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NEURAL REGULATION OF GENITAL REFLEXES IN MALE AND FEMALE RATS 

 

 

By 

 

 

JOSEPH J. NORMANDIN 

Under the Direction of Dr. Anne Z. Murphy 

 

 

ABSTRACT 

The supraspinal control of descending inhibition of genital reflexes (such as ejaculation) is poorly 

understood but is important in our global comprehension of how neural signals are integrated to pro-

duce sexual behavior, and in our understanding of sexual dysfunction.  Sexual dysfunctions, such as 

premature ejaculation/delayed ejaculation in men, and involuntary vaginal spasms, dyspareunia, and 

anorgasmia in women, are common.  An underlying dysregulation of genital reflexes may produce these 

dysfunctions, especially in those individuals being treated for depression and anxiety with serotonergic 

drugs.  The nucleus paragigantocellularis (nPGi) of the rat medulla has been described as a descending 

inhibitory system for genital reflexes in rats, and a homologue is known in humans.  Through retrograde 

tracing of nPGi afferents with the tracer Fluorogold in rats, we found that a number of brain regions 

implicated in sexual behavior, such as the medial preoptic area, paraventricular nucleus of the hypotha-

lamus, and periaqueductal gray (PAG) provide sexually dimorphic projections to the nPGi, and that many 

of these regions contain receptors for gonadal steroids and are active during sexual behavior.  We also 



 

 

found that excitotoxic lesions of the nPGi with N-methyl-D-aspartate facilitate male sexual behavior by 

reducing the number of intromissions required for ejaculation, and decreasing ejaculation latency.  In 

females, such lesions attenuated sexual behavior by reducing the amount of time the female spent mat-

ing and reducing the reinforcement value of vaginocervical stimulation.  Lastly, we found that by remov-

ing the source of serotonin to the nPGi (from the ventrolateral PAG) with the serotonergic neurotoxin 

5,7-DHT in male rats, we were able to mimic the effects of nPGi lesions and facilitated male sexual be-

havior indicating that serotonin neurotransmission at the level of the nPGi is critical for genital reflex 

control.  Taken together our results indicate that the nPGi is an important site of integration of internal 

signals for the regulation of sexual behavior that is sexually dimorphic and under serotonergic control.  

Our understanding of normal and dysfunction genital reflex control, and possible treatment options in 

people, is complemented by these results. 
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1 GENERAL INTRODUCTION  

1.1 The Study of Genital Reflexes 

The neural circuits underlying genital response to internal and external cues have not been fully 

elucidated.  In both men and women, internally or externally derived stimulation results in increased 

blood flow and engorgement of genital tissue, and rhythmic contractions of genital muscles often asso-

ciated with orgasm (Argiolas and Melis, 2003).  All of these processes are reflexive and under the control 

of sympathetic, parasympathetic, and somatic spinal efferents (Giuliano and Clement, 2005; McKenna, 

2002; Temel et al., 2005); these efferents are subsequently under both excitatory and inhibitory control 

from numerous supraspinal sites including the paraventricular hypothalamic nucleus (PVN), nucleus 

paragigantocellularis (nPGi), and lumbar spinal cord spinothalamic cells (Liu et al., 1997a; Marson and 

McKenna, 1990; Truitt and Coolen, 2002).  Coordination of the various circuits controlling genital reflex-

es has been studied extensively in men, with recent interest in defining homologous circuits in women. 

Non-human animal models, in particular the rat, have been particularly informative in elucidating the 

basic anatomy and physiology of these circuits (Pfaus et al., 2003).  From this work, a general under-

standing of the discrete processes underlying genital reflex control has been established.  First, the au-

tonomic nervous system plays the key role in providing the necessary signals for increased blood flow to 

the genitalia for both men (erection) and women (genital engorgement) as well as providing signals for 

the production of secretive fluids used for lubrication and seminal transfer (McKenna, 2002; Temel et 

al., 2005; Yang and Jiang, 2009).  Second, the somatic nervous system provides the signals for rhythmic 

contractions of the genital musculature in both men (ejaculation: expulsion phase) and women (vagino-

cervical contractions), which are often associated with orgasm (Giuliano and Clement, 2005; Levin, 1998; 

Yang and Jiang, 2009).  This dissertation is concerned with the latter of these processes in which there 

has been considerable interest in understanding how supraspinal sites impose inhibitory and excitatory 

control on somatic genital reflexes. 
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1.2 Neural control of Genital Reflexes 

1.2.1 Anatomy & Physiology 

The bulbospongiosus (also referred to as the bulbocavernosus) and ischiocavernosus muscles 

are the primary genital muscles in mammals providing the rhythmic contractions needed for somatic 

genital reflexes (Gerstenberg et al., 1990; Meston et al., 2004; Sachs, 1982).  They are innervated by the 

pelvic and pudendal nerves (Pacheco et al., 1989; Pastelin et al., 2008) from the lower lumbar and upper 

sacral divisions (L5-S1) of the spinal cord (de Araujo et al., 1982; Katagiri et al., 1986; Roppolo et al., 

1985).  In rats, the spinal motoneuron pools associated with these nerves are referred to as the dorso-

medial nucleus (DM; also referred to as the spinal nucleus of the bulbocavernosus) and dorsolateral 

nucleus (DL) of L5-S1 ventral horn (Collins et al., 1991; Katagiri et al., 1986; McKenna and Nadelhaft, 

1986; Peshori et al., 1995; Schroder, 1980).   The DM and DL are considered homologues of Onuf’s nuc-

leus in humans and rhesus monkeys (Breedlove and Arnold, 1980; Roppolo et al., 1985; Schroder, 1981).  

Interneurons within the spinal cord appear to connect primary afferent somatosensory information with 

the DM and DL (Collins et al., 1991; Peshori et al., 1995; Wiedey et al., 2008).  Descending projections 

from other parts of the spinal cord, as well as from supraspinal sites, provide both excitatory and inhibi-

tory drive to these motoneuron pools (Allard et al., 2005; Coolen, 2005).  

 Supraspinal inhibitory and excitatory modulatory inputs to the DM and DL have been described 

in rats (Liu et al., 1997a; Marson and McKenna, 1990; Truitt and Coolen, 2002), cats (Kausz, 1990), and 

birds (Berk and Finkelstein, 1983).  These excitatory and inhibitory drives compete at the level of the 

spinal cord motoneuronal pools to regulate genital reflexes within specific behavioral contexts.  A hy-

pothesized ejaculation generator, constituting a central pattern generator for the muscles of ejaculation, 

has been described in the lumbar spinal cord of rats, which provides input to the DM and DL (Truitt and 

Coolen, 2002; Truitt et al., 2003).  Lesions of these lumbar spinothalamic cells abolish the ability of male 

rats to ejaculate, while leaving other aspects of sexual behavior intact, suggesting that this region is crit-
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ical for ejaculation (Truitt and Coolen, 2002). In addition, the PVN has direct connections to the DM and 

DL (Wagner and Clemens, 1991).  The PVN has been previously implicated in the control of genital ref-

lexes, and is most likely a source of descending excitatory input to the genital musculature (Chen et al., 

1997; Eaton et al., 1991).  With respect to descending inhibition, the nPGi of the medulla provides dense 

input to the DM and DL (Tang et al., 1999) and is the hypothesized source of descending inhibition to 

genital reflexes (Marson and McKenna, 1990). 

1.2.2 The Nucleus Paragigantocellularis 

Numerous lines of evidence suggest that the nPGi is the primary source of descending inhibition 

of genital reflexes in male rats.  The nPGi sends direct descending projections to the L5-S1 motoneuronal 

pools that innervate the bulbospongiosus and ischiocavernosus muscles in both male and female rats 

(Hermann et al., 2003; Marson and Carson 3rd, 1999; Marson and McKenna, 1996; Tang et al., 1999).  In 

humans, the homologous structure is referred to as the nucleus paragigantocellularis lateralis (Zec and 

Kinney, 2001) and is also believed to be associated with descending inhibition of genital reflexes 

(Johnson, 2006). 

Lesions of the nPGi in rats consistently result in the facilitation of sexual behavior, as indicated 

by a decrease in mount and intromission frequency, ejaculation latency, and an increase the number of 

ejaculations to satiety (Yells et al., 1992; Yells et al., 1994).  nPGi lesions also decrease the latency to- 

and increase the number of ex copula erections (Marson et al., 1992; Marson and McKenna, 1990).  

Similarly, electrical stimulation of nPGi neurons produces increased firing latency and decreased ampli-

tude of firing in the DM (Johnson and Hubscher, 1998), consistent with the role of the nPGi as a source 

of tonic descending inhibitions of genital reflexes.   

To date, the role of the nPGi in female sexual behavior has not been directly tested.  However, 

anatomical evidence suggests that the nPGi is important for sexual behavior in females.  Retrograde 

trans-synaptic tracing from rat clitoris (Marson and Murphy, 2006), vagina (Marson and Murphy, 2006), 



4 

 

and cervix (Lee and Erskine, 2000) produce labeling in the nPGi of females.  In addition, a number of 

brain regions associated with sexual behavior project to the nPGi female rats (Marson and Foley, 2004; 

Marson and Murphy, 2006; Murphy and Hoffman, 2001; Normandin and Murphy, 2008), suggesting a 

role for the nPGi in female sexual behavior.   

1.2.3 The Influence of Serotonin on Sexual Behavior 

Many behavioral systems in mammals are modulated by serotonin (5-HT), including  mood 

(Dayan and Huys, 2009) and sexual behavior (Pfaus, 2009).  Increased 5-HT levels through systemic ad-

ministration of selective serotonin reuptake inhibitors (SSRIs) produces delayed ejaculation in male rats 

(Ahlenius et al., 1980; de Jong et al., 2005a; Vega Matuszcyk et al., 1998) and humans (Hsu and Shen, 

1995).  Importantly, the effect of 5-HT on sexual behavior is brain region and receptor dependent, pro-

ducing both facilitation and attenuation of sexual behavior.  For example, administration of the 5-HT1A 

agonist 8-hydroxy-2-(di-n-propylamino) tetralin facilitates male sexual behavior when injected into the 

medial preoptic area of the hypothalamus or nucleus accumbens (de Castilhos et al., 2006; Fernandez-

Guasti et al., 1992), while administration of trifluoromethyl-phenyl-piperazine, a 5-HT1B/C agonist to the 

same regions inhibits male sexual behavior (Fernandez-Guasti et al., 1992; Hillegaart et al., 1991).  To 

date, site-specific manipulations of 5-HT have not been used extensively, but are critical for delineating 

inhibitory and facilitatory circuits modulating sexual behavior. 

1.2.4 Serotonin and the Nucleus Paragigantocellularis 

Serotonergic cells within the nPGi send direct descending projections to the DM and DL (Azmitia 

and Gannon, 1986; Marson and McKenna, 1992).  The human homologue, the nucleus paragigantocellu-

laris lateralis, also contains serotonergic cells (Azmitia and Gannon, 1986).   Application of 5-HT to the 

spinal targets of the nPGi blocks the urethrogenital reflex (an artificial measure of genital reflexes), an 

effect reversed by application of a 5-HT antagonist (Marson and McKenna, 1992).  In addition, the SSRI 

dapoxetine reduces DM motoneuron activity, and this effect is reversed by lesions of the nPGi (Clement 
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et al., 2007). These studies make it clear that 5-HT acts at the level of the spinal cord to inhibit genital 

reflexes, and that 5-HT from the nPGi is a necessary antecedent for normal inhibition of genital reflexes.  

It is unclear, however, whether 5-HT may be acting at the level of the nPGi itself. 

The nPGi contains receptors for 5-HT including the 5-HT1A (Thor et al., 1990; 1992), 5-HT1c 

(Hoffman and Mezey, 1989), 5-HT2A (Fay and Kubin, 2000; Fonseca et al., 2001), 5-HT2C (Fonseca et al., 

2001), and 5-HT3 (Fonseca et al., 2001) subtypes, although only the 5-HT1A and 5-HT2C subtypes are 

found in abundance (Fonseca et al., 2001; Thor et al., 1990).  The ventrolateral periaqueductal gray 

(vlPAG) is the primary source of 5-HT to the nPGi (Li et al., 2001; Lu et al., 2010; Underwood et al., 1999; 

Zeng et al., 1991).  To date, the effect of 5-HT neurotransmission at the level of the nPGi has not been 

studied.  

1.3 Implications for Human Health 

Sexual dysfunction is a common problem in both men and women.  Up to 31% of men and 43% 

of women will experience sexual dysfunction in their lifetime (Laumann et al., 1999).  Such dysfunctions 

can include loss of sex drive (libido), premature ejaculation, delayed ejaculation, anorgasmia, involunta-

ry vaginal spasms, and dyspareunia (vaginal pain during intercourse; (Breiner, 2004).  These dysfunctions 

have a large impact on fertility and quality of life experiences (Cameron and Tomlin, 2007).  More alar-

mingly, SSRIs used to treat depression and anxiety in people have well-documented sexual dysfunction 

side effects that include decreased libido, delayed ejaculation, and anorgasmia (Kennedy and Rizvi, 

2009; Schweitzer et al., 2009).  These sexual dysfunctions all have an underlying dysregulation of genital 

reflexes in common, with 5-HT a key mediator.  By identifying the regions of the brain that regulate nPGi 

function in males and females, and the role of 5-HT within the nPGi, we can provide new insights and 

treatment targets for people with sexual dysfunction. 
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1.4 Experimental Rationale 

Our experiments were designed to address three general gaps in knowledge of how the nPGi 

provides descending inhibition of genital reflexes.  First, anatomical tract tracing was used to provide a 

complete description of brain regions that project to the nPGi in males and females (Experiment 1).  

Second, excitotoxic lesions were used to delineate the role of the nPGi in male and female sexual beha-

vior (Experiment 2).  The final series of experiments examined the role of 5-HT drive from the vlPAG to 

the nPGi in male sexual behavior using 5-HT specific lesions of the vlPAG (Experiment 3).  Together these 

experiments will provide detailed analysis of nPGi afferents, provide information as to how the nPGi 

affects sexual behavior in males and females, and determine whether serotonergic drive to the nPGi is 

important in sexual behavior.  

1.4.1 Experiment 1: Nucleus paragigantocellularis afferents in male and female rats: organi-

zation, gonadal steroid receptor expression, and activation during sexual behavior 

Key to understanding how genital reflexes are regulated, and how this might be disrupted in 

sexual dysfunction, is knowledge of what regions of the brain can influence nPGi activity.  In Experiment 

1, we used anatomical tract tracing to delineate the afferents projections to the nPGi in male and female 

rats.  As gonadal steroids are key modulators of sexual behavior (van Dis and van de Poll, 1974; Wrobel 

and Karasek, 2008), we also examined whether nPGi afferents contained receptors for estrogens and 

androgens.  We also examined whether sites providing afferent drive to the nPGi were active during 

sexual behavior, using the protein Fos (as a marker of neural activity). 

1.4.2 Experiment 2: Excitotoxic lesions of the nucleus paragigantocellularis facilitate male 

sexual behavior but attenuate female sexual behavior in rats 

Previous studies using lesions to examine the role of the nPGi in male sexual behavior used elec-

trolytic (fiber destroying) lesions.   Therefore, it is not clear if nPGi neurons and not fibers-of-passage 

affect genital reflexes.  In addition, the role of the nPGi in female sexual behavior is unknown, although 
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studies have pointed to the likelihood of its importance to female sexual behavior through anatomical 

tract tracing (Lee and Erskine, 2000; Marson and Murphy, 2006).  In Experiment 2, we used excitotoxic 

lesions of the nPGi in male and female rats to examine the role of nPGi neurons in male and female sex-

ual behavior. 

1.4.3 Experiment 3: Serotonergic lesions of the midbrain source of serotonin to the nucleus 

paragigantocellularis facilitate sexual behavior in male rats 

The nPGi contains receptors for 5-HT (Fonseca et al., 2001; Thor et al., 1990), and serotonergic 

input to the nPGi is provided by the vlPAG (Li et al., 2001; Lu et al., 2010; Underwood et al., 1999; Zeng 

et al., 1991).  However, the role of 5-HT drive to the nPGi in male sexual behavior is unknown.  To this 

end, in Experiment 3, we produced 5-HT-specific lesions of the vlPAG to the nPGi in male rats and ex-

amined its impact on male sexual behavior. 
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2 NUCLEUS PARAGIGANTOCELLULARIS AFFERENTS IN MALE AND FEMALE RATS: ORGANIZA-

TION, GONADAL STEROID RECEPTOR EXPRESSION, AND ACTIVATION DURING SEXUAL BEHA-

VIOR 

2.1 Introduction 

Genital reflexes in males and females subserve critical functions in reproductive biology.  De-

spite this obvious importance, little is known about the supraspinal control of these reflexes.  Dysfunc-

tions within these systems contribute to, or are the basis of, sexual dysfunctions that produce profound 

disruptions not only in fertility, but also in quality of life experiences (Cameron and Tomlin, 2007; 

Laumann et al., 1999). Across the lifespan, approximately 31% percent of men will experience sexual 

dysfunction, including an inability to achieve an erection and/or premature or delayed ejaculation 

(Laumann et al., 1999).  Similarly, 43% of women will experience some form of female sexual dysfunc-

tion, including involuntary vaginal spasms, painful sensations during penetration, and/or early or de-

layed orgasm (Laumann et al., 1999).  Our understanding of the supraspinal control of genital reflexes is 

an important contribution to understanding and treating sexual disorders.    

Studies in male rats have identified the nucleus paragigantocellularis (nPGi) of the brainstem as 

the primary source of tonic descending inhibition of erectile and ejaculatory reflexes. Projections from 

the nPGi terminate onto the spinal motor neurons that innervate the bulbospongiosus and ischiocaver-

nosus muscles (Hermann et al., 2003; Murphy and Marson, 2000; Tang et al., 1999); these muscles are 

critical to the control of erection and ejaculation (Holmes et al., 1991; McKenna and Nadelhaft, 1986).  

Bilateral lesions of the nPGi in male rats decrease mount and intromission frequency, ejaculation laten-

cy, and increase the number of ejaculations to satiety (Yells et al., 1992; Yells et al., 1994).  Lesions of 

the nPGi also decrease the latency, and increase the number of ex copula erections (Marson et al., 

1992).  By contrast, electrical stimulation of nPGi neurons results in an increased latency, and decreased 
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amplitude of firing in motor neurons associated with genital reflexes (Johnson and Hubscher, 1998).  

Interestingly, nPGi lesions do not alter the number of non-contact erections in males exposed to females 

behind a wire mesh screen (Liu and Sachs, 1999), suggesting that nPGi modulation of penile reflexes is 

context dependent.  How this context is signaled to the nPGi remains to be elucidated.   

The central regulation of the nPGi is poorly understood. In males rats, both the medial preoptic 

area (Murphy et al., 1999a) and the midbrain periaqueductal gray (Lovick, 1986; Murphy and Hoffman, 

2001) send direct projections to the nPGi. Interestingly, MPO projections to the PAG terminate in close 

apposition to PAG projections to the nPGi, forming an indirect MPO-PAG-nPGi pathway in addition to 

the direct MPO-nPGi pathway (Murphy and Hoffman, 2001). In females, remarkably little is known re-

garding the anatomy and physiology of the nPGi.  Spinally-projecting nPGi efferents terminate among 

the motor neurons involved in the urethrogenital reflex (Marson et al., 2003), and trans-synaptic retro-

grade tracer injection into rat clitoris (Marson, 1995), cervix (Lee and Erskine, 2000), and vagina/clitoris 

(Marson and Murphy, 2006) results in dense retrograde labeling in the nPGi.  Similar to males, direct 

MPO projections to the nPGi of female rats have been reported (Marson and Foley, 2004) and nPGi cells 

retrogradely labeled from rat vagina/clitoris with a trans-neuronal tracer were associated with terminals 

from the MPO and PAG (Marson and Murphy, 2006).  Contributions of other central sites of input to the 

nPGi in females remain to be described.    

The nPGi can be conceptualized as the final common output from supraspinal sites involved in 

sexual behavior to the spinal cord motor neurons controlling genital reflexes.  An integration of appro-

priate external and internal signals related to sexual behavior must occur to determine when it is appro-

priate for genital reflexes to be produced.  The nPGi may be one such area where an integration of sig-

nals occurs.  This study was conducted to comprehensively characterize nPGi afferents as to their 

source, expression of gonadal steroid receptors, and activation during sexual behavior in male and fe-
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male rats.  Possible sex-differences in the anatomical and/or physiological organization of this circuit 

were also examined. 

