePD.  Coronal sections 
through the medial amygdala (2.5 – 3.4 mm posterior to Bregma).  Correctly placed bilateral 
cannulation sites were mapped using a black circle, while the misses were marked using a black 
diamond.  Adapted from The Rat Brain in Stereotaxic Coordinates (5th ed.) by G. Paxinos & C. 
Watson, 2005, San Diego, CA: Elsevier Academic Press.  Copyright 2005 by Elsevier Academic 
Press. 
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Perkin-Helmer) was the ligand selected to label D1 dopaminergic receptors.  Butaclamol 

hydrochloride (D1R antagonist; Sigma) was used to define the nonspecific binding.  

[3H]spiperone (101 Ci/mmol; Amersham Biosciences, Piscataway, NJ) was the  ligand 

selected to label D2 dopaminergic receptors.  Haloperidol (D2R antagonist; Sigma-

Aldrich) was used to define the nonspecific binding. 

Four hours following progesterone and the last METH administration, brains were 

collected from rats treated with oil and METH (n=5) or saline (n=6) or EB+P and METH 

(n=5) or saline (n=7) as described in Chapter III.   The brains were rapidly dissected out 

of the skull and immediately frozen on powdered dry ice and stored at -80°C until all 

brains were used.  The brains were cut into 16µm-thick sections on a cryostat and thaw 

mounted onto gelatin-coated microscope slides.  Six series of slides were collected so that 

on each slide, consecutive sections were 80µm apart.  Depending on their size, 4-5 

sections were mounted per slide.  Four series were used for autoradiography, while 

another series were Nissl-stained in order to verify location of brain regions.  The slides 

were dried and stored at -80°C until used.   After drying at room temperature, slides were 

preincubated in buffer (50 nM Tris-HCl], pH 7.5 at 25°C with 1mM MgCl2) for 30 min at 

room temperature.  Slides were then incubated for 1 hr at room temperature in 2nM [3H] 

SCH23390 buffer with no competitor (D1 total binding, series 1) or with 2µM 

Butaclamol (D1 nonspecific, series 2) or 0.4nM [3H] spiperone buffer with no competitor 

(D2 total binding, series 3) or with 10-5M Haloperidol (D2 non-specific binding).  One 

hour later the slides were washed twice for 5 min in ice-cold buffer followed by a quick 

dip in ice-cold distilled water.  Sections were fan-dried, placed in x-ray cassettes, and 

exposed to BioMax MR films (Kodak, Rochester, NY) along with standards (ART-123; 
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American Radiolabeled Chemicals, St. Louis, MO) containing concentrations of tritium 

ranging from 0.00 to 489.1 µCi/g.  The films were developed after 4 wks.  The density of 

dopamine receptor binding was analyzed in various brain regions identified by 

comparison with adjacent sections counterstained with the Nissl staining method.   

Images from the films were scanned into a Macintosh computer using high 

resolution scanner (Epson Perfection 3170 Photo).  NIH Image (Wayne Rasband, NIH, 

Bethesda, MD) was used to analyze receptor density within each region.  Adjacent 

sections were incubated in difference experimental conditions or counterstained for 

anatomical purpose were stacked in Image J so that binding density could be measured in 

superimposed images.  Mean density was calculated from the densities taken from the left 

and right side of each nucleus at the level of its maximal extension.  The optical densities 

of the tritium standards that had been apposed to the film along with the sections were 

converted into approximate fmol/mg protein of bound [3H] SCH23390 or [3H]spiperone.  

Specific binding was determined by subtracting binding observed in the absence of 

butaclamol or haloperidol, respectively.  Brain structures were identified based on the 

atlas of the rat brain (Paxinos and Watson, 2005).   

 

Progesterone Receptor Immunofluorescence (IF) and Quantification 

 To determine whether the administration of the D1R or α1R would prevent the 

METH-induced increase in PR, PR-IF was analyzed.  Experimental groups are based 

upon the last antagonist infusion received prior to collection.  Brains sectioned onto slides 

from animals infused with (1) 0.10 µg SCH23390 (METH; n=3 or saline; n=3) or sterile 

saline (METH n=3 or saline; n=3) for 3 days and (2) 0.05µg prazosin (METH n=2 or 
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saline; n=2), 0.125µg prazosin (METH n=2 or saline; n=2), or sterile saline (METH n=2 

or saline; n=2) were processed for PR-IF.  Briefly, the slides of the second series were 

warmed to room temperature, and pap-pen was applied around the sections before they 

were placed in 4% paraformaldehyde in PBS for 30 min.  They were washed briefly three 

times in wash buffer (0.1% Tween-20 in TBS).  Following the wash, the slides were 

treated for 10 min with 0.3% H2O2 to remove endogenous peroxidases.  Next the slides 

were incubated with ice cold permeabilization buffer (0.1% sodium citrate, 0.1% Triton 

X-100 in dH2O) on ice for 2-4 min.  They were rinsed three times with the wash buffer, 

and any remaining buffer was wicked away.  The slides were incubated in the mouse 

monoclonal PR antibody (Invitrogen, Carlsbad, CA) at a dilution of 1:1500 in the 

blocking solution (5% NGS, 5% BSA in PBS) overnight at 4°C in a humidified chamber. 

The next day, the slides were rinsed in the wash buffer.  Under white light, the sections 

were    incubated   in   AlexaFluor   conjugated   goat,  anti-mouse    secondary   antibody  

(Invitrogen Molecular Probes, Invitrogen, Carlsbad, CA) at a dilution of 1:1000 in the 

blocking buffer for 1hr at 37°C in the humidified chamber covered with foil.  Then they 

were rinsed with the wash buffer four times, and any remaining buffer was wicked away.  

