CURRICULUM VITAE
NAME: Sarah A. Rudzinskas
CONTACT INFORMATION: srudzinskas@umaryland.edu
DEGREE AND DATE TO BE CONFERRED: Doctor of Philosophy, 2017
COLLEGIATE INSTITUTIONS ATTENDED
University of Rochester, Rochester, NY
August 2007 – May 2011
Major: B.S in Biological Sciences, Neuroscience
Major: B.A in Psychology
University of Maryland, Baltimore, MD
August 2011 – May 2017
Doctor of Philosophy, 2017
Major: Neuroscience

RESEARCH EXPERIENCE
Graduate Research Assistant
August 2011 – May 2017
PI: Jessica Mong - Dissertation Lab
Undergraduate Research Assistant
October 2009 – May 2011
PI: Archibald Perkins - Technical Assistant II

AWARDS & HONORS
Training Grant in Membrane Biology - T32 GM008181-27 – University of Maryland,
Baltimore
August 2013 – July 2015
Science Communications Internship, Office of Public Affairs & Communications,
University of Maryland, Baltimore
June 2014-2015
Travel Award (SBN) - Graduate Student Association, University of Maryland, Baltimore
June 2015
Travel Award (IHCBB) - Graduate Student Association, University of Maryland,
Baltimore
July 2014
1st place Poster Presentation, Graduate Research Conference, UMB
March 2014
Dean’s List - University of Rochester
September 2007 – May 2011

Dean’s Scholarship – University of Rochester
September 2007 – May 2011

PROFESSIONAL MEMBERSHIPS
Society for Neuroscience (2013-Present)
Society for Behavioral Neuroendocrinology (2015-Present)

LEADERSHIP, SERVICE, RELATED PROFESSIONAL EXPERIENCE
University of Maryland, Baltimore Chapter of Women in Biology - MAPS
2014 – Present
Co-President: March 2014- August 2016
Neuroscience Volunteer Association, University of Maryland, Baltimore
2014 – Present
Graduate Student Association - Neuroscience Program Representative
2013 – Present
Program in Neuroscience Student Training Committee, Student Advocate
2012 – Present
Mock Qualifying Exam Coordinator
2014 - Present

TEACHING ASSISTANT EXPERIENCE
Proseminar in Experimental Design, University of Maryland, Baltimore
Spring/Summer 2015, Fall 2016
Sensation & Perception, Center for Talented Youth, Mt. Holyoke College
Summer 2011
Lab in Neurobiology 203L, University of Rochester
Spring 2011
Neuroscience, Center for Talented Youth, Carlisle College
Summer 2010
Sensation & Perception, Center for Talented Youth, Mt. Holyoke College
Summer 2010
Workshop Leader– Organic Chemistry 203, University of Rochester
Fall 2009

PUBLICATIONS
Rudzinskas, S. A*, Williams, K*, and J. A. Mong (in preparation). "Src Kinase and D1R
Signaling Mediates Changes in Progesterone Receptor Signaling and Proceptive
Behavior Following Methamphetamine Administration.”
Rudzinskas, S. A. and J. A. Mong (in submission, Neuroscience Letters).
"Methamphetamine alters DNMT and HDAC activity in the Posterior Dorsal Medial
Amygdala in a Steroid-dependent Manner.”

Rudzinskas, S. A. and J. A. Mong (2016). "Androgen-primed castrate males are sufficient
for methamphetamine-facilitated increases in proceptive behavior in female rats."
Hormones and Behavior 78: 52-59.
PUBLISHED ABSTRACTS/CONFERENCE PRESENTATIONS
Society for Neuroscience (SFN), San Diego, CA
November, 2016
Rudzinskas, SA., Jurado, S., and Mong JA. The converging roles of dopamine receptor,
progesterone receptor, and neuronal activation in the medial amygdala to mediate female
sexual motivation.
Society for Behavioral Neuroendocrinology, Montreal, Quebec
August, 2016
Rudzinskas, SA., Jurado, S. and Mong JA. The converging roles of dopamine receptor,
progesterone receptor, and neuronal activation in the medial amygdala to mediate female
sexual motivation.
Greater Baltimore Chapter, Society for Neuroscience (SFN), Maryland
November, 2015
Rudzinskas, SA., and Mong JA. A Potential Mechanism through Progesterone Receptor
and Oxytocin Signaling for Methamphetamine-facilitated Sex Behavior.
Society for Behavioral Neuroendocrinology, Pacific Grove, CA
June, 2015
Rudzinskas, SA., and Mong JA. A Potential Mechanism through Progesterone Receptor
and Oxytocin Signaling for Methamphetamine-facilitated Sex Behavior.
Society for Neuroscience (SFN), Washington D.C.
November, 2014
Rudzinskas, SA., and Mong JA. Methamphetamine Mediates Increased Female Sexual
Motivation In Response to Relevant Cues.
International Conference on Hormones, Brain, and Behavior, (IHCBB), University of
Liege, Belgium
June, 2014
Rudzinskas, SA., and Mong JA. Methamphetamine Mediates Increased Female Sexual
Motivation In Response to Relevant Cues.
Greater Baltimore Chapter, Society for Neuroscience (SFN), Maryland
November, 2013
Rudzinskas, SA., Sosa, JP., and Mong JA. Methamphetamine Mediates Increased Female
Sexual Motivation In Response to Relevant Cues.

ABSTRACT
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Methamphetamine (MA) is a psychomotor stimulant which, when abused, is
reported to increase sex drive in both men and women. The neurobiological mechanism
underlying the effect of MA on sexual motivation is not well understood, especially in
women. Our lab has recapitulated this effect in a rodent model, where combined
administration of MA with estradiol and progesterone results in a significant increase in
proceptive, or sexually motivated, behaviors in ovariectomized female rats. We have
demonstrated that neurons in the medial amygdala (MeA) undergo activational changes
after MA, as measured by cFos upregulation. The data in this thesis addresses two major
remaining gaps in knowledge of both the model itself and the mechanism by which MA
increases sexual motivation.
First, I addressed whether increased proceptive behaviors are truly indicative of
sexual motivation, or instead a manifestation of MA-induced generalized arousal. Here, I
present data to support that MA-induced increases in proceptive behaviors are specific to

a sexually relevant stimulus. Furthermore, my data implies that MA may heighten
responsivity to specific, androgen-mediated, sexually relevant cues.
Since the ovarian hormones estradiol and progesterone are essential for the full
display of female sexual behaviors, I examined the progesterone receptor (PR), which is
known to be necessary for proceptive behavior. Our previous findings had suggested
progesterone signaling mechanisms were a likely downstream target of MA, as dopamine
signaling can modulate them. Therefore, the second major question I addressed was
whether the increase in PRs induced by MA in the MeA was sufficient for increasing
sexual motivation, and whether this increase was directly due to dopamine receptor (D1R)
activation. Here, I present data demonstrating that upregulation of PRs in the MeA is
sufficient to increase sexually motivated and receptive behaviors in the absence of MA.
This suggests that PR may be the feed-forward target of D1R-mediated facilitation of
sexual motivation in females. However, my data does not support a direct link between
D1R activation and PR upregulation. More surprisingly, neither D1R nor PR activation
correlates with cFos levels in the MeA. Together, these data bring us closer to
understanding the neural correlates underlying MA-facilitated female sexual motivation.
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CHAPTER 1: INTRODUCTION

Sex is one of the most fundamental urges of all animals. In the animal kingdom,
sexual activities between one male and one female are geared toward the fundamental
goal of copulation, allowing the transfer of genetic material. In humans, however, sex can
and does serve purposes beyond reproduction and remains one of the most powerful,
natural drives we have. Thus, it is unsurprising that the modulation of this drive can have
powerful consequences on human behavior and the human psyche. What is surprising,
however, is that despite both sexual drive and arousal being critically important and
essential to survival, there is still much mystery in the underlying basic science. Some of
this is because of cultural norms and expectations: even today, many see discussing sex
or reproduction as taboo, particularly when sexual activity does not fit the established
“norm” for that culture. But the remaining mechanistic questions stem from our inability
to directly test hypotheses related to sexual arousal, motivation, and hormones in humans.
Therefore, the use of animal models has become critical, if not essential, to
understanding the underlying hormonal and neural components of sexual arousal and
motivation in humans. In particular, the sexual behaviors of rats have been exceptionally
well characterized, as well as those in mice, voles, and hamsters (Erskine, 1989; Hull and
Dominguez, 2007). Rats specifically are useful in that they are easy to control in a
laboratory setting, have relatively rapid breeding cycles, show clear and distinctive
behaviors indicative of both sexual arousal and motivation, and display hormone
dependent cyclicity. A critic may suggest that some social and sexual traits are uniquely
human and that many psychological factors do not apply to a rat. To the contrary, many
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neuroendocrine mechanisms are highly evolutionarily conserved, and it would be an error
to assume that the mechanisms underlying a rat’s sexual motivation are dissimilar to the
ones that may influence our decision to engage in sexual activity. As will be explored
later in the thesis, findings in humans such as methamphetamine (MA) being reported to
increase women’s sex drive are replicable in female rats (Holder et al., 2010; Holder and
Mong, 2010) – it is likely humans have far more in common evolutionarily than we may
at first think. But first, it is necessary to understand the primary drivers of sexual
differentiation and sex behavior.

Steroid Hormones
Males and females have a number of sex differences in the brain. Many of these
sex differences have major effects on the ability to display appropriate sexual behaviors
and reproduce. How do these differences arise? It has been shown that once the gonads
have properly differentiated, they secrete hormones that “organize” the brain. Hormones
are steroids synthesized from cholesterol. The enzymes present in the tissue environment
containing cholesterol will determine the final steroid derived from cholesterol. Generally
speaking, cholesterol is converted to progesterone (P), which can then be converted into
corticosterone (CORT) or testosterone. Testosterone (T), in the presence of the enzyme 5alpha-reductase, will be converted to dihydrotestosterone (DHT), a powerful, nonaromatizable androgen. If T is in the presence of aromatase, it will be converted into
estradiol (E2). These synthesis pathways are reviewed in (Grummer and Carroll, 1988).
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Steroid Hormone Action and Nuclear Receptor Signaling
Classical steroid receptor nuclear signaling occurs when steroid hormones bind to
their receptors expressed by target cells in various types of tissues. Steroid hormones are
secreted proteins; this affords them the capacity to signal over long distances. Steroid
receptors are typically present in the cytosol (but can also be expressed on the cell surface
in non-canonical signaling (Cornil et al., 2015, 2006)). When a steroid binds its cognate
receptor, the receptor is freed from the heat shock protein (HSP) to which it is bound
allowing it to dimerize with another ligand-bound or activated receptor. Upon
dimerization, the nuclear translocation signal is exposed and the receptor pair migrates to
the nucleus where it binds hormone response binding elements (HREs), along with a
number of important co-activators or repressors, like SRC-1, to change the expression or
repression of transcription. The primary neuroendocrine receptors playing roles in
reproductive and sexual behaviors are the estrogen receptors (ERs), the androgen
receptors (ARs) and the progesterone receptors (PRs). Of note, ERs and PRs each come
in two flavors: ER⍺ and ER, and PRA and PRB, and each isoform variant has distinctive
cellular localization and function (Brinton et al., 2008; Kavaliers et al., 2004; Mani et al.,
2006).

The Organization of Sexual Behavior, and Sexual Differentiation in Rats
Sexual differentiation, under normal developmental circumstances, is controlled
by chromosomal sex. In both rats and humans, the gonads have the potential to develop
into either ovaries or testes. In females, who have two X chromosomes, gonads “default”
into ovaries. In males, the Y chromosome expresses a gene called the Sex-determining-
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Region of the Y (Sry), causing the gonads to develop into testes. Internally, there reside
two sets of ducts, the Müllerian and Wolffian ducts. In females, the Müllerian ducts
develop into the fallopian tubes, cervix, uterus, and inner vagina. In males, the testes
secrete both anti-Müllerian-hormone, which causes the Müllerian ducts to retract, and T,
which prompts the growth of the Wolffian ducts. The Wolfian ducts eventually become
the seminal vesicles, vas deferens, and epididymis (summarized from Becker and
Breedlove, 2002).
In development, when circulating T reaches the neurons of the brain, it encounters
aromatase and is converted from T to E2. Thus it is E2 and not T that directly “organizes”
the brain as male (Phoenix et al., 1959). Females, on the other hand, produce high levels
of ⍺-fetoprotein (⍺FP) which can tightly bind the circulating estrogens produced by the
ovaries (Tomasi, 1977). Consequently, in females the classical view was that lack of E2
action in the brain causes the brain to “default” into the “feminized” neural circuitry and
patterns. After puberty occurs, the differential levels of circulating sex steroids, such as
T, E2, and P, “activate” the previously organized brain regions, particularly those
involved in reproductive sex behaviors, social behaviors, and physiological changes.
This hypothesis of brain development has been termed the OrganizationalActivational hypothesis and it suggests that the brain is organized during very early
development to be male or female (Arnold, 2009; Phoenix, 2009). More recent work by
McCarthy and others have expanded these findings and suggested that a more accurate
way to describe the process is that of “defeminization,” whereby sexual differentiation is
an active process that organizes the brain to dynamically inhibit the expression of female
behaviors in adulthood. This process of sexual differentiation is powerful but can be
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highly susceptible to seemingly minor developmental challenges. For instance, Lenz and
colleagues showed that inhibiting the microglia in males with just two doses of
minocycline on PN0 and PN1 was sufficient to inhibit E2 from defeminizing the brain,
and the minocycline+E2-pups grew up to display female typical sex behaviors (Lenz et
al., 2013). Later, Nugent and colleagues demonstrated that females who received a DNA
methyltransferase (DNMT) inhibitor neonatally were defeminized and engaged in mounts
and thrusts, male typical-sex behaviors, in adulthood (Nugent et al., 2015).
In rats, comparing sexual behavior to gonads is just one way to understand which
steroid hormones the brain experienced during development; if the behavior does not
match, it suggests perturbations within the neuroendocrine system. In humans, therefore,
it is not unreasonable to consider organizational sex differences in disorders both directly
and indirectly linked to sexuality.

Sexual Behavior in Male Rats
Once the brain has differentiated and puberty has come and gone, adult male rats
typically display sex behaviors that match their gonadal sex. In males, the release of
luteinizing hormone (LH) (controlled by the pulsatile secretion of GnRH) signals the
Leydig cells in the testicle to produce T. Testosterone is the major sex hormone in male
rats. Elimination of T by castration in a naïve male blocks normal sex behavior (Stone
1939), and re-administration of T after castration restores sex behavior (Beach and HolzTucker, 1948). As described previously, T causes transcriptional changes by binding
ARs. Early work demonstrated that a high proportion of ARs were located in the brain’s
hypothalamus, particularly in the medial preoptic area (mPOA), and later work
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demonstrated that blocking ARs in the mPOA inhibited male sex behaviors (Harding and
McGinnis, 2004; McGinnis et al., 1996). Thus, it appeared that the actions of T on ARs
in the mPOA might be what ultimately controlled sex behaviors in male rats.
If this were the case, any AR agonist should be able to replicate T’s actions in the
castrated (CX) male rat. Dihydrotestosterone (DHT) is a non-aromatizable androgen that
is a major metabolite of T and binds ARs. Hence, it was surprising that DHT readministration alone after CX failed to fully restore mating (McDonald, 1971).
Dihydrotestosterone does increase the likelihood of the rat having non-contact erections,
as ARs in the penis and spinal cord have been demonstrated to control erections, and may
moderately increase mounting behavior (Hull and Dominguez, 2007; McDonald, 1971).
Notably, the pheromone producing tissues of the seminal vesicles, penile papillae,
prostrate, and coagulating gland in the peripheral nervous system are loaded with ARs,
but not ERs (Gawienowski et al., 1975). DHT-treated males presumably have a similar
pheromonal profile to the intact male, just without the exhibition of copulatory behavior
(Drewett and Spiteri, 1979; Orsulak and Gawienowski, 1972). Despite these important
actions of DHT on sensory receptors and its actions on ARs, it alone cannot motivate the
male to approach, intromit, and ejaculate in an estrous female.
The remaining candidate to drive male sex behavior is the other major metabolite
of T, E2. In 1969, Davidson et al showed that E2 alone could restore some, but not all,
mounting and intromission behavior in CX male rats (Davidson and Allinson, 1969).
Around the same time, ERs and aromatase were discovered in the hypothalamus and
limbic forebrain structures (Beyer et al., 1976; Davies et al., 1975). This evidence
suggested that both DHT and E2 must work together to fully activate sexual activity in
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the male brain. Indeed, co-administration of E2 and DHT fully restores CX male sex
behavior (Larsson et al., 1973), and this hypothesis is still supported today.
It is important to note that male rats show both behaviors of sexual motivation and
of sexual arousal (performance), and distinguishing between the two can be important
depending on the behavioral question being tested. Just like in humans, it is possible for
one system to function without the other. As previously mentioned, the critical nucleus in
males for summating sexual and hormonal input is the mPOA. Lesions of the mPOA
inhibit male sexual behavior (De Jonge et al., 1989). The mPOA has high connectivity
with other regions demonstrated to be important in male sexual behavior, such as the
accessory olfactory projections which help process pheromonal inputs; indeed, a critical
motivator of sexual behavior in males is pheromones (Baum, 2009; Kippin et al., 2003;
Woodley et al., 2004; Wyatt, 2003). Moreover, it appears that dopamine (DA) action in
the mPOA is absolutely essential for proper display of sexual behaviors, particularly
behaviors of sexual motivation (such as latency to mount): blocking DA action in the
POA significantly decreases the likelihood of successful copulation (Dominguez and
Hull, 2001; Hull et al., 1995).

The Estrous Cycle and Sexual Behavior in Female Rats
In this thesis, I quantify female-typical sexual events to understand the
mechanism underlying the phenomena of the drug, MA. In rats, female sexual behavior
occurs with the goal of copulation at the time of ovulation in order to induce pregnancy.
Female rats have a 4-5 day estrous cycle, a cycle of ovarian development during which
consistent fluctuations in estrogens (estrone, estriol, and E2) and progestins (17α-
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hydroxyl-progesterone, pregnenolone, 17α-hydroxyl-pregnenolone, and P) control the
timing during which sex behaviors can and should occur (Green et al., 1951; Mandl,
1951; Nequin et al., 1979), see Figure 1. There are four named phases to the female
estrous cycle, each defining a certain type of hormonal action by the ovaries, adrenal
glands, and brain. In the first phase, metestrus (sometimes called diestrus I), circulating
hormone levels are extremely low. GnRH is released from the anterior pituitary, which
stimulates the release of two gonadotropins, LH and follicle-stimulating hormone (FSH).
In the next phase, diestrus, the ovaries, stimulated by the LH, begin steroid production
and increase E2 synthesis. This slowly increasing E2 exerts positive feedback onto the
brain, inducing more E2. In proestrus, E2 levels peak and work with a synchronized
bursting of GnRH to induce the “LH surge.” Around the time of the LH surge, P levels
slowly rise and peak approximately 6 hours after the E2 levels. In the final day of the
cycle, estrus, the LH surge and hormonal priming from the afternoon of proestrus lead to
ovulation and maximal receptivity (Nequin et al., 1979). In order for female rats to
display proper sexual behaviors, there must be an increase in serum E2 levels which is
then followed by a rise in P levels (Powers, 1970; Smith et al., 1975). Post ovulation, E2
and P exert negative feedback onto the brain, LH and FSH level drop back down to low
levels, and the cycle begins again (Nequin et al., 1979).
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Figure 1: Estrous Cycle in Female Rats.
Rats have a 4-5 day estrous cycle. Note how in proestrus, E2 levels peak, and work with a
synchronized bursting of GnRH to induce the “LH surge.” P levels slowly rise and peak
after E2 levels do. Post ovulation, E2 and P exert negative feedback onto the brain, and
LH and FSH drop back down to low levels, and the cycle begins again.
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Ovariectomy (OVX) depletes circulating steroid hormones in adult females, and
abolishes female sex behavior (Wise and Ratner, 1980). In the mechanistic studies in this
thesis, this creates a useful “hormone-free” baseline, but it is important to note that E2
and P, also secreted by the adrenal glands, do have effects on estrous cycle timing; for
instance, adrenalectomy delays the onset of estrus behavior (Aston and Lisk, 1974;
Shaikh and Shaukh, 1975).

Female Sexual Behaviors - Receptive Behaviors
The major behavior indicative of female receptivity is the display of lordosis, the
reflexive behavior characterized by the arching of the back and the elevation of the head
and tail, which permits the male to achieve intromission. Lordosis occurs naturally during
estrous when the male catches and stimulates the female’s flanks and rump. This
behavior is eliminated by OVX. An OVXed female rat will actively resist attempts by the
male to mount her (McDonald and Meyerson, 1973). If the OVX rat is treated with E2
alone, lordosis is reinstated, but without the display of motivated behaviors (Whalen,
1974).
Both the frequency and amplitude of lordosis responses can be quantified. A
receptive female should show lordosis following almost every mount. The frequency of
mounts/lordotic posture is called the Lordosis Quotient (LQ), which is calculated as
(# lordoses / # mounts) x 100 = LQ
and this is usually calculated out of ten total mounts. LQ, as indicated by the above
formula, is equally dependent on male as well as female performance. Lordosis Score,
LS, depends on the amplitude (or intensity) of lordosis, and breaks down the quality of
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the lordosis displayed. Thus, this quantification is much less dependent on the quality of
the male. LS is scored on a scale of 0-3, with 0 being no lordosis, 1 being some lordosis
(back may be slightly straightened, a pause in the female’s movement), 2 being mild
lordosis (back has some curve but not fully curved, nose and tail face upward), and 3
being full lordosis, with a strong curve of the back and nose and tail fully upward. In
short, the greater the spinal curvature displayed during lordosis, the stronger the LS, and
a stronger LS is mediated by the presence of the correct hormonal milieu (Hardy and
DeBold, 1971). It has been previously demonstrated that lordosis intensity can also
reflect the desire of the female to copulate, and can also be used as an indication of
female sexual motivation, not just performance (Erskine, 1989; Schober and Pfaff, 2007).