2.2 Materials and Methods 

2.2.1 Subjects 

Adult male (n=56) and female (n=88) Sprague-Dawley rats (Zivic Laboratories Inc., Pittsburgh, 

PA) were used in these experiments. Animals were weight-matched (250-300 g) and housed in same-sex 

pairs in separate rooms on a 12:12 hour light:dark cycle (lights on at 7:00AM). Animals used in the sex-

ual behavior studies were housed in reverse light cycle (lights off at 7:00AM). Access to food and water 

was ad libitum throughout the experiment, except during surgery.  These studies were performed in 

strict compliance with the Institutional Animal Care and Use Committee at Georgia State University. All 

efforts were made to minimize any possible suffering by the animal, and to reduce the number of ani-

mals used. 

2.2.2 Fluorogold injections 

Rats were anesthetized with ketamine/xylazine/acepromazine (50 mg/kg, 3.3 mg/kg, 3.3 mg/kg; 

i.p.; Henry Schein, Melville, NY) and placed in a stereotaxic frame upon achieving a deep surgical plane 

of anesthesia. The skull was adjusted so that Bregma and lambda were at the same dorsoventral plane. 

Glass micropipettes (10-20 μm) were filled with the retrograde tracer Fluorogold (FG; 2% soln. w/v in 

saline; Fluorochrome LLC, Denver, CO) and lowered into the nPGi at the following coordinates (in mm): 

AP: -2.0 Lambda; ML: -1.0; DV: -8.5. FG was iontophoresed (50% duty cycle, 7.5 μA current) for 20 min. 

Pipettes remained in place for five minutes after injection to prevent backflow of tracer along the pi-

pette tract and to facilitate neuronal uptake. Special care was taken to ensure that all injection protocols 

were comparable for males and females. Following surgery, the animals were allowed to recover under 

a heat lamp in clean cages, and returned to their original housing facilities upon recovery from the anes-

thetic.  Animals were sacrificed 10 days after FG injections. 
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2.2.3 Sexual behavior 

A subset of our FG injected intact males (n=44) and females (n=36) rats engaged in three one 

hour mating bouts with stimulus animals before injection of FG. All females were ovariectomized and 

hormone-primed (10 µg estradiol in sesame oil 48 hours before mating, 500 µg progesterone in sesame 

oil) 4 hours before mating. Mating took place in a 60 cm x 30 cm transparent acrylic arena.  Experimen-

tal males had free access to stimulus females, whereas experimental females engaged in paced-mating 

with a separator in the arena (with two 4 cm diameter holes through which only females could fit).  Fol-

lowing retrograde tracer injections, the rats engaged in three additional one hour mating bouts, and 

were sacrificed on the last mating bout one hour after producing or receiving (male and females respec-

tively) an ejaculation. 

2.2.4 Perfusion fixation 

Animals were given a euthanizing dose of sodium pentobarbital (160 mg/kg, i.p.; Sigma-Aldrich, 

St. Louis, MO) and perfused transcardially with 100-200 ml of 0.9% sodium chloride containing 2% so-

dium nitrite as a vasodilator, followed immediately by 250 ml of 4% paraformaldehyde in 0.1M phos-

phate buffer containing 2.5% acrolein (Polysciences Inc., Warrington, PA). Following fixation, a final rinse 

(100-200 ml) with the sodium chloride/sodium nitrate solution was used to remove any residual acrolein 

from the animal. Immediately following perfusion, the brains were removed and stored at 4°C in 30% 

sucrose solution until sectioned. The brains were cut into 25 µm coronal sections with a Leica 2000R 

freezing microtome and stored free-floating in cryoprotectant-antifreeze solution (Watson et al., 1986) 

at –20°C until immunocytochemical processing was initiated. 

2.2.5 Immunocytochemistry 

A 1:6 series through the rostrocaudal axis of each brain was processed for FG and estrogen re-

ceptor alpha (ERα), FG and androgen receptor (AR), or FG and the immediate-early gene product Fos as 

previously described (Loyd and Murphy, 2006; Murphy and Hoffman, 2001).  Briefly, sections were re-
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moved from the cryoprotectant-antifreeze solution, rinsed extensively in potassium phosphate-buffered 

saline (pH 7.4), and then reacted for 20 minutes in 1% sodium borohydride to remove excess aldehydes. 

Sections were then incubated in primary antibody solution directed against either ERα, AR, or Fos in po-

tassium phosphate buffered saline (KPBS) containing 0.1% Triton-X for 1 hour at room temperature fol-

lowed by 48 hours at 4°C. Cells containing ERα were identified using a polyclonal rabbit anti-ERα antibody 

(Santa Cruz Biotech Inc., sc-542, Lot: B1505, Santa Cruz, CA) at a concentration of 1:20,000.  This rabbit 

antiserum was prepared against a peptide mapping at the C-terminus of ERα of mouse origin 

(HSLQTYYIPPEAEGFPNTI) corresponding to amino acids 580-599 (manufacturer’s technical information), 

and specificity of this antibody has been confirmed by preabsorbtion with epitope peptide (Quesada et 

al., 2007).  Cells containing AR were identified using the polyclonal rabbit anti-AR antibody (Santa Cruz 

Biotech Inc., sc-816, Lot: B0204, Santa Cruz, CA) at a concentration of 1:10,000.  This rabbit antiserum 

was prepared against a peptide mapping at the N-terminus of AR of human origin 

(MEVQLGLGRVYPRPPSKTYRG) corresponding to amino acids 2-21 (manufacturer’s technical informa-

tion), and specificity of this antibody has been confirmed by preabsorbtion with epitope peptide (Creutz 

and Kritzer, 2004).  Cells containing Fos were identified using the polyclonal rabbit anti-Fos antibody 

(Calbiochem, PC38, Lot: 4191, San Diego, CA) at a concentration of 1:700,000.  This rabbit antiserum was 

prepared against a synthetic peptide (SGFNADYEASSSRC) corresponding to amino acids 4-17 of human c-

Fos, and specificity of this antibody has been confirmed by preabsorbtion with epitope peptide (Sun et 

al., 2007).  In Western blots, this antibody recognizes the ~55 kDa c-Fos and ~62 kDa c-Fos proteins, and 

does not cross-react with the ~39 kDa Jun protein (manufacturer’s technical information).     

After primary antibody incubation, the tissue was rinsed in KPBS, incubated for 1 hour in biotiny-

lated goat anti-rabbit IgG (Jackson Immunoresearch Labs Inc., West Grove, PA) at a concentration of 

1:600, rinsed in KPBS, followed by a 1 hour incubation in avidin-biotin peroxidase complex (Vector Labs, 

ABC Elite Kit PK-6100, Burlingame, CA) at a concentration of 1:10. After rinsing in KPBS and sodium ace-
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tate (0.175 M; pH 6.5), ERα, AR, and Fos were visualized as a black reaction product using nickel sulfate 

intensified 3,3’-diaminobenzidine solution containing 0.08% hydrogen peroxide in sodium acetate buf-

fer. The reaction product was terminated after approximately 30 minutes by rinsing in sodium acetate 

buffer.  Tissue was then processed for FG immunoreactivity as above.  Cells containing FG were identi-

fied using the polyclonal rabbit anti-Fluorogold antibody (Chemicon, AB153, Lot: 25060005, Temecula, 

CA) at a concentration of 1:30,000.  This antibody was raised against the chemical compound hydroxys-

tildamidine (Fluorogold; manufacturer’s technical information).  No cytoplasmic FG+ staining was 

present in animals in which the tracer failed to be ejected from the electrode.  FG was visualized as a 

brown reaction product using 3,3’-diaminobenzidine containing 0.08% hydrogen peroxide in Tris buffer 

(pH 7.2). The reaction product was terminated after approximately 30 minutes by rinsing in Tris buffer.  

Sections were mounted out of saline onto gelatin-subbed slides, air dried overnight, dehydrated in a 

series of graded alcohols, cleared in Histoclear, and cover-slipped using Histomount. 

2.2.6 Data analysis and presentation 

A single individual conducted all analyses.  Animals were coded to blind the counter to sex and 

animal number.  Injection sites were subjectively graded with respect to their location and spread.  Only 

those animals with injections that corresponded to a focal point within the nPGi were selected for cell 

counting (see Figure 1).  Thirteen males and 15 females had injections that met our strict and conserva-

tive criteria.  Of these animals, all were used for our retrograde tracing analysis, 6 males and 7 females 

were used in our retrograde tracer/gonadal-steroid receptor expression analysis, and 5 males and 6 

females were used in our retrograde tracer/sexual behavior-induced Fos expression analysis. 

Missed injections dorsal or lateral to the nPGi (i.e. into the pyramidal tract) were examined for 

specificity of retrograde tracing in target injections.  All regions containing FG labeling were examined.  

The MPO and PAG were additionally subdivided into four (Bregma -0.26, -0.30, -0.40, -0.80) and six 

(Bregma -5.30, -6.04, -6.80, -7.64, -8.30, -8.80) rostrocaudal levels, respectively.  Counts for FG+, 
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ERα/FG+, AR/FG+, or Fos/FG+ cells were determined on the side ipsilateral to the injection site, and FG+ 

labeling on the side contralateral to the injection site were noted, but not counted.  FG+ cells were easi-

ly identifiable based on the brown reaction product in the cytoplasm.  FG+ cells that contained ERα, AR, 

or Fos were readily identifiable based on the black reaction product restricted to the nucleus.  The min-

imum distance between any two sections analyzed was 40 µm (Bregma -0.26 and -0.30).  The majority of 

retrograde labeling in this area was observed in the MPO, where the maximum diameter of the largest 

cells can be expected to be approximately 12 µm (calculated from (Madeira et al., 1999); therefore cell 

counts between these sections (and any two sections) are independent and do not reflect duplicate 

counting of cells. 

Single and dual-labeled cells were plotted and quantified across the rostrocaudal axis of the rat 

brain based on the atlas of (Paxinos and Watson, 1997).  The mean and standard error of the mean 

(SEM) of FG+, ERα/FG+, AR/FG+, and Fos/FG+ cells for each sex, section, and region of interest were cal-

culated.  We use the term “density” within this manuscript as shorthand for the number or proportion 

of cells observed within a given brain region.  The relative density of FG+ labeled cells was defined as 

sparse when <25 labeled cells were observed and dense when ≥25 cells were observed.  The relative 

density of the percent co-localization of FG+ cells with ERα, AR, or Fos was defined as low when <10%, 

moderate when between 10% and 24%, and high when >25%. 

Behavioral measures for our sexual behavior-induced Fos experiments include the mean num-

ber of mounts (M), intromissions (I), and ejaculations (E) in males, and the mean number of M/I/E re-

ceived, lordosis quotient (LQ; lordosis/M+I+E received), and lordosis rating (LR; magnitude of dorsoflex-

ion; 0 = none, 1 = slight, 2 = full) as defined in (Pfaus, 1996). 

Statistical comparisons of FG+, ERα/FG+, AR/FG+, and Fos/FG+ cell numbers were made between 

males and females for regions providing dense input to the nPGi.  T-tests were used for mean compari-

sons and differences were considered significant at the alpha ≤0.05 level for planned comparisons of the 
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MPO and PAG. The family-wise alpha level (≤0.05) was adjusted to ≤0.0031 using the Bonferroni method 

for the sixteen unplanned comparisons. 

For data presentation, a representative animal from each experimental group was selected and 

the distribution of FG+, ERα/FG+, AR/FG+, and Fos/FG+ cells were plotted using a Nikon Drawing Tube 

attached to a Nikon Optiphot microscope. Plots were scanned, imported to a computer, and finalized 

using Adobe Illustrator 10. Photomicrographs were generated using a Synsys digital camera attached to 

a Nikon Eclipse E800 microscope.  Images were captured with QCapture and finalized using Adobe Pho-

toshop 7.0. Alterations to the images were strictly limited to enhancement of brightness/contrast. 

2.3 Results 

2.3.1 Injection sites 

Injections were centered within the rostral portion of the nPGi with moderate spread to the py-

ramidal tract.  Subjective blind ratings of injection quality did not differ between the sexes.  Figure 1 

shows a representative FG injection site within the nPGi of a male and female rat. 

2.3.2 General patterns in labeling 

Table 1 lists all regions that contained FG+ cells in male and female rats, weighted by density of 

FG+ cells and co-localization with ERα, AR, or Fos.  Regions ipsilateral to the injection site showed a quali-

tatively higher degree of retrograde labeling than contralateral regions.  There were a few notable ex-

ceptions: the rostral parvocellular red nucleus (RPC) and rostral portion of the ventral nucleus of the 

lateral lemniscus in males, and the caudal portion of the RPC and the paralemniscal nucleus (PL) in fe-

males had a qualitatively higher degree of retrograde labeling on the side contralateral to the injection 

site.  

2.3.3 Organization and gonadal steroid receptor expression of nPGi afferents 

Diencephalon.  Representative plots of FG+, ERα/FG+, and AR/FG+ cells in the diencephalic re-

gions are shown in Figure 2.  In both males and females, sparse FG labeling was observed in the rostral 



16 

 

MPO (Figure 2A-B).  However, within the caudal half of MPO (Figure 2C-D), the number of FG+ cells in-

creased significantly in males [p=0.014; Figure 3A]. FG labeling in the caudal MPO in males formed a 

discrete cell group that was not consistently observed in females (Figure 2D).  The proportion of FG+ 

cells that contained ERα varied for males and females along the rostrocaudal axis of MPO (Figure 3B).  In 

the rostral pole of MPO, 33% of FG+ cells in females also contained ERα, whereas only 9% of FG+ cells 

contained ERα in males (Figure 3B).  For the androgen receptor, at most rostrocaudal levels, males gen-

erally had a higher percent co-localization than females (mean 37% AR/FG+ cells versus 18% in females), 

and males differed from females significantly at two rostrocaudal levels [Bregma -0.26, p=0.024 and 

Bregma -0.40, p=0.037; Figure 3C]. The lateral preoptic area was sparsely labeled for FG in both sexes.  

In the bed nucleus of the stria terminalis (BNST; Figure 2A-D), retrograde labeling was primarily 

restricted to the caudal regions (Figure 2C-D) in both males and females (Figure 4A).  ERα and AR co-

localization with FG+ caudal BNST cells was comparable in both sexes (approximately 30%; Figure 4B).  

With respect to the androgen receptor, 43% of FG+ caudal BNST cells contained AR in males, and 26% 

co-localized in females (Figure 4C).  

Within the amygdala (Figure 2E-F), the medial amygdala exhibited sparse FG+ labeling in both 

sexes.  In contrast, dense FG+ labeling was present in the central amygdala (CeM) in males, with less 

labeling observed in females (Figure 4A).  ERα co-localization with FG+ CeM cells was low in males (9%), 

and moderate in females (17%; Figure 4B). For AR, higher levels of co-localization in the CeM was ob-

served in both sexes (between 40-50%; Figure 4C).   

Dense FG+ labeling in the hypothalamus (Figure 2E-F) was observed in the paraventricular nuc-

leus (PVN) and posterior hypothalamus (PH) of both sexes, and the perifornical nucleus (PeF) in females 

(Figure 4A). Figure 5 shows an example of FG labeled cells in the PVN for males and females. These re-

gions exhibited low levels of ERα (Figure 4B) or AR (Figure 4C and 5) co-localization, with the exception of 

the PeF in males where 23% of FG+ cells contained AR (Figure 4C).  Sparse FG+ labeling was present in 
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the anterior hypothalamus, lateral hypothalamus, retrochiasmatic area, dorsomedial hypothalamus, 

ventromedial hypothalamus, arcuate nucleus, tuber cinereum area, and the magnocellular nucleus of 

the lateral hypothalamus in both sexes.   

In the thalamus (Figure 2E-G) dense FG+ labeling was observed in the precommissural nucleus 

(PrC) in both sexes and the parafascicular thalamic nucleus (PF) in females (Figure 4A).  ERα co-

localization with FG+ PrC cells was moderate in males (10%) and low in females (3%; Figure 4B).  By con-

trast, AR co-localization with FG+ PrC cells was higher (males, 38%; females, 11%; Figure 4C).  In the PF, 

while ERα was present, there were no ERα/FG+ cells observed.  However, AR/FG+ cells were observed in 

males (28%) and females (12%; Figure 4C) in this same region. Sparse FG+ labeling was observed in the 

rostral interstitial nucleus of the medial longitudinal fasciculus, prerubral field, parvocellular subparafas-

cicular nucleus, subincertal nucleus, and zona incerta in both sexes.  

 Mesencephalon.  Representative plots of FG+, ERα/FG+, and AR/FG+ labeling in the mesence-

phalic regions are shown in Figure 2.  In the midbrain (Figure 2G-M), dense FG+ labeling was observed in 

the deep mesencephalic nucleus (DpMe) and intercollicular nucleus (InCo) in both sexes (Figure 4A), 

with low to moderate levels of ERα co-localization (Figure 4B).  A greater percentage of AR/FG+ cells 

were observed in males within the DpMe (23% versus 5% in females (Figure 4C).  Sparse FG+ labeling 

was observed in the oculomotor nucleus, Edinger-Wetsphal nucleus, nucleus of the posterior commis-

sure, magnocellular nucleus of the posterior commissure, interstitial nucleus of the medial longitudinal 

fasciculus, RPC, retrorubral field, posterior intralaminar thalamic nucleus, peripeduncular nucleus, later-

al substantia nigra, reticular substantia nigra, parabrachial pigmented nucleus, dorsal substantia nigra 

compacta, nucleus of the optic tract, posterior limitans thalamic nucleus, subbrachial nucleus, and the 

ventral tegmental area (VTA).  

In both sexes, dense FG+ labeling was observed throughout the rostrocaudal axis of the PAG 

(Figure 2H-M).    In the dorsomedial region (dmPAG), females consistently had a greater number of FG+ 
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cells at all rostrocaudal levels [Bregma -5.30, p=0.009, Bregma -6.80, p=0.009, Bregma -7.64, p=0.001 

and Bregma -8.30, p=0.029; Figure 6A].  Similar sex differences (females > males) were observed in the 

lateral [lPAG; Bregma -8.30, p=0.022] and ventrolateral regions of the PAG (Figure 6A). For the dmPAG 

and lPAG, the percentage of FG+ cells that also contained ERα increased moving caudally through the 

PAG in both males and females.  Interestingly, while females had a greater number of FG+ cells through-

out the rostrocaudal axis of PAG, co-localization with ERα or AR was generally higher in males (Figure 6B 

and 6C).  Sparse FG+ labeling was observed in the dorsolateral PAG. 

In the superior colliculus (Figure 2H-K) dense FG+ labeling was observed in the deep gray layer 

(DpG) in both sexes, and the rostral superior colliculus (rSC) in females (Figure 4A).  Females had a 

greater number of FG+ cells in both the DpG and rSC.  Little ERα expression is present within the superior 

colliculus, and consequently steroid receptor co-localization with superior collicular FG+ cells was low or 

absent (Figure 4B).  Despite the low amount of AR present in this region, AR/FG+ co-localization was 

higher in males than females in the DpG and rSC (Figure 4C).  Sparse FG+ labeling was observed in the 

optic nerve layer of the superior colliculus and intermediate gray layer of the superior colliculus.   

Dense FG+ labeling was present in the inferior colliculus (Figure 2H-M) of both sexes.  In the ex-

ternal cortex of the inferior colliculus (ECIC) the number of FG+ cells was significantly greater in females 

[p=0.002; Figure 4A].  Little ERα and AR expression is present within the inferior colliculus in either sex, 

and consequently low levels ERα or AR co-localization with FG+ cells in the ECIC were observed in both 

sexes (Figures 4B and 4C).  Sparse labeling was observed in the brachium of the inferior colliculus in both 

sexes. 

Metencephalon.  Representative plots of FG+, ERα/FG+, and AR/FG+ labeling in the metence-

phalic regions are shown in Figure 2.  Dense pontine (Figure 2K-M) FG+ labeling was observed in the 

region of the motor root of the trigeminal nerve, possibly encompassing a caudal portion of the PL, in 

both sexes (Figure 4A).  Little ERα and AR expression is present within the pons, and consequently stero-
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id receptor co-localization with pontine FG+ cells was low or absent (Figures 4B and 4C).  Sparse FG+ 

labeling was observed in the retrorubral nucleus, pedunculopontine tegmental nucleus, cuneiform nuc-

leus, dorsal tegmental bundle, parabrachial nucleus, laterodorsal tegmental nucleus, oral pontine reticu-

lar nucleus, motor trigeminal nucleus, ventrolateral tegmental area, and the olivary nuclei. 

Myelencephalon.  Representative plots of FG+, ERα/FG+, and AR/FG+ labeling in the myelence-

phalic regions are shown in Figure 2.  Dense medullary (Figure 2N-O) FG+ labeling was observed in the 

lateral reticular nucleus in both sexes and interpolar spinal trigeminal nucleus in females (Figure 4A).  