Finally, the slides were coverslipped with SlowFade with the nuclear marker, 4.6-

diamidino-2-phenylindole (DAPI; Invitrogen).  Slides were visualized with an Olympus 

BX50 fluorescence microscope (Center Valley, PA, USA) using UV (for DAPO; 465-

495 nm) and Texas red (540-580 nm) cubes.  The stained cells were counted from three 

bilateral sections as described in Chapters V and VI. 
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Statistical Analyses 

 Results are expressed as means ± SEM.  The distribution of data did not deviate 

significantly from normality.  One-way ANOVA followed by Newman-Keuls post hoc 

tests were used to analyze the dose response experiments.  Two-way ANOVAs followed 

by Bonferroni t-test post hoc comparisons were used to analyze the data for the 

antagonist experiments.  All statistical tests were conducted using the Graph Pad Prism 

program (San Diego, CA, USA) on a Macintosh Duo-core computer. 

 

Results  

Dopaminergic Receptors 
 
SCH23390  

To determine the optimal dose of SCH23390, rats received daily infusions of one 

of three doses of SCH23390 (0.05, 0.10, or 0.20 µg/0.5µl) or saline vehicle prior to 

administration of METH for 3 days.  The selected doses are based upon those that have 

been shown previously to attenuate lordosis behavior when infused into the third 

ventricle (Mani et al., 1994b).  There was a significant main effect of SCH23390 on the 

proceptive behavior [F(3,11) = 4.209, p<0.05; Figure 29A] and the LS [F(3,11) = 7.232, 

p<0.05; Figure 29B]. Post hoc analyses revealed that females infused with 0.10 or 0.20 

µg SCH23390 exhibited fewer proceptive behaviors (p<0.05) and had a decreased LS 

(p<0.05), compared to the vehicle-infused, METH treated females.  There was no effect 

of SCH23390 on the LQ [F(3,11) = 0.7981, p=0.53; Figure 29C].  Based on these results, 

the lowest effective dose of SCH23390 (0.10 µg) was used in the subsequent experiment. 
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Figure 29: The effects of different doses of a dopamine D1R antagonist infused into the 
MePD on METH-enhanced sexual behavior.  Both 100 and 200ng of SCH23390 blocked the 
METH-induced enhancement of (A) proceptive behavior and the (B) LS (*p<0.05).  The 
horizontal line represents the average number of proceptive events displayed by a hormonally 
primed, saline-treated female (numbers taken from experiments in Chapter V).  (C) There was no 
effect of SCH23390 on the LQ.  Data are represented as means ± SEM. 
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Blocking the D1R subtypes prevented the METH-induced enhancements of sexual 

motivation as indicated by the proceptive behaviors [F (1,18)  = 7.926, p<0.01].  As 

previously reported, treatment with METH increased the number of proceptive events 

displayed by animals receiving vehicle infusions (p<0.01; Figure 30A), compared to 

saline treated controls.  In contrast, in the animals receiving microinfusions of 

SCH23390, there was no difference in the number of proceptive events displayed by 

those receiving METH (Figure 30A) and those receiving saline.  The animals receiving 

SCH23390 displayed similar levels of proceptivity as the control animals (Figure 30A). 

There was an interaction of METH treatment and SCH23390 administration on LS [F 

(1,18) = 9.169, p<0.01; Figure 30B].  In animals given METH, SCH23390 infusion led to a 

decrease in the LS compared to vehicle infusion (p<0.05). There was a significant 

interaction of SCH23390 and METH treatments on LQ [F (1,18) = 5.309, p<0.05; Figure 

30C], with SCH23390 infusion decreasing the LQ of animals given METH (p<0.05), 

compared to the vehicle infusion. However, these animals were still considered highly 

receptive as the LQ was greater than 80 (86.65 ± 8.179).  These data show that the 

activation of the D1R family of dopamine receptors in MePD is required for the METH-

induced enhancement of female sexual behavior.   These data also indicate that the 

blockade of the D1Rs in the MePD does not abolish baseline female receptive or 

proceptive behaviors. 

 

SKF38393  

To determine whether D1R activation would be sufficient to enhance sexual 

motivation,  rats received  daily infusions of one of three doses of SKF38393 (0.05,  0.10,  



 

 143 

 

Figure 30: The effect of a dopamine D1R antagonist infused into the MePD on METH-
enhanced sexual behavior.  METH treatment caused a significant increase in (A) proceptive 
behavior and the (B) LS, in animals infused with vehicle (*p<0.05).  100ng of SCH23390 
prevented the METH-induced increases in proceptive events and the LS (†p<0.05).  (C) Animals 
infused with SCH23390 were highly receptive (LQ > 80).  Data are represented as means ± SEM. 
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or 0.20 µg/0.5µl) or saline vehicle for 3 days.  The selected doses have been shown 

previously to facilitate lordosis behavior when infused into the third ventricle (Mani et 

al., 1994b). There was a significant main effect of SKF38393 on the proceptive behavior  

[F(3,9)  =  6.392,  p<0.05;  Figure 31A].  Post hoc analyses revealed that females treated 

with 0.10 µg SKF38393 exhibited a greater number of proceptive behaviors (p<0.05), 

compared to controls.  There was no effect of SKF38393 on the LS [F(3,9) = 5.236, 

p=0.25; Figure 31B] or the LQ [F(3,9) = 0.2414, p=0.68; Figure 31C].  These data show 

that the activation of the D1R family of dopaminergic receptors in MePD enhances the 

level of sexual motivation and mimics the METH-induced increases in proceptive 

behavior. 