Receptive Neural Circuitry
How does the brain coordinate the spontaneous response of lordosis? Since
lordosis is a reflex that occurs as long as a male correctly stimulates her flanks, the
circuitry controlling it has been rather well characterized and mapped by lesion and tracer
studies, see Figure 2. The ventromedial nucleus of the hypothalamus (VMN) is the
primary mediator of sexual receptivity and the lordosis response in female rats. Though a
number of other brain nuclei send input and output to the VMN, lesions to the VMN
alone abolish lordosis and sexual receptivity (Edwards and Pfeifle, 1983; Pfeifle and
Edwards, 1983). Electrical stimulation of the VMN can induce lordosis responding in the
absence of hormonal priming or a sexual stimulus (Pfaff and Sakuma, 1979). The VMN
is steroid concentrating (containing both ER⍺ and PR) and is uniquely situated to receive
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sensory input from the spinal cord and modulatory output from the brain (Kow and Pfaff,
1998).
When a male stimulates the Ruffini endings on the flanks of a female rat, and
induces vagino-cervical stimulation (VCS), information about this activity enters the
spinal cord and proceeds from the dorsal horn up to the brainstem nuclei, more
specifically the medullary reticular formation (MRF) and the lateral vestibular nucleus
(LVN). These nuclei send projections through the midbrain, and from the midbrain, the
summed sensory information reaches the VMN (Daniels et al., 1999; Pfaff, 1999; Pfaff et
al., 2008).
The VMN is, generally, under tonic inhibition by the mPOA and the anterior
hypothalamic nuclei (AH). The mPOA is necessary for selective approach to a sexual
incentive stimulus, and the levels of ERα can change the likelihood of approach and
lordosis response of the female to a male (Spiteri et al., 2012). When E2 binds to the ER⍺
in the PoA, lordosis is facilitated, and the opposite is true in the ventrolateral VMN,
where E2 allows excitatory neurons to overcome mPOA/AH-mediated inhibition (Pfaff,
1999). The excitatory signal travels back from the VMN, to the midbrain central gray
(MCG) and the perpendicular nuclei (PPN).
The MCG acts as an integration point for a variety of important bodily functions,
and can block or allow the messages for lordosis by inhibiting messages for other,
competing stimuli, such as pain (McCarthy et al., 1995, 1991b). In the MCG, locally
synthesized GABA facilitates the lordosis response (McCarthy et al., 1991a). E2 also
further activates the ER⍺ containing neurons of the MCG, increasing electrical
excitability of these neurons (Lee and Pfaff, 2008). The MCG is also the point in the
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pathway where the slow, endocrine signaling is converted to fast, neurophysiological
output. Glutamate from the MCG facilitates the activation of the MRF, which relays
information about posture to the deep back muscles controlled by the cervical and lumbar
spinal cord (Yamada and Kawata, 2014). Neurons in the lumbar spinal cord contain ERs,
the activation of which lowers the excitability threshold of the motor neurons synapsing
onto the back muscles (VanderHorst et al., 2005; Williams and Papka, 1996). When all of
these sensory and neural inputs occur appropriately, and E2 is present, the entire signaling
cascade will occur in less than a second and cause the back to dorsoflex into the lordotic
posture described previously (reviewed in Pfaff et al., 2008).
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Figure 2: Neural Circuitry producing lordosis.
When pressure is applied to the Ruffini endings on the female’s flanks and rump, this
sensory input is transmitted up the L1, L2, L5, L6, and S1 regions of the spinal cord
through the dorsal ascending fibers. These ascending inputs terminate on the MRF and
the LVN, which make up the lower brainstem module, and integrate postural information
across spinal cord segments. In the hypothalamic module, E2 decreases the inhibitory
drive from the POA and increases the electrical activation of the VMN. The axons from
the VMN then project to the midbrain module, where the PPN and the MCG translate
slow endocrine signals into fast, excitatory drive. In the MCG, locally synthesized GABA
inhibits GABAergic projections and promotes glutamatergic drive which further
facilitates lordotic posture. Axons from the PPN and MCG synapse onto the MRF, and in
synergy with the LVN, trigger the motor neurons of the spinal cord to contract the back
muscles, called the lateral longissimus and transverspinalis, producing lordotic posture.
Abbrev: mPOA (medial preoptic area), AH (anterior hypothalamus), VMN (ventromedial
nucleus of the hypothalamus), MCG (midbrain central gray), PPN (perpendicular nuclei),
LVN (lateral vestibular nucleus), MRF (medial reticular formation).
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Female Sexual Behaviors - Proceptive Behaviors
Although the LS is considered to be relevant to the overall level of female sexual
motivation, a highly sexually motivated female will actively solicit sexual contact with
the male using several well characterized behaviors, termed, proceptive behaviors
(Beach, 1976; Edwards and Pfeifle, 1983; Erskine, 1989; Pfaus, 1996). Proceptive
behaviors are established to be a gauge of the female’s motivation for sexual activity
(Hlinak, 1977; Paredes B, 1999; Portillo and Paredes, 2004; Spiteri et al., 2010). As with
receptive behaviors, proceptive behaviors are eliminated after OVX but can be reinstated
by E2+P (Baum et al., 1977; Beach, 1976). The notable difference here is that P is
necessary to induce the full range of behaviors that can occur, such as ear wiggling,
hopping, darting, and solicitations, whereas lordosis can occur in the absence of P
(Fadem et al., 1979; Tennent et al., 1980; Whalen, 1974).
Female courtship behavior contains three major components: attention,
orientation, and runaway. First, the female must approach the male and engage his
attention. Next, the female will orient herself toward the male, usually by performing a
behavior such as sniffing, anogenital investigation, or grooming. Finally, the female will
run away from the male giving him a chance, should he choose, to catch her, stimulate
her flanks properly, and mount her. Following the runaway, the receptive female will
usually crouch and display what is known as presenting posture, which is different from
just normal sitting in that it allows the female to better lordose and increases her ability to
support the male’s mount (for review, see Erskine, 1989).
There are specific proceptive behaviors that play a role in the success of the
courtship process. If the male approaches the female and she is receptive, she may
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display presenting posture and ear wiggling, which, contrary to the name, is actually a
rapid movement of the head making it appear as though the ears are moving (Hlinak,
1977). If the male is not paying attention to the female, she may hop or dart to get his
attention. A hop is a rapid event wherein the rat will lock its hindlegs, become airborne,
and move a short distance, less than one body length (Beach, 1976; Hlinak, 1977).
Darting is a specialized form of a runaway in which the female accelerates swiftly using
rapid, low steps with the body held near the floor (Beach, 1976; Hlinak, 1977). A dart
that ends abruptly in the presenting posture is often quantified as a single behavior,
termed a solicitation. Some combinations or variants of these behaviors are more
commonly seen in the courtship ritual, such as a few hops in sequence combined with a
dart into the presenting posture. But any of these proceptive behaviors may occur
independently or multiple times in a row, depending on the attention of the male.

Proceptive Neural Circuitry
The sexual circuitry controlling female rat sexual motivation and arousal is far
less well understood than the circuitry controlling lordosis. Presently, the literature does
not suggest a singular, critical nucleus to sexually motivated behavior, like the VMN is to
lordosis. Unlike the reflexive nature of lordosis, circuitry involved in sexual motivation
involves the integration of a number of sensory, sexual, and environmental cues (see
Figure 3). In their model for sexual incentive motivation, Ågmo et al. theorize that
increased activation of a central motive state (defined as a set of processes promoting
goal-directed behaviors in response to a specific incentive stimulus) results in a more
intense response to the stimulus. (Agmo, 2011). This suggests that if any one player in
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the neural circuitry of sexual motivation receives heightened input, the responsivity of the
entire system could increase.
The medial amygdala (MeA), in particular the posterior dorsal region (MePD), is
an ideal nucleus, in terms of neural connectivity, to integrate sensory information to
output nuclei. Upstream inputs from both the main and accessory olfactory bulb project
directly to the MePD (Bian et al., 2008; Hosokawa and Chiba, 2007; Kang et al., 2009).
Furthermore, the MeA receives direct inputs from both the VTA and the locus coeruleus
(LC), the primary synthesis sites of dopamine (DA) and noradrenaline (NE) respectively,
neurotransmitters demonstrated to increase arousal (Fallon et al., 1978). This allows the
MePD to receive sensory arousal input and simultaneously heighten the activation of the
central motive state. Neurons in the MePD are a heterogeneous, steroid concentrating
population. A majority of the neurons are small, “medium spiny-like” neurons, which are
GABAergic, while a minority are glutamatergic “pyramidal-like” neurons. It appears that
it’s primarily the glutamatergic neurons in the lateral MePD that receive olfactory input
and project to the lateral VMN (Bian et al., 2008). Outside of female sex behavior, the
MePD has also been show to play roles in puberty, weight fluctuation, fear, socialization,
and play behavior (Hu et al., 2016; Li et al., 2015; Robert C. Twining, Jaime E.
Vantrease, Skyelar Love, Mallika Padival and Rosenkranz, 2016). Lesions of the MePD
have been demonstrated to increase socialization and decrease play fighting behavior (Li
et al., 2015).
The MePD itself appears to only have moderate effects on sexual arousal and
proceptivity under normal, non-pharmacologically manipulated conditions (Sakuma,
2008). E2-induced proceptivity and receptivity require ERα in the VMN but not in the
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MePD (Spiteri et al., 2012, 2010). Following lesions of the MeA, there is a decrease in
both lordosis responding and proceptivity (Masco and Carrer, 1984, 1980) and a
significantly decreased preference for stud male rats vs CX males (Kondo and Sakuma,
2005). It cannot be understated that both proceptive behavior and lordosis responding still
occur following removal of the MePD; implying that the MePD is neither the sole driver
of lordosis nor of proceptive behavior.
Downstream, the MePD projects to a number of nuclei known to modulate female
sexual motivation (in addition to their roles in lordosis responding) including the
aforementioned mentioned VMN and mPOA, the bed nucleus of the stria terminalis
(BNST), and others whose role in sexual motivation is less well defined (Bian et al.,
2008; Martinez and Petrulis, 2013; Pardo-Bellver et al., 2012). The role of these nuclei
has been the subject of a wealth of literature, and though they are not the focus of this
body of work, some of the evidence that they play a role is noted: After 80% reduction in
total ERα using shRNA in the VMN, sexual motivation was absent despite treatment with
E2+P (Spiteri et al., 2010). In the mPOA, P increases extracellular DA and facilitates
proceptive behavior in female rats primed with a low dose of EB (Matuszewich et al.,
2000). Beyond proceptivity alone, the nucleus accumbens (NAcc) has been demonstrated
to play a critical role in the “wanting” and “reward” of sexual behaviors: female rats with
NAcc lesions are more likely to avoid sexual interactions in paced mating (Becker et al.,
2001; Hu and Becker, 2003; Jenkins and Becker, 2003). It is clear that the MePD is a
favorable candidate to be a core, but not sole, modulator and integrator of hormonal
input, sensory cues, and neuromodulatory catecholamine drives in sexual motivation.
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Figure 3: Simplified major nuclei and projections implicated in proceptive behavior.
The sexual circuitry controlling female rat sexual motivation is less well understood than
the circuitry controlling lordosis, and contains many more modulatory players. This is
because sexual motivation involves the integration of a number of sensory, sexual, motor,
and environmental cues. The medial amygdala (MeA) sits at a prime site to integrate
many of the afferent and efferent signals, particularly those from the olfactory bulb and to
the VMN. Abbrev.: MOB, Main Olfactory Bulb. AOB, Accessory Olfactory Bulb. NAcc,
Nucleus Accumbens. pBNST, posterior Bed Nucleus of the Stria Terminalis. PoA,
preoptic area. LC, locus coeruleus. VMN, ventromedial nucleus of the hypothalamus.
VTA, ventral tegmental area.
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Paced Mating and Other Indicators of Female Sexual Motivation
Beyond proceptive behavior, there are a number of other ways in which female
sexual motivation has been tested. In the wild, females largely control the speed of
mating by timing her interactions with the male, putting her in charge of the rate and
frequency of copulation (McClintock et al., 1982; McClintock and Anisko, 1982;
Paredes B, 1999). Knowing this, Erskine and colleagues developed “paced mating,” a
method to test sex behavior in a laboratory setting in a more naturalistic way
(Coopersmith and Erskine, 1994; Erskine et al., 1989). In a paced mating arena, there are
two outer chambers where the female is able to keep away from the male, and a main,
center chamber where the male resides. The female is then able to choose when and how
much time to spend in the chamber with the male. This testing method increases the
aspects of sexual motivation that can be quantified: time spent in or out of the main
chamber, frequency to enter or exit the main chamber, and time to return to the main
chamber (after a successful ejaculation). Shorter return to main chamber latencies as well
as increased time spent in the main chamber are interpreted as increases in motivation.
Beyond having more aspects of motivation to quantify, this style of testing allows the
female to control the interaction with the male, allowing her to escape from an aggressive
male that might inhibit or diminish her display of proceptive behaviors, thus
misrepresenting her motivation.
Beyond quantifying proceptive events, other tests of motivation have also been
performed. Meyerson et al. examined the effects of negative stimuli on sexual
motivation. Their paradigm examined whether or not a female rat was willing to cross an
electrified grid in order to gain access to a male, and correlated the willingness to cross
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with increased sexual motivation (McDonald and Meyerson, 1973; Meyerson et al.,
1973). Others have done tests of proximity, which as the name implies, correlate sexual
motivation with whether a female seeks to be close to an intact male (Pfeifle and
Edwards, 1983). Drewett and Spiteri timed the rate at which females would run down a
runway toward a male stimulus rat. Their study assumed the more sexually motivated the
female, the faster the female would run. They used male stimuli treated with varying
hormone regimens (CX, CX+DHT, CX+T, CX+EB, Intact) and found significant
decreases in runway time when an intact male was at the end of the runway as opposed to
a CX+DHT, or CX (Drewett and Spiteri, 1979). One critique of these tests is that they do
not allow for the female to copulate with the male. Becker and colleagues have attempted
to solve this problem by using operant conditioning to quantitatively measure sexual
arousal. Their style of testing allows the female to respond to the sexual cues from the
male by nose poking to open a door that will give the female access to the male. Once
access is granted, the female can copulate with the male and as well as display proceptive
behaviors. Under this experimental paradigm, hormonal priming significantly increases
the number of nose pokes the female rat is willing to perform in order to gain access to
the male rat. Females are willing to work significantly more (i.e. increased number of
nose pokes) for gonadally intact males versus CX males, and thus successfully open the
door significantly more for intact males (Becker et al., 2012; Cummings and Becker,
2012).

21

The Olfactory System and Female Sexual Behavior
Though at the time other sensory information such as ultrasonic vocalizations
(USVs) were not well characterized, it was clear to Drewitt and Spiteri that the olfactory
profile of the male was critically important to female sexual motivation, or at least to her
running speed (Drewett and Spiteri, 1979). It’s now understood that pheromones are
essential to controlling appropriate sexual timing and responding in the female rat.
Pheromones are odorless chemical messengers, which are picked up by contact with the
vomeronasal organ (VNO). The work of Martha McClintock and others have
demonstrated the power of pheromones to advance and delay estrus cyclicity. For
instance, female mice that are housed together will eventually synchronize their estrus
cycles (McClintock, 1984), and this mechanism appears to be somewhat evolutionarily
conserved in humans (LeFevre and McClintock, 1988). Beyond vomeronasal responding,
neural connections from the MOB and the AOB project directly to the MePD and MePV
(Bian et al., 2008; Hosokawa and Chiba, 2007; Kang et al., 2009). Removal of the MOB
and the VNO reduces LH levels, female sexual motivation, and lordosis behavior
(Beltramino and Taleisnik, 1983; Dudley and Moss, 1994; Williams et al., 1992). There
are also dopaminergic neuronal groups within the glomerular layer of the olfactory bulb
itself, which can modulate the output of the bulb (Corthell et al., 2013; Pignatelli et al.,
2005). The mPOA and VMN do receive some chemosensory information, however at
least in males, it appears this information is largely processed in an area of these nuclei
that is separate from the AR- and ER-containing neurons (Newman, 1999; Wood, 1997).
Thus, whether directly within the bulb and/or indirectly via activation of the MePD,
VMN, or mPOA, inputs from olfactory cues can enhance and mediate aspects of
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proceptive and receptive behavior in females and should be considered carefully when
evaluating sexual motivation.

Neurotransmitters of Female Sex and Reproduction
Within the neural circuitry described above, it should be clear that steroid
hormones do not work in a vacuum to mediate sexual responsivity; they work in
conjunction with neurotransmitter and monoamine release to modulate the signaling
leading to lordosis or proceptive behaviors. Reviewed below are some of the
monoamines that appear to be particularly important to both female sexual behavior and
the mechanisms of MA that are relevant to this dissertation. However, there are a number
of gaps in our knowledge when it comes to hormone-neurotransmitter interactions.

Serotonin
The exact role serotonin (5-HT) plays on female sexual motivation is not well
understood. As far as receptive behaviors go, 5-HT generally appears to be inhibitory:
stimulation of the dorsal raphe nucleus, the primary site of 5-HT production in the brain,
can inhibit lordosis even in a fully hormonally-primed female (Uphouse, 2014, 2000).
However, there are some who’ve identified a facilitatory role (Mendelson and Gorzalka,
1985). The mixed literature appears to occur depending on which 5-HT receptor is most
heavily modulated: 5-HT1A agonism appears facilitatory, whereas 5-HT2A appears
inhibitory. Beyond receptive behaviors, Adams and Uphouse performed one of the few
studies of 5-HT on female sexual motivation. After treatment with a 5-HT reuptake
inhibitor (fluoxetine), they found that fluoxetine-treated rats more quickly left the male's
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chamber in paced mating and stayed away for most of the test (Adams et al., 2012). The
idea that 5-HT is generally inhibitory is supported by the fact that many humans report
issues with low sexual desire or poor sexual performance after taking selective serotonin
reuptake inhibitors (SSRIs) (Bishop et al., 2006; Clayton et al., 2002). In the amygdala,
serotonin receptors of all families (5-HT1-6) are present, though the 5-HT2 family
predominates (Bombardi, 2014; Pralong et al., 2002).

Norepinephrine
NE is a critical neurotransmitter whose role has been well characterized for
receptive behaviors. In general, NE input or increased NE drive increases sexual
receptivity. It is known that lesions of NE input to the hypothalamus abolish lordosis
behavior (Hansen et al., 1981, 1980). A microdialysis study measuring the release of NE
in the VMN demonstrated a significant increase in NE four hours after P treatment in
female rats that displayed high levels of lordosis (Vathy and Etgen, 1989). As far as
proceptive responding, less is known, though increases in excitatory adrenergic signaling
appear to be facilitatory. Antagonists of the α2-adrengeric receptor, α2R (inhibitory),
increase proceptive behaviors, especially ear wiggles, in hormonally-primed female rats
(Meston et al., 1996). Moreover, there are dense populations of α1-adrengeric receptors,
αR (excitatory) in the MeA and VMN. The roles of sexual motivation and NE signaling
have yet to be fully explored.
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Dopamine
DA is a neurotransmitter that has been heavily implicated in the roles of wanting,
liking, and motivation, and is well characterized in the nigrostriatal pathways of the VTA
to NAcc. DA acts on two major classes of receptors, the excitatory D1-like receptors
(D1R and D5R) and the inhibitory D2-like receptors (D2R, D3R, and D4R). In males, Hull
and colleagues have worked to understand how DA action, particularly in the mPOA,
plays a facilitatory role in male sexual behavior (Hull et al., 1995; Hull and Dominguez,
2007; Sato et al., 2007). In females, it has been demonstrated that the mPOA is an
important player in receptive behaviors as well; female rats showed increased lordosis
intensity when DA was infused directly into the mPOA (Foreman and Moss, 1979).
Similarly to NE, DA’s role in proceptive behavior is much less well characterized.
Holder and colleagues demonstrated a significant increase in proceptive behaviors when
a D1R, but not a D2R agonist, was infused directly into the MeA (Holder et al., 2015).

Ligand-independent Activation of Steroid Receptors
Though classical steroid hormone signaling is sometimes thought to be the sole
mechanism of hormone action in the brain, we’ve long known this is not the case.
Activators of protein kinase A (PKA) have been shown to activate PRs in the absence of
P by phosphorylating PR on the serine and/or threonine residues (Denner et al., 1990;
Smith et al., 1993). Both NE and DA have been demonstrated to activate a cGMP
cascade which can activate PRs in the absence of bound steroid (Etgen et al., 1999). The
infusions of DA into the mPOA, which increased lordosis (discussed previously,
Foreman and Moss, 1979), are thought to work through this ligand-independent
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mechanism. In 1991, Powers and colleagues demonstrated in the chicken that DA
mimicked the effect of P, causing a translocation of PR to the nucleus (Power et al.,
1991). Infusions of D1R agonist SKF38933 into the 3rd ventricle facilitate lordosis via
ligand independent activation of PRs in the mPOA and VMN. It is notable that it is only
D1R action, not D2R action, that activates PRs in the absence of steroid (Auger, 2001).
The reason D1R in particular has such strong effects on ligand-independent activation
may be due to the activation of dopamine-and-cyclic AMP-regulated phosphoprotein
(DARPP-32). When phosphorylated, DARPP-32 is activated and potently inhibits protein
phosphatases like PP1 that have been demonstrated to dephosphorylate and deactivate PR
(Auger, 2001; Hemmings et al., 1984; Meredith et al., 1998; Ouimet et al., 1984; Walaas
and Greengard, 1984).