Little ERα and AR expression is present within the myelencephalon and consequently steroid receptor 

co-localization with medullary FG+ cells was absent (Figure 4B and 4C).  Sparse FG+ labeling was ob-

served in the locus coeruleus, nucleus of the solitary tract, cuneate nucleus, intermediate reticular nuc-

leus, and the parvocellular reticular nucleus. 

2.3.4 Activation of nPGi afferents during sexual behavior 

Several sexual behavior measures were quantified for the last mating bout (Table 2).  These val-

ues are consistent with previous studies examining male and female sexual behavior (Pfaus, 1996). 

Diencephalon.  Representative plots of Fos/FG+ labeling in the diencephalic regions are shown in 

Figure 7.  In the preoptic area (Figure 7A-D), the proportion of sex-induced Fos present in FG+ cells in 

males and females differed along the rostrocaudal axis.  In the rostral MPO, females had a higher per-

centage of co-localization than males (24% versus 13%, respectively; Fig 8). By contrast, in the caudal 

MPO males had a higher percentage of Fos/FG+ cells than females (Figure 8).  At mid levels of the MPO, 

43% of FG+ cells contained Fos in males, in comparison to 20% in females [p=0.035].  Significant differ-

ences were also noted in the caudal MPO (32% Fos/FG+ cells in males, versus 15% in females [p=0.042]). 

In males, FG+ cells that co-localized with Fos formed a discrete group of cells that was rarely observed in 

females. 
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In the BNST (Figure 7A-D), while high levels of Fos was observed in both males and females, very 

few were present in FG+ cells (Figure 9).  Similarly, in the CeM (Figure 7E-F), while moderate amounts of 

Fos were present in males and females, low levels of co-localization were observed in both sexes (Figure 

9). 

In the hypothalamus (Figure 7E-F), males and females differed in the proportion of sex-induced 

Fos in FG+ cells.  For example, in the PeF, females had a higher level of co-localization than males (44% 

versus 18% in males, Figures 9 and 10). Moderate amounts of Fos/FG+ cells were observed in both 

males and females in the PVN (Figures 9 and 11) and PH (Figure 9). 

In the thalamus (Figure 7E-G) moderate levels of Fos/FG+ co-localization were present in the PrC 

for males and females. In the PF, females had a greater percentage of Fos/FG+ co-localization than 

males (16% versus 2%; Figure 9).   

Mesencephalon.  Representative plots of Fos/FG+ labeling in the mesencephalic regions are 

shown in Figure 7.  In the midbrain (Figure 7G-M), moderate levels of Fos/FG co-localization were ob-

served in the DpMe and InCo in both sexes (Figure 9).  Interestingly, while the PAG (Figure 7H-M) con-

tained high levels of both Fos and FG, low levels of co-localization (on average 13%) were observed in 

both males and females (Figure 12).  This was true even though females had significantly higher levels of 

retrogradely labeled cells (Figure 6A).  

High levels of Fos were only present in the outermost layers of the superior and inferior collicu-

lus of both sexes, where retrograde labeling was not observed.  Consequently, low to moderate levels of 

Fos/FG co-localization were observed in the superior and inferior colliculus (Figure 7H-M). 

Metencephalon and Myelencephalon.  Representative plots of Fos/FG+ labeling in the metence-

phalic regions are shown in Figure 7K-M and for the myelencephalon in Figure 7N-O.  Overall, sex-

induced Fos was generally low or absent in both sexes.  
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2.4 Discussion 

In this study, we characterized nPGi afferents as to their location, gonadal steroid receptor ex-

pression, and activation during sexual behavior.  The general anatomical organization of nPGi afferents 

was similar between the sexes in that there were no regions projecting to the nPGi in only one sex.  

However, qualitative and quantitative sex differences were observed within specific subregions of the 

brain (see Figure 13).  ERα expression in nPGi afferents was highly variable between the sexes with no 

consistent pattern overall.  Conversely, AR expression in nPGi afferents was almost exclusively higher in 

males than females.  Activation of nPGi afferents during sex was observed throughout the brain in al-

most all regions that provide dense input to the nPGi, and subregion-specific sex differences in nPGi 

afferent activation during sex were observed.  Sex differences in FG co-localization with ERα, AR, or sex-

induced Fos may be reflective of sex differences in basal expression of these proteins in the regions ex-

amined.  Nevertheless, any sex differences noted in cells projecting to the nPGi have implications for 

how males and females may sex-specifically regulate genital reflexes.  Those regions known to be impor-

tant to sexual behavior, or that exhibited large sex differences in organization or activity, are discussed 

below.   

2.4.1 Preoptic area 

Our analysis revealed that male rats have significantly more nPGi afferents from the caudal MPO 

than females, and that these projections contain significantly more AR and sex-induced Fos than fe-

males.  We also observed that females had more nPGi afferents from the rostral MPO than males, and 

these projections contained more ERα and sex-induced Fos. 

The rostrocaudal difference between the sexes in the relative number of nPGi afferents from 

the MPO, their gonadal steroid receptor expression, and their activation during sex may represent a 

fundamental principle in the control of sexual behavior, at least with regards to genital reflexes.  Other 

studies have underscored the importance of this rostrocaudal MPO distinction with regard to sexual 
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behavior.  In male rats, lesions restricted to the caudal MPO disrupt sexual behavior (Van De Poll and 

Van Dis, 1979), while lesions restricted to the rostral MPO do not effect non-contact erections (a genital 

reflex) although other aspects of sexual behavior (including ejaculation) are impaired (Liu et al., 1997b).  

In female rats, Fos immunoreactivity by mounts or intromissions alone is induced in ERα expressing ro-

stral, but not caudal preoptic cells (Greco et al., 2003).  Our findings are in agreement with this work 

where nPGi afferents from the rostral MPO have a female-bias in number, ERα expression, and sex-

induced Fos.  By contrast, nPGi afferents from the caudal MPO have a male-bias in number, AR expres-

sion, and sex-induced Fos. 

A subregion of the caudal MPO in male rats, in the dorsolateral portion of the MPO, near the 

striohypothalamic nucleus may be critical to the control of genital reflexes in males, but not females, as 

retrograde labeling in this group of cells is consistently observed in males but not females.  Sex-induced 

Fos was co-localized to a high degree in this region in males.   The striohypothalamic nucleus is known to 

receive projections from the amygdala (Perez-Clausell et al., 1989), and the retrograde labeling we ob-

served may be part of this complex.  It is conceivable that projections from the striohypothalamic nuc-

leus inhibit nPGi function upon activation of relevant pheromonal signals processed by the amygdala.  

Support for this idea comes from work in hamsters where the magnocellular preoptic nucleus, which 

may be a homologue to the region described here, has been described as part of a BNST-amygdala net-

work that transduces pheromonal signals to sexual behavior motor output (Swann et al., 2003; Wood 

and Newman, 1995).  Furthermore, in male rats, MPO lesions that also encompassed this region pro-

duce deficits in the percent of males that mounted, intrommitted, and ejaculated, during a sexual beha-

vior test (Liu et al., 1997b).  Work in quail also supports the importance of this subregion of the MPO in 

male sexual behavior.  Although a clear homologue to the quail medial preoptic nucleus (POM) has not 

been established, the behavioral effects and anatomical connectivity (Balthazart and Ball, 2007; Carere 

et al., 2007) are similar to the region we describe here.  In fact, the dorsolateral portion of the POM ap-
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pears to be critical for the consummatory aspects of male copulatory behavior in quail (Balthazart et al., 

1998).  Taken together, the evidence is mounting that this subregion of the MPO is the critical compo-

nent to male consummatory sexual behavior across species. 

In males, the MPO can also affect the nPGi through a relay in the PAG (Murphy et al., 1999a).  It 

is not clear how the projections from the MPO to the nPGi and the MPO to PAG to nPGi work together.  

We found that MPO efferents to the nPGi were active during sexual behavior, but that PAG afferents to 

the nPGi were not, despite the large contribution of this region in input to the nPGi.  It is possible that 

the MPO has a pro-sexual effect by inhibiting the nPGi directly, and also by inhibiting PAG cells that 

normally enhance nPGi activity. 

2.4.2 Amygdala and bed nucleus of the stria terminalis 

We observed a greater number of nPGi afferents from the caudal BNST in males than females.  

These afferents expressed AR to a higher degree in males than females, but expressed ERα similarly in 

both sexes, and neither sex expressed sex-induced Fos to a large degree.  The BNST of rodents is part of 

a highly interconnected network with the amygdala and MPO where the contextual relevancy of phe-

romones is determined (Fiber et al., 1993; Kollack-Walker and Newman, 1997; Wood and Newman, 

1995).  BNST efferents to the nPGi may signal this relevancy, modulating nPGi activity and thereby pro-

viding the nPGi external contextual information (i.e. sexual odor vs. food odor).  Although we have 

shown that the caudal portion of the BNST provides dense input to the nPGi, the majority of these affe-

rents did not express Fos following sexual behavior.  These regions may preferentially signal appetitive 

aspects of sexual behavior to the nPGi, which our sexual behavior model would not have necessarily 

been able to detect, or alternatively, were inhibited by sexual behavior and therefore would not be ex-

pected to show Fos immunoreactivity. 

The number of cells projecting from the CeM to the nPGi, their steroid receptor expression, and 

sex-behavior induced Fos in these cells were similar between the sexes.  CeM efferents to the nPGi may 
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be active in other behavioral contexts.  For example, the CeM is known to be involved in the processing 

of stressful stimuli (McEwen, 2007), and CeM-nPGi projections have previously been hypothesized to 

regulate behavioral defense responses in cats (Hopkins and Holstege, 1978).  It is possible that this re-

gion, when active during stressful situations, inhibits genital reflexes by enhancing nPGi activity.  Interes-

tingly, the amygdala in men is inhibited during ejaculation, as measured by functional magnetic reson-

ance imaging (Holstege et al., 2003), suggesting that its activity may be part of an inhibitory network.  

The CeM also appears to be part of a genitosensory network.  Recent work in our lab using an antero-

grade trans-neuronal tracer injected into the genitals of male and female rats has found dense antero-

grade labeling in the central amygdala (Normandin and Murphy, 2007), providing a functional pathway 

for the modulation of nPGi activity by the CeM through the integration of genitosensory information. 

2.4.3 Hypothalamus 

The PVN provides dense projections to the nPGi, which show little expression of ERα or AR, and 

are highly active following sexual activity in both sexes.  The robust input to the nPGi from the PVN in, 

and its associated activity during sexual behavior in, indicates that this region may be critical in both 

sexes in the control of genital reflexes in both sexes.  The PVN has been previously implicated in sexual 

behavior.  Oxytocin fibers from the PVN are found in the spinal cord regions mediating genital reflexes in 

male rats (Tang et al., 1998), and there is evidence that the PVN can directly affect motoneuron pools 

associated with sexual behavior (Perez et al., 2005; Wagner and Clemens, 1991).  PVN efferents to the 

nPGi may inhibit nPGi activity to reduce the overall inhibitory tone to genital reflexes, while at the same 

time producing direct excitation of spinal motor neurons.   Indeed, PVN activity has been associated 

with both erectile and ejaculatory behavior in male rats (Chen et al., 1997), and both males and females 

show an increase in Fos immunoreactivity in the PVN following mating (Flanagan et al., 1993; Rowe and 

Erskine, 1993; Witt and Insel, 1994).   
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The PeF projections to the nPGi were highly active in females but not males, indicating that this 

region may be important for sex-specific the control of genital reflexes.  This neuropeptide rich region, 

containing orexin, dynorphin, and neuropeptide W (Nambu et al., 1999; Niimi and Murao, 2005; 

Zardetto-Smith et al., 1988) has previously been associated with feeding behavior (Sweet et al., 1999), 

as well as arousal (Suntsova et al., 2007; Uschakov et al., 2006) and suggests that this nucleus may be 

part of a general motivational circuit.  Interestingly, the PeF has also been implicated as part of the do-

paminergic system of rats, as it projects heavily to dopaminergic neurons of the VTA (Fadel and Deutch, 

2002), suggesting a role of the PeF in reward/reinforcement systems.  In fact, at least in males, systemic 

orexin antagonsists impair copulation (Muschamp et al., 2007).  Furthermore, orexin-A administration 

increases the firing rate of VTA cells, and tyrosine hydroxylase-positive VTA cells also express mating-

induced Fos and are in close apposition to orexinergic fibers (Muschamp et al., 2007).  Presumably, PeF 

activity would also inhibit nPGi function, enabling pro-sexual behavior, and our data suggests that PeF 

signaling to the nPGi may be more important in females. 

2.4.4 Periaqueductal gray 

Throughout the rostrocaudal extent of the PAG, there were significantly more retrogradely la-

beled cells in females in comparison to males. Co-localization with ERα was comparable between the 

sexes while AR expression in these cells was greater in males than females at all levels examined. Sex 

differences in PAG output to the brainstem have been previously reported (Loyd and Murphy, 2006), 

and suggest an overarching principle of PAG-brainstem organization whereby females in general have a 

larger number of output neurons utilized in a specific circuit than males. Given the large population of 

gonadal steroid receptors localized within the PAG (Murphy et al., 1999b), these observed sex differenc-

es could be due to circulating gonadal steroids during a critical period or alternatively, represent plastici-

ty within the female PAG due to changes in gonadal steroid levels across the estrous cycle (Griffiths and 

Lovick, 2005). 
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In males, PAG neurons that project to the nPGi are preferentially localized within regions receiv-

ing input from the MPO (Murphy and Hoffman, 2001). For example, there are no projections from the 

MPO to the dorsolateral PAG; similarly, no PAG-nPGi output neurons are located there, suggesting there 

is an MPO-PAG-nPGi circuit. In addition to receiving input from the MPO, PAG-nPGi output neurons also 

receive direct input from the lumbosacral spinal cord (unpublished observations), thereby forming a 

unique spinal-supraspinal-spinal circuit. Interestingly, while sexual behavior induced extensive Fos with-

in the PAG of both males and females, very little Fos was observed in PAG-nPGi output neurons, sug-

gesting that these neurons were not directly excited during sexual behavior. Rather, the finding of little 

Fos expression in PAG-nPGi output neurons suggests that these neurons may actually have been inhi-

bited during sex; given that nPGi-spinal cord pathway must be disinhibited for genital reflexes to occur, 

it is intriguing to consider the possibility that PAG output to the nPGi is the source of disinhibition. The 

PAG receives chemosensory and neuroendocrine input, as well as sensory information pertaining to the 

exterior environment. Together, this suggests that the PAG may function as the primary ‘decision maker’ 

as to whether the intrinsic and extrinsic environment is appropriate for mating to occur. If the condi-

tions are appropriate for mating, inhibitory drive from the PAG to the nPGi is initiated and the tonic in-

hibition over nPGi-spinal cord is removed. In addition, excitatory drive to the nPGi from the MPO is in-

itiated (reflected in the high percentage of Fos in MPO-nPGi neurons) and mating occurs. Obviously, this 

is highly speculative and requires additional testing to evaluate these hypotheses.  

2.4.5 Superior and inferior colliculus 

Females had a greater number of collicular cells projecting to the nPGi than males; moderate 

amounts of sex-induced Fos were observed. The superior colliculus is classically described as part of the 

circuit producing saccades in mammalian systems.  However, recent evidence suggests that the superior 

colliculus may also be described as a source of attentional modulation for goal directed behavior that is 

independent of specific motor output (Krauzlis et al., 2004).  Stimulation of the deep layers of the supe-
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rior colliculus, the same region where the majority of afferent contributions to the nPGi are located, 

results in increased attentiveness in rats (Schenberg et al., 2005). In addition, we found that the PrC of 

the thalamus projects heavily to the nPGi, and this region is known to be connected to areas governing 

attention, including the superior colliculus (Canteras and Goto, 1999).  The activity of superior collicu-

lar/PrC projections to the nPGi may modulate nPGi function based on specific goal directed behaviors, 

such as mate pursuit and proceptive sexual behaviors. 

Like the superior colliculus, females had a greater number of inferior collicular cells projecting to 

the nPGi than males; moderate amounts of sex-induced Fos were observed.  The inferior colliculus is a 

part of the auditory system (Brozoski et al., 2007; Sun et al., 2007), and inferior collicular input to the 

nPGi may function to integrate auditory signals into sexual behavior output.  Both male and female rats 

produce ultrasonic vocalizations during sexual behavior (McGinnis and Vakulenko, 2003), and detection 

of these signals has the potential to modulate sexual behavior in rodents (Floody et al., 1998; Floody and 

Lisk, 1987; McGinnis and Vakulenko, 2003).  The relative difference between male and female rats in 

inferior collicular projections to the nPGi may indicate a difference in the importance of these ultrasonic 

vocalizations to the animals behavioral output.  Indeed females show higher levels of activity in the mid-

brain when listening to simulated mating-like ultrasonic vocalizations (Floody and Lisk, 1987). 

2.4.6 The nPGi as a central integrator for arousal 

While we have focused on the role of the nPGi in sexual behavior, the nPGi has been implicated 

in a variety of seemingly disparate systems including blood pressure (Lovick, 1992), respiration (Saether 

et al., 1987), nociception (Lanteri-Minet et al., 1994), reinforcement (Fathi-Moghaddam et al., 2006), 

audition (Kandler and Herbert, 1991) and sexual behavior (Yells et al., 1992).  Collectively, these beha-

vioral domains all contain an arousal component, and the nPGi may be one brainstem region that inte-

grates a multitude of inputs modulating arousal in these behavioral systems (Van Bockstaele and Aston-

Jones, 1995).  
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Anatomical data support this hypothesized “integrator” role of the nPGi.  Descending projec-

tions from the nPGi to spinal cell groups outside of those devoted to the somatic component of genital 

reflexes have been noted, including the intermediolateral cell column and the sacral parasympathetic 

nucleus (Hermann et al., 2003; Holstege et al., 1979).  In addition, the nPGi projects to the LC in rats 

(Aston-Jones et al., 1986; Luppi et al., 1995), and this nPGi-LC pathway has been implicated in a number 

of arousal-dependant functions (Chen and Engberg, 1989; Clark and Proudfit, 1991; Clayton and 

Williams, 2000).   The widespread afferents to the nPGi observed in the present study, in conjunction 

with nPGi output to sympathetic and parasympathetic neurons, and a supraspinal noradrenergic center, 

are one obvious way the nPGi can be seen as a stimulus integrator for arousal modulation in rats.  The 

nPGi receives extensive input from the PAG, a region known to regulate “fight or flight” responses 

(Carrive et al., 1987; Misslin, 2003), lending further support to this idea.  The regulation of arousal by the 

nPGi may be sexually dimorphic, at least with respect to the information generated by the PAG, as we 

observed a greater number of nPGi afferents from the PAG in females.    

In addition to these regions classically associated with arousal, the auditory system inputs to the 

nPGi from the cochlear nucleus and inferior colliculus may represent an integration of important audito-

ry cues for generating changes in arousal as well.  The nPGi receives input from the cochlear nucleus 

(Bellintani-Guardia et al., 1996), an auditory processing center, and we observed significant input from 

the inferior colliculus in both sexes. Lesions of the inferior colliculus produce an increase in startle res-

ponses to an auditory stimuli (Leitner and Cohen, 1985), suggesting a loss of behavioral inhibition that 

could be mediated by the nPGi.  Pontine regions are known to produce inhibition of the startle reflex 

(Fendt et al., 2001), and we have observed that many of the regions associated with this regulatory role 

(PPTg, LDTg, SNR) project to the nPGi. As females had a greater number of cells in the inferior colliculus 

that projected to the nPGi than males, this suggests that the regulation of arousal by auditory stimula-

tion may be sexually dimorphic. 
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2.5 Conclusions 

The results of this study indicate that both male and female rats have extensive projections to 

the nPGi throughout the brain.  Some of these nPGi-projecting regions, such as the PAG, superior collicu-

lus, and inferior colliculus, show a significant female-biased sex difference in the relative number of cells 

projecting to the nPGi.  In the MPO, however, we observed a significant male-biased sex-difference in 

the relative number of cells projecting to the nPGi.  Throughout the brain nPGi afferents contained re-

ceptors for the gonadal steroids, suggesting that changes in hormone levels during sexual behavior, or 

across the estrous cycle, may modulate the excitability of nPGi afferents.  ERα is expressed in many nPGi 

afferents in both sexes almost equally with few exceptions.  AR is also expressed in nPGi afferents of 

both sexes, with a clear male-bias in many regions, significantly so in the PAG.  Many of these nPGi affe-

rents are activated during sexual behavior, though a minority do so to a large degree. 

Our characterization of the anatomical organization, gonadal steroid receptor expression, and 

activity during sexual behavior of nPGi afferents is another step in understanding the control of genital 

reflexes.  Our analysis provides a new insight into the regulation of genital reflexes by supraspinal sites.  