 

Quinpirole  

 To determine whether D2R activation would be sufficient to enhance sexual 

motivation, rats received daily infusions of qunipirole or saline vehicle for 3 days. The 

selected dose has been shown previously to facilitate female proceptive behavior when 

infused into the mPOA (Graham and Pfaus, 2010). There was no effect of the 

administration of quinpirole on proceptive behaviors [t(5) = 0.2706, p=0.79; Figure 32A], 

LS [t(5) = 0.6569, p=0.54; Figure 32B]  or LQ [t(5) = 0.2050, p=0.84; Figure 32C].  These 

data indicate that METH does not act through the D2R family of dopaminergic receptors 

to affect female sexual motivation or proceptive behaviors. 
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Figure 31: The effect of different doses of a dopamine D1R into the MePD agonist on sexual 
behavior.  A one-way ANOVA revealed a significant effect of SKF38393 treatment on the (A) 
proceptive behaviors.  Newman Keuls post hoc comparisons revealed a significant difference 
between animals infused with 100ng of SKF38393, compared to vehicle-infused controls 
(*p<0.05).  There was no effect of SKF38393 treatment on (B) LS or (C) the LQ. Data are 
represented as means ± SEM. 
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Figure 32: The effect of a dopamine D2R agonist into the MePD on sexual behavior.  There 
was no effect of quinpirole (100ng) treatment on (A) number of proceptive events, (B) LS or (C) 
the LQ. Data are represented as means ± SEM. 
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α1 adrenergic Receptor 

Prazosin  

To determine the optimal dose of prazosin, rats received daily infusions of one of 

three doses of prazosin (0.10, 0.25, or 0.50 µg/0.5µl) or saline vehicle prior to 

administration of METH for 3 days.  The selected dose range has been shown previously 

to attenuate lordosis behavior when infused into the VMN (Kow et al., 1992).  There was 

a significant main effect of prazosin on the proceptive behavior [F(3,9) = 5.671, p<0.05; 

Figure 33A]. Post hoc analyses revealed that females treated with all doses of prazosin 

exhibited a fewer number of proceptive behaviors  (p<0.05).   Prazosin did not affect 

receptivity as measured by the LS  [F (3,9) = 0.8725, p=0.51; Figure 33B] and the LQ [F 

(3,9) = 0.8690, p=0.51; Figure 33C]. Based on these results, the lowest effective dose 

(0.125 µg) and an even lower dose (0.05 µg) of prazosin were used in the subsequent 

experiment. 

Blocking the α1R subtypes prevented the METH-induced enhancement of sexual 

motivation as indicated by proceptive behaviors [F (2,21) = 9.187, p<0.001].  As previously 

reported, treatment with METH increased the number of proceptive events [F (1,21) = 

4.785, p<0.05] displayed by animals receiving vehicle control infusions (p<0.01; Figure 

33A), compared to saline treated controls.  Prazosin (50ng) caused a 20% reduction in the 

number of proceptive events displayed by animals treated with METH, compared to the 

respective vehicle-infused controls; however, this reduction did not reach statistical 

significance. Infusions of 125ng prazosin significantly decreased the number of 

proceptive events, compared to the vehicle-infused, METH treated animals (p<0.05; 

Figure 34A).   Prazosin (125ng) caused an approximately 40% reduction in the number of  
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Figure 33:  The effect of different doses of a α1R adrenergic antagonist into the MePD on METH-
enhanced sexual behavior.  All doses of prazosin blocked the METH-induced enhancement of (A) 
proceptive behavior. The horizontal line represents the average number of proceptive events 
displayed by a hormonally primed, saline-treated female (numbers taken from experiments in 
Chapter V). There was no effect of prazosin or METH treatment on the (B) LS or (C) LQ.  Data 
are represented as means ± SEM. 
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Figure 34:  The effect of an α1R adrenergic antagonist into the MePD on METH-enhanced 
sexual behavior.  METH treatment caused a significant increase in (A) proceptive behavior in 
animals infused with vehicle (*p<0.05).  125ng, but not 50ng, of prazosin prevented the METH-
induced increases in proceptive events (†p<0.05).  There was no effect of prazosin or METH 
treatment on the (B) LS or (C) LQ.  Data are represented as means ± SEM. 
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proceptive behavior displayed by animals treated with saline, compared to the respective 

vehicle treated controls; however, this reduction did not reach statistical significant. 

Importantly, the prazosin treatment did not decrease the receptivity of these animals as 

measured by the LS [F (2,21) = 2.726, p=0.80; Figure 34B] or LQ  [F (2,21)  = 1.570, p=0.23; 

Figure 34C].   These data show that the activation of the α1R family of adrenergic   

receptors in MePD is required for the METH – induced enhancement of motivated 

female sexual behavior.  This may be due to a possible role for α1Rs in the baseline 

expression of proceptive behaviors. These data also indicate that the blockade of the α1Rs 

in the MePD does not abolish baseline female receptive behaviors. 

 

Phenylephrine  

To determine whether α1R activation would be sufficient to enhance sexual 

motivation, rats received daily infusions of one of three doses of phenylephrine   (0.025, 

0.05, or 0.20 µg/0.5µl) or saline vehicle for 3 days.  The selected dose range has been 

shown previously to enhance lordosis behavior when infused into the VMN (Kow et al., 

1992).  There was no effect of phenylephrine on the proceptive behavior [F (3,9) = 0.5807, 

p=0.642; Figure 35A].  There was also no effect of phenylephrine on the LQ [F (3,9) = 

0.4376, p=0.954; Figure 35B] or the LS [F (3,9) = 0.8379, p=0.515; Figure 35C].  These 

data indicate that the activation of the α1R family of adrenergic receptors in MePD does 

not enhance the level of sexual motivation or mimic the METH-induced increases in 

proceptive behavior. 
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Figure 35:  The effect of different doses of an α1R adrenergic agonist into the MePD on 
sexual behavior. There was no effect of phenylephrine treatment on (A) number of proceptive 
events, (B) LS or (C) the LQ. Data are represented as means ± SEM.  
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Autoradiography 

 To determine whether the level of dopamine receptor binding following the 

administration of ovarian hormones and METH, brain sections were processed for D1R 

and D2R autoradiography.  There was a significant interaction of ovarian hormones and 

METH treatment on the level of D1R binding [F (1,19) = 8.570, p<0.01; Figure 36A, B].  