Drugs of Abuse and Sex
Upon highlighting the critical roles neurotransmitters play in the neurochemistrysex interaction, it will come as no surprise that drugs of abuse, which often cause
considerable changes to the neurochemical makeup/release patterns of the brain, can alter
sexual behaviors. Psychomotor stimulants in particular, such as cocaine, amphetamine,
and methamphetamine, are thought to be pro-sexual. An example of this in male rats is
cocaine increasing the likelihood of ejaculation (Pfaus et al., 2010). In human studies, it
is often difficult to parse the feeling of increased sexual competency from sexual
motivation, or quantify increased sexual functioning. Thus, animal models, particularly
those in rats, have been invaluable in determining the effects of various psychostimulants
on sexual motivation and drive.
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Amphetamine (AMPH) is a psychostimulant that is prescribed in low doses to
treat attention deficit disorder. AMPH enters neurons via synaptic terminals through
reuptake transporters such as the dopamine transporter (DAT), which is competitively
inhibited by AMPH to prevent DA reuptake. Inside the neuron, AMPH inhibits the
vesicular monoamine transporters (VMAT1 and 2), preventing newly synthesized
neurotransmitters from remaining packaged into vesicles (Schuldiner et al., 1993). Once
the intercellular concentration is altered strongly enough to change the concentration
gradient at the synapse, the reuptake transporters reverse and flood the synapse with
neurotransmitter. Of note, there is some controversy over whether AMPH actually
depletes DA at terminals and how large of a role reverse transport plays (Calipari and
Ferris, 2013; Daberkow et al., 2013).
In humans, there appears to be a sex difference in the perceived sexual response
to AMPH, where men report an increase sexual activity during AMPH use, while women
generally report no effect (Kall and Nilsonne, 1995). The rodent literature also shows
somewhat mixed responses to AMPH depending on treatment regimen, gonadal-sex,
strain, and type of sexual activity examined (proceptive vs. receptive). Studies in male
rats 60 years ago reported that acute treatment with AMPH could induce a significant
decrease in the proportion of sexually experienced rats that chose to copulate with a
female (Soulairac and Soulairac, 1957). However, other studies have shown an
enhancement of sexual motivation where acute AMPH treatment facilitates copulation in
sexually naïve males (Agmo and Picker, 1990; Fiorino and Phillips, 1999). In females,
the role of AMPH on sexual behavior appears to rely heavily on administration paradigm
and sexual experience. Females sensitized to AMPH had significantly increased
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solicitations without differences in lordosis behavior (Afonso et al., 2009). However, the
sexually naïve females did not show this same facilitation and instead had increased
rejection behaviors. Acute AMPH reduces both proceptive and receptive behaviors in
females (Michanek and Meyerson, 1982, 1977a, 1977b), but repeated, intermittent
exposure (over 3-4 weeks) of AMPH administration appears to facilitate female sexual
motivation, though notably not to the same extent at males (Guarraci and Clark, 2003).
There is a vast sex difference between male and female users of cocaine. Cocaine
binds the DAT and other transport proteins and directly blocks the reuptake of DA, 5-HT,
and NE into pre-synaptic neurons. While male users report an increase in sexual pleasure
and performance following cocaine, women report increases in high-risk sexual behavior
without much change in sexual motivation or perceived pleasure (Kosten et al., 1993;
Rawson et al., 2002). Other studies have supported this finding, where cocaine users
report orgasm enhancement if they are male and orgasm impairment if they are female
(Smith et al., 1984). This sex difference is supported by the rodent literature, which
generally shows that cocaine facilitates the performance aspect of male rat sexual
behavior, such as the ease of penile erection, the number of intromissions, and latency
before ejaculation (Ferrari and Giuliani, 1996). Chronic cocaine administration has mixed
results on male sexual performance: Abel and colleagues gave cocaine daily for 72 days
and saw no significant effect on the sexual behavior of male rats (with previous sexual
experience) though they tested a week after the final injection (Abel et al., 1989). Pfaus,
however, demonstrated that chronic cocaine actually facilitates ejaculation in male rats
(Pfaus et al., 2010).
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Only a few studies have looked at the effects of cocaine on female sex behavior.
Kohtz demonstrated that females treated acutely with various doses of cocaine showed
decreased sexual receptivity (Kohtz et al., 2010). Around the same time, Pfaus and
colleagues reported that cocaine inhibited both proceptive and receptive behavior in
female rats OVXed and treated with E2, while females who were OVXed and treated with
both E2+P displayed a small increase in proceptive behaviors with no change in
receptivity (Pfaus et al., 2010). Clearly, more studies are needed to better understand the
mechanism of cocaine on sex behavior in females.

Methamphetamine
Methamphetamine, a derivative of AMPH, is a psychomotor stimulant that
reportedly increases sex drive in both men and women. MA has a similar neural
mechanism of action to AMPH in the brain, where it binds and eventually reverses the
VMAT1/2 and NET/DAT. Nevertheless, MA is far more potent than AMPH, (reviewed
in Bershad et al., 2015; Kirkpatrick et al., 2012; Kish, 2008). While the mechanism
behind the increase in potency compared to AMPH is not fully understood, some cite the
lipophilicity and metabolism of MA. MA is highly lipophilic and can easily and quickly
enter the brain (Gulaboski and Scholz, 2003), and after entry, remain for hours-days (Barr
et al., 2006). Likely due in part to its potency and lipophilicity, MA has become a
widespread drug of abuse and addiction and a major health problem, reaching epidemic
proportions across the United States and Europe (Gonzales et al., 2010; Rusyniak, 2013).
Women, however, experience a risk of significant health concerns such as unplanned
pregnancies, a higher likelihood of negative consequences of drug use such as psychiatric
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disorders (Polcin et al., 2012), domestic and sexual abuse, and other reproductive health
concerns (Corsi and Booth, 2008; Dluzen and Liu, 2008; Mansergh et al., 2006; Semple
et al., 2007, 2005, 2004). Interestingly, women using MA self-report increased sexual
pleasure as one of the major reasons behind the drug use (Lorvick et al., 2012), which
may reinforce its use and later addiction. However, females are comparatively
understudied in both humans and rodents even though women are just as, if not more, at
risk when they use MA for its increases in sexual pleasure.

A Female Rodent Model of Methamphetamine and Sexual Motivation
To understand the neural substrates underlying the increases in sexual motivation
reported by female MA-users, our laboratory has developed and characterized a rodent
model of MA use. This model quantifies increases of proceptive, or female-initiated
courting, behaviors in sexually receptive, (OVXed, and ovarian hormone replaced) MAtreated female rats.
Our previous findings utilizing this model have demonstrated that hormonallyprimed females treated with acute or repeated doses (1mg/kg, 3mg/kg, or 5mg/kg) of MA
show a facilitation of sexual motivation (Holder et al., 2010; Holder and Mong, 2010).
Since 5mg/kg showed the greatest facilitation of proceptive behavior, it was the dose
selected in subsequent mechanistic and behavioral analyses. This facilitation was
dependent upon the dose of P and was the greatest when P was given at 500ug
subcutaneously (proestrus levels) in an OVXed, hormone-replaced female. MA
administration also increased sexual motivation as measured by a paced-mating test,
where MA-treated female rats had a significantly decreased time to return to the male

30

following a mount or ejaculation, and a significantly decreased likelihood of exiting the
male’s chamber following an intromission (Holder and Mong, 2010).
Subsequent work using this model has identified critical pieces of evidence in
understanding the neural mechanism underlying the actions of MA in the female brain.
First, neural activation, as measured by the immediate early gene cFos, was most strongly
enhanced in the VMN and the MePD after combined MA and hormone administration.
(Holder et al., 2010). Second, PR was found to be significantly increased by MA in the
MePD (Holder et al., 2015). Although PR is most significantly increased in female rats
treated with both MA and hormones, the fact that it can also be increased by MA alone in
an OVX female suggests a possible mechanism where MA enhances P and PR signaling.
PR transcription is usually under tight regulation of induction by ERs, which are
generally not transcriptionally active when ligand is not present (Gréco et al., 2001).
MA increases DA and NE release, and the MePD receives dense
catecholaminergic input (Fallon et al., 1978). Though MA initially does cause increased
release of 5-HT, one study suggests that the 5-HT system shows significant decreases in
total 5-HT levels after chronic MA (Fukumura et al., 1998), but to date no studies have
looked at the roles of MA and 5-HT in sex behavior. In behavioral studies, Holder and
colleagues were able to significantly inhibit MA-facilitated proceptivity by infusing a
D1R antagonist, SCH23390, or a PR antagonist, RU486, into the MePD in the presence of
MA (Holder et al., 2015). This points to a critical role of D1R action, PR action, or some
combination of the two in the mechanism underlying MA-facilitated proceptive behavior.
For review of the roles of various agonists/antagonists on MA-facilitated sex behavior,
see Table 1.
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Target in the MePD
Progesterone Receptor
(PR)
Dopamine Receptor Type 1
(D1R)
Dopamine Receptor Type 2
(D2R)
Adrenergic Receptor a1
(αR)
Adrenergic Receptor a2
(α2R)
Adrenergic Receptor β1 or β2
(βR)

Agonist
(in the absence of MA)

Antagonist
(in the presence of MA)

Increases**

Decreases

Increases

Decreases

No significant effect

No significant effect

No significant effect

Decreases

Not tested

Not tested

Not tested

Not Tested

Table 1: A summary table of the agonists and antagonists which have been noted to
have effects mimicking or inhibiting MA-facilitated proceptive behavior in previous
studies by Holder et al (2015).
** note: a separate PR agonist beyond P has not been tested; however, it has been
demonstrated that proceptive behaviors increase with increasing doses of P, with a ceiling
effect in our studies of around 500ug (data not shown).
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Disorders of Sexual Motivation in Women
Beyond the intriguing fact that MA increases sexual motivation in females,
understanding the mechanism of MA is beneficial beyond treating MA use, abuse, and
addiction. Absence of sexual desire or sexual motivation underlies the majority of
reported sexual dysfunctions in women (Basson, 2005, 2002). Disorders of sexual arousal
in women can be diagnosed by a clinician in the new DSM-V (American Psychiatric
Association, 2013; Brotto, 2010). However, these disorders have been ignored in most
cases, as there are a number of societal influences that inhibit women from seeking
treatment. Furthermore, the few drugs that have been proposed to aid women’s sexual
desire have had little success. One drug that has recently made its way to the market after
a tenuous FDA approval is Flibanserin (Addyi), a drug that acts primarily as a 5-HT1A
agonist/5-HT2A antagonist (Basson et al., 2015). This drug is unlikely to be the “female
Viagra” some are hoping for, as this drug showed only very modest effects in rodents on
sex drive (Gelez et al., 2013), and showed no significant difference between it and a
placebo in human clinical trials (Basson et al., 2015). In fairness, it can often be difficult
to determine whether low sexual desire is a personal, not hormonal or neurochemical,
problem. In this, rodent models can truly aid in our understanding of the neurochemical
correlates of female sexual motivation.
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CHAPTER 2: GOALS OF THE DISSERTATION

Methamphetamine is unique in that it is one of few catecholaminergic drugs of
abuse that increases sexual motivation in women. Thus, there is dual purpose in
uncovering the mechanisms behind methamphetamine’s actions. By determining the
mechanism by which methamphetamine hijacks the neural circuitry, we may discover the
way to block its actions in the brain. This may afford us the ability to inhibit the
rewarding properties of the drug. But second, and maybe more intriguing, is that MA can
provide insight into the normal neurocircuitry and neurotransmitters controlling female
sexual motivation in the brain. This insight might suggest a pharmacological way to
mimic the actions of MA and help women suffering from disorders that cause hypoactive
sexual desire.

Hypothesis: Methamphetamine-induced dopamine release activates dopamine receptors
in the medial amygdala, resulting in increased neural activation and signaling allowing
for the upregulation of progesterone receptors to facilitate stimulus specific female
sexual motivation.

Prediction 1: Methamphetamine will only increase proceptive behavior toward a
sexually appropriate stimulus male.

Prediction 2: Dopamine receptor containing cells in the medial amygdala will
show changes in activation, as measured by cFos, following methamphetamine.
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Prediction 3: Upregulation of progesterone receptors in the medial amygdala is
mediated through dopaminergic signaling and is sufficient for increased sexual
motivation.
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CHAPTER 3: GENERAL METHODS

Animals
All experiments use female Sprague-Dawley rats that were obtained from Charles
River Laboratories at 225-250 grams for ovariectomy (OVX) or 250-275 grams for
cannulations or other stereotaxic surgeries. For those experiments using male rats as a
stimulus, rats were ordered as sexually naïve at 325-400 grams. Rats were housed under a
reversed 12hour:12hour dark:light cycle in the Health Sciences Facility I building, Room
641, at the University of Maryland, School of Medicine. Rats were given free access to
both food and water in all experiments. When possible, rats were double housed with the
exception of cannulated rats, which were single housed after surgery to prevent
dislodgement of the cannula.

Surgeries: Overview
Surgeries were performed with aseptic surgical procedures that were approved by
the University of Maryland, Baltimore Institutional Animal Care and Use Committee and
in agreement with the National Institutes of Health Care and Use of Laboratory Animals.
Prior to surgery, rats were weighed to ensure they were the proper weight, and
anesthetized under isoflurane anesthesia. Before the surgery, rats were subjected to mild
pressure on the hindpaw to confirm they were unresponsive. Surgical areas being worked
with (i.e. the flanks and occasionally the skull) were shaved and cleaned with betadine
surgical scrub and 70% ethanol. Following this cleaning and prior to any incisions, rats
were administered 5mg/kg/ml of Carprofen for analgesia.
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Ovariectomies
All female rats used in these studies were ovariectomized (OVX). Following
shaving and carprofen administration, an incision was made into the skin and also the
abdominal wall under the ribcage on one side of the rat. The fat pad was gently pulled
free and the ovary was located. The uterine horn immediately beneath the ovary was
ligated and cauterized. When the bleeding had stopped, the fat pad was gently pushed
back into the abdominal cavity, and the cavity was sutured using absorbable sutures. The
skin was stapled shut. This procedure was then repeated on the opposite side. Lidocaine
and bacitracin were then applied to each incision for analgesia and infection prevention.
Rats were monitored 10 days post-surgery and analgesia was reapplied/re-administered as
necessary.

Castrations
For some studies, male rats were castrated (CX) and hormone replaced. The
studies that used this procedure were noted in the following chapters. After shaving the
scrotal area and carprofen administration, an incision was made into the scrotum
followed by another incision into the thin muscular layer on one side. A testis was
removed through this incision, ligated at both major blood supply points, and cut off. The
procedure was repeated on the other side. Following the removal of the testes, the muscle
wall and skin were both closed with non-absorbable sutures. Lidocaine and bacitracin
were then applied to the incision for analgesia and infection prevention. Rats were
monitored 10 days post-surgery and analgesia was reapplied/re-administered as
necessary.
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Cannulations
After anesthesia, the rat’s scalp and flanks were shaved, and the rat was
positioned into the stereotaxic device. After scrubbing the surgical sites, an incision made
in

the

skin,

exposing

the

skull.

For

cannulations

that

were

placed

intracerebroventricularly (icv), a 26-gauge cannula (Plastics One, Roanoke, VA) was
stereotaxically implanted into the right lateral ventricles of rats using the following
coordinates in relation to Bregma: -1.0 mm anteroposterior (AP) ; ± 1.5 mm mediolateral
(ML) and -4.2 mm dorsoventral (DV) to the top of the skull (Paxinos and Watson, 2007).
They were affixed to the skull using dental cement. While the dental cement was
hardening, the rats were OVXed with two bilateral incisions. A dummy stylet was placed
in the guide cannula to prevent them from becoming clogged before or after infusions.
The skin is sutured around the guide and dummy.

Hormone Replacement and Methamphetamine Treatment
The female rats were allowed to recover for at least seven days after OVX
procedures. After this, they were randomly assigned to treatment groups. In experiments
testing mechanism, 4 core treatment groups were used: oil/saline (referred to as vehicle,
veh, or control), oil/MA (MA), EB+P/saline (Hormones), EB+P/MA (MA+Hormones)
(see Figure 4a). In experiments testing sex behavior levels, all rats were hormonally
primed, and two major experimental groups were tested, Hormones vs. MA+Hormones.
All injections were administered between 0830 and 0930h, just prior to light off (unless
otherwise noted in the experiment).
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Hormonally-primed rats received a subcutaneous (sc) injection of 17β-estradiol
benzoate (EB) (5μg, 0.05cc) which was dissolved in sesame oil 52 hours before
experimental testing. This was followed by a second injection of EB (10μg, 0.1cc) sc 24
hr later. Finally, at least four hours prior to testing (and 48 hours following the first
injection of estradiol), rats received a sc injection of progesterone (P) dissolved in sesame
oil (500μg, unless noted otherwise in specific data chapter, 0.1cc; Figure 4b). This
hormonal treatment paradigm mimics the gradual rise of hormones occurring naturally
during the estrous cycle (Schwartz and Mong, 2013), and has been validated by our lab to
facilitate proceptive and receptive sex behavior in females (Holder et al., 2010; Holder
and Mong, 2010).
At the time of each hormone administration (three days total), rats were treated
with 5mg/kg of MA, or saline vehicle. For rats in the MA treatment groups, MA was
dissolved in sterile saline (0.9%) vehicle to a concentration of 5mg/kg/ml for
intraperitoneal (i.p.) injection. This dosing system is meant to mimic a “binge and crash”
style of MA administration that MA-users report. This treatment paradigm and its
corresponding doses of MA have been previously shown to facilitate increased
proceptive and receptive sex behavior and has been validated in previous studies (Holder
et al., 2010; Holder and Mong, 2010).
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A) 4 “Core” Treatment Groups
Saline

MA (5mg/kg, ip)

Oil

Oil/Saline
(Vehicle/Control)

MA/Oil

Hormones
(Estradiol Benzoate
& Progesterone)

Hormones/
Saline

MA/
Hormones

B) General Experimental Timeline

Figure 4: Standard Dosing, Hormonal Priming and Methamphetamine Treatment
Paradigm in all experiments.
A) In experiments testing mechanism, four core treatment groups were used: oil/saline
(Vehicle), oil/MA (MA), EB+P/saline (Hormones), EB+P/MA (MA+Hormones). In
experiments testing female sex behavior, all rats were hormonally primed, and only two
major experimental groups were tested, Hormones vs. MA+Hormones. B) In studies
where the rat was cannulated, the drug was infused icv at the same time of injections. MA
dosing is meant to mimic a “binge and crash” style of administration that MA-users
report. This treatment paradigm and its corresponding doses of MA have been previously
shown to facilitate increased proceptive and receptive sex behavior and have been
validated in previous studies.
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Immunohistochemistry
Rats were injected intraperitoneally with a lethal dose (1.8-3.6 ml/kg) of a
ketamine (88.9mg/ml):xylazine (11.1mg/ml) mix. When the rat was unresponsive to
noxious stimuli, the ribcage was opened and the heart was exposed. The heart was
injected with 1000U of heparin, the bottom left ventricle was nicked, where a needle was
inserted and the nick clamped closed with a hemostat. The right atrium was immediately
cut open and a solution of 0.9% sodium chloride and 2% sodium nitrite was perfused
transcardially

for

five

minutes.

Immediately

afterward,

a

solution

of

4%

paraformaldehyde in 0.05M potassium phosphate buffered saline (KPBS), pH 7.6, was
perfused through the rat for 10 minutes, or until the rat was stiff. The brain was then
removed and drop-fixed overnight in 30mL of the 4% paraformaldehyde solution. The
next morning, the brain was placed in a new solution containing 30% sucrose in KPBS.
After the brains had “sunk” in the 30% sucrose solution, embedding was considered
complete, the brains were frozen on finely crushed dry ice and stored at -80o if they were
not going to be immediately sectioned.
The brains were then sectioned at 35μm on a cryostat and stored in a
cryoprotectant solution (ethylene glycol/glucose in phosphate buffer) in series of four,
and stored in the freezer at -20OC until their use. The tissue was then processed for IHC
using variations on the following basic protocol, described below:
The tissue was washed thoroughly in 0.05M KPBS three times. Sections were
then incubated in a solution containing 1% hydrogen peroxide to block endogenous
peroxidase activity mixed with a blocking solution in a 0.5% Triton-X/KPBS (T-KPBS)
solution for 1 hour. Tissue was again washed, and incubated in the primary antibody of

41

interest, typically overnight at 4OC. After incubation in primary antibody, the tissue was
washed again and incubated for 1 hour at room temperature (RT) in the appropriate
secondary antibody at a 1:800-1:2000 dilution in T-KPBS. The tissues was washed and
incubated with an avidin-biotin complex (ABC) from the Vectastain ABC, Elite Kit at a
1:800-1:3000 dilution in T-KPBS for 1hr at RT. The tissue was then washed again in
KPBS and 0.175M sodium acetate (NaOAc) (pH 7.6) solutions. The staining was
visualized with nickel sulfate (25mg/mL) and 3,3’diaminobenzidine tetrahydrochloride
(DAB, 0.2mg/mL) in NaOAc solution which was activated with 0.005% hydrogen
peroxide. After 15min, the tissue was again rinsed with NaOAc and transferred to KPBS.
The processed tissue was mounted onto 2% gelatin-coated glass slides. Slides were left to
dry overnight and processed for coverslipping in a series of dehydrating ethanols and
xylenes. After the final xylene rinse, Permount was used to coverslip the slides for final
analysis.

Western Blotting
For the Western Blots, starting at least four hours after the final injections, rats
were asphyxiated by CO2. Brains were immediately removed and frozen in finely crushed
dry-ice, and then stored at −80 °C until use. Starting at the beginning of the MePD,
approximately −2.40mm posterior from bregma, brains were cut into six consecutive
250μm sections on a cryostat. The MePD and VMN were micropunched bilaterally using
the Palkovits micropunch procedure using a punch 1mm in diameter (Palkovits and
Brownstein, 1988). The punch targeted to the MePD used the optic tract as a medial
boundary, and punches targeted to the VMN used the third ventricle as a medial
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boundary. The micropunched tissue was sonicated in a radioimmunoprecipitation assay
(RIPA) buffer and spun at 14,000g for 10 minutes. The supernatant containing the protein
was saved and protein concentration was determined using a bicinchoninic acid assay
(BCA) kit (Pierce), as described in the instruction manual for small quantities of protein.
Protein extracts were loaded into an 8-16% gradient SDS-Page gel at a concentration
ranging from 5-10ug per lane. Proteins was electrophoresed for approximately 2 hours at
120V. Electrophoresed proteins were blotted onto a polyvinyl difluoride membrane
(Invitrogen), which had been activated in methanol, for 2.5 hours at 25V. After the
transfer, the membranes were washed in 20mM Tris-buffered saline solution (TBS) and
then blocked for 1 hour at room temperature (RT) in Difco skim milk (B&D), in a
solution of TBS with 0.05% Tween 20 (T-TBS). After the block, the membrane was
incubated in the primary antibody in T-TBS overnight at 4OC. Following this incubation,
membranes were washed three times in T-TBS and incubated for 1 hour at RT in
secondary

antibody

solution

(T-TBS,

1:2000;

Cell

Signaling).