The number and variety of nPGi afferents suggest that the nPGi itself is a major integrator of signals 

relevant to the production of genital reflexes.  This integration is likely to be context dependant as brain 

regions implicated in sexual behavior, stress, arousal, audition and attention provide input to the nPGi.  

Our analysis reveals that this integration is sexually dimorphic, possibly reflecting a bias in the impor-

tance of particular signals sent to the nPGi for appropriate genital reflex function. This information ad-

vances the understanding of the basic principles underlying human sexual dysfunction as it pertains to 

the supraspinal regulation of genital reflexes, and provides targets for further study. 
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Table 2.1 Distribution of FG+ cells, and FG+ cells that also contained ERα, AR, or sex behavior-induced 
Fos following injection of FG into the nPGi 
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Table 2.1 Continued 

 

 

Table 2.2 Sexual Behavior Measures (mean) in Tracer-injected Male and Female Rats 
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Figure 2.1 Photomicrograph of Fluorogold injection sites 
Photomicrograph depicting a typical Fluorogold (FG) injection in the nucleus paragigantocellularis (nPGi) 
of the male (A) and female (B) rat.  Note that FG injections are centered in the nPGi with little spread to 
surrounding regions.  4V=4th ventricle, py=pyramidal tract.  Scale bar = 200 µm in A (applies to A, B). 
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Figure 2.2 Distribution of FG+ cells and co-localization with gonadal steroid receptors 
Plots of FG+ cells retrogradely labeled from the nPGi (black: ipsilateral to injection site, gray: solely con-
tralateral to injection site).  Also plotted are FG+ cells containing estrogen receptor alpha (ERα; pink), or 
androgen receptor (AR; blue) of a representative male (left side) and female (right side) rat in all sec-
tions examined, relative to Bregma. 
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Figure 2.2 Continued  
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Figure 2.3 Graphs of FG+ cell counts and co-
localization with gonadal steroid re-
ceptors in the MPO 

Mean number (± standard error of the mean 
(SEM)) of FG+ cells retrogradely labeled from the 
nPGi for four rostrocaudal levels of the medial 
preoptic area (MPO; A).  The mean percentage (± 
SEM) of FG+ cells that also contained ERα

AR (C) is also shown.  Numbers below atlas im-
ages are millimeters relative to Bregma.  Note 
that females have a higher number of FG+ cells in 
the rostral MPO, whereas males have a higher 
number of FG+ cells in the caudal MPO.  Also 
note that females have a higher proportion of 
ERα/FG+ in the rostral-most level, whereas males 
have a higher proportion of ERα/FG+ cells in a 
caudal level. A higher proportion of AR/FG+ cells 
at all levels of the MPO were observed in males.  
* = significant male/female difference, p≤0.05; 
MPO=medial preoptic area. 
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Figure 2.4 Graphs of FG+ cell counts and co-localization with gonadal steroid receptors throughout the 

brain 
Mean number (± SEM) of FG+ cells retrogradely labeled from the nPGi in all regions with where dense 
labeling was observed (A).  Mean percentage (± SEM) of FG+ cells that also contained ERα

are also shown.  Note the regional specificity in sex differences in FG+ cells.  Also note the similarity be-
tween the sexes in the proportion of ERα/FG+ cells, but the male-bias at almost all levels with respect to 
the proportion of AR/FG+ cells.  * = significant male/female difference, p≤0.0031; r/cBNST= ro-
stral/caudal bed nucleus of the stria terminalis, CeM=central amygdala, PVN=paraventricular nucleus, 
PH=posterior hypothalamus, PeF=perifornical nucleus, PrC=precommissural nucleus, PF=parafascicular 
thalamic nucleus, DpMe=deep mesencephalic nucleus, InCo=intercollicular nucleus, rSC=rostral superior 
colliculus, DpG=deep gray layer of the superior colliculus, ECIC=external cortex of the inferior colliculus, 
m5=motor root of the trigeminal nerve, LRt=lateral reticular nucleus, Sp5I=interpolar spinal trigeminal 
nucleus 
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Figure 2.5 Photomicrograph of FG+ cells and co-localization with gonadal steroid receptors in the PVN 
Photomicrograph of a representative section of the paraventricular nucleus (PVN) in a male (A and C) 
and female (B and D) rat.  C and D are higher magnifications of the area indicated by the box.  Neurons 
stained brown contain FG retrogradely labeled from the nPGi, nuclei stained black contain AR and neu-
rons stained brown with nuclei stained black contain both FG and AR.  Note that both males and females 
have a similar high density of retrogradely labeled cells, and that some of these cells contain AR.  Scale 
bars = 100 µm in A (applies to A, B); 50 µm in C (applies to C, D). 
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Figure 2.6 Graphs of FG+ cell counts and co-localization with gonadal steroid receptors in the PAG 
Mean number (± SEM) of FG+ cells retrogradely labeled from the nPGi for six rostrocaudal levels of the 
periaqueductal gray (PAG; A). The mean percentage (± SEM) of FG+ cells that also contained ERα (B) or 
AR (C) is also shown.  Numbers below atlas images are millimeters relative to Bregma.  Note that fe-
males have a higher number of FG labeled cells throughout the PAG, most notably in the dorsomedial 
subdivision of the PAG, and that females differed from males significantly at four rostrocaudal levels. 
Also note that males have a higher proportion of ERα/FG+ or AR/FG+ cells at almost all levels.  * = signifi-
cant male/female difference, p≤0.05 
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Figure 2.7 Distribution of FG+ cells and co-localization with sexual behavior-induced Fos 
Plots of FG+ cells retrogradely labeled from the nPGi (black: ipsilateral to injection site; gray: solely con-
tralateral to injection site), and FG+ cells also containing Fos (green) of representative male (left sides) 
and female (right side) rat in all sections examined. 
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Figure 2.7 Continued 
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Figure 2.8 Graph of FG+ cell counts and co-localization with sexual behavior-induced Fos in the MPO 
Mean proportion (± SEM) of FG+ cells retrogradely labeled from the nPGi that also contain sex-induced 
Fos for four rostrocaudal levels of the MPO.  Numbers below atlas images are millimeters relative to 
Bregma.  Note that females have a higher proportion of Fos/FG+ cells in rostral MPO levels, and that 
males have a higher proportion of Fos/FG+ cells in caudal MPO levels.  * = significant male/female dif-
ference, p≤0.05. 
 

 
Figure 2.9 Graph of FG+ cell counts and co-localization with sexual behavior-induced Fos throughout 

the brain 
Mean proportion (± SEM) of FG+ cells that also contain sex-induced Fos in all regions with dense input to 
the nPGi.  Note the regional specificity in sex differences in the proportion of Fos/FG+, and that only a 
few regions show high sex-induced Fos in projections to the nPGi.  No differences reached significance 
at the α≤0.0031 level. 
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Figure 2.10 Photomicrograph of FG+ cells and co-localization with sexual behavior-induced Fos in the 

PeF 
Photomicrograph of a representative section of the perifornical nucleus (PeF) of the hypothalamus in a 
male (A and C) and female (B and D) rat.  C and D are higher magnifications of the area indicated by the 
box.  Neurons stained brown contain FG retrogradely labeled from the nPGi, nuclei stained black contain 
sex-induced Fos, and neurons stained brown with nuclei stained black are retrogradely labeled FG cells 
that also contain sex-induced Fos.  Note that females have a higher proportion of FG labeled cells that 
also contain sex-induced Fos.  Scale bars = 100 µm in A (applies to A, B); 50 µm in C (applies to C, D). 

 
Figure 2.11 Photomicrograph of FG+ cells and co-localization with sexual behavior-induced Fos in the 

PVN 
Photomicrograph of a representative section of the PVN in a male (A and C) and female (B and D) rat.  C 
and D are higher magnifications of the area indicated by the box.  Neurons stained brown contain FG 
retrogradely labeled from the nPGi, nuclei stained black contain sex-induced Fos, and neurons stained 
brown with nuclei stained black contain both FG and Fos.  Note that both males and females have a 
similar high density of retrogradely labeled cells, and that many of these cells contain sex-induced Fos.  
Scale bars = 100 µm in A (applies to A, B); 50 µm in C (applies to C, D). 
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Figure 2.12 Graph of FG+ cell counts and co-localization with sexual behavior-induced Fos in the PAG 
Mean proportion (± SEM) of FG+ cells retrogradely labeled from the nPGi that also contain sex-induced 
Fos for six rostrocaudal levels of the PAG.  Numbers below atlas images are millimeters relative to 
Bregma.  Male, dark gray; female, light gray.  Note that in both sexes the proportion of Fos/FG+ cells is 
quite low.  No differences reached significance at the α≤0.05 level. 
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Figure 2.13 Diagram of regions providing dense input to the nPGi 
Summary diagram of regions that provide dense input to the nPGi in male (A) and female (B) rats.  The 
color and length of bars adjacent to labels represent the relative density of FG labeled cells that also 
contain ERα (pink), AR (blue), or sex-induced Fos (green) in those regions. 
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3 EXCITOTOXIC LESIONS OF THE NUCLEUS PARAGIGANTOCELLULARIS FACILITATE MALE SEXUAL 

BEHAVIOR BUT ATTENUATE FEMALE SEXUAL BEHAVIOR IN RATS 

3.1 Introduction 

Approximately 30% of men and 40% of women have some form of sexual dysfunction, including 

erectile dysfunction, premature ejaculation, and delayed ejaculation in males, and dyspareunia and va-

ginal spasms in females (Breiner, 2004; Laumann et al., 1999).  One underlying factor that contributes to 

all of these disorders is a dysregulation of genital reflexes including ejaculation and vaginal contractions.  

As these reflexes are modulated supraspinally, a clear understanding of the contribution of the different 

brain sites to genital reflex control is clearly warranted. 

The nucleus paragigantocellularis (nPGi) of rostroventrolateral medulla has been hypothesized 

to be the source of tonic descending inhibition of genital reflexes in male rats (Marson and McKenna, 

1990).  The nPGi sends projections to the lower lumbar and upper sacral (L5-S1) spinal cord motor neu-

rons that innervate the bulbospongiosus and ischiocavernosus muscles, which are critical for the expres-

sion of ejaculation in male rats (Hermann et al., 2003; Marson and Carson 3rd, 1999; Marson and 

McKenna, 1996; Tang et al., 1999).  In humans, the homologous structure is referred to as the nucleus 

paragigantocellularis lateralis (Zec and Kinney, 2001) and, as in the rat, it is also hypothesized to be as-

sociated with descending inhibition of genital reflexes (Johnson, 2006). 

In male rats, lesions of the nPGi result in the facilitation of sexual behavior (Yells et al., 1992; 

Yells et al., 1994) as well as an increase in the number of ex copula erections (Marson et al., 1992; 

Marson and McKenna, 1990) in an artificial model of genital reflexes.  Similarly, electrical stimulation of 

the nPGi produces increased firing latency and decreased amplitude of firing in the spinal motor neu-

rons associated with genital reflexes (Johnson and Hubscher, 1998), consistent with the role of the nPGi 

as the source of descending inhibition to genital reflexes..   
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Studies examining the impact of nPGi lesions on the full range of male sexual behavior have ex-

clusively employed fiber-destroying electrolytic lesions (Holmes et al., 2002; Liu and Sachs, 1999; Yells et 

al., 1992).  Therefore, the contribution of fibers-of-passage in the region of the nPGi to the control of 

genital reflexes cannot be excluded.  In the present study, we used excitotoxic lesions of the nPGi to 

confirm that nPGi neurons, and not fibers-of-passage, are the primary source of descending inhibition of 

male sexual behavior.  We hypothesized that disruption of descending input from nPGi neurons would 

facilitate sexual behavior in male rats.   

To date, the role of the nPGi in female sexual behavior has not been directly tested. Retrograde 

trans-synaptic tracing from the rat clitoris (Marson and Murphy, 2006), vagina (Marson and Murphy, 

2006), and cervix (Lee and Erskine, 2000) produce labeling in the nPGi at time points consistent with a 

direct monosynaptic projection form the nPGi to the motoneurons controlling the genital musculature.  

In addition, a number of brain regions associated with sexual behavior send direct projections to the 

nPGi in females (Marson and Foley, 2004; Marson and Murphy, 2006; Murphy and Hoffman, 2001; 

Normandin and Murphy, 2008), further suggesting a role for the nPGi in female sexual behavior. 

In the present study, we also used excitotoxic lesions of the female nPGi to determine its impact 

on sexual behavior.  Unlike male rats, where genital reflexes such as ejaculation can be measured direct-

ly, there is no discrete measure of female “ejaculation.”  However, paced-mating behaviors are depen-

dent on genitosensory feedback (Camacho et al., 2009; Coopersmith et al., 1996; Erskine, 1992) which 

may be altered by a disruption of genital reflexes.  As a secondary measure, we also examined the im-

pact of nPGi lesions on the formation of a conditioned place preference (CPP) for artificial vaginocervical 

stimulation (aVCS).  We hypothesized that disruption of genital reflexes through the nPGi would block 

the formation of a CPP for aVCS in females.  Lastly, we explored how excitotoxic lesions of the nPGi 

might alter sexual behavior- and aVCS-induced expression of the immediate-early gene product Fos, a 
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marker of neural activity (Hoffman and Lyo, 2002; Hoffman et al., 1993) in brain regions associated with 

reward and sexual behavior.  

3.2 Materials and methods 

3.2.1 Subjects 

23 male and 55 female Sprague-Dawley Rats (Rattus Norvegicus; Charles River; 275-375g) were 

same-sex double-housed in a temperature controlled vivarium in reverse light (lights on 7:00pm, off 

7:00am) with ad libitum access to food and water.  All experiments were approved by the Georgia State 

Institutional Animal Care and Use Committee, with pain and suffering minimized in accordance with the 

Committee’s policies. 

3.2.2 Ovariectomy and gonadal-steroid replacement 

All females were ovariectomized and received injections of β-Estradiol-3-Benzoate (10ug/0.1ml 

sesame oil s.c.; Sigma Aldrich) 48 hours before testing and Progesterone (500ug/0.1ml sesame oil s.c.; 

Fluka) 4 hours before testing, to induce sexual receptivity (Barfield and Lisk, 1970; McEwen et al., 1987; 

Quadagno et al., 1972). 

3.2.3 nPGi lesions 

All surgeries were performed under aseptic conditions.  Animals were anesthetized by inhalation 

of Isoflurane (2-5%; Henry Schein) and placed in a stereotaxic frame.  The skull was leveled such that 

Bregma and Lambda were at the same dorsoventral plane.  Excitotoxic lesions were produced by bila-

teral injection of N-methyl-D-aspartate (NMDA; 20mg/ml in dH2O; Sigma Aldrich; 14 males, 40 females), 

using a 1µl Hamilton syringe. Control animals received bilateral injection of vehicle (dH2O; 7 males, 20 

females).  The coordinates for the nPGi were (in mm): AP -12.0 Bregma, Ml +/1.25, DV -8.5.  NMDA or 

vehicle (150nl/side) was injected slowly over 2 minutes and the syringe was left in place for 10 min. be-

fore being slowly removed.  Animals received Buprenorphine (0.1mg/kg s.c.; Henry Schein) for pain re-
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lief, and Baytril (5mg/kg i.m.; Henry Schein) as a prophylactic antibiotic.  Animals recovered in clean 

heated cages before being returned to the housing facility.   

3.2.4 Sexual behavior 

All sexual behavior tests were conducted in acrylic aquariums (61cm x 30.5cm x 30.5cm).  Males 

engaged in non-paced mating with a non-experimental stimulus female as previously described 

(Normandin and Murphy, 2008).  Female sexual behavior was conducted using a paced mating arena in 

which a divider containing two 4cm diameter holes through which only the females could pass was 

placed in the last 1/3 of the arena.  Animals were acclimated to the arena prior to the initiation of the 

experiment for 10 minutes on two consecutive days.   Three and six days later, animals engaged in 1-

hour mating bouts with stimulus animals to gain sexual experience.  A third mating bout on day nine 

served as the baseline (pre-lesion) measure.  Experimental animals then underwent lesion (or sham 

lesion) surgery as described above.  Following a seven-day recovery, a final mating bout served as the 

post-lesion measure.  All sexual behavior bouts were recorded and the number of mounts, intromis-

sions, and ejaculations, latency to begin mating, ejaculation latency, and post-ejaculatory interval was 

scored.  In addition, the lordosis rating (LR; 0, 1, or 2), lordosis quotient (LQ; mean number of lordo-

sis/total number of copulatory events), number of chamber changes, hops/darts, time spent in the mat-

ing chamber, and ejaculation-return latency was scored for females.  One hour after ejaculation (or re-

ception of an ejaculation in females), animals were euthanized with SleepAway (0.5ml i.p.; Henry 

Schein) and brains processed for sexual-behavior induced Fos.  Only animals with normal sexual beha-

vior (males: at least one ejaculation during the baseline test; females: lordosis reflex and the reception 

of at least one ejaculation during the baseline test were used in the nPGi lesion studies. 

3.2.5 Conditioned place preference for aVCS 

A separate group of hormone primed females engaging in two 1-hour mating bouts with stimu-

lus males to obtain sexual experience prior to receiving nPGi lesions (or sham).   Seven days after surgery 
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females  were tested for the formation of a CPP for aVCS tests using the protocol outlined by Meerts 

and Clark (2009). The CPP apparatus consisted of three acrylic chambers: an opaque white chamber 

(46cm x 61cm x 41cm), unscented, lighted, with bedding; a transparent neutral connecting chamber 

(23cm x 41cm x 41cm); and an opaque gray chamber (46cm x 61cm x 41cm), scented with 2% glacial 

ascetic acid, dark, without bedding.  Females were placed in the neutral chamber of the CPP apparatus 

and the time spent in each of the chambers was recorded for 30 minutes to serve as a baseline prefe-

rence test.  aVCS was administered using a lubricated plunger from a 1ml syringe that was inserted into 

the vaginal canal up to the cervix for 2 seconds, every 30 seconds, for 15 total stimulations (Meerts and 

Clark, 2009; Tetel et al., 1993).  This semi-natural temporal sequence has been shown to produce a CPP 

(Meerts and Clark, 2009).  The aVCS reinforcement schedule was as follows: alternating every three 

days, females would receive either aVCS in a mating arena and then be placed in their non-preferred 

CPP chamber (i.e. the reinforced chamber) for 30 min., or no aVCS and placed in their preferred cham-

ber (i.e. the non-reinforced chamber) for 30 min.  Equal time (1.5 hours total) was spent in reinforced 

and non-reinforced chambers with aVCS only being paired with the reinforced chamber.  Three days 

after the aVCS reinforcement schedule the females were again placed in the neutral chamber of the CPP 

apparatus and the time spent in each of the chambers was recorded for 30 minutes to serve as a test of 

reinforcement.  Total time in the reinforced and non-reinforced chambers in the baseline and post-

reinforcement test were calculated, as well as a preference score for the reinforced chamber ([time 

spent in reinforced chamber – time spent in non-reinforced chamber] / total time), and a difference 

score (time spent in non-reinforced chamber – time spent in reinforced chamber).  Following the final 

CPP test, females received aVCS (as above), were euthanized by SleepAway (0.5ml i.p.; Henry Schein) 60 

minutes later, and the brains were processed for aVCS-induced Fos expression.  Animals that did not 

explore both of the CPP chambers were excluded from analysis. 
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3.2.6 Perfusion / fixation / tissue preparation 

After receiving a euthanizing dose of SleepAway (0.5ml i.p.; Henry Schein) animals were tran-

scardially perfused with 250 ml of 0.9% sodium chloride/2% sodium nitrite, followed 300 ml of 4% para-

formaldehyde 2.5% acrolein (Polysciences) in 0.1 M phosphate buffer then 150ml of the sodium chlo-

ride/sodium nitrite solution.  Following perfusion/fixation, brains were removed and stored at 4°C in 

30% sucrose solution until sectioned. Brains were cut into 25µm coronal sections in a 1:6 series from the 

rostrum to the brainstem, and a 1:4 series from brainstem to spinal cord, with a Leica 2000R freezing 

microtome and stored free-floating in cryoprotectant-antifreeze solution (Watson et al., 1986) at -20°C. 