Post hoc analyses revealed that in females treated with METH, there was significant 

decrease in bound [3H] SCH23390 in oil-controls, compared to those primed with 

ovarianhormones (p<0.01).  There was no effect of ovarian hormones [F (1,19) = 0.2880, 

p=0.59; Figure 36A, B] or METH [F (1,19) = 0.3133, p=0.58; Figure 36C] on the level D2R 

binding.  

  

PR-Immunofluorescence  

 Previously we demonstrated that METH increased the expression of PR in the 

MePD (Chapter VII).  In order to determine whether the administration of the D1R or 

α1R would prevent this METH-induced increase in PR, PR-IF was analyzed.   There was 

a significant main effect of METH on the PR-IF [F (1,8) = 9.548, p<0.05].  Post hoc 

analysis revealed that in the vehicle-infused females, METH significantly increased PR-

IF, compared to the saline controls (p<0.05; Figure 37A, B).  There was also a significant 

main effect of SCH23390 infusions [F (1,8)  = 7.368, p<0.05], such that the administration 

of a D1R antagonist prevented the METH-induced increase in PR (p<0.05; Figure 37B). 

There was a significant main effect of METH on the PR-IF [F (1,7) = 6.892, 

p<0.05].  Post hoc analysis revealed that only in the vehicle-infused females, METH 

significantly increased PR-IF, compared to the saline controls (p<0.05; Figure 38A, B).  
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Figure 36:  Dopaminergic receptor binding in the MePD.  (A) Representative autoradiograms 
of D1R binding in the MeA in animals treated with: oil and saline or METH or ovarian hormones 
(EB+P) and METH or saline.  ot, optic tract.  (B) Quantification of D1R binding.  In animals 
treated with METH, those females treated with oil had a significant decrease in bound 
SCH23390, compared to those treated with EB+P.  (C) Quantification of D2R binding.  There was 
no effect of either METH treatment or hormonal priming on the binding of spiperone in the MeA. 
Data are represented as means ± SEM. 



 

 154 

 

Figure 37: Effects of infusion of a dopaminergic antagonist into the MePD on the METH-induced 
increase in PR-IR in the MePD.  (A) The photomicrographs represent PR-IF in the MePD 
following the administration of SCH23390. Red: PR-IF, Blue: DAPI nuclear marker. Arrow 
points to PR-positive cell. Scale bar: 20 µm.  (B) Quantification of PR-IF in the MePD following 
administration of SCH23390.  A two-way ANOVA revealed a significant main effect of METH.  
Treatment with METH caused a significant increase in PR-IF, in animals infused with vehicle. 
(*p<0.05). Treatment with SCH23390 prevented the METH-induced increase in PR positive cells 
(†p<0.05).  Data are represented as means ± SEM. 
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Figure 38: Effects of an adrenergic antagonist into the MePD on the METH-induced 
increase in PR-IR in the MePD.  (A) The photomicrographs represent the PR-IF in the MePD 
following the administration of prazosin. Red: PR-IF, Blue: DAPI nuclear marker. Arrow points 
to PR-positive cell. Scale bar: 20 µm.  (B) Quantification of PR-IF in the MePD following 
administration of prazosin.  A two-way ANOVA revealed a significant main effect of METH.  
Treatment with METH caused a significant increase in PR-IF, in animals infused with vehicle. 
(*p<0.05). Data are represented as means ± SEM. 
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Discussion  

We have previously demonstrated that PRs in the MePD are required for the 

METH-enhanced female sexual motivation.  METH acts primarily to increase the 

extracellular concentrations of the catecholamines, dopamine and norepinephrine.  Both 

these neurotransmitters have been demonstrated to interact with PR in the VMN to 

enhance female sexual behavior.  Here, we investigated the role of the dopamine D1R and 

the α1 adrenergic receptor on the enhancement of female sexual motivation. 

Dopamine is the major focus of the neurotransmitter modulation of sexual 

motivation, as it mediates salience and the ‘wanting’ to engage in behaviors. The role of 

dopamine and its receptors varies based on the brain nucleus (Mani et al., 1994b; Graham 

and Pfaus, 2010).  In the VMN, D1R activation facilitates sexual receptivity (Mani et al., 

1994b), presumably by increasing the phosphorylation and transcriptional activation of 

PRs (Denner et al., 1990; Power et al., 1991; Ahlenius, 1993; Mani et al., 1994b; 

Apostolakis et al., 1996b; Mani et al., 1996; Bai et al., 1997; Meredith et al., 1997; Auger 

et al., 1997), and/or the increase PR expression in the VMN in the absence of estradiol  

(Olesen et al., 2005; Olesen et al., 2007).  In contrast, the D2R agonist quinpirole has no 

effect on sexual receptivity following infusion into the VMN (Mani et al., 1994b).  

Dopamine also plays a dual role in the mPOA: quinpirole infused into the mPOA 

increases proceptive behaviors, while SKF38393 decreases hopping and darting behavior 

(Graham and Pfaus, 2010).  Here, we demonstrate that activation of D1Rs in the MePD is 

both necessary and sufficient for the METH-induced increase in proceptive behavior.  

Moreover, we are the first to demonstrate that D1R activation in the MePD enhances 
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female sexual motivation.  As with the VMN, D2R activation did not enhance motivated 

sexual behavior or receptivity. 