The

HRP

chemiluminescent system (Cell Signaling) was used to detect the proteins on the
immunoblot. The blots were exposed on Blu-RAY Film (Stellar Scientific). The films
were then scanned into a computer at 300dpi, and the scanned images were analyzed
using ImageJ software. The optical densities were measured for each individual band.
Most membranes were normalized to GAPDH (1:100,000; Millipore) as a loading
control. DNMT1 membranes were normalized with Ponceau S Stain (as GAPDH does
not appear in nuclear extracts.
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Data Analysis
Raw data was compiled into Microsoft Excel 2013, and statistical tests were
conducted using the GraphPad Prism 6 program (San Diego, CA) on a Dell computer
running Microsoft Windows 7 Pro. Effect sizes were calculated using an effect size
calculator available at http://www.cognitiveflexibility.org/effectsize/. Power analyses
were calculated using the free sample size calculators at http://powerandsamplesize.com/.
The methods and statistical tests used are described in more detail in the following data
chapters.
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CHAPTER 4: ANDROGEN-PRIMED CASTRATE MALES ARE SUFFICIENT
FOR METHAMPHETAMINE-FACILITATED INCREASES IN PROCEPTIVE
BEHAVIOR IN FEMALE RATS

Introduction
MA is a psychomotor stimulant that floods the neural synapse with
catecholamines, independent of action potential firing. A significant side effect of MA is
increased sexual arousal. In humans, it is not well known or well understood if this MA
effect is a result of a decrease in social inhibition brought on by the potent activation of
the sympathetic nervous system, or if MA, working through a release of NE/DA, may
directly modulate the neural substrates underlying female sexual motivation. In humans,
it is likely to be a combination of both of these factors, but animal models allow us to
directly test the latter.
Our rodent model has found that acute, binge-style administration of MA and
hormones increases proceptive events in female rats; others have also demonstrated
similar effects on proceptivity with other administration paradigms (Guarraci and Bolton,
2014; Winland et al., 2011). This finding mimics reports of MA binge use in women
(Semple et al., 2007, 2005). However, the massive release of neurotransmitter into the
synapse (Davidson et al., 2001) may also create changes in “general arousal”. This
potential confound in our model raised the concern that MA could drive females to
sexually interact and display proceptive behaviors toward all other conspecifics,
regardless of their sexual motivation toward the specific sexual stimulus present or the
conspecific’s potential to copulate.
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If MA-facilitated proceptive behavior is truly reflective of the female rat’s sexual
motivation, I hypothesized that MA-treated females should only show increased
proceptive behaviors toward an appropriate sexual stimulus male. To help me test this
hypothesis, I utilized our established model (Holder et al., 2015, 2010; Holder and Mong,
2010), and employed a unique within-animal design. In this design, I compared the levels
of behavior of sexually receptive, MA- or vehicle- treated females during their exposure
to two types of stimulus males:
(1) Castrated (CX) and
(2) CX, treated with dihydrotestosterone (DHT-CX).
The use of these stimulus males eliminated the influence of male sexual displays
seen in gonadally intact males on female proceptive behavior. Castration of naïve males
inhibits normal sex behavior and removes the typical pheromonal profile of the male
(Madlafousek et al., 1976). It has been previously demonstrated that sexually receptive
females respond with lower levels of proceptive behavior to a CX male (Hlinak, 1977).
However, treatment of CX males with DHT, a non-aromatizable androgen, restores the
normal state of peripheral accessory sex glands, and reinstates the normal pheromonal
profile of the male, amongst other male-typical sexual cues like USVs (Gawienowski et
al., 1975; Orsulak and Gawienowski, 1972; Snoeren and Agmo, 2014a). Of note, DHTtreatment does change male sex behavior, but does not fully restore it (Drewett and
Spiteri, 1979; Hull and Dominguez, 2007). When given a choice, hormonally-primed
females were much more likely to approach DHT-CX males than non-treated CX males,
but still preferred intact males (Drewett and Spiteri, 1979).
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Therefore, I used these males to test whether MA-increased proceptive behaviors
are specific to 1) the stimulus and/or 2) the sensory cues present during mating. If MAfacilitated proceptivity is truly reflective of the female’s motivation to copulate, MAtreated females will not exhibit increased proceptivity in the presence of an inappropriate
sexual stimulus, such as a CX male.

NB: The following methods, results, and discussion were written by Sarah A. Rudzinskas
and originally published as: “Androgen-primed castrate males are sufficient for
methamphetamine-facilitated increases in proceptive behavior in female rats.” Horm
Behav. 2016 Feb; 78:52-9. doi: 10.1016/j.yhbeh.2015.10.008.

Methods
Adult female (225-275g; n=26) and male (325-400g; n=14) Sprague-Dawley rats
were purchased from Charles River Laboratories (Kingston, NY). Rats were maintained
under a reversed 12h:12h dark:light cycle, with lights off at 0900 h. All female rats were
bilaterally OVXed, and all male rats were CXed under isofluorane anesthesia. All rats,
male and female, were sexually naïve at the time of OVX or CX. Following the surgery,
rats were allowed a 10-day recovery period.

Hormones and Methamphetamine Treatment
Stimulus Males: DHT Benzoate was obtained from Sigma-Aldrich (St. Louis,
MO) and was dissolved in sesame oil at a concentration of 500ug/100ul for subcutaneous
(s.c.) administration. Stimulus male rats (n=7) received s.c. injections of DHT (1mg/day)
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for 5 days, including the morning of sex behavior or social interaction testing. All
injections were administered between 0800 and 0830h.
Experimental Females: E2, P, and MA were obtained from Sigma-Aldrich (St.
Louis, MO). All injections were administered between 0830 and 0900h, according to the
injection/treatment paradigm presented in the General Methods.

Sex Behavior Testing
Prior to the first day of drug treatments, each rat (regardless of sex or treatment
group) was allowed to acclimate over a ten minute period to the Plexiglas testing
chamber (50cm x 38cm x 25cm) which contained shredded cardboard bedding. Females
were randomly assigned to one of two groups and treated with either E2+P (non-MAtreated, n=8) or MA + E2+P (MA-treated, n=10). On the third day of treatment, at least
four hours after the final injection, behavioral studies were conducted under a dim red
light.
To test the specificity of MA-facilitation of motivated sex behavior, a novel
stimulus male was placed first into the testing chamber. Five minutes later, the
experimental female was introduced to the arena for 25 minutes, during which time their
behavior was video recorded for later scoring. Immediately after the test, female rats
were returned to their home cage until the start of the second experimental test, which
would have been approximately 90-120 minutes later. In this within animal design
paradigm, the CX-stimulus exposure was conducted prior to the DHT-CX exposure. This
experimental order was chosen to avoid potential residual effects from the DHT-CX
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pheromone profile on female sexual behavior. All males were novel to the test female
and were sexually inexperienced at the time of castration.

Quantification of Behavior
An experimenter blinded to treatment groups scored female behavior for both of
the 25 minute sessions. Behaviors scored fell under three major categories. 1) Social,
non-sexual: which included behaviors such as sniffing (a directed nose movement at least
briefly having contact with the male’s body outside of the anogenital (AG) region), AG
investigation, and other social exploration. 2) Social, sexual: which included proceptive
behaviors such as hops, darts, ear wiggles, solicitations (a head-wise orientation toward
the male followed by a quick runaway into presenting posture), and female on male
mounts and 3) Non-social: which included exploratory behaviors such as rearing, corner
investigation, digging and grooming. Additionally, an attempt to score receptive
behaviors (i.e. lordosis quotation and intensity) was made. However, due to the low
sexual competency of the males (both CX and DHT-CX; see below) too few lordotic
events were exhibited for a reasonably powered statistical analysis.
Male behavior and interaction times (social vs. non-social) during sex behavior
testing were also quantified. This was largely to ensure that any behavioral changes seen
in females were due to the female’s MA-status and not differential treatment by stimulus
males towards any particular group of females. Additionally, to assess the level of male
competency (which were anticipated to be low for both stimulus groups), mount latency,
mount attempts, and successful mounts were quantified. The latency to mount was scored
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with a cutoff time of 5 minutes; thus males that never mounted were recorded as having a
latency to mount of 5 minutes.

Social Interaction Testing
To test whether MA influenced stimulus male preference when given a choice, a
new cohort of females were treated with either Hormones (n=4) or MA+Hormones (n=4).
On the day prior to the first day of drug treatments, females were acclimated to the social
interaction (SI) arena (90 x 50 x 33 cm) with removable dividers separating the center
chamber.
At the start of testing, five hours after the final injection, experimental females
were placed into the center of the arena with dividers in place. After 1 minute, the center
dividers were removed giving the female access to the entire arena, which she was
allowed to freely explore for 5 minutes. Each side of the arena contained either a CX or a
gonadally-intact male. These males were confined to a small box with holes within the
arena, which allowed social interaction via sniffing but physical interaction with the male
was otherwise restricted. Behavior was recorded and scored for interaction time and time
spent on each side of the arena. Two hours later, this test was repeated with the same
females in the same fashion, but this time with a DHT-CX stimulus on one side and a
gonadally-intact male on the other side. For all tests, all males were novel to the females,
and the sides of the arena containing each possible male stimulus (CX, DHT-CX, or
Intact) were balanced and no significant side preference for any treatment group was
found.
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Statistical Analysis
Results are expressed as mean + SEM. The female within-subject designs were
analyzed using a two-way ANOVA where drug treatment (vehicle or MA) was an
independent measure, and stimulus male (CX or DHT-CX) was a repeated measure.
Stimulus male interactions and female SI tests were analyzed using a two way betweensubject ANOVA. Effect size estimates were calculated using eta squared (η2) for
ANOVAs (Levine and Hullett, 2002). Cohen's d values were also calculated to determine
effect sizes for the differences in pair-wise comparisons (Cohen, 1988). All two-way
ANOVAs were followed by Bonferroni post-hoc analyses.

Results
Sexual Proceptive Behavior
Measures of proceptivity were used to examine whether the previously observed
MA-induced increases in female sexual motivation were directed specifically to sexually
relevant conspecifics or resulted from a MA-induced increase in general arousal.
Quantification of overall proceptive events (which included hops, darts, solicitations, ear
wiggles, and female-male mounts) revealed a significant interaction between stimulus
male DHT-treatment (CX, or CX-DHT) and MA-treatment [F(1,16)=6.04, p=0.0258,
η2=0.17], as well as a significant main effect of stimulus male DHT-treatment across both
groups of females [F(1,16)=7.49, p=0.0146, η2=0.21]. A main effect of MA-treatment
showed a trend toward significance [F(1,16)=4.20, p=0.0571, η2=0.17]. Bonferroni posthoc analysis revealed that MA-treated females displayed a greater than 5-fold increase in
proceptive behaviors in the presence of DHT-CX males compared to CX males (t(16)=
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3.9, p<0.01, d=1.85; Figure 5A). Moreover, MA-treated females exhibited significantly
more proceptive events compared to the non-MA-treated females (t(32)=3.15, p<0.01,
d=1.49; Fig 5A) in the presence of a DHT-CX, recapitulating the effect which has been
previously demonstrated in our lab with an intact stimulus male. While the non-MAtreated females did display proceptive behavior in response to both stimulus males, there
was no significant difference between behaviors elicited by DHT-CX males compared to
CX males (t(16)=0.19, p>0.05, d=0.09, ns).
To further understand how MA-treatment was affecting individual components of
overall proceptivity, two-way repeated-measures ANOVAs were run independently for
specific components of proceptive behavior (Figure 5B-D). For all factors quantified, the
MA-treated females exposed to a DHT-CX male stimulus showed a significant increase
in the number of proceptive events compared to their CX stimulus response. Total hops
and darts showed a significant main effect of stimulus male [F(1,16)=7.72, p=0.0134,
η2=0.21], MA treatment [F(1,16)=5.26, p=0.0358, η2=0.20], and a significant interaction
between stimulus male and MA treatment [F(1,16)=5.09, p=0.0384, η2=0.14] (Figure 5B).
Solicitations were also significantly increased; two–way ANOVA revealed a significant
interaction between stimulus male and MA treatment [F(1,16)=5.833, p=0.0281, η2=0.20]
but no significant main effects (Figure 5C). Finally, a two-way ANOVA for female-male
mounting showed a significant main effect only for MA treatment [F(1,16)=8.73,
p=0.0093, η2=0.38], as well as a significant interaction between stimulus male and MA
treatment [F(1,16)=9.06, p=0.0083, η2=0.22] (Figure 5D). This was the only factor by
which the non-MA-treated group had a higher proceptive response to the CX than the
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MA-treated females. Still, the presence of a DHT-CX significantly affected the behavior
of only the MA-treated group.
Bonferroni post-hoc tests demonstrated the significance of a DHT-CX stimulus on
a MA-treated female compared to a non-MA treated female for hops and darts (t(32)=
3.21, p<0.01, d=1.52; Figure 5B), as well as solicitations (t(32)=2.79, p<0.05, d=1.56;
Figure 5C). However, a DHT-CX stimulus did not significantly change female-male
mounts (t(32)=0.59, p>0.05, d=0.28; Figure 5D). Bonferroni post-hoc tests comparing
MA-treated females’ proceptive responses between a CX vs. DHT-CX stimulus revealed
significant increases for hops and darts (t(16)=3.78, p<0.01, d=1.79; Figure 5B),
solicitations (t(16)=3.11, p<0.05, d=1.48; Figure 5C), and female-male mounts (t(16)=2.89,
p<0.05, d=1.37; Figure 5D) in the presence of a DHT-CX stimulus, with no significant
increases between stimuli with non-MA-treated females. Thus, proceptive behavior was
significantly increased in only MA-treated female rats and only when a DHT-CX
stimulus male was present. Although receptive behavior was quantified when displayed,
both CX and CX-DHT males generally mounted very infrequently (Table 2), and thus
there was not sufficient data and statistical power to accurately determine the lordosis
intensity and quotient.
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Male Sexual Competency

CX Males

Average Total Mount Attempts 1.750 ± 1.750

DHT-CX Males

t-test statistics

5.675 ± 3.725

t6=0.95, p=0.37,

(over 25 minute test)

(n=4)

(n=4)

d=0.68, ns

Average Latency to Mount*

266.5 ± 33.50

254.4 ± 39.78

t6=0.23, p=0.82,

(in seconds)

(n=4)

(n=4)

d=0.16, ns

Table 2: CX males and DHT-CX males displayed very low levels of male typical sex
behaviors.
There was no significant difference between the CX and DHT-CX males in total mounts
or the latency to mount. Data are represented as mean ± SEM. *note= latency to mount
was examined within 5 minutes (600 seconds) of the test; otherwise the score for that test
was recorded as 600 seconds.

54

Figure 5: An androgen replaced stimulus male (DHT-CX) restores typically
observed increases in proceptive behavior in MA-treated females.
Bonferroni post-hoc analysis revealed that, compared to their hormone-only counterparts,
a DHT-CX stimulus significantly increased A) Overall Proceptivity (**=p<0.01), B)
Hops and Darts (**=p<0.01) and C) Solicitations (*=p<0.05). A CX male stimulus,
however, was not sufficient to elicit MA-increased proceptivity, nor was a DHT-CX
stimulus sufficient to significantly increase non-MA-treated female’s proceptivity. D)
Compared to their hormone-only counterparts, a DHT-CX stimulus did not significantly
change Female-Male Mounts. However, for MA-treated females only, there was a
significant increase (*=p<0.05) in MA-treated females compared to their CX response.
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Non-Sexual Social Behavior
Sniffing, a specialized behavior used in the acquisition of odors, is a commonly
displayed behavior that serves to relay social information about conspecifics (Wesson,
2013). Two-way ANOVA with repeated measures showed that female rats, regardless of
MA-treatment, showed significantly fewer instances of sniffing when exposed to a DHTCX male compared to the CX [F(1,16)=16.96, p=0.0008, η2=0.38], but there was no
significant interaction between the factors nor a main effect of female treatment (F(1,16)=
3.15, p=0.0948, η2=0.26, ns). Post-hoc analysis revealed a significant decrease in sniffing
in MA-treated females after exposure to a DHT-CX stimulus (t(16)=3.55, p<0.05, d=1.68;
Figure 6A). There were no differences in female-initiated anogenital investigations
[F(1,16)=0.33, p=0.5751, η2=0.02, ns] (Figure 6B).

Non-Social Exploratory Behavior
Two-way ANOVA with repeated measures revealed a significant main effect of
male stimulus in decreasing instances of rearing in all females [F(1,16)=6.37, p=0.0226,
η2=0.22], but no main effect of female MA-treatment (Figure 6C). There was a
significant interaction between the factors [F(1,16)=5.74, p=0.0292, η2=0.20], possibly due
to the fact that MA-treated females were spending more time demonstrating proceptive
behaviors and thus less time exploring the arena. Bonferroni post-hoc tests were not
significant. There were no differences in corner explorations of the arena between any
treatment groups at any time during testing (Figure 6D).
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Figure 6: The number of instances of sniffing by MA-treated females toward DHTCX males significantly decreased, but otherwise non-sexual social and exploratory
behaviors in females remain largely unchanged by MA-treatment.
A) Sniffing. A main effect of DHT treatment on number of instances of sniffing by
females, [F(1,16)=16.96, p=0.0008]. Post-hoc analysis revealed a significant decrease in
sniffing in MA-treated females after exposure to a DHT-CX stimulus (t=3.553,
*=p<0.05). B) A/G Investigation: No significant differences in female-initiated AG
investigations. C) Rears: There was a significant decrease in rearing in all females,
[F(1,16)=6.368, p=0.0226], and a significant interaction between the factors [F(1,16)=5.741,
p=0.0292], but no main effect of female MA-treatment. D) Arena Exploration: There
were no significant differences in corner explorations.
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Stimulus Male Behavior
Two-way ANOVAs revealed main effects of DHT-treatment on CX males for
each behavior scored: instances of AG investigation [F(1,12)=8.05, p=0.015, η2=0.39];
total social investigation [F(1,12)= 10.73, p=0.0066, η2=0.44]; and total arena exploration
time [F(1,12)=5.51, p=0.037, η2=0.30]. However, there were no significant main effects of
female treatment-status, nor any significant interactions (Figures 7A-C). As such, while
DHT-treatment did alter the male’s social behavior, changes in female proceptivity were
clearly due to MA-treatment alone, and not due to differential treatment from the DHTCX stimulus males toward towards them in particular.
Total mounts and mount latency were also quantified to understand the mating
competency of the males. T-tests revealed that neither overall total mounts (t6=0.95,
p=0.37, d=0.68, ns) nor latency to first mount (t6=0.23, p=0.82, d=0.16, ns) were
significantly different between the CX and DHT-CX stimulus males used (Table 2).
Based on a review of the published literature and our own observations, sexually
competent males often mount within seconds and rarely take longer than 2 minutes when
presented with a sexually receptive female. Mean latency to mount in our CX and DHT
males was 4.4 ± 0.56 minutes and 4.25 ± 0.66 minutes, respectively, suggesting a very
low level of sexual competency.

Social Interaction Test
To evaluate if, when given a choice between two male rats of varying hormonal
status, the MA-treated female rats behaved similarly to non-MA treated rats, a social
interaction test was run. First rats were given a choice between a CX male and an intact
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male. Two-way ANOVA revealed a main effect of male hormonal status on the time
spent exploring each male. [F(1,12)=30.28, P<0.0001, η2=0.71]. However, there were no
significant main effects of female treatment-status, nor any significant interactions
(Figure 8A). Thus, all females, regardless of MA-treatment, preferred to interact with the
intact male. Next, rats were given a choice between a DHT-CX male and an intact male.
Two-Way ANOVA again revealed a main effect of male hormonal status on the time
spent exploring each male, with all females preferring to spend time interacting with the
intact male [F(1,12)=17.14, p=0.0014, η2=0.92]. There were no significant main effects of
female treatment-status, nor any significant interactions (Figure 8B). Therefore, changes
in female proceptivity toward DHT-CX stimulus males were not indicative of the
females’ ability to distinguish male hormonal status (ie. DHT-CX vs. Intact), since the
MA-treated females do this with the same efficacy and prefer the intact male as much
non-MA-treated females.
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Figure 7: DHT-CX stimulus males spend more time socially investigating females,
regardless of female MA-treatment.
Two-Way ANOVA revealed a main effect of DHT treatment on anogenital investigation
: [F(1,12)=8.050, p=0.0150] and total social investigation : [F(1,12)= 10.73,
p=0.0066]; There were no significant effects of female treatment-status, nor any
significant interactions.
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Figure 8: All female rats, regardless of MA treatment, spend more time socially
interacting (SI) with an intact stimulus male over a CX or DHT-CX stimulus male.
All females prefer to interact with an intact male with whom they would be able to
reproduce over either a CX or DHT-CX male, despite their MA-treatment status. There
was a main effect of stimulus male on time spent during the social interaction test:
***CX Male vs. Intact: [F(1,

12)

= 30.28, p<0.0001] | ** DHT-CX vs. Intact: [F(1,

12)

17.14, p=0.0014], but no significant main effect of MA, interactions, or post-hoc tests.
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Discussion
MA is known to induce a state of general arousal as defined by enhanced motor
activity and intensity of responses to sensory stimuli. Previously, we established that
administration of MA to hormonally-primed female rats increases proceptive and
receptive behaviors (Holder et al., 2010; Holder and Mong, 2010; Holder et al., 2015).
However, these studies did not test whether MA-increased proceptive events were the
result of a context-specific arousal or if these behaviors were increased regardless of
whether a behaviorally relevant stimulus or sensory cue was present. To distinguish
between these possibilities, proceptive behaviors in sexually receptive females treated
with MA or vehicle were quantified following exposure to stimulus males of varying
levels of sexually relevancy. Our present study demonstrates three novel major findings:
(1) MA-induced female sexual motivation is stimulus specific where MA may potentially
enhance the salience of the sexual cues; (2) Social interactions are similar in MA- and
non-MA-treated females where both groups choose to interact with the most sexually
relevant stimulus and (3) Androgen-mediated sexual cues in males are sufficient to elicit
increased sexual motivation in MA-treated females.
In a natural or semi-natural environment, female rats initiate the overwhelming
majority of sexual interactions with males (Erskine, 1989; Paredes B, 1999) with a
pattern of approaches and withdrawals from the male that solicits his attention and
ultimately results in copulatory behavior. These paracopulatory (proceptive) behaviors
have become an accepted measure of female sexual motivation (reviewed in Agmo,
2011; Beach, 1976; Paredes B, 1999) with the male rat acting as a positive incentive or
stimulus, (reviewed in Agmo, 2011, 1999). In the present study, to evaluate the effects of
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MA on female sexual motivation independent of copulatory behavior, I employed males
with significantly diminished sex behavior but partially restored sexually relevant cues
(DHT-CX) (Matochik and Barfield, 1991). I found that females treated with MA
compared to hormones alone displayed a 5-fold increase in proceptive behaviors toward
the DHT-CX males, while the CX-only stimulus elicited equivalent levels of proceptive
behaviors with or without MA. These results suggest that MA in hormonally primed
females may be acting to enhance the salience of sexual cues from the stimulus males
resulting in increased behavioral outputs. In a model for sexual incentive motivation,
Ågmo and colleagues posit that increased activation of a central motive state (defined as
a set of processes promoting goal-directed behaviors in response to a specific incentive
stimulus) results in a more intense response to the stimulus. Thus, if MA was acting to
enhance the central motive state I would predict an increased reactivity and awareness in
MA-treated females toward only relevant sensory cues (e.g., sex pheromones,
vocalization, social interactions, etc). Our findings here support this prediction, as MA
did not significantly increase proceptivity toward the non-sexually relevant stimuli (i.e.
CX male), but did significantly increase proceptivity toward a DHT-CX.
While both CX and DHT-CX males have severely diminished sex behaviors,
DHT-CX males have a restored pheromonal profile (Drewett and Spiteri, 1979;
Gawienowski et al., 1975) and differential vocalizations (Cooke et al., 2003; Snoeren and
Agmo, 2014b). Our findings suggest that the androgen-restored sensory cues were
sufficient to elicit increased proceptive responses from MA-treated females but not
hormone-only females. Perhaps most importantly, although MA-treated females
responded with increased proceptivity to the DHT-treated male, if given the choice, they
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choose to socially interact with an intact male compared to a DHT-treated male. This
distinction indicates that although they are attentive and responsive to sexual cues, MAtreated females are able to discriminate between each stimulus and chose to spend time
with the most sexually relevant one, i.e. the male with which they are able to copulate.
These findings are in line with what Pfaff and colleagues have hypothesized about
a state of high “generalized arousal” where neurons that serve arousal functions, and in
particular sexual arousal, are activated more rapidly (Schober and Pfaff, 2007; Shelley et
al., 2006) allowing for a heightened awareness to sensory inputs and quicker contextdependent motivated responses (Lee and Pfaff, 2008; Weil et al., 2010). Pfaff and
colleagues have demonstrated a role of gonadal steroids in arousal that suggests steroids,
while having modest effects on generalized arousal, have a greater effect on reproductive
behaviors/sexual arousal, a component of a general arousal (Chu et al., 2015). In our
current model of MA-induced enhancement of proceptive behaviors, MA may prime a
specific neural network involved in female sexual behaviors resulting in enhanced
activation when EB and P are present.
Our lab has previously shown that the MePD, is necessary for the MA-induced
enhancement of proceptive behaviors, but not for the display of baseline sexual behavior
(Holder et al., 2015) suggesting that the MePD may be a critical nexus where the
combination of ovarian steroids and MA enhance female sexual motivation. In our own
work, the combination of MA and ovarian steroids increases the number of cFos-positive
cells in the MePD over either one alone (Holder et al., 2010). Similarly, in males, the
combination of sex and MA increase the activation of the MePD over either one alone
(Frohmader et al., 2010b). Together, these functional neuroanatomical studies suggest