3.2.7 Immunohistochemistry 

Brainstem tissue was sectioned at 25µm in a 1:4 series and processed for NeuN for lesion verifi-

cation.  Tissue rostral to the brainstem was cut in a 1:6 series and processed for sexual behavior- or 

aVCS-induced Fos expression as previously described (Loyd and Murphy, 2006; Murphy and Hoffman, 

2001). Briefly, sections were removed from the cryoprotectant solution, rinsed extensively in potassium 

phosphate buffered saline (KPBS; pH 7.4), and then reacted for 20 minutes in 1% sodium borohydride to 

remove excess aldehydes.  Sections were then incubated in primary antibody solution directed against 

either NeuN (Millipore, MAB377; monoclonal, raised in mouse; 1:70,000) or Fos (Calbiochem, PC38; 

polyclonal, raised in rabbit; 1:20,000) in KPBS containing 0.1% Triton-X for 1 hour at room temperature 

followed by 48 hours at 4°C.  After primary antibody incubation, tissue was rinsed in KPBS, incubated for 

1 hour in biotinylated goat-anti mouse (mouse anti-NeuN primary antibody) or goat anti-rabbit (rabbit 

anti-Fos primary antibody) IgG (Jackson Immunoresearch Labs Inc.) at a concentration of 1:600, rinsed in 

KPBS, followed by a 1 hour incubation in avidin-biotin peroxidase complex (Vector Labs, ABC Elite Kit PK-

6100) at a concentration of 1:10. After rinsing in KPBS and sodium acetate (0.175 M; pH 6.5), NeuN and 

Fos were visualized as a black reaction product using nickel sulfate intensified 3,3’-diaminobenzidine 

solution containing 0.08% hydrogen peroxide in sodium acetate buffer. The reaction product was termi-
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nated after approximately 15 minutes by rinsing in sodium acetate buffer.  Sections were mounted out 

of saline onto gelatin-subbed slides, air dried overnight, dehydrated in a series of graded alcohols, 

cleared in Histoclear, and cover-slipped using Permount. 

3.2.8 Lesion analysis 

NMDA and sham lesion sites were verified by microscopic analysis of nPGi-containing brainstem 

sections stained immunohistochemically for NeuN (as above).  Sections were examined by light-

microscopy and any neural destruction was plotted based on the atlas of Paxinos and Watson (2005), to 

determine the extent of- or absence of lesions. 

3.2.9 Sexual behavior- and aVCS-induced Fos expression analysis 

Fos expression was used as a measure of neural activity induced by sexual behavior in males and 

females and aVCS in females.  The number of Fos+ cells was counted in regions previously associated 

with sexual behavior and/or reward, including the medial preoptic area (MPOA), paraventricular hypo-

thalamic nucleus (PVN), ventromedial hypothalamic nucleus (VMN), posterodorsal medial amygdala 

(MePD), ventrolateral periaqueductal gray (vlPAG), and nucleus accumbens (NAcc).  Sections immuno-

histochemically stained for Fos (as above) were examined by light microscopy and the number of cells 

expressing Fos, noted as dark nuclei, were counted manually by a rater blind to experimental condition.  

One rostro-caudal section (with respect to Bregma in mm.) for each region was examined, and the num-

ber of Fos+ neurons determined: MPOA (-0.72); PVN (-1.56); VMN (-2.92), MePD (-2.92), vlPAG (-7.68), 

and NAcc (1.92). 

3.2.10 Statistical analysis 

Planned comparisons of means, both between (lesion vs. control) and within groups (pre- and 

post-lesion), were conducted using independent and dependent t-tests.  Percentile data in the CPP tests 

were analyzed with nonparametric Mann-Whitney tests.  All statistical comparisons were made with the 

alpha value set at p<0.05.   
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3.3 Results 

3.3.1 Lesion verification 

Representative photomicrographs of an NMDA lesion of the nPGi and a vehicle sham lesion with 

a focal point in the nPGi are shown in Figure 3.1.  The smallest and largest of the NMDA lesions included 

for analysis are plotted on serial brainstem sections in Figure 3.2.   

3.3.2 Male sexual behavior 

nPGi lesions produced a facilitation of male sexual behavior in many measures related to genital 

reflex functions.  Table 3.1 summarizes the results of all male sexual behavior for the lesion (n=9) and 

control (n=8) groups.  The mean number of mounts or intromissions in the sexual behavior test did not 

change significantly from baseline in either the lesion or control groups (Figure 3.3A & B).  The mean 

number of ejaculations significantly increased from baseline within the lesion group (p=0.004) but did 

not change within the control group (p=0.451; Figure 3.3C).  In addition, the mean number of ejacula-

tions in the sexual behavior test was significantly greater in the lesion group than in the control group 

(p=0.017; Figure 3.3C).  There was a concomitant decrease in the mean number of intromissions re-

quired for ejaculation from baseline within the lesion group (p=0.011) but not the control group 

(p=0.886; Figure 3.3D).  There was also a decrease in the mean ejaculation latency from baseline within 

the lesion group (p=0.038) but not within the control group (p=0.731; Figure 3.3E) 

Other measures of male sexual behavior not directly related to genital reflex function were unal-

tered by nPGi lesions.  Both the mean latency to begin mating and the mean post-ejaculatory interval 

did not differ from baseline in either the group. (Figure 3.4A, B). 

3.3.3 Female sexual behavior  

Table 3.2 summarizes the results of all female sexual behavior in the lesion (n=14) and control 

(n=12) groups.  Female sexual behavior was largely unaffected by lesions of the nPGi in measures of the 

stimulus males’ behavior, as well as in most measures of the females’ behavior.  The mean number of 
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intromissions and ejaculations received did not differ from baseline within either group (Figure 3.5B, C).  

The stimulus males mean ejaculation latency also did not change from baseline within either group (Fig-

ure 3.5D).  Mean lordosis rating and the mean lordosis quotient were unchanged from baseline within 

either group (Figure 3.6A, B).  In addition, the mean number of hop-darts and the mean number of 

chamber changes did not change from baseline in either group (Figure 3.6C, 3.7A). 

nPGi lesions resulted in the attenuation of some behaviors.  The mean number of mounts in-

creased from baseline within the control group (p=0.046) but did not change within the lesion group 

(p=0.252; Figure 3.5A).  Similarly, there was an increase in the mean time spent in the mating chamber 

from baseline within the control group (p=0.041) but not within the lesion group (p=0.394; Figure 3.7B).  

In parallel, there was an increase in the mean ejaculation-return latency from baseline within the lesion 

group (p=0.037), but not within the control group (p=0.159), although the lesion and control groups did 

differ in mean ejaculation-return latency baselines (p=0.020; Figure 3.7C).  Together these results sug-

gested that while nPGi lesions did not alter female sexual behavior directly, the quality of the mating 

experience was altered for the lesion females.  Therefore, to test the hypothesis that the rewarding 

aspect of sexual behavior was altered in nPGi lesioned females, we next tested whether these animals 

were still able to form a CPP for aVCS. 

3.3.4 Female CPP for aVCS 

Table 3.3 summarizes the results of all CPP tests for the lesion (n=13) and control (n=8) groups.  

Within both the lesion and control groups animals preferred (i.e. spent more time in) either the white or 

gray compartments.  Henceforth the preferred compartment is referred to as the “non-reinforced” 

compartment, and the non-preferred compartment is referred to as the “reinforced” compartment, 

regardless of their quality (i.e. white or gray).  The preference scores for the reinforced compartments 

for animals preferring either the white or gray compartment did not differ for either the lesion or con-

trol group indicating that animals had no overwhelming preference for just one kind of compartment. 
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nPGi lesions attenuated some aspects of CPP formation for aVCS.  Post-reinforcement, there 

was a significant increase in the mean preference score, and a significant decrease in the mean differ-

ence score in both the lesion group (preference score: p=0.006; difference score: p=0.015), and control 

group (preference score: p=0.009; difference score: p=0.010), indicating the formation of a CPP for aVCS 

(Figure 3.8A, B).  However, the percent time spent in the reinforced chamber after reinforcement did 

not change in the lesion group (p=0.096) but was significantly increased in the control group (p=0.036; 

Figure 3.8C), indicating that the CPP formed in the lesion group was attenuated or of a lesser quality in 

comparison to the control group.   

3.3.5 Male sexual behavior-induced Fos expression 

There were no significant differences between the lesion and control groups in the mean num-

ber of sexual behavior-induced Fos+ cells (Figure 3.9A) in males.  

3.3.6 Female sexual behavior-induced Fos expression 

nPGi lesions produced a significant reduction in the number of sexual behavior-induced Fos-

expressing neurons in the MPOA (p=0.040), PVN (p=0.001; Figure 3.11), VMN (p=0.029; Figure 3.12), and 

MePD (p=0.012; Figure 3.9B) in females.  No significant differences in the mean number of sexual beha-

vior-induced Fos+ cells were observed in the NAcc. 

3.3.7 Female aVCS-induced Fos expression 

No significant differences in the mean number of aVCS-induced Fos+ cells were found between 

the lesion and control groups for all regions examined (Figure 3.9C).  

3.4 Discussion 

3.4.1 Males 

As hypothesized, excitotoxic lesions of the nPGi facilitated sexual behavior in males.  We ob-

served a significant increase in the mean number of ejaculations, as well as a significant decrease in the 

number of intromissions required for ejaculation within the nPGi lesion group. Facilitation of sexual be-
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havior as a result of excitotoxic nPGi lesions is further supported by a significant decrease in ejaculation 

latency within the lesion group.  The mean latency to begin mating and the post-ejaculatory interval 

were not altered by nPGi lesions, suggesting that the nPGi is not involved in the expression of these be-

haviors.  Indeed, these behaviors are thought to be under the control of upstream sites (Phillips-Farfan 

and Fernandez-Guasti, 2009), particularly those sites associated with the mesolimbic dopamine reward 

system (Agmo and Fernandez, 1989; Guevara et al., 2008; Hull et al., 1995; Kleitz-Nelson et al., 2010) 

and nPGi lesions would not be expected to produce any changes in these measures.  

Despite the dramatic effects of nPGi lesions on behavior, nPGi lesions did not alter sexual beha-

vior-induced Fos in male rats.  This suggests that the feedback from the reduction in ejaculation latency 

and the increase in the number of ejaculations observed in our nPGi lesioned males does not alter activi-

ty in regions associated with sexual behavior.  This further suggests that the regions examined do not 

alter their activity as a function of feedback during sexual behavior, but rather provide input that is un-

der the control of intrinsic drives (e.g. circulating hormones).  Indeed, transections of the pelvic nerve do 

not alter mating-induced Fos-expression in the MPOA, VMN, or MePD indicating that some mechanism, 

other than genitosensory feedback, is responsible for activity associated with sexual behavior in these 

regions (Wersinger et al., 1993). 

The results of the present study are in line with previous studies examining the impact of elec-

trolytic (fiber-destroying) nPGi lesions on the full range of male sexual behavior (Liu and Sachs, 1999; 

Yells et al., 1992).  Specifically, these studies reported a decrease in ejaculation latency, as well as an 

increase in the number of ejaculations as a result of nPGi lesions.  Our results confirm that it is indeed 

nPGi neurons, and not fibers-of-passage, that provide the tonic descending inhibitory control over ge-

nital reflexes in males.  These results also confirm that the artificially induced urethrogenital reflex is an 

appropriate model for studying male sexual behavior, as excitotoxic lesions of the nPGi facilitate the 

urethrogenital reflex in a similar manner to our results (Marson et al., 1992; Marson and McKenna, 
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1990).   Interestingly  we did not see a statistically significant reduction in the mean number of mounts 

or intromissions as a result of excitotoxic nPGi lesions as others have reported (Yells et al., 1992), sug-

gesting that fibers-of-passage (and not nPGi neurons) might be responsible for the observed change. 

3.4.2 Females 

Excitotoxic lesions of the nPGi altered unique aspects of paced-mating behavior.  In particular, 

nPGi lesioned animals did not increase the number of mounts received, or increase the amount of time 

spent in the mating arena, as is typically observed in females following successive mating experiences 

(Nofrey et al., 2008).  Similarly, ejaculation-return latencies were significantly longer in nPGi lesioned 

animals.  Other measures of the stimulus males’ sexual behavior, such as the mean number of intromis-

sions, ejaculations, and the mean ejaculation latency did not change in either group.  In addition, nPGi 

lesions had no effect on proceptive (mean number of hops/darts) and receptive (mean lordosis rating 

and lordosis quotient) behaviors.  Taken together this data suggests that excitotoxic nPGi lesions in fe-

males attenuate only paced-mating behaviors. 

With the combination of the lack of increase in time spent mating, and the increase in the ejacu-

lation-return latency, it appears that the lesioned females might find some aspects of sexual behavior 

either aversive or unrewarding.  To address this possibility, we conducted the CPP for aVCS experiment.   

Our analysis revealed that while our lesion group formed a CPP, the strength of the CPP was limited 

compared to controls.  Specifically, while there was a statistically significant increase in the mean prefe-

rence score from baseline to post-reinforcement within the lesion group, the mean value of the prefe-

rence score was still below 0.50, indicating that lesioned animals still preferred the non-reinforced com-

partment.  In addition, the mean percentage of time spent in the reinforced chamber was significantly 

greater within the control group, but not within the lesion group (indeed the means are in opposing 

directions).  This data, together, suggests that excitotoxic lesions of the nPGi attenuate CPP formation 

for aVCS. 
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In contrast to males, nPGi lesions reduced the number of Fos+ cells in a number of brain regions 

including the MPOA, PVN, VMN, and MePD.  As mentioned above, while transections of the pelvic nerve 

do not alter mating-induced Fos-expression in the MPOA, VMN, or MePD in male rats, such transections 

attenuate mating-induced Fos in these regions in female rats (Wersinger et al., 1993). This indicates that 

genitosensory feedback is important for the modulation of activity in these regions.   

Our nPGi lesion data suggests that the quality of the mating experience for the female might be 

altered given that these females spend less time with the male and had longer ejaculation-return laten-

cies.  We suggest that the quality of the mating, as a result of disruption of supraspinal modulation of 

genital reflexes and suboptimal genitosensory input, is reduced for these females, and that the reduc-

tion in sexual behavior-induced Fos that we observed results from such dysregulation, much like the 

attenuation of mating-induced Fos as a result of pelvic nerve transection.  However, we do not observe 

any changes in aVCS-induced Fos expression in our lesioned females.  Therefore, it is possible that the 

stimulus females received during aVCS, while strong enough to produce a CPP, does not constitute an 

ethologically valid stimulus with regards to activity in the brain regions we examined. 

The effects of nPGi lesions in females, taken together, are admittedly subtle.  Given the anatom-

ical connections between upstream sites to the nPGi, and from the nPGi to the spinal cord, one interpre-

tation of this data is that during mating, normal muscular contractions within the vagina are disrupted 

by nPGi lesions.  Such dysregulation of genital reflexes would produce either an increase in vaginal mus-

cular tone that would be aversive, or a decrease in tone that would not provide appropriate reinforcing 

feedback to the female.  It is also possible that other behavioral systems override any perceived aversion 

or lack of stimulation.  These females were given a standard receptivity-priming regimen of estradiol and 

progesterone.  Such doses maximize mating behavior in females and this state in which motivational 

drive for mating is high might overcome any perceived aversion or lack of stimulation.  A direct examina-

tion of vaginal muscular tone after nPGi lesions is warranted to help address this issue. 
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3.5 Conclusions 

The nPGi provides a relay between upstream sites regulating sexual behavior and the spinal cord 

motor neurons responsible for genital reflexes.  Excitotoxic lesions of the nPGi facilitated male sexual 

behavior in measures directly related to genital reflex function in a manner consistent with previous 

reports, confirming that nPGi neurons, and not fibers-of-passage, are the locus for descending inhibition 

of genital reflexes.  Excitotoxic lesions of the nPGi in females attenuated paced-mating behaviors, but 

not other aspects of female sexual behavior, as well as sexual behavior-induced Fos-expression in the 

hypothalamus and amygdala.  These lesions also weakened the formation of a CPP for aVCS, indicating 

that dysregulation of vaginal reflexes impacts the quality of the mating experience in females.  The 

common occurrence of sexual dysfunctions in humans often includes an underlying dysregulation of 

genital reflexes.  The activity of an nPGi homologue in humans could account for such dysregulation if 

activity in this region is abnormal.  



59 

 

Table 3.1 Sexual behavior measures (mean +/- standard error of the mean (SEM)) in control group and 
lesion group males 

 
 

 
 

* = p<0.05 within-group comparison, † = p<0.05 between-group comparison 
 
 
Table 3.2 Sexual behavior measures (mean +/- SEM) in control group and lesion group females 

 
 

 
 

 
 

* = p<0.05 within-group comparison, † = p<0.05 between-group comparison 
 
 

Table 3.3 Conditioned place preference measures (mean +/- SEM) in control group and lesion group 
females 

 
 

* = p<0.05 within-group comparison, † = p<0.05 between-group comparison 
  

Baseline Test Baseline Test Baseline Test Baseline Test

Control 56.25 +/- 12.91 29.50 +/- 10.02 48.88 +/- 7.60 38.00 +/- 5.38 4.38 +/- 0.42 3.88 +/- 0.48 11.68 +/- 1.98 12.17 +/- 3.42

Lesion 35.33 +/- 5.02 32.56 +/- 6.05 41.89 +/- 1.90 35.11 +/- 3.99 4.22 +/- 0.31 5.33 +/- 0.27 * † 10.33 +/- 0.82 6.55 +/- 0.70 *

Intromissions pre Ejaculation

Sexual Behavior

Mounts Intromissions Ejaculations

Baseline Test Baseline Test Baseline Test

Control 5.99 +/- 0.95 5.49 +/- 0.92 7.53 +/- 0.43 7.62 +/- 0.40 6.32 +/- 1.19 16.72 +/- 7.67

Lesion 5.49 +/- 1.03 3.80 +/- 0.35 * 7.07 +/- 0.37 7.56 +/- 0.54 21.73 +/- 7.01 14.70 +/- 5.89

Post-Ejaculatory IntervalEjaculation Latency Latency to Mating

Baseline Test Baseline Test Baseline Test Baseline Test

Control 20.67 +/- 5.63 33.67 +/- 6.97 * 26.75 +/- 3.08 31.92 +/- 3.11 3.33 +/- 0.28 3.67 +/- 0.36 7.23 +/- 0.87 7.16 +/- 1.15

Lesion 22.43 +/-5.66 32.00 +/- 6.31 23.86 +/- 2.50 30.71 +/- 2.89 3.00 +/- 0.21 3.79 +/- 0.28 8.56 +/- 0.58 7.63 +/- 0.82

Stimulus Male Sexual Behavior

Ejaculation LatencyMounts Received Intrommissions Received Ejaculations Received

Baseline Test Baseline Test Baseline Test

Control 1.64 +/- 0.09 1.58 +/- 0.10 0.99 +/- 0.01 1.00 +/- 0.00 49.67 +/- 13.21 57.75 +/- 13.83

Lesion 1.78 +/- 0.04 1.75 +/- 0.05 1.00 +/- 0.00 1.00 +/- 0.00 59.86 +/- 11.50 69.71 +/- 12.91

Proceptive and Receptive Behaviors

Lordosis Rating Lordosis Quotient Hops & Darts

Baseline Test Baseline Test Baseline Test

Control 73.33 +/- 10.30 58.50 +/- 10.96 18.01 +/- 2.02 25.85 +/- 3.49 * 4.73 +/- 0.70 3.88 +/- 0.43

Lesion 75.86 +/- 9.52 74.00 +/- 8.76 22.85 +/- 3.84 20.65 +/- 3.06 2.82 +/- 0.39 † 4.08 +/- 0.48 *

Paced-Mating Behaviors

Chamber Changes Time Mating Ejaculation-Return

Baseline Test Baseline Test Non-Reinforced Reinforced

Control 0.28 +/- .07 0.57 +/- 0.04 * 258.88 +/- 77.35 -106 +/- 69.67 * 44.59 +/- 3.99 55.41 +/- 3.99 *

Lesion 0.32 +/- 0.03 0.46 +/- 0.04 * 376.31 +/- 66.85 69.00 +/- 108.39 * 52.93 +/- 4.40 47.07 +/- 4.40

Conditioned Place Preference for aVCS Behavior

Preference Score Difference Score % Time Post-Reinforcement
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Figure 3.1 Photomicrograph of sham lesion and lesion sites 
Photomicrograph of Neuronal Nuclei (NeuN) immunolabeled cells of the brainstem.  Intra-nucleus para-
gigantocellularis (nPGi) injection of vehicle (left) preserved NeuN immunoreactivity in the nPGi.  Intra-
nPGi injection of N-methyl-D-aspartate (right) markedly reduced immunoreactivity for NeuN in the nPGi. 
nPGi=nucleus paragigantocellularis, py=pyramidal tract, 4V=4th ventricle  
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Figure 3.2 Diagram of lesion sites 
Diagram of the extent of the largest lesion (dark purple) and smallest lesion (light purple) in animals 
considered to have appropriate nPGi lesions and who were subsequently used in behavioral analysis. 
Modified from Paxinos and Watson (2005). 
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E Figure 3.3 Measures of male sexual behaviors related 
to genital reflex function 