Norepinephrine also has region and receptor subtype specific effects on female 

sexual behaviors.  Both infusions of norepinephrine and activation of the α2R subtype in 

the mPOA inhibit lordosis responding (Caldwell and Clemens, 1986).  In contrast, in the 

VMN, activation of α1R facilitates lordosis behavior (Kow et al., 1992; Vincent and 

Etgen, 1993), increases PKG-induced PR activation (Etgen, 1990; Chu and Etgen, 1999; 

Chu et al., 1999; Gonzalez-Flores et al., 2004c; Gonzalez-Flores et al., 2007) and 

expression of PRs (Nock et al., 1981).  Here, we demonstrated that 125ng of prazosin 

blocks the METH-induced increase in motivated sexual behaviors; however, activation of 

the α1R in the MePD is insufficient to enhance female sexual behavior.   It is possible 

that α1R in the MePD may play a role in the baseline expression of proceptive behaviors.  

Although not statistically significant, 125ng of prazosin caused a 40% reduction in the 

mean number of proceptive behaviors displayed by saline-treated females.  The binding 

affinity of phenylephrine to the α1R is lower than that of norepinephrine; thus, if the α1R 

in the MePD are already activated by norepinephrine to induce proceptive behaviors, the 

administration of phenylephrine would have no effect.  The potential role for α1R in the 

MePD in the generation of proceptive behaviors is the source of ongoing studies in the 

laboratory.   

Alternatively, it is possible that the activation of additional receptor subtypes 

might be necessary.  The α2, β1 and β2 adrenergic receptors are also present in the MePD 

(Young and Kuhar, 1980; Rainbow et al., 1984).  Previous studies have demonstrated that 

the combined administration of α and β adrenergic agonists are necessary to induce an 
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increase in lordosis behavior, suggesting a synergistic relationship between α adrenergic 

and β adrenergic receptors (Fernandez-Guasti et al., 1985a; Kirkpatrick and Merrill, 

2011). Therefore, it is possible that the activation of the α1R in the MePD is sufficient to 

block the METH-induced enhancements in motivated sexual behavior, but insufficient to 

enhance female sexual motivation because of a requirement for β adrenergic receptor 

activation.  In this study, the role of the β adrenergic receptors was not examined.  We 

hypothesize that the co-administration of phenylephrine with a β adrenergic receptor 

agonist into the MePD would enhance female sexual behavior, and future experiments 

will be conducted to test this hypothesis.   

In order to further explore the relative contributions of the dopamine and 

norepinephrine in the MePD on the METH-enhanced behaviors, the METH-induced 

increase in these neurotransmitters would need to be determined. Microdialysis and 

HPLC experiments would be useful in determining the changes in extracellular 

catecholamine concentrations following the administration of ovarian hormones and 

METH.  These are the subjects of ongoing experiments in the laboratory. 

Ultimately the activation of these neurotransmitter receptors leads to alterations in 

intracellular signaling.  An increase in cAMP signaling, either following activation of the 

dopamine D1 subtype of receptors or by the synergy of α and β adrenergic receptor 

activation in the VMN has been implicated in the enhancement of female sexual behavior 

(Palmer et al., 1973; Skolnick and Daly, 1976; Daly et al., 1981; Fernandez-Guasti et al., 

1985a; Meredith et al., 1998; Mani et al., 2000; Mani, 2001; Mani, 2006).  Therefore, it is 

possible that cAMP signaling, which activates PKA and intracellular signaling molecules 

such as DARPP-32 are the proteins through which METH and ovarian hormones interact.  
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Further investigation into these signal transduction pathways are required, but knowing 

the receptor subtypes through which METH affects sexual behavior, now allows for more 

direct testing of the protein-protein interactions. 

We have previously postulated that METH and ovarian hormones may participate 

in a reciprocal feed-forward mechanism, in which the hormones increase TH and METH 

increases PR, to enhance female sexual motivation (Chapters VI, VII).  In further support 

of this hypothesis, ovarian hormones prevent the METH-induced decreases D1R binding 

in the MePD of oil-treated controls.  Dopamine receptors are typically inactivated 

through receptor internalization (Kong et al., 2007).  It is unknown whether METH 

treatment in the absence of ovarian hormones decreases in D1R binding through receptor 

internalization; however, it is possible that ovarian hormones normally prevent this 

receptor inactivation, thereby allowing a more prolonged activation of D1R.   

We have also demonstrated that METH can induce the expression of PR in the 

MePD in the absence of estradiol, and has an additive effect on PR expression in the 

presence of ovarian hormones (Chapter VII).  Here, administration of the D1R antagonist, 

into the MePD prevented the METH-induced increase in PR-positive cells.  There was no 

effect of the α1R antagonist on the METH-increase PR-IF; however, it should be noted 

that only two to three animals were included in each treatment group, which led to a high 

degree of variability, so it is possible that an increase in power would reveal a role for the 

α1R in the METH-induced increase in PR.  Taken together, these data suggest that 

METH acts via the D1R in order to increase PR in the MePD and subsequently enhance 

female sexual motivation.  
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CHAPTER IX. CONCLUSIONS  
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Summary 

 The most common complaint from women seeking treatment for sexual 

dysfunction is a lack of desire that causes mental and emotional distress (Lewis et al., 

2004; Basson et al., 2004; Nappi et al., 2010; Palacios, 2011a); however, the 

neuroanatomical substrates and neurobiological mechanisms of sexual motivation remain 

elusive.  We sought to contribute to this field by utilizing METH-induced facilitation of 

motivated female behaviors as a rodent model in order to better elucidate the mechanisms 

underlying enhanced sexual motivation.  METH increases extracellular dopamine, which 

mediates the ‘wanting’ or motivation of a natural reinforcer like sex (Ikemoto and 

Panksepp, 1999; Berridge, 2007; Salamone et al., 2007).  Moreover, dopamine activates 

the only known mediator of female sexual motivation, the PR.  Thus, we tested the 

hypotheses that increased dopaminergic signaling interacts with PR in the MePD to 

enhance female sexual motivation and behavior. 

