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ABSTRACT

AN OXYTOCINERGIC PROJECTION OF THE PARAVENTRICULAR NUCLEUS

OF THE HYPOTHALAMUS TO THE SEXUALLY DIMORPHIC,

LUMBOSACRAL SPINAL CORD OF THE RAT

By

Anthony Edwin Ackennan

Oxytocin (OT) has been implicated in many psychophysiological activities: contractile

effects on smooth muscle, sexual satiety, alterations in autonomic fimctions associated with

sexual behavior, and the possible formation of social bonding. Previous studies have

demonstrated that OT-containing neurons, found within the paraventricular nucleus (PVN)

ofthe hypothalamus, project throughout the CNS, including the spinal cord. In both males

and females, small dosages of centrally administered OT, or somewhat larger peripheral

amounts, have facilitatory effects on sexual behavior, whereas relatively large dosages,

administered centrally, have inhibitory effects.

In the present study, we extended the analysis of PVN projections to sexually

dimorphic regions of lower lumbar spinal cord (L5-L6), a region known to contain

motoneurons of the spinal nucleus of the bulbocavemosus (SNB) and their dendritic

arborization as well as autonomic cell bodies. The distribution of OT-like—IR, PVN neurons

and density ofOT-like-IR fibers within Ls-L6 were compared in male and female rats. No sex

difiermees were found in the distribution of OT-like-IR, PVN neurons that project to Ls-Lé.
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The majority of these spinal-projecting cells were located in the lateral parvocellular

subnucleus. It was also demonstrated that OT-like-IR fibers, presumably originating in the

PVN, project to L,-L6 in both male and female rats. Subtle sex differences in the density of

OT-like-IR fibers were found in L5. However, this dimorphism was more pronounced in L6.

OT-like-IR fibers and putative terminals were found in the region of SNB.

Finally, n—methyl-d-aspartic acid (NMDA) lesions, which have been shown to destroy

parvocellular PVN neurons while leaving magnocellular neurons intact, were used to evaluate

the role of parvocellular neurons in controlling male copulatory behavior and seminal

emissions. NMDA lesions ofthe PVN reduced OT-like—IR fibers in lower lumbar spinal cord,

whereas mount, intromission, and ejaculatory latencies were unaffected by these chemical

lesions. However, significant decreases were found in seminal emission, as measured by

seminal plug weights.
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INTRODUCTION

The semally dimorphic motor nuclei ofthe lower lumbosacral cord have been a model

for the study ofsexual differentiation within the CNS due to their perinatal responsiveness to

gonadal steroids. During the past decade, much attention has been given to supraspinal

afferents to this region of spinal cord. The characterization of these projections has been

important in the understanding ofneural circuits involving steroid-sensitive neurons and their

role in regulating sexually dimorphic behaviors. Wagner and Clemens (1993) recently

described a projection from the paraventricular nucleus of the hypothalamus (PVN) to

lumbosacral levels ofspinal cord (L,-S,). This projection may be part of a circuit responsible

for the modulation ofmale sexual behaviors, including the regulation of penile reflexes and

autonomic control ofseminal emission. Anatomical and pharmacological studies support the

idea of an oxytocin (OT)«containing, hypothalamic projection to the Ls-Sl region of spinal

cord. The purpose ofthe present study is to characterize the PVN projection to lower spinal

cord and to identify any functional relation ofthis circuit to male sexual behavior.

Neuromuscular System of the SNB

Anatomy of the SNB and Its Target Musculature

The spinal nucleus ofthe bulbocavemosus (SNB) is a sexually dimorphic population

ofmotoneurons located in the dorsal medial region ofthe ventral horn in the fifth and sixth

lumbar levels of spinal cord in the rat (Breedlove and Arnold, 1980; Schroder, 1980) and the
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mouse (Wagner and Clemens, 1989a) (Figure 1). Because of its location, the SNB is often

referred to as the dorsal medial nucleus. These neurons, along with a subpopulation of

neurons in the dorsal lateral nucleus (DLN) of the ventral horn at the same level of spinal

cord, innervate striatal perineal muscles in both sexes and are sexually dimorphic (Breedlove

and Arnold, 1981; Breedlove, 1984; Jordan et 01., 1982; Tobin and Payne, 1990). The

retrodorsal lateral nucleus and the ventral medial nucleus are two other neuronal populations

which are also located in lower lumbar cord. Unlike the previous two populations, the

retrodorsal lateral nucleus and the ventral medial nucleus are not sexually dimorphic.