Sham/lesions of the nPGi did not alter the mean num-
ber of mounts (A) or intromissions (B) from baseline to 
sexual behavior test within either the control or lesion 
group.  However, such lesions increased the mean 
number of ejaculations (C) within the lesion group 
(p=0.004), and the mean number of ejaculations in the 
test was also greater in the lesion group than in the 
control group (p=0.017).  The mean number of intro-
missions per ejaculation (D) decreased within the le-
sion group (p=0.010), but not within the control 
group.  The mean ejaculation latency (min.; E) de-
creased within the lesion group (p=0.038), but not 
within the control group.  * = p<0.05, error bars = 
standard error of the mean (SEM). 
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Figure 3.4 Measures of male sexual behavior unrelated to genital reflex function 
Sham/lesions of the nPGi did not alter the latency to mating (A) or post-ejaculatory interval (B) from 
baseline to sexual behavior test within either the control or lesion group.  Error bars = SEM. 
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Figure 3.5 Measures of stimulus males’ sexual behavior during mating with experimental females 
Sham/lesions of the nPGi did not alter the mean number of mounts received (A), intromissions received 
(B), ejaculations received (C), or mean ejaculatory latency (D) from baseline to sexual behavior test with-
in either the control or lesion group.  * = p<0.05, error bars = SEM. 
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Figure 3.6 Measures of female receptive and proceptive sexual behavior 
Sham/lesions of the nPGi did not alter the lordosis rating (A), lordosis quotient (B), or the mean number 
hops and darts (C) from baseline to sexual behavior test within either the control or lesion group.  Error 
bars = SEM. 
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Figure 3.7 Measures of female paced-mating behaviors during sexual behavior 
Sham/lesions of the nPGi did not alter the number of chamber changes (A) from baseline to sexual be-
havior test within either the control or lesion groups.  The time spent in the mating chamber (B) in-
creased within the control group (p=0.041) but not within the lesion group.  The ejaculation return la-
tency (C) increased within the lesion group (p=0.037) but not within the control group, although he eja-
culation return latency at baseline was higher in the control group than in the lesion group (p=0.020).  * 
= p<0.05, error bars = SEM. 
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Figure 3.8 Measures of condition placed preference for aVCS in females 
Both the control and lesion groups had a significant increase in the preference score for the reinforced 
compartment (A) from baseline to the post-reinforcement test (control: p=0.009, lesion: p=0.006).  
There was also a significant decrease in the difference score (B) within both the control and lesion 
groups (control: p=0.010, lesion: p=0.015).  The percent time spent in each chamber post-reinforcement 
(C) was higher in the reinforced compartment than the non-reinforced compartment within the control 
group (p=0.036) but not within the lesion group.  * = p<0.05, error bars = SEM. 
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Figure 3.9 Sexual behavior- and aVCS-induced Fos expression in male and female rats 
There were no significant differences in sexual behavior-induced Fos expression in the brain regions 
examined in male rats (A) as a result of nPGi lesions.  In female rats, nPGi lesions produced a significant 
reduction in sexual behavior-induced Fos expression (B) in the medial preoptic area (MPOA; p=0.040), 
paraventricular hypothalamic nucleus (PVN; p=0.001), ventromedial hypothalamic nucleus (VMN; 
p=0.029), and posterodorsal medial amygdala (MePD; p=0.012).  Artificial vaginocervical stimulation 
(aVCS)-induced Fos expression in female rats within the brain regions examined did not differ as a func-
tion of nPGi lesions (C). NAcc=nucleus accumbens, vlPAG=ventrolateral periaqueductal gray, * = p<0.05, 
error bars = SEM. 
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Figure 3.10 Photomicrographs of sexual behavior-induced Fos immunoreactivity in the nucleus ac-

cumbens of a control and lesion female rat 
Photomicrographs of sexual behavior-induced Fos immunoreactivity in the nucleus accumbens (out-
lined) of a control (left) and lesion (right) female rat reveal no difference in the number of Fos+ cells as a 
result nPGi lesions.  LV=lateral ventricle, NAcc=nucleus accumbens, ac=anterior commissure. 

 

 
Figure 3.11 Photomicrographs of sexual behavior-induced Fos immunoreactivity in the paraventricular 

hypothalamic nucleus of a control and lesion female rat 
Photomicrographs of sexual behavior-induced Fos immunoreactivity in the paraventricular nucleus (out-
lined) of a control (left) and lesion (right) female rat reveal that nPGi lesions reduce Fos immunoreactivi-
ty in the PVN.  3V=third ventricle, PVN=paraventricular nucleus, f=fornix. 
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Figure 3.11 Photomicrographs of sexual behavior-induced Fos immunoreactivity in the ventromedial 

hypothalamic nucleus of a control and lesion female rat 
Photomicrographs of sexual behavior-induced Fos immunoreactivity in the ventromedial nucleus (out-
lined) of a control (left) and lesion (right) female rat reveal that nPGi lesions reduce Fos immunoreactivi-
ty in the VMN.  3V=third ventricle, VMN=ventromedial nucleus, f=fornix. 
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4 SEROTONERGIC LESIONS OF THE MIDBRAIN SOURCE OF SEROTONIN TO THE NUCLEUS PARA-

GIGANTOCELLULARIS FACILITATE SEXUAL BEHAVIOR IN MALE RATS 

4.1 Introduction 

Selective serotonin reuptake inhibitors (SSRIs) are the most commonly prescribed class of drugs 

for individuals with the clinical diagnosis of depression (Arroll et al., 2009; Koenig and Thase, 2009).  

SSRIs increase synaptic availability of serotonin (5-HT) by blocking reuptake its reuptake at the axon 

terminal (Hiemke and Hartter, 2000; Richelson, 1994).  A well-documented side effect of SSRI treatment 

is sexual dysfunction (Kennedy and Rizvi, 2009; Schweitzer et al., 2009), with symptoms of decreased 

libido, premature ejaculation, delayed ejaculation, and anorgasmia most commonly reported. 

The interaction between 5-HT and the neural circuitry underlying mammalian sexual behavior is 

not completely understood, although experiments in the male rat have suggested that serotonin can 

either inhibit or facilitate sexual behavior, depending on the brain site of administration and they type of 

receptor targeted (Bitran and Hull, 1987; de Jong et al., 2006).  For example, systemic administration of 

5-HT or 5-hydroxytryptophan (a precursor to 5-HT synthesis) to male rats increases ejaculation latency 

(Ahlenius and Larsson, 1991; Gonzales et al., 1982), whereas the 5-HT synthesis inhibitor p-

chlorophenylalanine decreases ejaculation latency (McIntosh and Barfield, 1984).  In addition, general 

increases in 5-HT levels through chronic systemic administration of an SSRI produce delayed ejaculation 

in male rats (Ahlenius et al., 1980; de Jong et al., 2005a; Mos et al., 1999; Vega Matuszcyk et al., 1998) 

much like in humans (Hsu and Shen, 1995).  In these studies, 5-HT was administered or manipulated 

systematically; therefore the specific brain region(s) mediating the effects of 5-HT on sexual behavior 

are not known.   

The nucleus paragigantocellularis (nPGi) of the rostroventrolateral medulla in rats, and the ho-

mologous structure in humans, the nucleus paragigantocellularis lateralis (Zec and Kinney, 2001), is the 

hypothesized site of descending inhibition of genital reflexes in both rats (Marson and McKenna, 1990) 
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and humans (Johnson, 2006).  The nPGi receives projections from upstream sites related to sexual beha-

vior, including the paraventricular nucleus of the hypothalamus, medial preoptic area, and periaqueduc-

tal gray (Murphy and Hoffman, 2001; Murphy et al., 1999a; Normandin and Murphy, 2008) and projects 

to the spinal motoneurons (pudendal motoneurons) innervating the bulbospongiosus and ischiocaver-

nosus muscles (Hermann et al., 2003; Marson and Carson 3rd, 1999; Marson and McKenna, 1996; Tang 

et al., 1999), which are critical for ejaculation in male rats (Miura et al., 2001; Pescatori et al., 1993) and 

humans (Hsu et al., 2004; Shafik et al., 2009). 

The rat nPGi and the human homologue contain 5-HT immunoreactive cells (Azmitia and 

Gannon, 1986; Marson and McKenna, 1992) and application of 5-HT to the spinal targets of the nPGi in 

male rats blocks the urethrogenital reflex (Marson and McKenna, 1992).  Similarly, Clément, et al. (2007) 

found that in male rats, systemic administration of the SSRI dapoxetine reduced fictive ejaculatory ref-

lexes, which was reversed by lesions of the nPGi.  In addition, lesions of the nPGi in male rats block the 

inhibitory effects of systemic fluoxetine (an SSRI) on sexual behavior (Yells et al., 1994).  These studies 

make it clear that 5-HT acts at the level of the spinal cord to inhibit genital reflexes, and that 5-HT from 

the nPGi is a necessary antecedent for normal inhibition of genital reflexes.  It is unclear, however, 

whether 5-HT may be acting at the level of the nPGi to produce the observed effects. 

The nPGi, contains receptors for 5-HT including the 5-HT1A (Thor et al., 1990; 1992), 5-HT1C 

(Hoffman and Mezey, 1989), 5-HT2A (Fay and Kubin, 2000; Fonseca et al., 2001), 5-HT2C (Fonseca et al., 

2001), and 5-HT3 (Fonseca et al., 2001) subtypes, although only the 5-HT1A and 5-HT2C subtypes are 

found in abundance (Fonseca et al., 2001; Thor et al., 1990).  The primary source of 5-HT to the nPGi is 

the ventrolateral periaqueductal gray (vlPAG).  vlPAG neurons project directly to the nPGi (Normandin 

and Murphy, 2008) and these cells co-localize with 5-HT (Bago et al., 2002), and sexual behavior-induced 

Fos (Normandin and Murphy, 2008), suggesting a role for the serotonergic vlPAG-nPGi pathway in male 

sexual behavior.   
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The present studies were designed to test the hypothesis that the effects of SSRIs on male sex-

ual behavior are mediated via the nPGi.  Our working hypothesis is that removal of the source of 5-HT to 

the nPGi would alter the expression of genital reflexes but not other aspects of sexual behavior. 

4.2 Methods and materials 

4.2.1 Subjects 

Thirty male Sprague-Dawley Rats (Rattus Norvegicus; Charles River; 275-375g) were same-sex 

double-housed in a temperature-controlled vivarium in reverse light (lights on 7:00pm, off 7:00am) with 

ad libitum access to food and water.  All experiments were approved by the Georgia State Institutional 

Animal Care and Use Committee, with pain and suffering minimized in accordance with the Committee’s 

policies. 

4.2.2 Ovariectomy and gonadal-steroid replacement in stimulus females 

 All females were ovariectomized and received injections of β-Estradiol-3-Benzoate (10ug/0.1ml 

sesame oil s.c.; Sigma Aldrich) 48 hours before testing and Progesterone (500ug/0.1ml sesame oil s.c.; 

Fluka) 4 hours before testing, to induce sexual receptivity (Barfield and Lisk, 1970; McEwen et al., 1987; 

Quadagno et al., 1972). 

4.2.3 vlPAG 5-HT lesions 

 All surgeries were performed under aseptic conditions.  Male rats (n=30) were anesthetized by 

inhalation of Isoflurane (2-5%; Henry Schein) and placed in a stereotaxic frame.  The skull was leveled 

such that Bregma and Lambda were at the same dorsoventral plane, and a small hole was drilled above 

our region of interest.  Thirty minutes prior to the introduction of the serotonergic neurotoxin, desipra-

mine hydrochloride (25mg/kg in 0.9% Saline i.p.; Sigma) was administered to block uptake of the 5-HT 

neurotoxin by noradrenergic transporters on noradrenergic cells (Bjorklund et al., 1975).  vlPAG seroto-

nergic-specific lesions were produced by bilateral injection of 5,7-dihydroxytryptamine creatine sulfate 

(5,7-DHT; 3mg/ml in 0.9% Saline 0.1% Ascorbic Acid; Fluka; n=22 males) using a 1µl Hamilton syringe.  



74 

 

Sham animals received equivolume injections of vehicle (0.9% Saline 0.1% Ascorbic Acid; n=8 males).  

The coordinates for the vlPAG were (in mm): AP-8.5 Bregma, ML +/-0.75, DV-5.75.  5,7-DHT or vehicle 

(300nl/side) was slowly injected over 2 minutes and the syringe was left in place for 10 min. before be-

ing slowly removed.  A small amount of bone wax was placed in the burr-hole and the animals’ skin was 

wound-clipped.  Animals received Buprenorphine (0.1mg/kg s.c.; Henry Schein) for pain relief and Baytril 

(5mg/kg i.m.; Henry Schein) as a prophylactic antibiotic.  Animals recovered in clean heated cages before 

being returned to the housing facility.   

4.2.4 Sexual behavior tests 

 Sexual behavior tests were conducted in acrylic aquariums (61cm x 30.5cm x 30.5cm).  Animals 

were acclimated to the arena prior to the initiation of the experiment for 10 min. on two consecutive 

days.   Three and six days later, males engaged in 1-hour mating bouts with stimulus females to gain 

sexual experience.  A third mating bout on day nine served as the baseline (pre-lesion) measure.  Expe-

rimental animals then underwent lesion (or sham lesion) surgery as described above.  Following a seven-

day recovery, a final mating bout served as the post-lesion measure.  All sexual behavior bouts were 

recorded and the number of mounts, intromissions, and ejaculations, as well as the latency to begin 

mating, ejaculation latency, and post-ejaculatory interval was scored.   

4.2.5 Perfusion / fixation / tissue preparation 

After animals were given a euthanizing dose of SleepAway (0.5ml i.p.; Henry Schein) they were 

transcardially perfused with 250 ml of 0.9% sodium chloride/2% sodium nitrite, followed 300 ml of 4% 

paraformaldehyde 2.5% acrolein (Polysciences) in 0.1 M phosphate buffer then 150ml of the sodium 

chloride/sodium nitrite solution.  Following perfusion/fixation, brains were removed and stored at 4°C in 

30% sucrose solution until sectioned. Brains were cut into 25µm coronal sections in a 1:4 series through 

the PAG with a Leica 2000R freezing microtome and stored free-floating in cryoprotectant-antifreeze 

solution (Watson et al., 1986) at -20°C. 
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4.2.6 Immunohistochemistry 

Midbrain tissue sectioned at 25µm in a 1:4 series was processed for NeuN or 5-HTP for lesion 

verification as previously described (Loyd and Murphy, 2006; Murphy and Hoffman, 2001). Briefly, sec-

tions were removed from the cryoprotectant solution, rinsed extensively in potassium phosphate buf-

fered saline (KPBS; pH 7.4), and then reacted for 20 minutes in 1% sodium borohydride to remove 

excess aldehydes.  Sections were then incubated in primary antibody solution directed against either 

NeuN (Millipore, MAB377; monoclonal, raised in mouse; 1:70,000) or 5-HTP (Immunostar, 24446; polyc-

lonal, raised in rabbit; 1:1,000) in KPBS containing 0.1% Triton-X for 1 hour at room temperature fol-

lowed by 48 hours at 4°C.  After primary antibody incubation, tissue was rinsed in KPBS, incubated for 1 

hour in biotinylated goat-anti mouse (mouse anti-NeuN primary antibody) or goat anti-rabbit (rabbit 

anti-5-HTP primary antibody) IgG (Jackson Immunoresearch) at a concentration of 1:600, rinsed in KPBS, 

followed by a 1-hour incubation in avidin-biotin peroxidase complex (Vector Labs, ABC Elite Kit PK-6100) 

at a concentration of 1:10. After rinsing in KPBS and sodium acetate (0.175 M; pH 6.5), NeuN and 5-HTP 

were visualized as a black reaction product using nickel sulfate intensified 3,3’-diaminobenzidine solu-

tion containing 0.08% hydrogen peroxide in sodium acetate buffer. The reaction product was termi-

nated after approximately 15 minutes by rinsing in sodium acetate buffer.  Sections were mounted out 

of saline onto gelatin-subbed slides, air dried overnight, dehydrated in a series of graded alcohols, 

cleared in Histoclear, and cover-slipped using Permount. 

4.2.7 Lesion analysis 

5,7-DHT lesion and vehicle sham lesion sites were verified by microscopic analysis of vlPAG-

containing brain sections immunohistochemically stained for NeuN or 5-HTP.  Sections were examined 

by light-microscopy and the position of the bottom of the injection track was noted in the NeuN stained 

sections, and the absence or presence of 5-HTP was noted in 5-HTP stained sections.  Only those injec-
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tions centered in the vlPAG and with an absence of 5-HTP immunoreactivity in the vlPAG were consi-

dered for analysis.   

4.2.8 Statistical analysis 

Planned comparisons of mean sexual behavior within the lesion or sham groups were analyzed 

with two-tailed paired t-tests.  Between group (lesion vs. sham) comparisons of means of sexual beha-

vior were two-tailed two independent sample t-tests.  All statistical comparisons were made with the 

alpha value set at 0.05.   

4.3 Results 

4.3.1 Lesion Verification 

An example of 5-HTP immunoreactivity in a lesioned animal and sham-lesioned animal is pro-

vided in Figure 4.1. 

4.3.2 Sexual Behavior 

Table 4.1 summarizes the results of all baseline and sexual behavior tests for the lesion (n=9) 

and sham-lesion (n=7) groups.   

Serotonergic lesions of the vlPAG did not affect behavior not directly related to genital reflex 

function.  For example, there was no change from baseline in the mean latency to initiate copulation, or 

post-ejaculatory interval within either group (Figure 4.2).  By contrast, serotonergic lesions of the vlPAG 

facilitated male sexual behavior in many measures related to genital reflex functions.  While there was 

no change from baseline in the mean number of mounts or intromissions within either group (Figure 

4.2A & B), there was an increase from baseline in the mean number of ejaculations within the lesion 

group (p=0.005) but not the sham group (p=1.000). In addition, the mean number of ejaculations in the 

sexual behavior test was significantly greater in the lesion group than in the sham group (p=0.039, Fig-

ure 4.3C).  There was a decrease from baseline in the mean number of intromissions required for ejacu-

lation within both groups (lesion: p=0.004; sham: p=0.039; Figure 4.2D).  There was a trend approaching 
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statistical significance for a decrease from baseline in the mean ejaculation latency within the lesion 

group (p=0.054; Figure 4.2E), and this trend is supported by the significantly shorter mean ejaculation 

latency in the sexual behavior test in the lesion group versus the sham group (p=0.026; Figure 4.2E). 

4.4 Discussion 

Overall, serotonergic lesions of the vlPAG in male rats produced a facilitation of sexual behavior.  

In particular, 5-HT lesions of the vlPAG significantly increased the number of ejaculations, and there was 

a trend for a decrease in the mean latency to ejaculation. 5-HT vlPAG lesioned animals also had signifi-

cantly shorter ejaculation latencies.  There were no differences in the mean latency to mate, or in the 

post-ejaculatory interval for either group indicating that the effect of serotonergic vlPAG lesions is li-

mited to those behaviors directly associated with genital reflexes. 

The facilitation of sexual behavior we observed was specific to those measures associated with 

genital reflex function, and mirrors the effects seen with lesions of the nPGi (Liu and Sachs, 1999; Yells et 

al., 1992).  Given the anatomical connections between vlPAG 5-HT cells and the nPGi (Bago et al., 2002; 

Normandin and Murphy, 2008; Underwood et al., 1999), as well as the concordance of effects in both 

vlPAG 5-HT lesions and nPGi lesions, it is likely that the effects observed here are dependent on vlPAG 5-

HT neurotransmission to the nPGi.  In the context of a normally behaving animal, one would expect that 

5-HT from the vlPAG serves to enhance nPGi activity, thereby increasing descending inhibition of genital 

reflexes.  This serotonergic signal from the vlPAG would be particularly active in behavioral contexts 

where sexual behavior would not be appropriate (e.g. a “fight-or-flight” response) and likely “de-

activated” when mating conditions were optimal (e.g. availability of a sexually receptive conspecific in 

the absence of a predator).  This serotonergic vlPAG-nPGi pathway may effectively act as a gating me-

chanism for descending inhibition of genital reflexes. 

Regulation of nPGi function (and thereby genital reflexes) through vlPAG is an interesting pros-

pect as midbrain periaqueductal gray (PAG) cells are known to be involved in the coordination of cardi-
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ovascular responses to anxiety and stress (Johnson et al., 2004; Moraes et al., 2008; Murphy et al., 

1995), nociception (Haghparast and Ahmad-Molaei, 2009; Loyd et al., 2007), as well as social behaviors 

(Lonstein and Stern, 1998; Pavesi et al., 2007), and could therefore signal the current behavioral context 

to the nPGi. With respect to sexual behavior, we have previously found that the medial preoptic area 

(MPOA) of the hypothalamus, a region critical in the expression of male sexual behavior (Arendash and 

Gorski, 1983; Malsbury, 1971) including genital reflexes (Giuliano et al., 1996; Marson and McKenna, 

1994), provides input to the nPGi both directly (Normandin and Murphy, 2008) and through a PAG relay 

(Murphy and Hoffman, 2001) which may also provide necessary input to the nPGi regarding sexual 

“tone.”  Indeed electrolytic lesions of the PAG, including the vlPAG, blocks normal MPOA-elicited bul-

bospongiosus contractions (Marson, 2004), suggesting that the MPOA-vlPAG-nPGi circuit is required for 

the elicitation of genital reflexes. 