 METH increased the proceptive behaviors of hormonally primed rats without 

inducing hyperactivity, and this increase in proceptive behaviors was dependent upon 

progesterone.  The combination of ovarian hormones and METH led to an enhancement 

in neuronal activation and neuroplasticity in the MePD, and lesions of this nucleus 

prevented METH’s enhancement of proceptive behavior.  The enhancements of 

proceptive behavior by METH also required activation of PR in the MePD.  Moreover, 

METH may participate in a reciprocal feed-forward mechanism in the MePD with PR as 

ovarian hormones increase TH, the rate-limiting enzyme in the production of 

catecholamines, and METH induces the expression of PR.  While the antagonists of both 

D1R and α1R may attenuate METH’s enhancements of proceptive behavior, only a D1R 
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agonist administered into the MePD was sufficient to enhance sexual motivation. The 

induction of PR was also blocked by administration of a D1R antagonist, indicating that 

one potential mechanism of action of METH is the downstream activation of the D1R, 

which increases PR in the MePD and subsequently enhances female sexual motivation. 

 

Implications of the Amplified PR signaling 

 PR may regulate proceptive behaviors through mechanisms that are independent 

from the molecular mechanisms for lordosis.  The classic actions of PR are as a 

transcriptional activator.  When progesterone binds to its receptor, the PR homodimerizes 

and translocates into the nucleus.  Once there, the PR dimer binds to its response element 

on the DNA, where it is thought to promote progesterone-dependent gene transcription 

by bridging the steroid receptor complex with the basal transcription machinery (Ptashne, 

1988; Mitchell and Tjian, 1989; Onate et al., 1995; Liu et al., 2001).  Increases in 

progesterone-directed cellular and molecular changes would lead to increases in 

progesterone’s effect on sexual motivation.  Put more simply, enhanced PR signaling, 

either through increase in PR number or PR phosphorylation, leads to enhanced female 

sexual motivation.  A recent paper provides evidence for this direct relationship: female 

rats that display more proceptive behaviors also show a higher induction of PR in the 

VMN following estradiol-treatment (Sakhai et al., 2011). While it is indisputable that 

progesterone and activation of neural PR are critical for the expression of proceptive 

sexual behaviors, the role of the PR have focused primarily on lordosis induction by PRs 

in the VMN.   Here, we demonstrated that the increases in PR in the MePD also lead to 

an increase in female sexual motivation. 
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Isoforms 

 The PR gene encodes two different receptor proteins: PRA and PRB, with PRA 

being the N-terminal truncated forms of PRB (Conneely et al., 1989; Kastner et al., 1990).  

Many genes are equally transcribed by both PRA and PRB. However, in vitro studies have 

revealed that PRA and PRB display differential transactivation properties that are specific 

to both cell type and target gene promoter: certain promoters are preferentially activated 

by PRB (Tora et al., 1988; Kastner et al., 1990; Vegeto et al., 1993), while others are 

activated by PRA (Kastner et al., 1990; Vegeto et al., 1993). In other cases, PRA acts as a 

transcriptional repressor and inhibits PRB–mediated transcription (Vegeto et al., 1993).  

The context-dependence of PR function is further complicated by the PRA-to-PRB ratio in 

brain regions that mediate female sexual motivation.  The PRA-to-PRB ratio is 

differentially regulated during the estrous cycle: during proestrus, PRB is at its highest 

expression in the MBH and at its lowest expression in the mPOA (Guerra-Araiza et al., 

2000).  Studies using mice with specific deletions of the PR isoforms have revealed a 

distinct function for PRA and PRB in female sexual behavior (Mulac-Jericevic et al., 

2000; Conneely et al., 2003; Mulac-Jericevic and Conneely, 2004).  PRA is 

predominantly responsible for the receptive lordosis response; while PRB functions 

primarily to mediate proceptive behaviors and reduce challenge/rejection behaviors 

(Mani et al., 2006; White et al., 2007).  Here, we demonstrate an increase in PR-ir in the 

MePD following METH treatment.  As the PR antibody recognizes both isoforms of PR, 

we are unable to determine if METH preferentially enhanced the expression of PRB or 

PRA
 (Chapter VII).  Based on the increase in proceptivity following METH exposure, we 
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hypothesize that METH increases PRB in the MePD.  As the different isoforms may lead 

to the transcription of different genes, the determination the isoform induced following 

METH would lead to the identification of downstream genes and the further elucidation 

of the mechanism of female sexual motivation. 

 

Co-activators 

Efficient gene transcription requires co-activators, which bridge the activators, 

like the steroid receptors, and the general transcription factors (Bannister and Kouzarides, 

1996; Spencer et al., 1997).  Two such co-activators, steroid receptor co-activator-1 

(SRC-1) and cAMP response element-binding (CREB) binding protein (CBP), enhance 

ER and PR-dependent transcription (Smith et al., 1996; Tetel et al., 1999; Xu et al., 2000; 

Liu et al., 2001).  Reduction of the co-activators SRC-1 and CBP in the VMN at the time 

of progesterone administration leads to a reduction in motivated female sexual behaviors 

(e.g., ear wiggles and hopping/darting), but not the lordosis response or rejection 

behaviors (Molenda-Figueira et al., 2006). Moreover, the reduction of SRC-1 and CBP 

do not reduce PR expression. Thus, proceptive behaviors may arise from the activation of 

signaling pathways that lead to SRC-1 and CBP-sensitive transcriptional regulation of the 

PR-regulated genes (Pollio et al., 1993; Mani et al., 1994c; Smith et al., 1996; Tetel et al., 

1999; Xu et al., 2000; Liu et al., 2001; Molenda-Figueira et al., 2006).     