64

that specific populations of MePD neurons are involved in heightened proceptive
behaviors and that a combination of MA and ovarian steroids may work to activate this
subpopulation, allowing for a heightened response to sensory inputs as hypothesized by
Pfaff and colleagues (Schober and Pfaff, 2007).
The MePD receives direct and indirect neural connections from the MOB as well
as the AOB (Bian et al., 2008; Hosokawa and Chiba, 2007), and itself projects to nuclei
known to further modulate female sexual behavior, such as the VMN and the mPOA
(Bian et al., 2008; Martinez and Petrulis, 2013). In particular, it has been demonstrated
that the mPOA is an important player in the regulation of DA within the mesolimbic
system, where dopaminergic afferents from the VTA activate the mPOA’s GABAergic
efferents back toward the VTA (Dominguez et al., 2001; Tobiansky et al., 2013). In our
mechanism, it is possible that heightened activation from both MA and the MePD
disrupts the inhibitory feedback of the mPOA on the VTA.
There are also dopaminergic neuronal groups within the glomerular layer of the
olfactory bulb itself, suggesting the possibility that MA may act directly within the bulb
to heighten olfactory sensitivity (Corthell et al., 2013; Pignatelli et al., 2005). Thus,
whether directly from within the bulb and/or indirectly via activation of the downstream
nuclei, it is highly likely that inputs from olfactory cues may be enhanced and thus
mediate some aspects of the increased proceptive behavior seen in MA-treated females.
As the pheromone producing seminal vesicles, penile papillae, prostate, and
coagulating gland in the peripheral nervous system are controlled by androgens, DHTtreated males presumably have a similar pheromonal profile to the intact male without the
same exhibition of copulatory behavior (Drewett and Spiteri, 1979; Gawienowski et al.,
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1975; Orsulak and Gawienowski, 1972). Interestingly, there was a main effect of a DHTCX stimulus on female sniffing behavior, and post hoc analysis revealed that the MAtreated females paired with the DHT-CX males exhibited a significant reduction in
sniffing behavior compared to the MA-treated females paired with CX males. One
possible interpretation of this finding is that the MA enhanced the ability for detection
olfactory cues, resulting in the females spending less time with social investigation and
more time engaging in solicitation behaviors. Nevertheless, when given a choice of social
interactions via nosepokes with males restrained in a Plexiglas container, both MA- and
non-MA treated females spend significantly more time with the intact males versus the
DHT-CX males, suggesting other sensory cues or factors are also at play that allow MAtreated females to discriminate the better sexual partner. In a pilot study, however, MAtreated females did not spend a significantly increased time investing soiled vs. clean
bedding compared to control females. This might suggest a difference between MA’s
ability to heighten sensitivity to olfactory cues vs. increased desire to actively seek sexual
cues.
One such sensory cue that is altered by CX is ultrasonic vocalizations (USVs).
USVs play a large role in rat communication, including sex behavior (Hull and
Dominguez, 2007) and it is possible MA-treated females are more attentive to the number
or type of calls emitted from males. Castration significantly reduces male USVs, and a
DHT-CX male emits more calls than CX to a female stimulus (Cooke et al., 2003) but not
to estrous odors (Matochik and Barfield, 1991). Still, recent work has shown that females
did not approach a vocalizing male more than they approached a silent (devocalized)
male (Snoeren and Agmo, 2014a, 2014b). Furthermore, the variable in question may not

66

be the number of calls, but the type and frequency (hz) of calls. Given this mixed data on
the importance of USVs in sex behavior, it seems unlikely that USVs alone would be the
only factor mediating the behavior change of MA-treated females toward DHT-CX
males, but it possibly plays a role.
An additional explanation for the observed increase in MA-induced proceptive
behavior is the increased social investigation time exhibited by the DHT-CX males.
Perhaps, if the MA-treated females are at a heightened state of arousal, the normally sub
threshold levels of sex behavior and/or the slightly increased social investigation
exhibited by the DHT-CX males may be sufficient to drive the increase in proceptivity.
Our stimulus males showed largely diminished sex behaviors (averaging only 1-5 mount
attempts within a 25 minute test), no noted intromissions or ejaculations, and no
significant differences between CX and DHT-CX males. Others have shown DHT-CX
males do show some increased levels of sex behavior compared to CXs, such as noncontact erections, albeit not to the level of intact males (Hull and Dominguez, 2007;
Putnam et al., 2003; Sato et al., 2007).
One possible confound within our study is the testing order, namely that females
(regardless of MA-treatment) were always presented with the CX stimulus male first,
prior to the DHT-CX male. This experimental order was specifically chosen to eliminate
the possibility that a pheromonally intact DHT-CX male may induce residual pheromonal
and/or olfactory neural activation in the test female, thus influencing potential proceptive
responses toward the CX-stimulus. Indeed, even low levels of pheromones can have long
lasting effects after they are deposited (He et al., 2010; Wyatt, 2003).
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Another consideration related to testing order is whether time after MA-treatment
or presentation order contributed significantly to the observed effects. Though possible,
our data suggest that time after MA exposure was not a highly significant variable. In our
previously published studies, MA-treated females demonstrated increased proceptivity
(with no stereotypic effects) up to 9 hours after the final drug/hormone administration. In
the present study, testing was conducted well within this period, making it unlikely that
the time MA-treated females were tested would fully account for the observed behavioral
changes. When the number of proceptive events from MA-treated females was analyzed
as a function of time after the last MA-injection, no significant correlations were found
and in fact, some of the highest and lowest proceptive responders in the DHT-CX
stimulus test occurred within the same hour (data not shown). Finally, if presentation
order were a significant factor, I would have predicted an increase in the non-MA-treated
females’ proceptive behaviors relative to their baseline. To the contrary, only the MA
primed females exhibited an increase in proceptivity when presented with the DHT-CX
male.
Clinically, it is becoming increasingly apparent that the importance of sensory
cues and environmental cues in drug seeking behavior cannot be ignored in preventing
patient relapse (Hartz et al., 2001; Mayo et al., 2013). If particular sensory cues are also
important for MA-induced drug seeking and sexual hyperarousal in women, using
interventions that reduce cue-reactivity may be an important clinical direction for MAtreatment in humans (Mayo et al., 2013; Voigt and Napier, 2011).
These data demonstrate that MA-increased proceptivity is discriminative and
differentially responsive to the stimulus present. It is likely that sensory cues play a large
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role in mediating MA-increased proceptive responses, and this may be the consequence
of MA-induced generalized arousal resulting in heightened awareness to sexually
relevant cues. Given the circuitry of the MePD and the fact that a DHT-CX male
maintains the pheromonal profile of the male rat, I speculate that olfactory cues play an
important role in mediating the MA-induced proceptive behavior, and perhaps in
increasing cFos in the MePD. These findings suggest that MA can alter normal social
interactions and heighten responses to environmental cues, an implication which may
have significant clinical relevance. Ultimately, these data have now allowed us to confirm
that this effect on behavior is very specific. Now, in both the presence and absence of
MA, I can use this model to go into more detail as to exactly what neural mechanism of
female sexual motivation is.
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CHAPTER 5: THE ROLE OF DOPAMINE RECEPTOR TYPE 1 IN THE
MEDIAL AMYGDALA DURING METHAMPHETAMINE-INDUCED NEURAL
ACTIVATION

Introduction
Neuronal activity, which is typically characterized by membrane depolarizations,
can lead to dynamic changes in neuronal gene expression. One class of genes that are
sensitive to neuronal activation is immediate early genes. These are some of the first
genes that are transiently and rapidly transcribed following neuronal activation (Bading et
al., 1993; Kovács, 1998). Immediate early genes including, but not limited to, cFos, cJun,
and Arc, have historically played a critical role as molecular markers for neuronal
populations that undergo changes in response to a stimulus (Curran and Morgan, 1995;
Minatohara et al., 2015; Morgan and Curran, 1995). Early studies demonstrating the
correlation between cFos increases and neural activation showed that cFos mRNA
amounts peak within 1 hour of a convulsant seizure and returned to baseline within 2
hours (Saffen et al., 1988). cFos IHC has been previously used to identify components of
sexual circuitry. For instance, compared to oil-treated females, cFos significantly
increased after hormone-treatment and mating in a number of nuclei that are implicated
in the sexual circuitry, such as the POA, BNST, VMN, and MeA (Baum and Wersinger,
1993; Pfaus et al., 1993).
Thus, Holder and colleagues used cFos-ir as a primary tool to identify the
neuronal populations that may be important players in mediating the effect of MA on
sexual motivation. At four hours following administration of hormones/vehicle, and/or
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MA/vehicle to OVXed female rats, Holder and colleagues surveyed the brain to see
which nuclei had significant changes in neural activation. The MePD and VMN showed a
significantly increased level of cFos with both hormones and MA combined, compared to
either treatment alone. While this suggested that these nuclei were responsive to both MA
and steroids, it did not demonstrate that these cells played any behaviorally relevant role.
Recently, Williams and Mong have expanded this work using a cell-specific lesion model
(Williams and Mong, 2017). In Sprague Dawley rats expressing a cFos-lacZ transgene,
DAUN-02 was used to induce a specific lesion of just the cFos expressing, activated
cells. In short, the prodrug DAUN02 is converted by lacZ/β-galactosidase to
daunorubicin, which is toxic to the cells resulting in apoptosis. This technique provides a
powerful tool for testing whether activated cell populations (as identified by cFos) are
behaviorally relevant (Cruz et al., 2013; Koya et al., 2016, 2009). Indeed, when the
MA/ovarian steroid responsive cells of the MePD are selectively lesioned, female rats
display significantly reduced MA-facilitated increases in proceptivity by about 1.5-fold
versus vehicle controls (Williams and Mong, 2017). While these cell specific lesions
have demonstrated the essential behavioral role of the cFos-activated cells in the MePD,
it remains unclear how MA and ovarian steroids each act on cells of the MePD to
increase neural activation.
One likely source of this neural activation is DA. The MePD receives both direct
and indirect inputs from the VTA. Since MA-treatment increases the release of DA, it is
quite likely that aspects of MA-facilitated behavior could be caused by DA receptor
activation in the MePD. It has been demonstrated that the D1R/D2R ratio of activation
within other nuclei supporting female sexual behavior such as the mPOA and VMN can
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increase female sexual motivation (Graham and Pfaus, 2012, 2010). Therefore, our lab
previously tested the hypothesis that D1R and/or D2R signaling in the MePD is necessary
and sufficient for MA-facilitated sex behavior. In those studies, a DR agonist or
antagonist was directly infused into the MePD. A D2R agonist is not sufficient, but a D1R
agonist was sufficient to increase proceptive events above the level induced by hormones
alone. Furthermore, a D2R antagonist did not alter MA-facilitated sex behavior, but a D1R
antagonist significantly decreased proceptive behavior to non-MA-treated levels (Holder
et al., 2015). Taken together with the fact that the MePD has very low, almost nonexistent levels of D2 type receptors (Meador-Woodruff et al., 1989; Weiner and Brann,
1989), these findings strongly suggest that MA, through a release of DA, may work
through the D1R to directly modify the neural substrates underlying female sexual
motivation. This may be due to an increase D1R quantity within the MePD itself, or
through the specific activation of the D1R-mediated downstream amplifying mechanism.
Here, I tested the hypothesis that MA leads to an increase in cFos expression in
the MePD by increasing the activation of the D1R. Alternatively, MA could also cause an
increase in the quantity of D1R in the MePD. To test this hypothesis, I used SCH23390,
the D1R antagonist, in MA-treated, hormonally-primed females, and quantified cFos
expression in the MePD. Conversely, I used SKF38393, a D1R agonist, and quantified
cFos in the absence of MA to see if specific D1R action could mimic MA in the MePD.
Finally, to test the alternative, I used western blots for D1R for MePD tissue treated with
all four core treatment groups.

Methods
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Experiment 5.1
For D1R Western Blots (WB), female rats (n=6/treatment group) were OVXed,
treated with oil or hormones, and Saline or MA, and their brains were collected 52 hours
later. WB for D1R was performed following the standard protocol described in general
methods, using 2.5% Difco Milk as a block for 1 hour at RT. The tissue was then
incubated in D1R primary antibody (1:5,000 dilution in TBS-Tween) overnight at 4oC.
Anti-rabbit secondary (1:2000), linked to HRP, was used and development proceeded as
described in the standard protocol. Afterward, GAPDH primary antibody was added for 2
hours at RT to serve as a loading control. After washing the membrane, anti-mouse-HRP
secondary (1:2000) was added for 1hr at RT. After washes, development proceeded as
described in the standard protocol. The films were scanned into a computer were
analyzed using NIH image software (http://rsb.info.nih.gov/nih-image). The optical
density (OD) was measured for each individual band and normalized to the OD of the
GAPDH bands. Statistical analysis was performed using a two-way between-subjects
ANOVA.

Experiment 5.2 - SCH23390
A new cohort of N=32 female Sprague-Dawley rats were ordered from Charles
River and bilaterally OVXed according to the protocol in the general methods. Upon
recovery,

rats

were

Veh/Hormones/Veh,

randomized

into

4

MA/Hormones/Veh,

treatment

groups,

with

n=8/group:

Veh/Hormones/SCH23390,

and

MA/Hormones/SCH23390. SCH23390 is a potent D1R antagonist whose Ki values are
0.2 nM and 0.3 nM at D1 and D5 receptor sub-types, respectively. SCH23390 (Sigma)
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was dissolved in sterile saline at a concentration of 0.3mg/ml. SCH23390 has been
demonstrated to cross the blood-brain-barrier (Martel et al., 1996) and shows a typical
inverted-U-shaped dose response in vivo (Neisewander et al., 1998). Neisewander and
colleagues demonstrated that 0.3mg/kg i.p. SCH23390 was the optimal dose to block
locomotor and stereotypy effects of cocaine without off target effects (Neisewander et al.,
1998). Prior to the start of this study, our lab ensured that rats receiving this dose
(0.3mg/kg) showed no signs of sickness behavior, such as lasting locomotor changes,
changes in grooming, or chromodacryorrhea (red tears).
15 minutes prior to each day of the standard treatment paradigm (Figure 4), rats
were given SCH23390/saline vehicle sc. Then, the rats received standard treatments of
hormones and MA/Veh. On the final day of treatment, rats were perfused and brains
collected four hours after the final injection.

Experiment 5.3- SKF38393
Rats in these experiments received the dopamine D1R agonist, SKF38983
(Sigma). SKF38983 can be given i.p., however D1R agonists, including SKF38983 have
been demonstrated to induce anorectic symptoms, over-grooming, and seizures;
furthermore there is some question as to how well it is able to cross the blood brain
barrier at low doses (Starr and Starr, 1993). Therefore, before the start of the study, I
tested the low dose of 0.5mg/kg i.p. and monitored N=4 pilot rats. Rats displayed
chromodacryorrhea, disheveled grooming, and dyskinesia. To alleviate concerns of
sickness behavior interfering with neural activation and blood-brain-barrier crossing
efficacy, I chose to deliver the SKF38983 directly into the brain. However, due to the
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location and shape of the MePD, I found that direct cannulations created substantial
tissue damage and edge effects within the nucleus that made this delivery method
unsuitable for IHC (N=10, data not shown). Thus I chose to give infusions icv. A new
and final group of N=28 female Sprague-Dawley rats were ordered from Charles River
and bilaterally OVXed and cannulated icv according to the protocol in the General
Methods. Rats were allowed to recover from cannulation surgeries for 7-10 days before
treatment with MA and hormones as described in the general methods.
On each day of drug and hormone treatments, animals were briefly anesthetized
using isoflourane. The dummy stylets were removed and replaced by 33 gauge needles
which projected 0.5mm past the guide cannula and were attached via tubing to a 25μl
Hamilton syringe attached to a BASi Bee pump with a Bee Hive controller (Bioanalytical
Systems, Inc., West Lafayette, IN). The receptor agonist or sterile saline vehicle were
infused at 100ng/ul/5min icv in the lateral ventricle over 5 min and the injectors remained
in place for an additional 5 min to ensure diffusion away from the injector tips and lessen
any backflow out of the cannula. On the final day of treatment, brains were collected 4
hours after the final injection, as described in the General Methods.
During tissue collection (as described previously) 35μm sections around the
coordinates for icv cannulation were mounted onto 2% gelatin-coated glass slides to
ensure the cannula “hit” the lateral ventricle. A placement was correct when the cannula
had fully broken into the main right lateral ventricle (Paxinos and Watson, 2005). If this
did not happen, these rats were considered drug “misses” and removed from analysis; for
this reason 5 rats were removed from the agonist experiment.
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cFos immunohistochemistry (IHC)
For cFos IHC, the tissue was prepared as described in the general methods with
the following additions and/or changes. Prior to primary antibody incubation, tissue was
washed in 0.1M glycine for 30min. It was then transferred to 0.5% Triton-KPBS, 1%
H2O2, and 5% normal goat serum (Vector Laboratories, Burlingame, CA) for 1hr. The
tissue was incubated in cFos primary antibody (1:40,000 dilution, Oncogene) at in KPBS
at 4oC for 48hrs. The tissue was developed according to the standard protocol, using a
biotin-linked anti-rabbit secondary antibody.
In order to quantify the expression of cFos-ir positive cells in the MePD nucleus,
Neurolucida 11 was used. A standardized triangular contour was used to highlight the
counting areas. Slides were anatomically matched and coded so that the investigator
conducting the analysis was blind to the treatment group. Three brain sections (in series)
separated by 120μm were used. The placement and size of the counting contours were in
accordance with previously defined parameters. Within the triangular contour, a 300um x
300um square was placed in the MePD using the program’s unbiased grid. Whatever
cells fell into that square were counted, and as the MePD is a bilateral nucleus, both sides
of the nucleus were included in the analysis resulting in six contours per region. From
these an average cFos-positive cell number per section for the MePD could be
determined. While blinded to treatment groups, two brains demonstrated sparse and
uneven staining evident of a poor perfusion, and were eliminated from the final analysis.
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Results
D1R Protein Levels
Semi-quantitative WBs were used to examine the levels of D1R protein in the MePD.
Two-Way ANOVA showed no significant differences or main effects of either MA
[F(1,20)= 0.034, p=0.85, η2=0.002, ns], hormones (EB+P) [F(1,20)= 0.42, p=0.52, η2=0.043,
ns], or the combination of the two treatments [F(1,20) = 0.91, p=0.35, η2=0.02, ns] on the
levels of D1R protein (Figure 9). Thus, neither MA nor hormones significantly changed
the D1R protein in the MePD at 4 hours after the final administration.

D1R Antagonist, SCH23390, and cFos
Since neither MA nor hormones significantly changed the D1R protein in the MePD, I
predicted the significant change cFos was occurring due to MA increasing D1R activation
in the MePD. Therefore, I used cFos-ir to quantify the amount of cells expressing cFos
protein 4 hours after the final injection of MA. I predicted that SCH23390 would block
the significant increase in cFos caused by MA. Two-Way ANOVA showed a statistically
significant main effect of MA-treatment [F(1,26)=13.4, p=0.0011, η2=0.325]. However,
there was no significant interaction between SCH23390 antagonism and MA-treatment
[F(1,26)=0.809, p=0.38, η2=0.02] or main effect of SCH23390 alone [F(1,26)=0.870, p=0.36,
η2=0.021]. Bonferroni post-hoc analysis revealed that hormonally-primed females,
regardless of SCH23390 treatment, displayed a significant increase in cFos-ir compared
to MA-treatment (t(26)= 3.1, p<0.05, d=1.674, *; and t(26)= 3.13, p<0.05, d=1.690, *;
Figure 10), in line with previous findings (Holder, 2010). However, SCH23390 did not
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significantly decrease cFos in MA-treated females (t(26)= 1.25, p>0.05, d= 0.675, ns;
Figure 10).