The medially adjacent dorsal raphe nucleus (DR) also contains serotonergic neurons that may 

have been affected by our lesions.  However, results from previous work suggest that our observed find-

ings are primarily the result of vlPAG lesions, and not due to the spread of the toxin into the DR.  For 

example, in male rats, lesions of the DR, or application of 5-HT or 5-HT agonists to the DR have no affect 

on male ejaculatory behavior (Albinsson et al., 1996; Fernandez-Guasti et al., 1992; Hillegaart, 1991), 

although one study has reported that 5-HT DR manipulations shortened both the latency to ejaculate 

and the post-ejaculatory interval (McIntosh and Barfield, 1984).  Interestingly, lesions of the DR also 

have been found to facilitate lordosis in male rats treated with estradiol (Kakeyama and Yamanouchi, 

1992), leading to speculation that the DR is not involved in male typical sexual behavior per se, but ra-

ther inhibits female-typical behavior in male rats.   

4.5 Conclusions 

Serotonergic lesions of the vlPAG in male rats facilitated genital reflex function in a manner simi-

lar to nPGi lesions.  This result lends evidence to the functional serotonergic connectivity between the 
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vlPAG and nPGi.  This work has implications for the occurrence of SSRI-induced delayed ejaculation in 

human males, and in particular, suggests that these drugs may be producing an effect by increasing se-

rotonergic neurotransmission within the vlPAG-nPGi pathway.  Limiting serotonergic drugs for mood 

disorders in humans to receptors and loci that influence mood regulation systems, but not sexual beha-

vior systems is an emerging area of research (Baldwin et al., 2006; Breuer et al., 2008; Kennedy and 

Rizvi, 2010).  While it has been known that SSRIs can inhibit genital reflexes in male rats at the level of 

the spinal cord (Marson and McKenna, 1992), our work implies that this could also occur through the 

nPGi via vlPAG 5-HT input.  Thus, in developing treatments for depression and anxiety, clinicians must 

consider both the spinal and supraspinal targets of serotonergic drugs in this genital reflex circuitry.  In 

addition, SSRIs are often prescribed to men experiencing premature ejaculation (Hatzimouratidis et al., 

2010; Hellstrom, 2009).  A global increase in 5-HT is neither warranted nor desired in these patients, as 

other side effects may be incurred (Haddad and Dursun, 2008; Hellstrom, 2009) as a result of treatment.  

Targeting the serotonergic vlPAG pathway to the nPGi with appropriately specific drugs may be one way 

to circumvent global treatment of these patients with SSRIs.  However, it remains to be elucidated which 

5-HT receptor subtypes on nPGi cells are responsible for modulating nPGi activity.  
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Table 4.1 Sexual behavior measures (mean +/- standard error of the mean) in sham group and lesion 
group males 

 

 

* = p<0.05 within-group comparison, † = p<0.05 between-group comparison 

  

Baseline Test Baseline Test Baseline Test Baseline Test

Sham 61.43 +/- 12.71 38.57 +/- 10.04 59.71 +/- 7.39 41.29 +/- 5.20 4.14 +/- 0.40 4.14 +/- 0.51 15.04 +/- 2.48 10.74 +/- 1.55 *

Lesion 44.11 +/- 14.03 21.00 +/- 2.68 45.22 +/- 5.64 46.56 +/- 4.31 3.56 +/- 0.56 5.56 +/- 0.38 * † 14.35 +/- 1.69 5.68 +/- 0.98 *

Sexual Behavior

Mounts Intromissions Ejaculations Intromissions pre Ejaculation

Baseline Test Baseline Test Baseline Test

Sham 7.37 +/- 1.33 5.95 +/- 0.77 6.90 +/- 0.47 6.78 +/- 0.47 12.82 +/- 4.83 19.36 +/- 4.11

Lesion 8.92 +/- 2.53 3.83 +/- 0.46 † 7.32 +/- 0.87 6.85 +/- 0.51 11.93 +/- 3.39 28.08 +/- 14.29

Sexual Behavior

Ejaculation Latency Post-Ejaculatory Interval Latency to Mating
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Figure 4.1 Photomicrograph of sham lesion and lesion sites 
Photomicrograph of 5-hydroxytryptophan (5-HTP) immunolabeled cells of the ventrolateral periaque-
ductal gray (vlPAG) and dorsal raphe.  Intra-vlPAG injection of vehicle (left) preserved 5-HTP immuno-
reactivity in the vlPAG.  Intra-vlPAG injection of 5,7-dihydroxytryptamine (right) markedly reduced im-
munoreactivity for 5-HTP in the vlPAG. Aq=cerebral aqueduct. 
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Figure 4.2 Measures of sexual behavior unrelated to genital reflex function 
Serotonergic lesions of the vlPAG did not alter the latency to mating (A) or post-ejaculatory interval (B) 
from baseline to sexual behavior test within either the sham or lesion group.  Error bars = standard error 
of the mean (SEM). 
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Figure 4.3 Measures of sexual behaviors related to 
genital reflex function 

Serotonergic lesions of the vlPAG did not alter the 
mean number of mounts (A) or intromissions (B) from 
baseline to sexual behavior test within either group.  
However, such lesions increased the mean number of 
ejaculations (C) within the lesion group (p=0.005), and 
the mean number of ejaculations in the test was also 
greater in the lesion group than in the sham group 
(p=0.038).  The mean number of intromission per ejacu-
lation (D) decreased within both the sham group 
(p=0.039) and lesion group (p=0.004).  The mean ejacu-
lation latency (min.; E) decreased within the lesion 
group (p=0.054) approached significance, and the mean 
ejaculation latency in the test was smaller in the lesion 
group than the sham group (p=0.026). * = p<0.05, error 
bars = SEM. 
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5 GENERAL CONCLUSIONS 

The general aim of this dissertation was to gain more information regarding how the nucleus pa-

ragigantocellularis (nPGi) provides descending inhibition of genital reflexes in male and female rats.  To 

this end, Experiment 1 produced a comprehensive description of nPGi afferents in both sexes with re-

spect to distribution, number, co-localization with gonadal steroids, co-localization with sexual behavior-

induced Fos expression, and any sex differences therein.  Experiment 2 revealed that the nPGi is an im-

portant regulator of ejaculatory reflexes in males, and regulates the quality of the mating experience in 

females.  Lastly, Experiment 3 provided evidence that the source of serotonin (5-HT) to the nPGi influ-

ences how the nPGi regulates genital reflexes in male rats. 

Several regions provide input to the nPGi in male and female rats as evidenced by our retro-

grade tract tracing.  Within this group of nPGi afferents we found that only a minority provide robust 

input to the nPGi and co-localized with sexual behavior-induced Fos expression, including the medial 

preoptic area (MPOA), paraventricular nucleus of the hypothalamus (PVN), perifornical nucleus (PeF), 

and periaqueductal gray (PAG).  Furthermore, we found sexual dimorphisms in the number of cells, per-

centage of co-localization with sexual behavior-induced Fos, and co-localization with estrogen receptor 

alpha (ERα) or androgen receptor (AR) within some regions.  There were a greater number of nPGi-

projecting caudal MPOA cells in males than in females and these cells co-localized with Fos to a greater 

degree in males than in females. There were also a greater number of nPGi-projecting cells that co-

localized with AR, but not ERα, in the MPOA of the male than in that of the female.  Both sexes had a 

large percentage of nPGi-projecting PVN and PeF cells that co-localized with sexual behavior-induced 

Fos.  Within the PAG, there were a greater number of nPGi-projecting cells in the dorsomedial subdivi-

sion in females than in males, but no such difference in other PAG subregions. 

The information gained from this work provides insight into how nPGi activity (and thereby ge-

nital reflexes) might be regulated in each sex.  Certainly, the large number and high degree of co-
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localization of nPGi-projecting MPO cells in male rats belies its importance to the regulation of genital 

reflexes in males, but this region may play a different role in females.  We know that lesions of the 

MPOA produce profound deficits in male sexual behavior (Arendash and Gorski, 1983), and this could, in 

part, be occurring through an MPO-nPGi pathway.  Our work suggests that the regulation of genital ref-

lexes by the MPOA in females occurs through a separate MPOA-nPGi pathway than in males.  Converse-

ly, the greater number of nPGi-projecting dorsomedial PAG cells in females indicates that this region 

might be important for the regulation of genital reflexes in females.  PAG cells in females could be sig-

naling an arousal state to the nPGi that responds to “fight-or-flight” cues.  Both the PVN and PeF seem 

to be important in both sexes.  The PVN contains the so-called “social neuropeptides” oxytocin and va-

sopressin (Argiolas, 1999) which could be modulating sexual responses through the nPGi.  The PeF con-

tains the neuropeptide orexin (Nambu et al., 1999) which has been linked to the expression of moti-

vated behaviors (Sweet et al., 1999). The information that PeF provides to the nPGi may be a critical 

component of nPGi regulation as orexin appear to be important for male rat sexual behavior 

(Muschamp et al., 2007).  All of the regions described can be modulated by gonadal steroids as evi-

denced by co-localization with gonadal steroid receptors.  In both males and females, the hormonal 

milieu is therefore critical in expression of genital reflexes through the nPGi.  The sexually-dimorphic 

projections to the nPGi that we describe also provide targets for understanding how such networks may 

be dysregulated in people with sexual dysfunction, and this is likely different between men and women.  

When the nPGi was lesioned while sparing fibers-of-passage, males had more ejaculations per 

mating bout, and these ejaculations occurred faster and with lesser stimulation.  In females, nPGi lesions 

altered their pace of mating, where the females spent less time in contact with stimulus males, and sex-

ual behavior-induced Fos immunoreactivity was decreased in the MPOA, PVN, ventromedial nucleus of 

the hypothalamus, and posterodorsal medial amygdala.  In addition, females with lesions of the nPGi 

had attenuated conditioned place preference for artificial vaginocervical stimulation.   
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From this lesion work, we can conclude that in male rats nPGi neurons, and not fibers-of pas-

sage, are responsible for descending inhibition of genital reflexes.  Extrapolating from this observation, 

individual differences in the function of the nPGi could possibly account for observed individual differ-

ences in ejaculatory performance in male rats (Pattij et al., 2005).  In men, the nPGi could be one site in 

which delayed or premature ejaculation is produced because of dysregulation of nPGi activity.  In fe-

males, lesions of the nPGi produced more subtle effects in sexual behavior.  The quality of mating ap-

pears to be altered for females with nPGi lesions given that they spend less time mating with stimulus 

males, and formed weaker CPP to vaginocervical stimulation.  It is possible that without a functional 

nPGi, vaginocervical muscular tone could provide aversive or unrewarding feedback during sex, which 

could account for the observed effects.  This work also has implications, at least in rats, in fertility.  Vagi-

nocervical feedback is a necessary component for the induction of a hormonal state supportive of preg-

nancy in rats (Castro-Vasquez and Carreno, 1981).  Differences in vaginal muscular tone through individ-

ual differences in nPGi function could produce differences in fertility.  In women, involuntary vagina 

spasms, and dyspareunia might also occur because of problems with nPGi regulation.   

By removing the source of 5-HT to the nPGi with 5-HT-specific lesions of the ventrolateral PAG 

(vlPAG) in male rats we were able to facilitate sexual behavior in a manner similar to our lesions of the 

nPGi in male rats.  The number of ejaculations per mating bout was greater in males with vlPAG 5-HT 

lesions and a reduction in ejaculation latency approached significance. 

This work gives us insight into how 5-HT affects the regulation of genital reflexes.  5-HT from the 

vlPAG to the nPGi presumably provides enhancement of the inhibition of genital reflexes through the 

nPGi.  When disrupted, this enhancement of inhibition is removed, producing facilitation of genital ref-

lexes.  This provides another location whereby 5-HT acts to inhibit genital reflexes, exclusive of the spin-

al cord, as has already been reported (Marson and McKenna, 1992).  This work is particularly important 

with regard to people experiencing sexual dysfunction while taking selective serotonin reuptake inhibi-
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tors (SSRIs) for depression and anxiety.  The increases in 5-HT as a result of SSRI treatment could be al-

tering nPGi function, and thereby sexual functioning in these individuals. 

Taken together this work provides evidence that the nPGi is a critical regulator of genital reflex-

es in male and female rats.  The sites that regulate the nPGi are sexually dimorphic, are active during 

sexual behavior, and contain receptors for gonadal steroids.  The nPGi regulates genital reflexes in males 

and females differently, and 5-HT is an important modulator of nPGi function.  How the brain integrates 

information to produce sexual behavior is informed by this work, and this work provides important in-

sights into how sexual dysfunction may be occurring in people. 
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APPENDICES  

Appendix A – Preliminary data: Manipulation of serotonin at the nucleus paragigantocellularis of male 

rats produces paradoxical effects on sexual behavior  

 Serotonin (5-HT) inhibits sexual activity in men and rodents when 5-HT levels are systemically 

increased (Ahlenius and Larsson, 1991; Ahlenius et al., 1980; de Jong et al., 2005a; Gonzales et al., 1982; 

Kennedy and Rizvi, 2009; Schweitzer et al., 2009; Vega Matuszcyk et al., 1998).  Site-specific and phar-

macological manipulation of 5-HT in rats has revealed that the locus of serotonergic activity, and which 

5-HT receptors are activated, are important in determining whether 5-HT acts as a facilitator (Ahlenius 

et al., 1981; de Castilhos et al., 2006; de Jong et al., 2005b; Fernandez-Guasti et al., 1992) or inhibitor 

(Fernandez-Guasti et al., 1992; Hillegaart et al., 1991; Watson and Gorzalka, 1991) of sexual behavior.  

The nucleus paragigantocellularis (nPGi) of the rat rostroventrolateral medulla provides tonic descend-

ing inhibition of genital reflexes (Holmes et al., 2002; Marson et al., 1992; Marson and McKenna, 1990; 

Yells et al., 1992; Yells et al., 1994) that appears to be under serotonergic control.   Genital reflexes inhi-

bited by systemic increases in 5-HT can be reversed by nPGi lesions (Clement et al., 2007; Yells et al., 

1994).  The nPGi contains serotonergic cells (Marson and McKenna, 1992), and when 5-HT is applied to 

the spinal targets of the nPGi, genital reflexes are inhibited (Marson and McKenna, 1992).  In addition, 

when the source of 5-HT to the nPGi is removed, genital reflexes are disinhibited (Chapter 4; unpub-

lished results).  Given that the source of 5-HT to the nPGi appears to be important for nPGi function, and 

that the nPGi contains a high density of 5-HT2C receptors (Fonseca et al., 2001; Thor et al., 1990), we 

asked whether manipulation of 5-HT at the level of the nPGi would modulate genital reflexes in male 

rats. 

15 male Sprague-Dawley rats (Rattus Norvegicus; Charles River Labs; 275-375g) were implanted 

with bilateral cannula directed at the nPGi (in mm): DV-9.5, ML+/-1.25, AP-12.0 Bregma.  After recovery, 

males engaged in sexual behavior with stimulus females for 4 1-hour mating bouts over 2 weeks.  On the 
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third mating bout, baseline sexual behaviors (number of mounts, intromissions, and ejaculations, as well 

as the latency to begin mating, ejaculation latency, and post-ejaculatory interval) were scored.  On the 

fourth mating bout, immediately before mating, males received meta-chlorophenylpiperazine (n=6, 

mCPP; a broad 5-HT agonist; 20mg/ml in dH20), SB-242,084 (n=3; a 5-HT2C antagonist; 20mg/ml in dH20), 

or vehicle (n=6; dH20) injected (500nl/side) slowly through implanted cannula, and sexual behavior was 

scored.  Planned comparisons of mean sexual behaviors within groups were analyzed with two-tailed 

paired t-tests.  Between group comparisons of mean sexual behaviors were two-tailed two independent 

sample t-tests.  All statistical comparisons were made with the alpha value set at p<0.05. 

In all comparisons of sexual behavior (number of mounts, intromissions, and ejaculations, as 

well as the latency to begin mating, ejaculation latency, and post-ejaculatory interval), there were no 

statistically significant differences between groups.  In addition, the only within group difference ob-

served was a reduction in the number of intromissions during the mating bout from baseline to test in 

the SB-242,084 (antagonist) group (Figure A.1). 

It is important to note that in this preliminary data that statistical power is weakened by the 

small numbers of animals used in each group.  This is particularly important in regards to the SB-242,084 

group where only 3 animals were used.  It appears from our data that broad activation of 5-HT receptors 

at the level of the nPGi by the agonist mCPP has no effect on sexual behavior in male rats.  This is sur-

prising given that removal of the source of 5-HT to the nPGi disinhibits genital reflexes (Chapter 4; un-

published results), and that the nPGi contains receptors for 5-HT (Fonseca et al., 2001; Thor et al., 1990).  

It is possible that within the nPGi, the activation of multiple 5-HT receptor families with our methods 

have opposing effects on nPGi function, resulting in no net change.  For example, activation of 5-HT1A 

autoreceptors are known to result in a decrease in 5-HT release (Gardier et al., 1996; Romero et al., 

1996), and these receptors are found in the nPGi (Fonseca et al., 2001; Thor et al., 1990).  Given that 5-

HT appears to act to enhance genital reflex inhibition through the nPGi (Chapter 4; unpublished results), 
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we would expect a facilitation of genital reflexes by activation of 5-HT1A receptors.  However, mCPP 

would also activate 5-HT2C receptors, also found in the nPGi (Fonseca et al., 2001; Thor et al., 1990), 

producing excitation (Gerhardt and van Heerikhuizen, 1997) that would be expected to inhibit genital 

reflexes, resulting in no net change in nPGi function.  This notion is supported by our (albeit limited) 

evidence that antagonism of 5-HT2C receptors (by SB-242,084) produced a significant reduction in the 

number of intromissions in the mating bout, a marker of increased copulatory efficiency. 

In conclusion we found limited evidence for the specificity of 5-HT2C in the regulation of the 

nPGi.  5-HT2C antagonism at the nPGi appears to facilitate copulatory efficiency, while broad based 5-HT 

agonists have no net effect on sexual behavior.  A larger number of animals and further manipulation of 

5-HT receptor subtypes is needed to fully understand 5-HT effects on sexual behavior at the level of the 

nPGi. 
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Figure A.1 Sexual behaviors of male rats treated with mCPP, SB-242,084, or vehicle 
Manipulation of serotonin pharmacology at the level of the nPGi did not alter the number of mounts (A) 
or ejaculations (C) in any group.  However, treatment with the 5-HT2C antagonist SB-242,084 reduced 
the number of intromissions from baseline to test (p=0.010).  * = p<0.05, error bars = standard error of 
the mean. 
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Appendix B – Preliminary data: Trans-synaptic tracing of functional genitosensory pathways in male 

and female rats 

 Despite decades of research on sexual behavior circuits in mammalian models, a complete de-

scription of neural targets receiving genitosensory information is unavailable.  The rat model has been 

studied most extensively with regard to genitosensory circuits.  The somatosensory afferents from the 

genitalia travel along the sensory branches of the pelvic, pudendal, and hypogastric nerves (Dail et al., 

1985; Nunez et al., 1986; Peters et al., 1987; Purinton et al., 1976) terminating within the dorsal horn of 

the lumbosacral spinal cord (Martin-Alguacil et al., 2008; Nunez et al., 1986), with collaterals traveling to 

supraspinal sites.  Specific locations receiving genitosensory information have been described.  Impor-

tant sites within the spinal cord (lumbar spinothalamic cells) and thalamus (medial parvocellular subpa-

rafascicular nucleus (mSPFpc)) that receive genitosensory information, and that are important for the 

regulation of sexual response, have been described (Coolen et al., 2003; Truitt and Coolen, 2002).  In 

addition, in female rats, transections of the pelvic nerve reduced Fos expression induced by vaginocer-

vical stimulation or mating in medial preoptic area, bed nucleus of the stria terminalis, ventromedial 

hypothalamus, and medial amygdala (Pfaus et al., 2006; Rowe and Erskine, 1993), indicating that pelvic 

genitosensory afferents in female rats are important in regulating those regions.  