Progesterone also acts in brain regions other than the VMN, including the mPOA, 

MRF, PAG, VTA and MeA in order to regulate female sexual behavior (Yanase and 

Gorski, 1976; Gorski, 1976; Luttge and Hughes, 1976; Barfield and Chen, 1977; Franck 

and Ward, 1981; Tennent et al., 1982).  The MeA expresses both SRC-1 (Meijer et al., 
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2000) and CBP (Stromberg et al., 1999; Auger et al., 2002), which is activated by 

increases cAMP, such as those induced by activation of D1R.  The increase in PR in 

MePD following METH treatment could be a result of enhanced ER-dependent 

transcription following the increased activation of CBP or SRC-1. We also demonstrated 

that enhanced activation of D1R in the MePD leads to enhancements in proceptivity 

(Chapter VIII).  Therefore, a METH-induced increase in CBP-sensitive transcriptional 

regulation of PR-transcribed genes may be one mechanism through with METH enhances 

female sexual motivation.   

  
Genomic responses 
 

The gene targets of the activated PR that enhance female sexual motivation 

remain to be determined.  PR regulates the transcription of many genes: neuropeptide Y 

receptor, galanin, oxytocin, GnRH, µ-opioid, POMC, glutamic acid decarboxylase, 

glutamate receptors, and TH (Arbogast and Voogt, 1993; Vincent and Etgen, 1993; 

Petersen et al., 1993; Arbogast and Voogt, 1994; Graham and Clarke, 1997; Mong and 

Pfaff, 2004).  A good candidate gene is POMC, which has been demonstrated to 

preferentially affect proceptive and solicitation behaviors (Rossler et al., 2006; Pfaus et 

al., 2007). Progesterone stimulates POMC gene expression (Petersen et al., 1993) and 

increases αMSH in the hypothalamus (Scimonelli et al., 2000).  αMSH agonists enhance 

proceptive behaviors without altering receptive behaviors (Rossler et al., 2006; Pfaus et 

al., 2007).  Even though POMC neurons project to many nuclei involved in female sexual 

motivation such as the mPOA, VMN, and MePD (O'Donohue et al., 1979; O'Donohue 

and Jacobowitz, 1980), the majority of POMC neurons are located in the arcuate nucleus.  

Therefore, it is unlikely that the increased PR in the MePD alters αMSH; however, the 
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possibility remains that the increase in PR in the MePD leads to enhanced gene 

transcription of molecular mediators of sexual motivation.  Using novel techniques such 

as ChIP-on-chip, or chromatin immunoprecipitation (ChIP) combined with microarray 

(chip), the genes that are enhanced in the MePD following the METH-induced increases 

in PR could be determined. 

Implications for the Neural Circuitry  

The amygdalar complex is comprised of highly differentiated and heterogeneous 

cell groups.  In terms of morphology, synaptic patterning and neurotransmitter chemistry, 

the MeA appears to be similar to the striatum, (Swanson and Petrovich, 1998; McDonald, 

2003).  The neurons of the MeA have been characterized as ‘medium-spiny like neurons.’  

They are small to medium sized (5-10µm) with a radiate and extended (isodendritic) 

configuration.  The cell bodies are elongated with two to four major primary dendrites, 

which are long, usually thick and straight.  The primary dendrites have few branches, and 

these branches can extend for considerable distances (300 - 400 µm; De Olmos et al., 

1985; McDonald, 2003).  Moreover, the neurons of the MeA use GABA as the primary 

neurotransmitter (Swanson and Petrovich, 1998; McDonald, 2003).  

 The MeA is positioned to be a critical node in neurocircuitry for motivated 

behaviors.  The nucleus has the reciprocal connections with the accessory olfactory 

system and the dense interconnections with the mPOA, anterior hypothalamus, VMN, 

and premammillary nuclei (Kevetter and Winans, 1981a; De Olmos et al., 1985; Canteras 

et al., 1992; Canteras et al., 1995; Simerly, 2002; Keller et al., 2009; Baum, 2009).  In 

addition to these reciprocal interconnections, the MeA also has a rich set of efferents to 

the mediodorsal thalamus, the PPN, the VTA and the dorsal and medial raphe (De Olmos 
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et al., 1985).  The combination of ovarian hormones and METH increase activation of 

neurons in the MePD, which could then trans-synaptically activate behavioral output 

nuclei, as was shown by the increased neuronal activation of the MePD and VMN.  It has 

been demonstrated that GABA in the VMN facilitates sexual behavior (McCarthy et al., 

1990; McCarthy et al., 1991b), so the GABAergic projections from the MePD to the 

VMN could lead to enhancement of neuronal activation, and subsequent facilitations of 

behavior.  Furthermore, spinophilin is associated with dendritic spines, the location of 

excitatory synapses, so an increase in spinophilin following METH and ovarian hormone 

treatment may lead to an augmentation in the excitability of the neurons of the MeA, 

increasing the probability of exciting the other nodes in the sexual motivation circuitry.   

 
 

Implications for Sexual Dysfunction in Women 

 Research in rodents may have predictive validity for developing therapies for 

women with hypoactive sexual disorders.  Through a better understanding of the origin of 

sexual desire in women, we will have more avenues of therapeutic interventions. 

 

The Role of the Amygdala  

We used Fos-immunoreactivity to identify brain regions activated following 

METH and ovarian hormone treatment and that may mediate the enhancement of female 

sexual motivation.  Similarly, functional magnetic resonance imaging (fMRI) studies 

have been conducted in women to identify regions involved in sexual desire.  Women 

who viewed sexual imagery show an enhanced blood flow, or an increase in fMRI signal, 

in several of the same brain nuclei that mediate sexual motivation in the female rat, such 
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as NAcc, amygdala, and hypothalamus (Park et al., 2001; Karama et al., 2002; Stark et 

al., 2005; Archer et al., 2006).  The medial amygdala also shows activation that is 

concomitant with clitoral stimulation and orgasm (Komisaruk and Whipple, 2005), which 

is similar to the increased activation of this brain nucleus following VCS (Erskine and 

Hanrahan, 1997).  Taken together, the MeA in women may mediate aspects of sexual 

motivation. 