D1R Agonist, SKF38393, and cFos
Finally, I examined if the D1R agonist was sufficient to mimic MA in the MePD. cFos-ir
was used to quantify the cells expressing cFos protein in the MePD 4 hours after the final
infusion of SKF38393. I predicted that SKF38393 would cause a significant increase in
cFos compared to control (OVX) rats. One-Way ANOVA showed no significant main
effect on cFos levels in the MePD [F(2, 18)=2.685, p=0.0954, η2=0.23, ns] on the overall
cFos activation at least 4 hours after the final injection. Post-hoc tests revealed a
significant difference between control female and MA-treated females (t(18)=2.137,
p=0.046, d=1.41, *), as previously demonstrated in the lab (Holder, 2010) (Figure 11).
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Figure 9: All female rats, regardless of treatment, had the same overall quantity of
D1Rs in the MePD.
A) Representative WB of the D1R and GAPDH OD.
B) Two-Way ANOVA showed no significant differences or main effects of either MA,
hormones, or the combination of the two treatments on the levels of D1R present in the
MePD at least 4 hours after the final injection. n=6/group
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Figure 10: Blocking D1R via the antagonist SCH23390 in the presence of MA does
not significantly decrease cFos expression in the MePD.
Two-Way ANOVA showed a significant main effect of MA-treatment [F(1,26)=13.4,
p=0.0011], but no significant interaction between SCH23390 antagonism and MAtreatment or main effect of SCH23390 antagonist. n=8/group, with two brains excluded
in the MA/Hormones/Veh group for poor staining. Bonferroni post-hoc analysis
demonstrated that hormonally-primed females, regardless of SCH23390 treatment,
displayed a significant increase in cFos-ir after MA-treatment (* = p<0.05), in line with
previous findings (Holder, 2010). However, SCH23390 did not significantly decrease
cFos in MA-treated females.
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Figure 11: Activating the D1R via the agonist SKF38393 does not significantly
increase cFos expression in the MePD.
One-Way ANOVA showed no main effects of drug treatment on cFos levels in the MePD
[F(2,18)=2.685, p=0.095, ns] on the overall cFos activation of the MePD at least 4 hours
after the final injection. Post-hoc test reveals significant difference between Control
(OVXed) female and MA-treated females (t(18)=2.137, p=0.046, *).
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Discussion
Previous work has identified a population of behaviorally relevant, cFos
expressing cells of the MePD (Holder et al., 2010; Williams and Mong, 2017). The
MePD is a critical integration site in sex behavior circuitry, as it projects to and receives
input from several critical sexual output nuclei, including the VMN (de Castilhos et al.,
2006; Kang et al., 2009; Kondo and Sakuma, 2005; Lehmann and Erskine, 2005; Spiteri
et al., 2010). Activation of the MePD has been demonstrated to increase female sexual
behavior (Kondo and Sakuma, 2005; Masco and Carrer, 1984, 1980). In females, “supersolicitational” rats have a significantly increased quantity of cFos-positive cells in the
MePD compared to normal rats. In males, MePD lesions abolish the expression of the
mounting displays (Afonso et al., 2009; Afonso and Pfaus, 2006). Together, these
findings suggest that neural activity in this MePD may underlie increased proceptive
output.
MA treatment can increase neural activity by increasing DA and NE
neurotransmission. In nerve terminals, MA enters the vesicles through the VMATs, and
prevents the packaging of endogenous neurotransmitter. MA also blocks the DAT and the
NET from pumping released DA or NE back into the transmitting neuron. These
disruptions cause a concentration gradient shift and a flood of catecholaminergic
neurotransmitter release outside of action potential occurrence (Davidson et al., 2001;
Xie and Miller, 2009). In this set of experiments, I hypothesized that the MePD’s
activation by MA occurred through increased D1R signaling. I predicted that either 1) the
quantity of cells expressing D1R was increased, or 2) increased D1R activation mediated
heightened neuronal activation.
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For the first prediction, my results indicate that MA is not increasing the
activation of the MePD by increasing (or possibly, decreasing) the total quantity of D1R
present. This finding is largely in line with the limited data from humans, where chronic
MA users have lower levels of D2Rs but not D1Rs, particularly in the orbitofrontal
cortical regions (Volkow et al., 2001). However, by investigating the nucleus following
an acute-binge of MA, and the possibility remains that there may be some form of
receptor compensation, most likely a downregulation, with longer, more chronic,
treatment paradigms (McCoy et al., 2011).
To test the second prediction, I altered neural activation through the D1R. Given
the finding that D1R action in the MePD is both necessary and sufficient for MA-induced
proceptivity, I predicted that D1R was the primary mediator of cFos activity at our
behavioral time point, four hours after the final MA injection. Surprisingly, despite the
behavioral findings, D1R activation alone was neither necessary nor sufficient to explain
the cFos neural activation in the MePD resulting from MA.
Previous findings demonstrated that α1R activation is necessary, but not
sufficient, for MA-facilitated proceptive behavior (Holder et al., 2015) leading us to
hypothesize that DA, not NE, was the primary driver of both behavior and neural
activation. With these new findings, if this was still the case, the most simple explanation
would be that NE signaling via the α1R is sufficient to maintain neuronal activation in the
presence of MA, even if it is not sufficient to maintain the behavior. At this point, it is not
clear whether the cFos activated cells are the same population as the D1R containing
cells, a separate population of α1R containing cells, or both. A valuable follow-up
experiment would be the combined administration of SCH23390 with a α1R antagonist,
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to test the prediction that blocking the combination of both receptors is necessary for
MA-mediated neuronal activation in the MePD.
If not NE, the olfactory inputs to the MePD may also be causing the changes in
MA-induced neural activation by heightening sensitivity within the bulb itself. In that
case, the cFos in the MePD could be a downstream marker of increased olfactory bulb
output (Keller et al., 2009; Keshavarzi et al., 2015). Given my work in Chapter 4
demonstrating the necessity of a male stimulus with androgen-mediated sensory cues for
MA-induced proceptivity, it is reasonable to implicate the olfactory system in inducing
neuronally-activated cells. Finally, the cFos may stem from a drug-hormone interaction—
i.e. it is possible that MA induces PR or ER expression without the activation of D1Rs
(tested in Chapter 6). If this is the case, it is ultimately ER/PR activation that prompts
cFos expression.
Finally, the properties of the pharmacological agonists and antagonists used in
these studies create some technical limitations in interpreting the results. SCH23390 is a
potent, competitive compound that has a higher affinity for D1Rs than does DA, but a
relatively short half-life of 25 minutes (Waddington and O’Boyle, 1987). Thus MA,
which is potent releaser of catecholamines and has a long half-life of almost 12 hours,
may overcome the D1R antagonism in the present experiment. It is possible that the
observed cFos-ir cells at the 4-hour behavioral time point represent the effects of MA on
DA/D1Rs after the antagonist has cleared. Finally, the dose was selected based off the
literature, which had used SCH23390 to block cocaine-induced locomotion (Neisewander
et al., 1998). It is possible this dose needs to be increased in the presence of a more potent
drug like MA. Future studies should examine both varying behavioral time points and
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also administration routes. Another consideration are the in vivo studies which suggest
that SCH23390 has moderately high affinity for the 5-HT2B and 5-HT1C receptors
(Bourne, 2001). Given the generally mixed roles of 5-HT receptors on proceptive
behavior, it is not unreasonable to think that the drug may have some off target effects on
5-HT drive, which may be differentially modulating cFos and behavior. SKF38393 is
also subject to some technical limitations as only a somewhat selective D1/D5 agonist.
There exists the possibility that SKF38393 could activate the generally inhibitory, D2type receptors in areas that have connections to the MeA, like the orbitofrontal cortex.
Furthermore, SKF38393 is only a partial agonist to the DRs compared to DA, with
almost no affinity for αRs, whereas MA is an incredibly potent stimulator of both DA and
NE. Future directions to mimic the neural activation created by MA should examine the
complement of catecholamine agonists together.
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CHAPTER 6: UPREGULATION OF THE PROGESTERONE RECEPTOR IS
SUFFICIENT FOR INCREASED SEXUAL MOTIVATION

Introduction
Our published work and my work in the previous chapter has delineated a few key
findings that play a critical role in the mechanism underlying MA-induced facilitation of
female sexual motivation, including 1) the presence of a sexually relevant-stimulus male
(Rudzinskas and Mong, 2016), 2) the necessity of D1R signaling for behavior (Holder et
al., 2015), and 3) the importance of cFos activated cells (Williams and Mong, 2017).
However, our previous studies have also demonstrated a necessary role for P and
its cognate receptor in the mechanism underlying MA’s facilitation of proceptive
behaviors. In the presence of MA, low levels (below 500ug) of P are sufficient to induce
proceptive behavior to the levels induced by proestrus levels of P (Holder et. al, 2010).
Microinfusion of RU486, a PR antagonist, into the MePD, significantly attenuates the
MA-facilitated behavior (Holder et al, 2015). Additionally, MA alone, in the absence of
E2, increases PRs in the MePD (Holder et al., 2010). Nevertheless, what remains
unanswered a whether there is a functional relevance to this upregulation of PRs in the
MePD following MA administration. Given that proceptivity is dependent on P signaling
via PR, MA induction of PR in the MePD may represent a feedforward mechanism
resulting in an amplification of PR signaling. These findings lead us to hypothesize that
MA-induced facilitation of proceptivity, in part, depends on the upregulation and/or
amplification of the PR signaling.
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To test the functional relevance of an increase in PR in the MePD in the absence
of MA, I overexpressed PR in the MePD using a viral vector and compared sex behavior
levels to control rats. To investigate the mechanism by which MA may naturally
upregulate PR expression, I tested whether D1R activation was necessary for the increase
in PR protein levels or activation by blocking D1R with an antagonist, and
immunoblotting for total PR and phosphorylated PR. Finally, I quantified cFos-ir in the
MePD while blocking PR activation with RU486 on the final day of MA administration.

Methods
Experiment 6.1
To test the functional role of upregulated PR in the MeA, I designed a lentivirus
containing an ubiquitin-PR-GFP-construct to overexpress PR. The virus used a class II
lentivirus shuttle vector. At the Kpn1 and Age1 enzyme sites, the following primers were
used to clone in the full length PR mRNA sequence for rats under the ubiquitin promotor:
Forward - 5’-CACGGTACCATGACTGAGCTGCAGGCAAAGGAT–3’
Reverse - 5’-CACACCGGTTCACTTTTTGTGAAAGAGG-3’
The cloned vector was then sent to the UPenn Viral Vector core for packaging
(Figure 12A). Female rats (N=20) were OVXed and stereotaxically injected with in the
MeA with either the lentivirus containing PR-GFP (infectious titer of 1x109IU/mL), or a
control lentivirus expressing only GFP (Qiagen). Using a 5ul Hamilton Syringe, 2ul of
the virus was injected slowly on each side, over the course of 5 minutes. Needle was left
in place for an additional 5 minutes to prevent backflow.
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A)

B)

Figure 12: Experimental Construct, Timeline, and Representative Hit/Miss
Photomicrographs.
A) Representative cartoon of lentiviral vector. PgR (progesterone receptor) and GFP
(green fluorescent protein) are expressed as a fusion protein under the ubiquitin (Ub)
promotor. Underneath, the experimental timeline for the PR-virus-overexpressed rats.
B) Representative photomicrographs of the hits and misses for PR-virus rats, both via
fluorescence and DAB-Ni enhanced staining.
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This surgery was completed two weeks prior to sex behavior testing, to allow for
optimal expression of the lentiviral vector. Hormone injections occurred on Day 14, 15,
and 16 after the surgery.
On the third day of hormone treatment, at least four hours after the final injection,
behavioral studies were conducted under a dim red light. Sex behavior testing was
conducted in a Plexiglas testing chamber (50cm x 38cm x 25cm) which contained
shredded cardboard bedding. At the start of the sex behavior test, a novel male was
placed first into the testing chamber. All males were novel to the test female and this was
the female’s first sexual experience. Five minutes later, the experimental female was
introduced to the arena for 20 minutes, during which their behavior was video-recorded
for later scoring. Immediately after the test, female rats were injected with 0.5cc
ketamine/xylazine (88.9mg/mL/11.1mg/mL), and their brains collected via perfusion for
tissue IHC to determine viral vector placement.
An experimenter blinded to treatment groups scored female behavior for the first
15 minutes of the 20 minutes session. Behaviors scored fell under three major categories.
1) Social, non-sexual, 2) Social, sexual, 3) Non-social, non-sexual. For more details on
these categories, see Chapter 4 – Methods. Lordosis was also quantified for each mount
based on a score of 0-3, parameters based on the literature discussed in Chapter 1 –
General Introduction. No distinction was made between mounts and mounts with
intromission in lordosis score quantification, though ejaculatory mounts were excluded
from the lordosis quotient as there was not an ejaculatory event in every test.
To check for virus placement, sections were mounted near where the virus was
supposed to be infused (AP: -3.0, ML: +3.7/-3.7, DV: -8.7). While blinded to treatment
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groups, using a fluorescent microscope, an experimenter determined whether cells in the
MeA expressed GFP on either side of the brain (Figure 12B). Only 1 side of the bilateral
MeA needed to have GFP+ cells to be considered a “hit”. Rats with GFP completely
outside of the MeA were considered “misses”. To further verify expression of GFP in the
MeA (relative to the background of the tissue), IHC was run on the remaining sections
for GFP (Figure 12B). Prior to primary antibody incubation, tissue was washed in 0.1M
glycine for 30 min. It was then transferred to 0.5% Triton-KPBS, 1% H2O2, and 5% NGS
(Vector Laboratories, Burlingame, CA) for 1hr. The tissue was incubated in GFP primary
antibody (1:40,000 dilution, Abcam) at in KPBS at 4oC for 48hrs. The tissue was
developed according to the standard protocol, using a biotin-linked anti-chicken
secondary antibody. At this dilution, no sections which had not received a viral injection
had any visible staining.
Control-GFP rats (n=6) were compared in a Student’s t-test and an ANOVA to
the misses (n=6) and the hits (n=8). The misses were not significantly different from the
control rats on any statistical test, thus the control and miss groups were collapsed to
increase the power of the experiment. Data comparing the Hit to the Control/Misses
group was also compared using a Student’s t-test.
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Experiment 6.2 and 6.3
SCH23390 and PR
A new cohort of female Sprague-Dawley rats (N=12) were ordered from Charles
River and bilaterally OVXed and cannulated icv according to the protocol in the General
Methods, Chapter 3. Due to the location of the MePD, I found that direct cannulations
created substantial tissue damage, thus infusions were given icv. Rats were allowed to
recover from cannulation surgeries for 7-10 days before treatment with MA and
hormones. Upon recovery, rats were randomized into

2 treatment groups:

MA/Hormones/Vehicle (n=6), and MA/Hormones/SCH23390 (n=6).
On each day of MA and hormone treatments, animals were briefly anesthetized
using isoflourane. The dummy stylets were removed and replaced by 33 gauge needles
which projected 0.5mm past the guide cannula and were attached via tubing to a 25μl
Hamilton syringe which was then attached to a BASi Bee pump attached to a Bee Hive
controller. SCH23390 (Sigma) was dissolved in sterile saline at a concentration of
400ng/ul. SCH23390 or sterile saline vehicle were infused at 400ng/ul/2.5min icv in the
lateral ventricle over 2.5 min and the injectors remained in place for an additional 5 min
to ensure diffusion away from the injector tips and lessen any backflow out of the
cannula. On the final day of treatment, brains were collected using CO2 euthanasia 4
hours after the final injection, as described in the General Methods. Tissue was fresh
frozen in dry ice and cut on a cryostat. During tissue collection (as described previously)
early 35μm sections were checked to ensure the cannula “hit” the lateral ventricle. All
rats were hits in this experiment.
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Western Blots
For PR Western Blots (WB), MePD, VMN, and NAcc tissue was collected and
extracted. Protein extraction and determination of concentration for PR was performed
following the standard protocol described in General Methods, Chapter 3. 8 μg of whole
cell extract was loaded into each lane and run at 125V for approximately 2 hours. After
transferring the gel to a membrane, the membrane was blocked using 2% Difco Milk as a
block for 1 hour at RT. The blot was then incubated in PR primary antibody (1:1,000,
Santa Cruz A-2, dilution in TBS-Tween) overnight at 4oC. Afterward, GAPDH primary
antibody (1:100,000, Millipore), used as a loading control, was added for 2 hours at RT.
Anti-mouse secondary (1:2000), which is horseradish peroxidase (HRP) linked, was used
and development proceeded as described in the standard protocol. Films were developed
for 2 minutes for PR, and 15 sec for GAPDH. The films were scanned into a computer at
600 dpi and the scanned images were analyzed using NIH image software
(http://rsb.info.nih.gov/nih-image). The optical densities (ODs) were measured for each
individual band and normalized to the OD of the GAPDH bands. Statistical analysis was
performed using an unpaired student’s t-test.
WB for phospho-PR (pPR) on serine 294 (ser294) were run in the same fashion
with the following changes: 1% Difco Milk was used for 1 hour at RT. The blot was then
incubated in pPR-ser294 primary antibody (1:1,000, Cell Signaling A-2, dilution in TBSTween) and GAPDH (1:1,000,000, Millipore) overnight at 4oC. The next day, anti-rabbit
and anti-mouse secondary were run simultaneously for 1 hour, blots were washed,
incubated in lumiglo, and development proceeded as described in the standard protocol.
Films were developed for 5 minutes for pPR, and 20 sec for GAPDH. This antibody is
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able to detect both isoforms of PR, A and B, so for this tissue, both were independently
quantified.

Experiment 6.4
cFos immunohistochemistry (IHC)
In order to determine the role of P signaling on cFos expression, rats were treated
with MA (n=12), Hormones (n=10), or MA/Hormones (n=10), and half of the rats in each
treatment group received the PR antagonist compound RU486 30 minutes prior to the
final injection of saline/MA and/or oil/hormones. RU486 was diluted in sesame oil at
2mg/kg/ml for subcutaneous injection, the dose previously determined to terminate early
pregnancy by day 6 in 100% of rats, and a dose where anti-progestin action was 50-fold
to glucocorticoid action (Baulieu, 1990; Chang, 1985). 4 hours after final injection, rats
were sacrificed and fixed in 4% paraformaldehyde via transcardial perfusion according to
protocols outlined in the general methods. Six sections in series separated by 105uM each
were run in the cFos IHC, the tissue was prepared as described in the general methods
with the following additions and/or changes. Prior to primary antibody incubation, tissue
was washed in 0.1M glycine for 30 min. It was then transferred to 0.5% Triton-KPBS,
1% H2O2, and 5% NGS (Vector Laboratories, Burlingame, CA) for 1hr. The tissue was
incubated in cFos primary antibody (1:40,000 dilution, Oncogene) at in KPBS at 4oC for
48hrs. The tissue was developed according to the standard protocol, using a biotin-linked
anti-rabbit secondary antibody.
In order to quantify the expression of cFos-ir positive cells in the MePD,
Neurolucida 11 was used. Quantification was the same as described in Chapter 5, Exp 2
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and 3. From these an average cFos-positive cell number per section for the MePD could
be determined. T-tests were run on each treatment group between the vehicle control and
the RU486 pre-treated rats.

Results
PR Overexpression in the MeA
Virally-transfected rats were subjected to sex behavior testing and their behavior was
quantified for 15 minutes. T-tests showed significant increases in overall proceptivity
(total hops, darts, solicitations, and ear wiggles) (t(17)=3.742, p=0.0016, d=1.70, ***,
Figure 13A) as well on specific proceptive events quantified, such as hops and darts
(t(17)=3.830, p=0.0013, d=1.75, ***, Figure 13B) in rats treated with the PR-GFP virus
(vs GFP controls or rats that received the PR-GFP virus but the needle missed the MeA.)
Somewhat surprisingly, lordosis intensity also showed a significant change, where the
females given the virus showed significantly increased lordosis intensity (t(17)=2.366,
p=0.03, d=1.08, *, Figure 13C). There were no significant changes to rejection behaviors
(t(17)=0.752, p>0.05, d=0.343, ns, Figure 13D).
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Figure 13: PR Overexpression in the MeA increases proceptivity in female rats.
T-test showed significant increases in overall proceptivity (total hops, darts, solicitations,
and ear wiggles) (t(17)=3.742, p=0.0016, ***) as well on specific proceptive events
quantified, such as hops and darts (t(17)=3.830, p=0.0013, ***), and lordosis intensity
(t(17)=2.366, p=0.03, *) in rats treated with the PR-GFP virus vs GFP controls/misses.
There were no significant changes to rejection behaviors (t(17)=0.752, p>0.05, ns).
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D1R Antagonist, SCH23390, and PR
I hypothesized that MA, acting through the D1R, could directly significantly increase PR
in the MePD. Therefore, I treated rats with MA and EB+P, and SCH23390 or vehicle icv
and ran semi-quantitative WBs to look at total PR levels (Figure 14A). I predicted that
SCH23390 would significantly decrease PRs. However, T-test showed no significant
differences on the PR levels of the MePD (t(10)=0.853, p>0.05, d=0.49, ns, Figure 14B).
The VMN also did not show a significant decrease (t(9)=0.752, p>0.05, d=0.45, ns, Figure
14B). Finally, the NAcc also did not show a significant change after SCH23390
(t(10)=0.585, p>0.05, ns, d=0.34, Figure 14B). Of note, though, is that this antibody binds
only one isoform of PR in vivo, presumably PRA based on the molecular weight indicated
by the ladder (~90kDa), not shown.

D1R Antagonist, SCH23390, and phosphoPR (pPR)
Though I did not demonstrate a significant decrease in PR levels after SCH23390, I
predicted that D1R may still play a role in the activational state of PR (Auger, 2001). I
investigated the site serine 294, a common phosphorylation site known to be critical to
activation of the receptor and downstream gene transcription following ligand binding.
Using the same brain homogenates as above, I ran a WB using an anti-ser294 specific PR
antibody to look at pPR levels. I predicted that SCH23390 would significantly decrease
pPRs. This antibody binds both major isoforms of PR in vivo, PRB and PRA, and thus I
were able to quantify both independently. T-tests showed significantly decreased pPRB in
the MePD when SCH23390 was present (t(10)=1.97, p=0.032, d=1.14, *, Figure 15A), and
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also showed a trend for significantly decreased pPRA (t(10)=1.62, p=0.068, d=0.935, ns,
Figure 15B).
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A)

B)

Figure 14: D1R Antagonist, SCH23390, does not significantly decrease PR.
A) Representative WB of PR in the MePD, VMN, and NAcc for both treatment groups.
Sample order: left, MA/Hormones/Veh, right, MA/Hormones/SCH23390. B) T-test
showed no significant differences on the PR levels of the MePD (t(10)=0.853, p>0.05, ns).
The NAcc and VMN also did not show a significant decrease (t(9)=0.752, p>0.05, ns;
t(10)=0.585, p>0.05, ns), respectively.
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A)

B)

Figure 15: D1R Antagonist, SCH23390, significantly decreases pPRB in the MePD.
A) Representative WB of each pPR for both treatment groups. Sample order: left,
MA/Hormones, right MA/Hormones/SCH23390. B) T-tests showed significantly
decreased pPRB in the MePD when SCH23390 was present (t(10)=1.97, p=0.032, *), and a
trend for significantly decreased pPRA (t(10)=1.62, p=0.068, ns).
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RU486 in Hormonally-primed Rats and cFos in the MePD
To see if the PR antagonist RU486 was sufficient to block MA’s effect in the
MeA, I used cFos-ir to quantify the amount of cells expressing cFos protein in the MeA.
First, I compared hormonally treated females to hormonally-primed females given
RU486 to determine if any of the cFos in the MePD was stemming from P action. T-tests
showed no significant difference in cFos levels in the MePD (t(7)=0.2866, p=0.78,
d=0.181, ns, Figure 16) after RU486. T-tests of the cFos in MA+Hormone-treated
females also showed no significant differences (t(7)=1.346, p=0.22, d=0.851, ns, Figure
16) after RU486.