 In order to provide a full map of the functional genitosensory pathway we utilized a novel tract 

tracing agent, the anterograde trans-synaptic viral tracer herpes simplex virus 1 strain 129 (H129). The 

H129 virus has been found to infect neurons in the region where it is injected, replicate in infected cells, 

travel along axons in an anterograde fashion, and release from axon terminals to synaptically connected 

neurons, continuing this process indefinitely (Garner and LaVail, 1999; Zemanick et al., 1991).  The H129 

virus has been used to study pain (Barnett et al., 1995), viscerosensory (Rinaman and Schwartz, 2004), 

and adipose sensory (Song et al., 2009) circuits.  We injected the penis of male rats (n=2), as well as the 

vagina of a female rat (n=1; Sprague-Dawley, Rattus Norvegicus; Charles River; 275-375g) with H129 



110 

 

(6x1 µl, 1.2x1010pfu) along the right side of the respective genitalia.  Six days later, animals were eutha-

nized (SleepAway; 0.5ml i.p.; Henry Schein) and transcardially perfused first with a rinsing agent (0.9% 

sodium chloride/2% sodium nitrite), then fixative (4% paraformaldehyde 2.5% acrolein). Brains were 

removed, sectioned (25µM), and immunohistochemically stained for H129 (rabbit anti-HSV-1, 

1:300,000; Dako) using a peroxidase method with diaminobenzadine as the chromagen, then counters-

tained with cresyl violet. 

Table B.1 provides a summary of H129 labeling in supraspinal sites in both males and females.  

In males, we confirmed that genitosensory afferents project to the lumbosacral spinal cord.  Within the 

brainstem, we found extensive H129 labeling with the rostroventrolateral medulla (RVLM; Figure B.1), in 

addition to labeling in more dorsal regions of the brainstem including the locus coeruleus (LC).  Midbrain 

H129 labeling included the ventral tegmentum, lateral periaqueductal gray (lPAG), ventrolateral peria-

queductal gray (vlPAG), cuniform nucleus (Figure B.2), and magnocellular red nucleus (RMC).  Thalamic 

H129 labeling was observed in the posteromedial ventral nucleus (Figure B.3) and subicular nucleus.  

Within the hypothalamus, we observed prominent labeling within the paraventricular nucleus (PVN; 

Figure B.3) and perifornical nucleus (PeF), and the bed nucleus of the stria terminalis.  The central amyg-

dala was also robustly labeled (Figure B.3).  Cortical labeling was restricted to pyramidal cells in soma-

tomotor cortex, the insular cortex, and granular cells of the ventral orbital cortex (VO; Figure B.4). 

H129 labeling in females was observed in the lumbosacral spinal cord, as in males.  Within the 

brainstem, unlike males, H129 labeling was restricted to the RVLM (Figure B.1) and LC.  Midbrain H129 

was also more restricted than in males with minor labeling observed in the lPAG (Figure B.2) and more 

robust labeling in the RMC.  Thalamic H129 labeling was curiously absent in stark contrast to males (Fig-

ure B.3).  Within the hypothalamus, we observed robust labeling in the PVN as in males (Figure B.3), and 

minor labeling in the PeF in contrast to males.  Cortical H129 labeling was observed in pyramidal cells of 

somatomotor cortex. 
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The pattern of labeling we observed as a result of trans-synaptic tracing of genitosensory affe-

rents in male and female rats includes some interesting findings and implications.  With respect to sex 

differences within our functional genitosensory maps, we find that the number of brain regions receiv-

ing genitosensory information in males is much greater than in females.  This was evident throughout 

the brain where functional genitosensory maps in males included more regions with H129 infection in 

the brainstem, midbrain, thalamus, hypothalamus, amygdala, and cerebral cortex.  These results imply 

that responses to genitosensory stimulus could be very different for males versus females.  Indeed, well-

established phenomenon regarding neuroendocrine changes in rats as a result of sexual behavior exist.  

For example, vaginocervical stimulation or mating in female rats produces pregnancy-promoting 

changes to neuroendocrine function with the establishment of pseudopregnancy (Castro-Vasquez and 

Carreno, 1981). 

A number of brain areas receiving genitosensory information, as evidence by our genitosensory 

maps, have been implicated in sexual behavior.  In the brainstem, the nPGi is an established inhibitor of 

genital reflexes in male rats (Marson and McKenna, 1990).  The genitosensory input to the nPGi that we 

detail here (as part of the RVLM) in both sexes could be a modulator of nPGi activity.  Likewise, the LC 

receives genitosensory input in both sexes, which could modulate general arousal through noradrener-

gic LC activity (McCormick et al., 1991; Nistico and Nappi, 1993).  The periaqueductal gray (PAG) is a 

known integrator of cardiovascular, nociceptive and sexual behavior (Holstege, 1992; Murphy et al., 

1999a).  The genitosensory inputs to the PAG in males, though not found in females, might be one im-

portant source of information for PAG function.  In both sexes, the PVN receives an abundance of geni-

tosensory information.  The PVN has been implicated in a variety of sociosexual behaviors (Ackerman et 

al., 1997; Consiglio and Lucion, 1996; Veenema and Neumann, 2008) and is the main source of the neu-

ropeptide oxytocin to the central nervous system (Hawthorn et al., 1985).  It has long been known that 

oxytocin blood levels increase after sexual behavior in rats (Ivell et al., 1997) and humans (Carmichael et 
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al., 1987).  Interestingly, oxytocin has been implicated in mating-induced pair-bonding in voles (Young et 

al., 2005), and genitosensory may be directly modulating oxytocin release.  One striking result was the 

robust genitosensory input to the VO in males but not females.  The VO has been shown to be active in a 

number of functional magnetic resonance imaging sexual tasks in men (Holstege et al., 2003; Hu et al., 

2008; Karama et al., 2002; Walter et al., 2008) and might represent a sexual-behavior specific percept, 

or modulator of executive function, in both rats and humans. 

In conclusion, we found that genitosensory inputs to supraspinal sites are distributed through-

out the brain of male and female rats, though in a sexually dimorphic manner.  Many of the sites receiv-

ing genitosensory information have been previously implicated in sexual behavior, but this anatomical 

evidence suggests a direct role for modulation of activity in these regions that heretofore has not been 

established. 
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Table B.1 Abundance of H129 labeling in supraspinal sites of male and female rats as a result of genital 
inoculation 

 
VO = ventral orbital cortex, AIC = anterior insular cortex, M1 = primary motor cortex, S1 = primary soma-
tosensory cortex, BNST = bed nucleus of the stria terminalis, CeM = central amygdala, VP = ventral post-
erior thalamic nucleus, MPG = medial globus pallidus, LPG = lateral globus pallidus, PVN = paraventricu-
lar hypothalamic nucleus, LH = lateral hypothalamus, MCLH = magnocellular nucleus of the lateral hypo-
thalamus, PeF = perifornical nucleus, Sub = subicular nucleus, ZI = zona incerta, VPM = posteromedial 
ventral nucleus of the thalamus, VA = ventral anterior thalamic nucleus, SPFPC = parvocellular subpara-
fascicular nucleus, SNR = substantia nigra, PF = paraflocculus, LPAG = lateral periaqueductal gray, RPC = 
parvocellular red nucleus, RMC = magnocellular red nucleus, IMLF = interstitial nucleus of the medial 
longitudinal fasciculus, PL = paralemniscal nucleus, DpMe = deep mesencephalic nucleus, DpG = deep 
gray layer of the superior colliculus, CnF = cuniform nucleus, VLTg = ventrolateral tegmental area, PB = 
parabrachial nucleus, NRM = nucleus raphe magnus, DMTg = dorsomedial tegmental area, LC = locus 
coeruleus, Mo5 = motor trigeminal nucleus, A5 = A5 noradrenergic cell group, nPGi = nucleus paragigan-
tocellularis, PnC = caudal pontine reticular nucleus, Sol = solitary nucleus, PCRt = parvocellular reticular 
nucleus.  
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Figure B.1 Photomicrographs of H129 labeling in the brainstem of a male and a female rat 
Photomicrographs overlaid on rat brain atlas images (Paxinos and Watson, 2005) of H129 labeling in the 
brainstem of a male and female rat as a result of genital inoculation show robust labeling within the 
rostroventrolateral medulla in both sexes, and more dorsal brainstem regions in males.  Note the dis-
crete labeling within the nPGi in both sexes.  nPGi=nucleus paragigantocellularis. 

 

 
Figure B.2 Photomicrographs of H129 labeling in the midbrain of a male and a female rat 
Photomicrographs overlaid on rat brain atlas images of H129 labeling in the midbrain of a male and fe-
male rat as a result of genital inoculation show labeling within the ventrolateral periaqueductal gray in a 
male but not a female rat. 
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Figure B.3 Photomicrographs of H129 labeling in the thalamus, hypothalamus, and amygdala of a male 

and a female rat 
Photomicrographs overlaid on rat brain atlas images of H129 labeling in the thalamus, hypothalamus, 
and amygdala of a male and female rat as a result of genital inoculation show robust labeling in the tha-
lamus and central amygdala in a male but not a female rat.  Note that both sexes show robust H129 
labeling in the PVN.  PVN = paraventricular nucleus. 

 
Figure B.4 Photomicrographs of H129 labeling in the cerebral cortex of a male rat 
Photomicrographs overlaid on rat brain atlas images of H129 labeling in the cerebral cortex of a male rat 

as a result of genital inoculation show discrete labeling with ventral orbital granular cells. 
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Appendix C – Preliminary data: The paraventricular nucleus of the hypothalamus contains oxytociner-

gic cells integrated into ascending and descending genital circuitry 

The neuropeptides and hormones oxytocin (OT) and vasopressin (VP) have both peripheral and 

central actions in mammals, including humans.  Both neuropeptides are found in the paraventricular 

nucleus of the hypothalamus (PVN) with projections to the posterior pituitary, as well as central brain 

regions (Nilaver et al., 1980; Sofroniew, 1980; Swaab et al., 1975; Swanson and Sawchenko, 1980).  OT 

has long been known to be important in the initiation of vaginal muscle contractions during birth (de 

Geest et al., 1985), as well as for its facilitatory role in milk ejection during breast feeding (Freund-

Mercier et al., 1988).  VP (also known as antidiuretic hormone) plays a key role in water retention with 

its effects on the kidney (Jard et al., 1984).  In addition to these peripheral actions, there has been in-

creasing interest in recent years of the central role of OT and VP in the brain.  OT has been linked to the 

control of social behavior in mammals (Donaldson and Young, 2008; Phelps et al., 2010; Ross and Young, 

2009), with special focus on the role of OT in the formation of pair-bonds (Hammock and Young, 2006; 

Macdonald and Macdonald, 2010), as well as its role in sexual behavior (Baskerville and Douglas, 2008).  

VP has also been linked to social behavior (Donaldson and Young, 2008; Heinrichs et al., 2009), including 

pair-bonding (Hammock and Young, 2006), as well as aggression (Gobrogge et al., 2009).   

With respect to the role of these neuropeptides in sociosexual behavior, one key link in our un-

derstanding is missing.  How does sexual behavior result in OT and VP neurotransmission?  We have 

previously shown (Appendix A; unpublished results) that genitosensory information reaches the PVN 

using a trans-synaptic viral tracer to map the functional anatomical pathway of genitosensory informa-

tion from the genitalia of male and female rats.  Given that, in both humans and rats, OT is released into 

the blood as a result of sexual behavior (Carmichael et al., 1987; Stoneham et al., 1985), it is possible 

that PVN cells receiving genitosensory information in male and female contain OT and VP.  In addition, 

we have shown that the PVN provides robust projections (that are active during sexual behavior) to the 
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nucleus paragigantocellularis (nPGi) of the rat rostroventrolateral medulla (Normandin and Murphy, 

2008); a tonic inhibitor of genital reflexes in male and female rats (Marson and McKenna, 1990).  This 

places the PVN in a unique functional anatomical position to release OT and/or VP as a result of sexual 

behavior to regulate both sociosexual behavior and genital reflexes. 

 To explore the possibility that the PVN cells receiving genitosensory information or that project 

to the nPGi contain OT or VP male (n=2) and female (n=1) rats (Sprague-Dawley, Rattus Norvegicus; 

Charles River; 275-375g) were inoculated with the anterograde trans-synaptic viral tracer herpes simplex 

virus 1 strain 129 (H129; see previous section for a detailed description of this tracer) by injection of the 

virus into the penis and vagina (6x1 µl, 1.2x1010pfu) along the right side of the respective genitalia.  Six 

days later, animals were euthanized (SleepAway; 0.5ml i.p.; Henry Schein) and transcardially perfused 

first with a rinsing agent (0.9% sodium chloride/2% sodium nitrite), then fixative (4% paraformaldehyde 

2.5% acrolein). Another group of animals (males, n=2; females, n=2) received unilateral injections of the 

retrograde tracer Fluorogold (FG; 2% soln. w/v in saline; Fluorochrome) into the nPGi at the following 

coordinates (in mm): AP: -12.0 Bregma; ML: -1.0; DV: -8.5, by iontophoresis.  10 days later, animals were 

euthanized and perfused/fixed as above.  Brains were removed, sectioned (25µM), and immunohisto-

chemically stained for H129 (rabbit anti-HSV-1, 1:300,000; Dako) or FG (rabbit anti-FG, 1:30,000; Chemi-

con) with a fluorescent-labeled secondary antibody (Cy2 goat anti-rabbit; Jackson Immunoresearch) and 

OT (mouse anti-oxytocin, 1:100,000; Millipore) or VP (guinea pig anti-vasopressin, 1:40,000; Peninsula) 

with a fluorescent-labeled secondary antibody (Texas Red giant anti-mouse or guinea pig; Jackson Im-

munoresearch). 

The pattern of labeling of PVN cells that project to the nPGi or receive genitosensory informa-

tion was remarkably similar in both sexes (Figure C.1).  In both sexes, the number of FG and H129 la-

beled cells in the PVN increased moving from rostral to caudal sections, and appeared to be the same 

cells groups. These cells were a mix of parvocellular and magnocellular cells, though the majority appear 
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to be parvocellular.  In the more caudal sections of the PVN, some FG labeled cells co-localized with OT 

labeled cells in both sexes, though the majority did not (Figure C.2), and such co-localization occurred in 

mostly parvocellular and some magnocellular cells.  H129 labeled cells in the caudal portion of the PVN 

co-localized with OT (Figure C.3) in magnocellular cells, and these cells appear to co-localize with OT to a 

greater degree in females.  Neither FG labeled nor H129 labeled cells in the PVN co-localized with VP in 

either sex (Figures C.4, C.5). 

 We found that the patterns of labeling of PVN cells that project to the nPGi and of PVN cells 

receiving genitosensory information was remarkably similar for both sexes.  PVN cells projecting to the 

nPGi and PVN cells receiving genitosensory information are both located in discrete cell groups mainly 

comprised of parvocellular PVN cells, though some appear to be magnocellular.  The number of PVN 

cells projecting to the nPGi and PVN cells receiving genitosensory information increased as we move 

caudally through the PVN.  Although we cannot definitively say that the same PVN cells both project to 

the nPGi and receive genitosensory information, because our tracing was conducted in separate ani-

mals, the pattern of labeling of the two circuits is so similar throughout the PVN that it is likely such 

labeling represents the same cells.  This intriguing prospect would place the PVN as a primary integrator 

of genitosensory input and sexual behavioral output. 

 OT co-localized with PVN cells projecting to the nPGi, and with PVN cells receiving genitosensory 

information in both sexes.  Such co-localization was primarily observed in the caudal portion of the PVN 

in parvocellular cells and some magnocellular cells.  Such co-localization implies that OT could be a 

modulator of genital reflexes through the nPGi.  Inhibition of male rat sexual behavior by the selective 

serotonin reuptake inhibitor fluoxetine can be reversed by administration of OT (Cantor et al., 1999).  It 

is possible that such an effect could be mediated by the circuit we have delineated here.  Indeed, OT 

fibers are present in the nPGi in both sexes (unpublished observation), and PVN OT cells also project to 

the spinal cord motor neurons involved in genital reflexes in male rats (Tang et al., 1998).   
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OT also co-localized with PVN cells receiving genitosensory information.  In contrast to OT co-

localization with PVN cells projecting to the nPGi, OT co-localization with PVN cells receiving genitosen-

sory information was primarily magnocellular.  The difference in the localization of our tracers within 

different subsets of PVN cells implies separate functional connectivity.  It is possible that the magnocel-

lular OT cells that receive genitosensory information further project to forebrain regions involved in 

social behavior, whereas the parvocellular OT cells projecting to the nPGi participate in sexual behavior-

al output as described above.  Supporting this idea, Ross et al. (2009) found that magnocellular OT cells 

project to the nucleus accumbens in voles.  OT in the accumbens is critical for the expression of mating-

induced pair-bonding in female voles (Liu and Wang, 2003).  Magnocellular oxytocinergic PVN cells that 

receive genitosensory information may therefore represent the functional anatomical link between mat-

ing and pair-bonding. 

Contrary to our OT co-localization results, neither PVN cells projecting to the nPGi, nor PVN cells 

receiving genitosensory information contained VP.  With respect to sexual behavior output through the 

nPGi circuit this result is not surprising, given that VP fibers are not found in the nPGi (unpublished ob-

servations), and to do no evidence of vasopressinergic modulation of genital reflexes has been de-

scribed.  However, VP is an important mediator of mating-induced pair-bonding in male voles (Liu et al., 

2001) and one might expect that PVN cells receiving genitosensory information might contain VP, which 

we did not observe.  This implies that there is a mediator between genitosensation and VP release. 

The majority of PVN cells projecting to the nPGi and PVN cells receiving genitosensory informa-

tion did not contain OT.  This is an important finding suggesting that these circuits, with respect to the 

PVN, also have other neurochemical components the need to be characterized. 

In conclusion, we found that the distribution of cells in the PVN projecting to the nPGi or receiv-

ing genitosensory information is quite similar in both sexes.  Despite this similarity, oxytocinergic cells 

within these two pools appear to be distinct.  PVN cells projecting to the nPGi that contained OT in both 
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sexes appear to be predominantly parvocellular cells.  In contrast, PVN cells receiving genitosensory 

information that contain OT appear to be magnocellular, and may be greater in number in females than 

in males.  VP does not appear to be contained in PVN cells projecting to the nPGi or in PVN cells receiv-

ing genitosensory information.  This data provides the functional neuroanatomical substrate for genito-

sensory modulation of OT release, and implies that OT can modulate genital reflexes through the nPGi.  

Taken together, our results add to the growing evidence that OT is an important modulator of sociosex-

ual behavior in both sexes. 
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Figure C.1 Photomicrograph of PVN cells 
labeled with FG or H129 

Photomicrograph of the paraventricular nuc-
leus of the hypothalamus (PVN) indicates 
that the number of FG+ cells (green, left side) 
increased moving caudally through the PVN 
in a male (top) and a female (bottom) rat.  
The number of H129+ cells (pseudocolor 
purple, right side) also increased moving 
caudally through the PVN in a male (top) and 
a female (bottom) rat.  Note the concor-
dance of labeling between those cells pro-
jecting to the nPGi (FG+) and those receiving 
genitosensory information (H129+).  3V=third 
ventricle, FG=Fluorogold, H129=herpes simp-
lex virus strain 129, A=anterior, P=posterior. 
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Figure C.2 Photomicrograph of PVN cells labeled for FG and oxytocin 
Photomicrographs of the PVN at a lower magnification (top) and higher magnification (bottom) show 
that FG+ cells (green) co-localized with oxytocin cells (red) in a male (left) and a female (right) rat.  Ar-
rows indicate co-localization.  3V=third ventricle, FG=Fluorogold, OT=oxytocin. 

 

 
Figure C.3 Photomicrograph of PVN cells labeled for H129 and oxytocin 
Photomicrographs of the PVN at a lower magnification (top) and higher magnification (bottom) show 
that H129+ cells (green) co-localized with oxytocin cells (red) in a male (left) and a female (right) rat.  
Arrows indicate co-localization.  3V=third ventricle, H129=herpes simplex virus strain 129, OT=oxytocin. 
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Figure C.4 Photomicrograph of PVN cells labeled for FG and oxytocin 
Photomicrographs of the PVN at a lower magnification (top) and higher magnification (bottom) show 
that FG+ cells (green) do not co-localize with vasopressin cells (red) in a male (left) and a female (right) 
rat.  3V=third ventricle, FG=Fluorogold, VP=vasopressin. 

 

 
Figure C.5 Photomicrograph of PVN cells labeled for H129 and oxytocin 
Photomicrographs of the PVN at a lower magnification (top) and higher magnification (bottom) show 
that H129+ cells (green) do not co-localize with vasopressin cells (red) in a male (left) and a female 
(right) rat.  Arrows indicate co-localization.  3V=third ventricle, H129=herpes simplex virus strain 129, 
VP=vasopressin.  
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