 

The Role of Monoamines 

The monoamine neurotransmitters have been implicated in sexual motivation in 

women.  Norepinephrine influences the physiological measures of sexual arousal, such as 

vaginal engorgement and subjective sexual arousal in women who have female sexual 

arousal disorder (FSAD), which pertains to diminished feelings of sexual excitement and 

pleasure (Rosen et al., 1999).  Drugs that increase the sympathetic nervous system 

outflow increase the vaginal responses to sexual imagery, but not subjective sexual 

arousal (Meston and Heiman, 1998); however, clonidine, a α2 adrenergic agonist, inhibits 

both subjective and physiological arousal (Meston et al., 1997).  Indeed, norepinephrine 

levels increase during exposure to sexual imagery (Exton et al., 2000) and following 

sexual intercourse (Ende et al., 1989).  In women with sexual dysfunction, 

norepinephrine levels are elevated during the viewing of sexual stimuli, which may 

reflect anxiety in women about their sexual dysfunctions (Meston and McCall, 2005).   

Dopamine, as with the rodent, has a facilitatory role in sexual behavior in women: 

drugs that increase dopamine (e.g., levodopa or carbidopa) or that block dopamine 

reuptake (e.g., bupropion) increase sexual behavior (Uitti et al., 1989; Coleman et al., 
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2001; Segraves et al., 2001; Segraves et al., 2004).  Indeed, treatment with bupropion in a 

double-blind, placebo-controlled study, increases sexual desire, sexual arousal, and 

sexual satisfaction reported by women with HSDD (Segraves et al., 2004).  Moreover, 

treatments with dopamine antagonists often decrease sexual desire and delay, or inhibit, 

orgasm in women (Shen and Sata, 1990).  In keeping with the role of dopamine as an 

anticipatory signal, homovanillic acid (HVA), the major metabolite of dopamine and the 

most direct assessment of changes in dopamine activity in humans, increases in advance 

to the showing of an erotic film in both normal women and women with HSDD (Meston 

and McCall, 2005).  There was a correlation between subject sexual desire and HVA 

among women with no sexual dysfunction, but not in women with sexual dysfunction 

(Meston and McCall, 2005).  The HVA levels do not differ between these two groups of 

women; however, HVA was assessed via blood samples.  Aberrations in dopaminergic 

signaling remain a possible explanation for HSDD. It is unknown whether dopamine 

levels are decreased in the neurocircuitry controlling sexual motivation; or that dopamine 

neurons are hypoactive; or that there is an alteration in dopaminergic signaling. 

It is undetermined whether HSDD is due to hypofunctional sexual desire or 

hyperfunctional sexual inhibition.  Sexual inhibition is provided by serotonin, a sexual 

‘satiety’ signal (Pfaus, 2009).  Selective serotonin reuptake inhibitors are notorious for 

causing sexual dysfunctions in terms of reducing sexual desire and abolishing orgasms.  

Moreover, the dopaminergic and serotonergic systems are interconnected and mutually 

inhibitory with regards to sexual motivation and behavior (Meyerson, 1964; Alcantara, 

1999; Di Giovanni et al., 2008). Serotonin modulates descending outputs to the mPOA, 

PFC, and NAcc (Room et al., 1985; Sesack and Pickel, 1992), and by activation of 5-
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HT2ARs, serotonin can indirectly inhibit mesocorticlimbic dopamine release from the 

VTA (Bortolozzi et al., 2005; Diaz-Mataix et al., 2005).  However, serotonergic 

activation of the other serotonin receptors increases dopamine levels. Flibanserin, which 

is 5-HT1AR agonist and 5-HT2AR antagonist, is currently in the late stage clinical 

development for the treatment of HSDD in women.  As flibanserin increases dopamine in 

the mPOA and PFC (Allers et al., 2010), it underscores the role of dopamine in female 

sexual motivation.   

 

The Role of Hormones 

While both estrogens and testosterone improve sexual satisfaction and desire in 

postmenopausal women (Pfaus, 2009), progesterone has been implicated in the 

modulation of sexual desire in premenopausal women. Female-initiated sexual activity 

reaches its peak around the ovulation phase when progesterone levels are beginning to 

rise (Baum et al., 1977a; Wilson et al., 1982; Walker et al., 1983; Bullivant et al., 2004).  

METH use in women is associated with an increased sex drive and sexual activities 

including high-risk behaviors, leading to sexually transmitted diseases and unplanned 

pregnancies (Rawson et al., 2002; Semple et al., 2004a; Semple et al., 2004b; Mansergh 

et al., 2006; Corsi and Booth, 2008). Women also report that the degree of METH use is 

directly related to a positive or pleasurable sexual experience among women who use the 

drug, suggesting a biological basis for the drug and sex association (Rawson et al., 2002; 

Semple et al., 2004a; Semple et al., 2004b; Corsi and Booth, 2008).  The METH-induced 

sexual behavior in the female rat represents a potential model that could be used both to 
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gain further insight into the motivational aspects of sexual behaviors and to understand 

neurobiological mechanisms that underlie drug-enhanced sexual behaviors. 

 

Conclusions 

The data presented here bring to the forefront the importance of considering the 

interactions of neurotransmitters and steroid hormones as regulators of behavioral 

processes, such as sexual motivation.  With the advent of technologies that enable us to 

examine and determine the nature of these interactions on the genetic and epigenetic 

levels, we approach answers to such fundamental questions as the origins of our 

behavior.  It will become increasingly important to consider how steroid hormones and 

neurotransmission may synergize in order to affect motivation and behavior.  We have 

presented one model system in which we can further study the motivational aspects of 

sexual behavior; however hormone-neurotransmitter interactions could be important for 

other motivated behaviors, such as feeding.  Although these interactions add complexity 

to an admittedly intricate and multifaceted system, these data also present new avenues 

for research that may ultimately reveal the origins of sexual desire. 
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