RU486 in OVXed, MA-treated Rats and cFos in the MePD
I predicted that RU486 would have little to no effect in an OVXed, MA treated
rat, given there should be little circulating P to activate the receptor in the first place.
However, T-tests showed significantly decreased cFos in the MePD when RU486 was
present (t(11)=2.394, p=0.036, d=1.382, *, Figure 17).
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A)

B)

Figure 16: There are no significant changes in cFos in the MePD of hormonallyprimed rats (regardless of MA-treatment) given PR antagonist, RU486.
T-tests showed no significant cFos levels in the MePD (t(7)=0.2866, p=0.78, ns) on the
overall cFos activation of the MePD. T-tests looking at the role of RU486 on cFos in
MA+Hormone-treated females also showed no significant differences (t(7)=1.346, p=0.22,
ns).
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Figure 17: cFos is significantly decreased in OVXed, MA+ RU486 treated rats.
T-tests showed significantly decreased cFos in the MePD when RU486 was present
(t(11)=2.394, p=0.036, *).
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Discussion
Here, I hypothesized that increases in PR expression are what lead to the
increased proceptivity in female rats. In this work, I have demonstrated for the first time
that increasing PR protein expression within the MePD has functional relevance: it is
sufficient to increase female sexual motivation and lordosis intensity, with no other noted
effects on social, exploratory, or rejection behavior. Holder et al. infused RU486 in vivo
into the MeA and showed a significant decrease in MA-facilitated sexual motivation
(Holder et al., 2015). (Holder et al., 2015). This finding suggested that PR plays a
necessary role in mechanism underlying MA actions on proceptivity. Thus, the PR is
both the necessary and sufficient amplification point of MA signaling in MeA, and
increasing PR activation, either via phosphorylation or overall amount, can enhance
proceptive responding.
Although D1R activation in the MePD is necessary for the MA-induced
facilitation of sexual motivation, the findings presented here suggest D1R is not necessary
for the increase in total PR in the MePD. However, D1R activation is involved in the
phosphorylation of the PR, supporting the possibility that D1R signaling may be involved
in amplifying PR signaling. Given what is known about P and PRs, it is logical that they
may play a role in the mechanism mediating increased proceptivity: while E2 alone can
induce receptive behavior, like lordosis, you need to P to induce the full complement of
proceptive behaviors such as ear wiggling, hopping, darting, and solicitations.
Despite its clear necessity for the induction of proceptive behaviors, P signaling
via the PR has long been something of a black box in neuroendocrinology. Until the
1960’s, it was largely believed that P played little to no role in sexual behavior; in fact,
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some held that P and PR were not even expressed in the brain. It wasn’t until it was
demonstrated that there was a large preovulatory surge of P (see Figure 1) that P started
being seriously considered to have a role in sexual behavior (Smith et al., 1975). Along
the way, others have demonstrated the critical role of PRs in sex behavior: for instance,
blocking PR action with antisense oligonucleotides significantly inhibits female sexual
behavior (Mani et al., 1994). Still, research on PR has generally lagged behind the other
endocrine receptors (Blaustein, 2008).
One well-characterized effect of E2 binding to it cognate receptor in the female rat
is the transcription of PRs (MacLusky and McEwen, 1980; Parsons et al., 1982), and this
effect has been reported in the VMN, arcuate, and MePD nuclei (Auger et al., 1997). IHC
co-labeling has been used to further demonstrate that E2 treatment increases PRs
specifically within ERα containing neurons in the MePD (Gréco et al., 2001; Shughrue et
al., 1998). For a long time, it was thought that steroid receptors were only activated by
their cognate ligand binding (Jensen et al., 1968), which suggested that the only way to
get functional PR transcription was to have E2. However, it has now been demonstrated
that steroid receptors can be activated via interactions with catecholamine receptors (such
as the D1R) which are able to change receptor phosphorylation (Mani, 2001; Smith et al.,
1993) and receptor quantity. For instance, in the VMN, D1R activation can increase PR
expression in the absence of E2 in juvenile rats (Olesen et al., 2005).
I hypothesized that a similar type of D1R-activation may be the mechanism
underlying our finding that PRs could be significantly increased in the absence of E2
following MA administration. However, our data do not support this conclusion. While
we know the PR is both necessary and sufficient, we still do not understand how MA
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administration leads to upregulation of the PR in the MePD. One technical limitation that
may be hindering our ability to interpret this data is the availability of PR antibodies. At
the time of these studies, I was unable to find a specific antibody for IHC and the most
specific antibody for WB reliably identifies only one of two isoforms for PR, presumably
(based on a protein ladder) PRA. Thus, there remains a chance the increase in PR does
occur through the D1R, but occurs only in the PRB isoform. In fact, it has been
demonstrated with PRB and PRA specific knockout mice that it is PRB, and not PRA, that
contributes to proceptive behaviors, and PRA which contributes to LQ (Mani et al., 2006).
D1R mediated ER ligand-independent upregulation of the PR has also been
demonstrated in the extended amygdala (Olesen and Auger, 2008). In the present study,
SCH23390 should have blocked this possible facilitation as well, as SCH23390 was
given every day of hormone injections, not just the final day. It is unclear if other
catecholamine receptors, such as αR, may be able to induce a similar form of ERmediated ligand-independent induction of PR in the MePD. Future studies could test αRmediated upregulation in the presence and absence of an NE antagonist.
However, it appears that the D1R may still have some link to the PR. It is known
that D1R action can lead to increased PR activation via phosphorylation through a
PKA/cAMP/MAPK dependent mechanism (Power et al., 1991). All steroid hormone
receptors contain multiple phosphorylation sites, some of which are phosphorylated in a
basal state. Some sites, however, enhance activation in the presence of hormone. This
suggested an alternative mechanism that could increase proceptivity; that activation of
the D1R led to increases in the phosphorylation of the PR, making PRs more likely to be
activated when P binds. I examined one common site of phosphorylation on the PR,
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ser294, which is phosphorylated by a MAPK-dependent cascade after D1R-mediated
PKA activation. I predicted that a D1R antagonist would significantly decrease the
amount of pPR after MA administration. I found that indeed, ser294 had significantly
decreased phosphorylation on PRB and a trend for significantly decreased
phosphorylation of PRA. An important caveat to this experiment is that phosphorylation
events are extremely rapid, and I am examining a timepoint 4 hours after final drug
administration. Because of this, the implications of a decrease in a specific
phosphorylation site (and its transcriptional relevance) are harder to interpret and should
be the subject of future experiments involving multiple time points and phosphorylation
sites. Still, this is the first finding which suggests a mechanistic link between D1R
activation and PR activation.
Our lab demonstrated that neurons expressing cFos in the MePD are necessary for
MA-facilitated sexual motivation (Williams and Mong, 2017). Others have shown that
reproductively-relevant stimuli can induce cFos-ir within PR-containing neurons in the
forebrain (Auger et al., 1996). Thus, I predicted that cFos-ir would significantly decrease
in a hormonally-primed, MA-treated rat, treated with RU486 (a PR antagonist) before P
administration. However, there was no significant decrease in either hormone- or
MA+hormone-treated rats after RU486. It is important to note that RU486 also binds and
blocks glucocorticoid receptors, but at a lower efficacy (Baulieu, 1990; Chang, 1985).
The most likely interpretation of this is simply that neural activation is caused by
signaling occurring in the PR-positive, cFos-positive cells, but neither is actually induced
by the other. This finding, taken together with the finding demonstrating that a blockade
of D1R was not sufficient to significantly decrease cFos, heavily implicates NE, E2, or
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olfactory action as the primary cFos inducer in the MePD at the 4 hour behavioral time
point.
Finally, in a curious finding, contrary to my prediction, RU486 in a rat treated
with MA only significantly decreased cFos in the MePD. This implies that circulating
steroids from the adrenals (Shaikh and Shaukh, 1975) or possibly from de novo steroid
synthesis (Amateau et al., 2004; McCarthy, 2008; Okano et al., 1999) in the brain may
play a priming role in the mechanism underlying MA-induced sex behavior and neural
activation in the MePD.
The fact that MA can increase proceptivity in female rats is a significant finding,
especially given the fact that similar drugs with catecholaminergic effects like cocaine
and AMPH do not show this same facilitation of female sexual motivation (Guarraci and
Clark, 2003; Pfaus et al., 2010). The neuroendocrine correlates underlying this increased
sexual motivation are unknown. For the first time, these data demonstrate the sufficiency
of PR in the MePD to increase proceptive behavior, although the mechanism by which
MA does this remains a mystery.
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CHAPTER 7: CONCLUSIONS

What are sexual motivation and sexual desire? Is what determines sexual desire
ultimately controlled by factors outside of ourselves (e.g. an attractive mate, cultural
norms or taboos) or is there something fundamentally neurochemical and neuroendocrine
which makes humans want what we want and when we want it?
MA, a psychostimulant that increases sexual arousal and motivation in women,
gives evidence that the answer is both. Women cite MA’s ability to increase sexual
pleasure as one of the major reasons they use and continue to use MA. Lorvick and
colleagues interviewed over 280 women who use MA and acquired both quantitative and
qualitative information about women users of the drug (Lorvick et al., 2012). The striking
report relays a number of quotes from female users:
“I do like the way it [methamphetamine] makes me feel sexually. It makes me
uninhibited… It gives you a sense of euphoric, ‘Yeah, let’s try it.’ It opens the
door, let’s just put it that way…” (Participant in Lorvick et al., 2012)
Quantitative measures within the same study support comparable conclusions.
Lorvick was not the first to describe the potent effects of MA on female sexuality. In a
mixed methods study, Rawson asked MA users if they were “…more likely to have sex
when using [their] primary substance of abuse?” Female MA users responded in the
affirmative 61% of the time, compared to only 22% for other drugs of abuse like cocaine
(Rawson et al., 2002). These same studies also suggested that women who use MA have
a significantly higher likelihood of engaging in unsafe sexual practices such as marathon
sex, unprotected sex, and multiple sexual partners. In MA users who contract HIV, use is
associated increased HIV-1 replication and higher viral loads (Jiang et al., 2016).
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Therefore, these women have an increased likelihood of contracting HIV and other STIs,
as well as an increased likelihood of unplanned pregnancy while using the drug (Corsi
and Booth, 2008; Semple et al., 2004). Furthermore, women who use MA are more likely
to suffer comorbid psychological and societal consequences such as homelessness
(Semple et al., 2005; Venios and Kelly, 2010).
Self-reports cannot clearly delineate personal versus neurochemical drive. Do
these women simply believe themselves to be less inhibited, or does MA cause actual
changes within the neural sexual circuitry that make them less inhibited? To study this in
humans, the choice is somewhat limited to imaging studies, correlational studies, and
post mortem tissue analysis. To be clear, these studies are certainly useful. One such
imaging study identified a decrease in D2-receptors in the frontal cortex of chronic users
(Volkow et al., 2001). A correlational study examined salivary α-amylase, a biomarker of
sympathetic nervous system activation that is highly positively correlated with plasma
NE. It found that users’ rating of the pleasurable experience of MA correlated
significantly with increased salivary α-amylase levels (Haile et al., 2013; Kuebler et al.,
2014). So while these methodologies can provide insight, it is nearly impossible to
analyze small groups of neurons for changes that occur during binge use. Animal models
are a practical way to understand the neural circuitry underlying MA’s ability to enhance
sexual motivation. To date, several groups (Frohmader et al., 2010b; Holder and Mong,
2010; Winland et al., 2011) have put forth rodent models of MA-facilitated sexual
behavior. These models indeed replicate the reports of MA users. However, there remain
many gaps in our knowledge using these models.
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In this thesis work, I sought to address two major questions using our established
rodent model. 1) Are increased proceptive behaviors are truly indicative of sexual
motivation or rather a byproduct of MA-induced generalized arousal? 2) Is the increase in
PRs induced by MA was behaviorally relevant for increasing sexual motivation? A
summary of our hypothesized mechanism and how it has been adapted with the new
findings from my data is summarized in Figure 18.
In regards to the first question, I found that MA-induced increases in sexual
motivation are specific to a sexually relevant stimulus. Furthermore, my data implies that
MA may prime the neural circuitry to heighten responsivity to specific, androgen
mediated, sexually relevant cues. The data supporting the stimulus specificity of our
model has implications beyond it simply being useful to continue our mechanistic
studies. It suggests that even when the neurochemical system is challenged, proceptive
and receptive responses only occur under appropriate environmental conditions.
Clinically, it is apparent that environmental cues are important in preventing patient
relapse (Hartz et al., 2001; Mayo et al., 2013). If particular sensory cues are also
important for MA-induced sexual arousal in women, being aware of these cues may be an
important clinical direction for treatment of MA in humans (Mayo et al., 2013; Voigt and
Napier, 2011).
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Figure 18: Hypothesized MePD neuron before and after the conclusions of this
thesis work.
Over the 3-day administration paradigm, a number of changes are occurring in the
neurons of the MePD. E2 and P enter the nucleus and bind their receptors, increasing
gene expression. After MA treatment, neural activation is increased in the MePD. This
upregulates immediate early genes like cFos. A) Predictions. It was known that D1R
activates a Gs-coupled cellular cascade, which have been demonstrated (Auger, 2001) to
upregulate PRs. Therefore, I expected that increased PR levels and increased cFos
stemmed from D1R activity. I further predicted that PR was the major component driving
the behavioral effects of MA in the MePD. B) Results. D1R activation was not associated
with PR levels nor cFos levels. However, increased PR was indeed the major component
driving the behavioral effects of MA in the MePD. Alternatively, activation of D1R did
phosphorylate PR on serine 294, which has been demonstrated by others (Lange 2000,
2009) to significantly increase nuclear transcriptional activity of ligand bound PR.
Furthermore, given my behavioral findings in Chapter 4, cFos increases are likely tied to
excitatory olfactory input from the MOB and AOB, though this has not yet been directly
tested.
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MA is substance with a high propensity for addiction (Barr et al., 2006; Gonzales
et al., 2010). Its ability to increase sex drive may play a role in a user’s transition from
use to abuse to addiction. Addiction is defined by compulsive substance use even in the
face of adverse consequences (Sussman and Sussman, 2011). Not all who use addicting
substances become addicted, but women are at a higher risk than men of
becoming addicted to stimulant substances, as women are more likely to self-medicate,
stabilize at higher doses of drug, and experience increased negative affect during
withdrawal (Becker et al., 2017).
In the DSM V, “addiction” is diagnosed under Substance Use Disorders, with the
severity of substance use determined by the number of criteria (up to 10) the person
meets (American Psychiatric Association, 2013). Some examples of these criteria
include: “wanting to cut down or quit but not being able to do it,” “being repeatedly
unable to carry out major obligations at work, school, or home due to use,” and
“acquiring a tolerance (higher levels of drug needed to achieve the same affect) to the
substance” (American Psychiatric Association, 2013).
In 2005, societal costs (e.g. crime, lost productivity, and environmental damage
etc.) for MA addiction were estimated at more than $23 billion in the USA (Brensilver et
al., 2013; Gonzales et al., 2010; Nancy, Nicosia; Beau, Kilmer; Russell, Lundberg;
James, Chiesa; Rosalie Liccardo, 2009). While some people still carry the view that
addiction is a failing of willpower, an increasing amount of research demonstrates that
this is not the case (Snoek et al., 2016). Therefore, the desire to develop
pharmacotherapies to help MA users achieve sobriety is very high. Ideally, these
pharmacotherapies would block the rewarding properties of MA or weaken the
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reinforcing effects of withdrawal for MA. One well known pharmacotherapy, methadone
(a partial agonist of the opioid receptor) is given to help alleviate heroin craving (Fareed
et al., 2010a, 2010b) with moderate success. Though methadone is a far cry from solving
heroin addiction, a pharmacotherapy for MA could be invaluable for helping to fight MA
addiction. Unfortunately, current attempts at finding such potential compounds, such as
bupropion, modafinil, and other off-label antipsychotics, have had little success
(Brensilver et al., 2013; Elkashef et al., 2008; Shearer et al., 2009).
In the past few years, the NIMH has established Research Domain Criteria
(RDoCs) as a new framework for studying mental and substance use disorders. The goal
is to better understand basic dimensions of human function from normal to abnormal,
rather than an entire disease that may influence numerous domains of function. As far as
MA use is concerned, the data presented here suggests that one important aspect of MA’s
facilitation of sexual motivation is it’s hijacking of the cognitive control circuitry, which
normally works to make sure appropriate responses are selected from a number of
competing alternatives. In my work, the finding that rats can choose to not respond to an
inappropriate stimulus (CX) while on MA, but will respond in excess to the suboptimal
stimulus (CX-DHT), implies there are both environmental and neurochemical
components to sexual arousal and motivation.
The second major question of this thesis work was whether the increase in PRs
induced by MA was behaviorally relevant for increasing sexual motivation. Here, I
presented data that demonstrated that upregulating PRs in the MeA is sufficient to
increase sexually motivated and receptive behaviors in the absence of MA. This suggests
that PR may be the feed-forward target of facilitation of sexual motivation in females (see
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Figure 18). Though PRs have been previously implicated in rats, the role of P in women’s
sexual motivation or sexual arousal is somewhat unclear. Arguably, arousability is altered
by the menstrual cycle (Slob et al., 1996). However, whether it is subjective arousability
(sexual motivation that can only be measured in humans via self-reports) or objective
arousability (changes in genital responding, labia temperature) that change is the subject
of some debate in the literature. One study demonstrated that subjective arousal was not
influenced by cycle phase, but genital arousal was (Suschinsky et al., 2014). Another
showed that both frequency and arousability of sexual fantasies increases significantly at
ovulation in women (Dawson et al., 2012). It is known that there is a surge of LH preovulatory, which is then closely followed by peak P, which could imply that P in women
may induce some aspects of sexual motivation, but this has yet to be directly established.
Could the observation that MA potentially influences PR signaling help women
who report low levels of sexual desire? This also has yet to be tested, though it is clear
that there is a large, ready, and willing population. Women suffering from lack of sexual
desire to the point of emotional and mental distress may meet the DSM criteria for female
sexual arousal disorder (FSAD), a disorder characterized by a persistent inability to attain
sexual arousal or to maintain arousal until the completion of a sexual activity (American
Psychiatric Association, 2013). FSAD is fundamentally different than hypoactive sexual
desire disorder (HSDD), the number one sexual health disorder affecting women
(Goldstein et al., 2017), which is characterized by a lack of sexual motivation and desire
for sexual activity (Brotto, 2010; Kingsberg and Rezaee, 2013). With that said, in the new
DSM, FSAD and HSDD are lumped together for diagnostic purposes. These disorders are
estimated to occur in approximately 7-9% of women aged 18 to 44 years, 9-13% of
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women aged 45 to 64 years, and 6-10% of women older than 65 years, though these are
likely underestimates given that many women are hesitant to report these problems
(Basson, 2005, 2002; Parish and Hahn, 2016). With that in mind, psychologists must
thoroughly screen before diagnosing someone with HSDD, and rule out other extenuating
factors such as relationship issues. Importantly, feeling personal distress from the lack of
desire is a prerequisite for the diagnosis of HSDD, but it cannot be the cause of the
diminished desire (Parish and Hahn, 2016; Reed et al., 2016). While both disorders need
more research to reach the point of having an effective therapeutic, one cannot help but
wonder if the targets now implicated by MA, such as the PR and D1R, could play a part
in the alleviating these disorders.
In a new review by the International Society for the Study of Women’s Sexual
Health, a panel of experts consolidated the conflicting clinical and basic science literature
on HSSD (Goldstein et al., 2017). Notably, the circuitry most heavily implicated and the
neurotransmitters suggested by this consensus panel have little overlap with the known
mechanisms of MA studied in this thesis and published previously. While the committee
did report that sexual desire is most likely to be inhibited by drugs that decrease brain DA
levels, the most heavily implicated sites in the neuronal circuitry were the mPOA, NAcc,
and PFC (Goldstein et al., 2017). In contrast, the mFRI and PET studies cited by the same
panel almost all implicate the amygdala, (in particular the basolateral amygdala), as a
region with statistically significant changes in white matter, gray matter, and overall
blood flow (Arnow et al., 2009; Bloemers et al., 2014). Clearly, we are not near a true
consensus on the circuitry of women’s sexual motivation.
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Others (Frohmader et al., 2011, 2010a, 2010b) have described sexual compulsion
following MA administration to male rats, suggesting that the mechanism of MA may
also be useful for understanding the neural correlates of hypersexual disorders, including
sex addiction. A person reporting “distress about a pattern of repeated sexual
relationships involving a succession of lovers who are experienced by the individual only
as things to be used” can be diagnosed with hypersexual desire under the category:
Sexual Disorders, Not Otherwise Specified (American Psychiatric Association, 2013;
Kafka, 2010). Though controversial, and ultimately excluded from the DSM-5 despite
petitioning otherwise (Kafka, 2010), it is suggested that hypersexual disorder disorders
may effect anywhere from 3% to 6% of the population (Karila et al., 2014). Most of those
diagnosed are male, though females do report sex addiction, albeit in far lower numbers
(Dhuffar and Griffiths, 2016). Though not all hypersexual disorders are sex addictions,
there are many similarities between sex addiction and drug addiction. Both are
compulsive behaviors that completely control a person’s life. Similarly to a MA addict
obsessing over where and when to get their next hit, for the sex addict, sex becomes more
of a priority than friends, family, and employment. A true addict will organize their life
around or become fixated with planning sexual activities (Karila et al., 2014). Very little
has been done to identify whether the circuitry hijacked in drug addiction is the same
circuitry underlying sex addictions (Blum et al., 2015). The predominant view is that the
monoamine receptors interacting with sex hormones, especially T, provide an enhanced
neurotransmission associated with sexual excitation. That said, these ideas largely come
from animal literature of sexual arousal (Pfaus, 1996) and have not been demonstrated in
humans.
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Women seeking treatment for sexual dysfunction have little choice in the way of
pharmacological treatments. Currently, FSAD and HSDD are sometimes treated with a T
patch, though this is an off label use that has questionable efficacy (T does not differ
from placebo in increasing sexual events in many studies, (Reed et al., 2016)).
Furthermore, T has some off target side effects in both pre- (Davis et al., 2008; Reed et
al., 2016) and post-menopausal women (Achilli et al., 2016; Reed et al., 2016).
Interestingly, the first drug approved specifically for HSDD, Flibanserin (Addyi), acts
primarily as a 5-HT1A agonist/5-HT2A antagonist (Basson et al., 2015), and also
increases DA and NE in the PFC and POA (Allers et al., 2010; Ferger et al., 2010). This
drug showed only modest effects on female rats’ proceptivity (Gelez et al., 2013). 5-HT
modulation has previously been explored as therapeutic: some women have been
prescribed buspirone, an anxiolytic and a 5-HT partial agonist, for off-label treatment of
HSDD. 58% of patients treated with buspirone reported improvement in sexual function,
but so did 30% of those treated with placebo (Goldstein et al., 2017). Addyi showed no
significant difference between drug and a placebo in clinical trials but was approved
anyway due to the public outcry for a drug that does increase sexual motivation (Basson
et al., 2015). A recent meta-analysis of a number of studies on flibanserin showed that
overall, there were no statistical significant difference between flibanserin and placebo
groups for most women diagnosed with HSDD (Saadat et al., 2017). Hopefully,
endocrinologists and neuroscientists respond to this outcry by increasing research efforts
into women’s health issues and the basic neuroscience underlying one of our most
fundamental urges, sex drive.
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Final Inferences
Here, we’ve offered data that implies that sexual motivation and sexual desire
have neurochemical correlates; in particular, ovarian hormones, DA, neural activation in
the MeA and the PR. In Figure 18, the data in this thesis, and our lab’s other published
work are summarized in a cartoon. While a number of important players in the
mechanism of MA have been identified, this hypothesized schematic shows just how
much more is left to discover. Much more needs to be done to achieve the goals of 1)
creating a therapeutic option for women MA abusers who suffer the terrible
consequences of drug use and abuse daily and 2) surmising a basic understanding of the
circuitry that underpins daily sexual desires so that we can target that circuitry when
something goes wrong. The relevancy of animal models in examining and understanding
sex drive cannot be understated. This work and continued work in the field of women’s
sexual motivation will someday allow us to understand the neural geneses of human
sexuality.
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APPENDIX: METHAMPHETAMINE ALTERS DNMT AND HDAC ACTIVITY
IN THE MEDIAL AMYGDALA IN A STEROID HORMONE-DEPENDENT
MANNER