The four striatal perineal muscles in the male rat are the lateral and medial

bulbocavemosus (BC), the levator ani (LA), and the ischiocavernosus (1C) (Figure 2). The

IC is attached to the ischium and the base ofthe penis, while the remaining muscles, the BC

and LA, are attached exclusively to the penis. The same muscles are found in the female.

However, they are atrophic in comparison. This neuromusculature system, the neurons and

their targets, is steroid-sensitive during development, as well as adulthood, and serves as a

well-studied model for sexual dimorphism in the nervous system.

Functional Aspects

SNB motoneurons innervate the BC muscles which mediate penile reflexes during

male copulatory behavior and are necessary for successfirl reproduction. These reflexes have

been characterized in the dog (Hart and Kitchell, 1966; Hart, 1967a; Hart, 1968) and in the

rat by Hart (1967b), Breedlove and Arnold (1980) and others (Sachs, 1982; Hart and Melese-

d'I-Iospital, 1983). Penile flips are the result of the contraction of IC muscles innervated by

the DLN, while the flared, cup-er erection of the glans penis is produced by the contraction

ofthe BC muscles innervated by the SNB. Dendrites from the SNB and DLN form elaborate



THE!

 

Figure 1 Schematic oflower lumbar segments of spinal cord, Ls (A) and L6 (B), in the

rat. Based on Molander, et a1. (1984).
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Figure 2 Schematic drawing of the perineal region of a male rat. (From Breedlove,

1985)
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and large bundles that run between these nuclei (Schroder, 1980; McKenna and Nadelhafi,

1986). Ultrastructural evidence has demonstrated that terminals are found within these

bundles, each terminal contacting several dendrites (Anderson et a1, 1976). It is thought that

these dendritic bundles have a role in the integration of firnction between cells ofthese nuclei

(Rooney et al, 1979; Rose and Collins, 1985). In a review, Breedlove (1984) describes three

tasks accomplished by these penile reflexes in rats. First, they facilitate transport of sperm

through the uterus by means ofhelping to form a proper copulatory plug against the female's

cervix Second, the cup removes fiom the cervix any copulatory plugs left by previous males.

And third, thse reflexes provide vagino-cervical stimulation which is essential for signalling

the release of prolactin fi'om the pituitary, which potentiates the release of progesterone

secretion fi'om the corpus luteum, thereby facilitating pregnancy.

D vel m n f h NB

During perinatal development, the motoneurons ofthe SNB are located in the dorsal

lateral region of the ventral horn and share a common population of cells with the DLN

(Sengelaub and Arnold, 1986). Between embryonic day 22 and postnatal day 10, the cells

ofthe SNB migrate medially toward the dorsomedial region of the ventral hom (Sengelaub

and Arnold, 1986). The sex difference in SNB motoneuron numbers is not present during this

cell migration. In both males and females, the number ofmotoneurons in the SNB increases

until the day before birth, at which time there are more cells than there are in adult rats

(Nordeen, etal., 1984). A critical period ofdifl‘erential cell death occurs, in both sexes, fi'om

the day before birth (prenatal day 22) to postnatal day 10. This critical period in the

morphology of the SNB corresponds well with the endogenous peak in testostereon (T) as

measured perinatally on days 18 and 19 in male and female rats. These T levels are
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significantly higher in males (Weisz and Ward, 1980). It is during this time that sexual

difl‘erentiation occurs in motoneuron number and size and in the masculinization ofperineal

musculature (Breedlove and Arnold, 1983b). Females lose a greater number ofmotoneurons

and do not exhibit the permanent enlarging effects oftestosterone on SNB motoneurons. In

addition, their BC, IC, and LA begin to atrophy as compared to males. The anatomical

specificity ofthe SNB and DLN neuromusarlar system is affected by the presence of steroids

during development (Breedlove, 1985a and 1985b). During prenatal life, the SNB of the

female contains the same number ofmotoneurons as the SNB ofthe male (Nordeen, et al.,