In addition to the primary goals of this thesis, it was noted that there were no
studies examining whether MA and ovarian hormones combined caused epigenetic
changes that could play into the mechanism underlying MA and sexual motivation. MA
has been previously associated with epigenetic changes (Cadet and Jayanthi, 2013;
Godino et al., 2015; Martin et al., 2012; McCoy et al., 2011), though all of these studies
were in males or did not directly examine the nuclei our lab has pinpointed to play a
critical role in sexual motivation, the MePD and VMN. I hypothesized that changes in
epigenetic activity may prime the VMN and MePD for transcriptional changes that aid in
MA-facilitated sexual motivation in females. In this appendix, I skim the surface of this
question by examining two aspects of this hypothesis: overall epigenetic activity and total
DMNT levels in the presence and absence of MA in both ovariectomized (OVX) and
hormonally (EB+P)-primed females.

Introduction
Epigenetic mechanisms add a significant level of control to gene regulation in the
brain. When environmental factors alter the needs of neurons, epigenetic regulators such
as histone deacetylases (HDACs) and DNA methyltransferases (DNMTs) respond by
inducing changes in the ease of access to DNA for gene transcription to maintain proper
neural functioning or adapt the neurons to the new neurochemical environment. It is
unsurprising, then, that drugs of abuse have been reported to significantly alter epigenetic
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gene expression patterns (Ikegami et al., 2010; Martin et al., 2012) as well as levels of
epigenetic regulators themselves (Anier et al., 2010; Zhou et al., 2013). One such drug of
abuse, which is known to induce epigenetic changes, is MA.
EB and P acting on nuclear steroid receptors in the MePD and VMN underlie both
typical and MA-facilitated female sexual motivation. The MePD appears to work in
conjunction with the VMN, which has long been established as a critical regulator of
female sexual activity: lesions of the VMN abolish both proceptive and receptive female
sex behaviors. It is clear that both of these nuclei play different yet important roles in the
mechanism underlying MA’s facilitation of female sexual motivation. Intriguingly, the
steroid receptors which induce sexual behaviors in these nuclei, like PR, are known to be
targets of epigenetic regulators (Nugent et al., 2011; Schwarz et al., 2010; Yamagata et
al., 2009), however there are no reported studies to-date examining how epigenetics may
play a role in regulating this MA-sex interaction in females.
Therefore, I examined whether either (or both) the MePD and VMN showed
changes in gross epigenetic activity or overall levels of DNMT proteins after an acute
binge of MA in female rats. To understand if hormones may play into drug-induced
epigenetic modulation, I tested female rats in OVX and ovarian steroid-replaced states.
My results support the hypothesis that MA can alter epigenetic enzyme levels and
activity in female rats in both a steroid and nucleus dependent manner after even a single,
three-day binge.

Materials and Methods
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All experimental procedures were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. All experiments
were approved by and were in accordance with the guidelines of the University of
Maryland Institutional Animal Care and Use Committee.
Adult female (225-250g; N=36) Sprague-Dawley rats were purchased from
Charles River Laboratories (Kingston, NY) and housed in the animal facility of Health
and Science Facility I located at the University of Maryland, Baltimore. Rats had food
and water available ad libitum, and were maintained under a reversed 12h:12h dark:light
cycle, with lights off at 0900 h. All female rats were bilaterally ovariectomized (OVX),
under isoflurane anesthesia. All rats were sexually naïve at the time of OVX, and were
allowed a 10-day recovery period.

Hormones and Methamphetamine Treatment
Female rats were treated with the four core treatment doses as described in the
General Methods. These doses of MA and hormones have been previously demonstrated
to increase proceptive and receptive sex behavior in female rats, and have been validated
in numerous previous studies from our lab (Holder et al., 2010; Holder and Mong, 2010;
Rudzinskas and Mong, 2016; Schwartz and Mong, 2013).

Tissue Collection
For the epigenetic activity assays, females were treated with Oil/Saline (n=5),
MA/Oil (n=5), EB+P/Saline (n=5) or MA/EB+P (n=5). Starting five hours after the final
injections, rats were asphyxiated by CO2. Brains were immediately removed and frozen
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in finely crushed dry-ice, and then stored at −80 °C until use. Starting at the beginning of
the MePD, approximately −2.40mm posterior from bregma, brains were cut into six
consecutive 250μm sections on a cryostat. The MePD and VMN were micropunched
bilaterally using the Palkovits micropunch procedure using a punch 1mm in diameter
(Palkovits and Brownstein, 1988). The punch targeted to the MePD used the optic tract as
a medial boundary, and punches targeted to the VMN used the third ventricle as a medial
boundary.

Epigenetic Activity Assays
From the frozen tissue prepared as described above, nuclear extracts were prepared using
the Epiquick Nuclear Extraction Kit (Epigentek) according to manufacturer instructions.
Protein concentrations were determined using a Bradford Assay kit (Pierce) according to
kit directions for 96-well plates. To measure deacetylase activity, the EpiQuik HDAC
Activity/Inhibition Assay Kit (Epigentek) was used, and to measure DNA
methyltransferase activity, the EpiQuik DNMT Activity/Inhibition Assay Ultra Kit
(Epigentek) was used, both according to the manufacturer's instructions. All samples and
controls were run in duplicate to reduce technical error. For VMN nuclear extract, 2.5μg
of protein was loaded per well in the HDAC assay, and 5μg was loaded for the DNMT
assay. For MePD nuclear extract, 2.5μg was loaded per well in the HDAC assay, and 3ug
was loaded for the DNMT assay. Incubations were for 120min for DNMT assay and
90min for HDAC assay, as recommended in both cases. Samples were read after 8min of
development on a Tecan Infinite M1000 Pro, and raw and references ODs were
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measured. To calculate HDAC and DNMT activity (OD/h/mg), the following conversion
equation, as recommended by the Epigentek Kit, was used:
[(Sample OD – Blank OD)/ (Protein amount μg*hours incubated)] *1000 = Activity
(OD/h/mg)

DNMT Western Blots
To test whether MA influenced total quantitative amount of DNMTs present, a new
cohort of females were treated with Oil/Saline (n=4), MA/Oil (n=4), EB+P/Saline (n=4)
or MA/EB+P (n=4) to collect whole cell extracts. Five hours after the final injection,
females were euthanized and tissue was collected as described in the general methods.
8μg whole cell extract (DNMT3b) or 12μg of nuclear extract (DNMT1) was loaded into
an 8-16% Tris–glycine SDS-PAGE gradient gel (Invitrogen). Electrophoresed proteins
were blotted onto a polyvinyl difluoride membrane (Invitrogen), which had been
activated in methanol, for 3 hours at 25V. The membranes were washed in 20mM TBS
and then blocked overnight at 4OC in 2.5% Difco skim milk (B&D), in a solution of TBS
with 0.05% Tween 20 (T-TBS). After the block, the membrane was incubated in either
DNMT3b (1:2500; Enzo Life Sciences) antibody solution or DMNT1 (1:2000; Enzo Life
Sciences) in T-TBS for 2 hours at room temperature. Following this incubation,
membranes were washed three times in T-TBS and incubated for 1 hour at room
temperature in mouse secondary antibody solution (T-TBS, 1:2000; Cell Signaling). The
HRP chemiluminescent system (Cell Signaling) was used for to detect the 195 kDa
DNMT1 and 110 kDa DNMT3b on the immunoblot. The blots were exposed on BluRAY Film (Stellar Scientific). The films were then scanned into a computer at 300dpi,
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and the scanned images were analyzed using ImageJ software. The optical densities were
measured for each individual band. DNMT3b membranes were normalized to GAPDH
(1:100,000; Millipore) as a loading control and quantified as described above. DNMT1
membranes were normalized with Ponceau S Stain (as GAPDH does not appear in
nuclear extracts) and quantified as previously described.

Statistical Analysis
Results are expressed as mean + SEM. Experimental designs were analyzed using
a two-way between-subject ANOVA where drug treatment (vehicle or MA) was an
independent measure, and hormonal status (OVX or EB+P) was the other independent
measure. All two-way ANOVAs were followed by Bonferroni post-hoc analyses. All
normalizing calculations were performed in Microsoft Excel 2013 and statistical tests
were conducted using GraphPad Prism 6.

Results
HDAC Activity Assays in the MePD and VMN
The quantity of acetylation on histone tails has strong influences chromatin
structure. HDACs are enzymes responsible for this deacetylation, which means their
activity may exert large influences on neuronal processes via their repressive effect on
transcription. A colorimetric HDAC activity assay was used to assess global activity of
HDACs within the MePD and the VMN five hours after the final MA injection, a time
point previously demonstrated to show MA-facilitated sexual behavior. Two-way
ANOVA of the MePD HDAC assay, revealed a significant interaction between female
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hormonal status (OVX, or EB+P) and MA-treatment [F(1,15)=5.503, p=0.033, η2=0.26],
but no significant main effects of either hormones [F(1,15)=0.492, p=0.4939, η2=0.023] or
MA [F(1,15)=0.368, p=0.553, η2=0.017]. Bonferroni post-hoc analyses were not
significantly different after the correction for multiple comparisons, however OVX
females showed a trend for significantly more HDAC activity than hormonally treated
females (t(15)=2.221, p=0.08, d=1.41; Figure 19A).
Two-way ANOVA of the VNM HDAC assay showed no significant interactions
between female hormonal status (OVX, or EB+P) and MA-treatment [F(1,16)=0.39
p=0.539, η2=0.022], nor any significant main effects of either hormones [F(1,16)=0.0015
p=0.97, η2=0.00008] or MA [F(1,16)=1.754, p=0.204, η2=0.097]. (Figure 19B).

DNMT Activity Assays of the MePD and VMN
DNMTs are critical enzymes involved in both the maintenance and de novo
methylation of specific sections of DNA. These DNMTs allow for transcriptional
repression based on both environmental influences and other factors that may affect what
DNA needs to be transcribed. As with the HDACs, a colorimetric DNMT activity assay
was used to assess overall activity of DNMTs within the MePD and the VMN. Two-way
ANOVA of the MePD DNMT assay, showed a significant main effect of hormones
[F(1,16)=11.85, p=0.003, η2=0.28], MA treatment [F(1,16)=6.56, p=0.021, η2=0.16], and a
significant interaction between hormones and MA treatment [F(1,16)=7.759, p=0.013,
η2=0.18] on DNMT activity (Figure 19C). Bonferroni post-hoc tests demonstrated a
significant suppression of overall DNMT activity between the oil/vehicle treated group
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and MA (t(16)= 3.781, p<0.01, d=2.39), hormones, (t(16)= 4.403, p<0.01, d=2.79), and MA
and hormones (t(16)= 4.244, p<0.01, d=2.68) (Figure 19C).
Two-way ANOVA of the VNM DNMT assay showed a significant interaction
between female hormonal status (OVX, or EB+P) and MA-treatment [F(1,15)=5.722
p=0.03, η2=0.27], but again, no significant main effects of either hormones
[F(1,15)=0.0015 p=0.97, η2=0.0009] or MA [F(1,15)=1.754, p=0.204, η2=0.0043] (Figure
19D). Bonferroni post-hoc analyses were not significantly different after the correction
for multiple comparisons.
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Figure 19: The MePD shows significantly changes in overall HDAC and DNMT
activity after MA depending on whether hormones are present.
An HDAC activity assay demonstrated changes in global activity of HDACs 5 hours after
the final MA injection A) in the MePD, where there was a significant interaction between
female hormonal status (OVX, or EB+P) and MA-treatment (p=0.033, ■ ) B) but not in
the VMN. DNMT activity assay established that there was C) a significant suppression of
overall DNMT activity in the MePD between the oil/vehicle treated group and MA
(p<0.01,**), hormones, (p<0.01,**), and MA and hormones (p<0.01,**). D) Two-way
ANOVA of the DNMT assay showed a significant interaction between female hormonal
status (OVX, or EB+P) and MA-treatment [p=0.03] in the VMN.
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DNMT1 and DNMT3b Protein Analysis
In spite of the fact that the total activity of all DNMTs was significantly different
in the MePD, two-way ANOVA with repeated measures revealed no significant main
effects of either MA or hormones in increasing or decreasing total amount of DNMT1 in
either the VMN or the MePD (Figure 20A-B). Furthermore, no significant effects were
uncovered when a two-way ANOVA was run on DNMT3b quantity in the MePD (Figure
20C). This suggests the change in activity noted in the activity assay cannot be fully
accounted for by quantity of the DNMT present in the nucleus. In the VMN, however,
where no significant DNMT activity changes were noted, Two-Way ANOVA revealed a
significant interaction with a very large effect size between MA and hormones for total
quantity of DNMT3b present [F(1,12)=29.37, p=0.0002, η2=0.61], but no statistically
significant main effects of either MA treatment [F(1,12)=2.633, p=0.131, η2=0.083] or
hormonal status [F(1,12)=3.995, p=0.069, η2=0.055]. Bonferroni post-hoc analysis showed
a significant difference between the MA and Hormone treated group compared to the MA
only (t(12)= 3.781, p<0.01, d=2.67, Figure 20D) and hormone only (t(12)= 4.403, p<0.01,
d=3.11, Figure 20D) groups, suggesting that MA causes different effects on total
DNMT3b present in the VMN depending on whether or not ovarian hormones are present
at the time of drug action.
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Figure 20: Overall levels of DNMTs in the MePD remained unchanged, but
DNMT3b was modulated depending on hormonal treatment-status in the VMN.
Representative Western Blots of DNMT1 and DNMT3b. A) DNMT1 Protein: There were
no significant differences in DNMT1 protein levels in the MePD or B) VMN. C)
DNMT3b Protein: While there were no significant differences in DNMT3b levels in
MePD after any treatment, Bonferroni post-hoc analysis of total DNMT3b in the D)
VMN showed a significant difference between the MA and Hormone treated group
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compared to the MA only (p<0.01, **) and hormone only (p<0.01, **) groups, signifying
that MA increases DNMT3b protein translation if ovarian hormones are present at the
time of drug action. For DNMT1 data, Ponceau S was used for normalization, as GAPDH
does not appear in nuclear extracts.
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Discussion
In our current model of MA-facilitation of sexual motivation, we’ve shown that
MA critically depends upon interactions with ovarian steroids within a specific neural
network to facilitate increased sex drive. This idea that MA may “prime” the sexual
circuitry to result in enhanced activation when ovarian steroids EB and P are present is
supported by the finding that cFos, an immediate early gene indicative of neuronal
activation, is significantly increased in behaviorally relevant cells in both the MePD and
VMN of sexually naïve females following MA administration (Holder et al., 2010;
Holder and Mong, 2010; Williams and Mong, 2017). Epigenetic changes within this
neural network are another possible way MA could “prime” the circuitry by altering
long-term gene expression patterns. MA has been already been associated with epigenetic
changes in males (Martin et al., 2012). Thus, I hypothesized that a mechanism by which
MA may facilitate sexual motivation in females could be through changes in epigenetic
activity within the VMN and MePD, and that differences in ovarian hormones may
underlie sensitivity to these changes.
To test this hypothesis, I investigated whether MA, in combination with ovarian
steroids, changed either quantity of epigenetic regulators themselves, such as DNMT1
and DNMT3b, or in overall epigenetic activity in nuclear DNMTs and HDACs. Our
present study demonstrates three novel findings: (1) the MePD, but not the VMN, has
significant changes in overall HDAC and DNMT nuclear activity after MA, and the
directionality of these changes is influenced by the presence of ovarian steroids, (2)
DNMT3b in the VMN was downregulated when MA was administered in the presence
ovarian hormones, but upregulated when MA is administered in the absence of ovarian
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hormones, and (3) Overall levels of DNMT proteins in the MePD were not significantly
changed regardless of steroid or MA-treatment, despite the significant changes in overall
epigenetic activity.
DNMTs are the enzymes that can either create or maintain the methylation of
DNA at individual CpGs, and while a few different isoforms have been identified, three
of the biggest players are DNMT1, DNMT3a, and DNMT3b. DNMT1 is largely thought
to play a role in maintenance methylation, and thus is quite important in development
where it works to silence a number of genes that are not ready to be expressed (Nugent et
al., 2011; Schwarz et al., 2010). However, there have been reports of MA altering the
expression of DNMT1 in the rat brain (Numachi et al., 2007). DNMT3a and DNMT3b,
on the other hand, have been previously shown to induce de novo methylation (Okano et
al., 1999). Steroid hormones, such as EB, have also been shown to upregulate or
downregulate DNMT3a and DNMT3b expression in the periphery and are thought to
play a large role in memory (Frick et al., 2011; Yamagata et al., 2009).
In the present study, there were no significant changes in DNMT1 in either
nucleus studied, and no changes in DNMT3b in the MePD. In contrast, in the VMN,
while hormones alone did not significantly affect DNMT3b expression, in the presence of
MA, there was a significant increase in DNMT3b protein levels. These findings suggest
that in the VMN, MA may have opposite epigenetic actions depending on the ovarian
steroid milieu present. Due to technical limitations, I was unable to satisfactorily probe
for DNMT3a, which may play a significant role as its function had already been linked to
estrus timing in reproductive tissues (Lynch et al., 2016).
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Recently, activity assays have become recognized as important tools in the
investigation of epigenetic action (Poh et al., 2016). As with any translated protein or
enzyme, overall protein levels may have little significance if the protein is not active or
functional. This may be the case in the MePD, where overall protein expression levels of
DNMTs were unchanged in the presence of MA, EB+P, or the combination of the two,
but a significant suppression of overall DNMT activity was observed under these
conditions compared to oil “baseline”. Interestingly, MA & EB+P combined did not
further suppress DNMT activity beyond what either did alone. While this could be a
“floor” effect, DNMT assays of the VMN all showed less activity than the samples in this
study, so this is unlikely. This decrease in DNMT activity implies that either MA or
EB+P generally increase gene transcription within the MePD, consistent with previous
findings.
If DNMTs are the fine tuners of transcription, HDACs govern what will be
transcribed in the first place. When HDAC activity increases, acetyl groups are removed
from the chromatin, causing the DNA to tightly coil in on itself and prevent
transcriptional regulators from binding. In the present study, HDAC activity showed a
significant interaction between MA-treatment and EB+P suggesting that MA’s influences
to transcription in the MePD are sensitive to whether ovarian steroids are present.
Broadly, the observation that HDACs are less active in MA and EB+P treated rats,
coupled with the observation that DNMTs are also significantly less active, suggests the
rats treated with the combination of MA and EB+P may have the greatest increases in
overall levels of transcription in the MePD. This suggests a mechanism for how the
combination of MA and EB+P are able to increase translation for proteins like the
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progesterone receptor (PR), which has been reported to undergo epigenetic modification
(Nugent et al., 2011; Schwarz et al., 2010; Yamagata et al., 2009), over either condition
alone (Holder et al., 2015). I acknowledge that a limitation of this study is the challenge
to draw specific conclusions due to the correlative nature of looking at the overall activity
of a nucleus. Therefore, future studies should specifically investigate the methylation of
the CpGs of PRs in the MePD.
MA’s effects on sexual motivation are so potent that women using MA express
that increased sex drive is not just a consequence of drug-use, but the reason behind the
drug use in the first place (Lorvick et al., 2012), which may reinforce its potential for
addiction. Since ovarian hormones seem to play a large role on how MA interacts with
epigenetic regulators, this suggests that DNMTs and HDACs could prime the neural
circuitry for increased sexual motivation and drive in women. This data confirms that
after only an acute, three-day binge of MA, there are changes in both the levels and
activity of epigenetic regulators within the VMN and MePD in female rats in a steroiddependent fashion. As such, epigenetic factors should be considered in the mechanism
underling MA’s facilitation of sexual behavior and motivation in women.
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