1985). And, the female's SNB motoneurons make functional synapses with the target

musculature (Rand and Breedlove, 1987). However, in the female, these motoneurons

undergo naturally occurring cell death in the absence of endogenous T (Nordeen, etal.,

1985); whereas in the male, SNB neurons remain, resulting in a sex difference in the number

of cells in this nucleus in adulthood. Cell loss is reduced in females treated with androgens

and induced in males treated with the anti-androgen, flutamide (Sengelaub, et al., 1989;

Nordeen, et al., 1984 and 1985; Breedlove and Arnold, 1983a, 1983b, 1983c). At

maturation, the male SNB contains five times more motoneurons than the same region in the

female (Breedlove and Arnold, 1980; Breedlove, 1984; Marson and McKenna, 1990).

Hormonal Control in Adulthood

Gonadal hormones have been shown to influence somal size, in both rats (Breedlove

and Arnold, 1981) and mice (Wee and Clemens, 1987). However, SNB cell number, in adult

rats, is believed to be unaffected by castration (Breedlove and Arnold, 1981). Wagner and

Clemens (1989a) demonstrated a decrease in number ofthionin-stained neurons in adult mice

following castration. But because thionin, a Nissl stain, reacts with nuclear DNA and
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cytoplasmic RNA, they suggest that this decrease in thionin-stained neurons may reflect the

decrease in protein synthetic activity of some SNB motoneurons following castration. In the

adult rat, castration has been shown to reduce gap junctions and synaptic coverage of SNB

motoneurons. This effect was reversed by T replacement (Leedy, et a1. , 1987; Matsumoto,

eta1., 1988a, 1988b). Dendritic morphology ofSNB motoneurons may also be regulated by

androgens, in that castration reduced dendritic length (Kurz, et al., 1986) and arborization

(Goldstein et al., 1990).

Penile reflexes, which are controlled by the neuromusculature mentioned previously,

are also androgen dependent. This androgen dependency may be observed in two test

situations: ex copula, in which the penile reflexes are observed while the male is restrained

outside a copulatory context; and in copula, in which the reflexes are viewed ventrally during

copulation. Castration has been shown to reduce the incidence of penile reflexes, while T

replacement restored this firnction to intact levels. (Bradshaw, et al., 1981; Davidson, et al.,

1978; Hart, 1967, 1973; Rodgers and Alheid, 1972). It has been shown that the

administration ofestrogen (E) failed to facilitate penile responses in the castrate during an ex

copula situation (Hart, 1979) but did restore them during an in copula situation (Meisel, er

al., 1984; O'Hanlon, et al., 1981). These tests suggest that B may be modulating male sexual

behavior by acting at a supraspinal level. It has been documented that, in the adult, SNB

motoneurons contain T and dihydrotestosterone (DHT) receptors (Krieg, et al., 1974), but

not E receptors (Brwdlove and Arnold, 1980), and that motoneuronal size is increased in the

presence of both T and DHT (Hall, et al., 1984). These androgen-concentrating SNB

motoneurons innervate the BC muscle, which contains androgen and estrogen receptors

(Krieg, et al., 1974; Dube, et al., 1976; Dionne, et al., 1979). Interestingly, SNB
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10

motoneurons do not accumulate either T, DHT or E during pre- or early postnatal life

(Frshman er al., 1990). These authors have suggested that steroidal effects during this time

take place via steroid action on the target musculature.

Some PVN neurons which project to the region ofthe SNB contain B receptors (Sar

and Stumpf, 1980; Wagner, et al., 1993) but relatively few androgen receptors (Sar and

Stumpf, 1975). In addition, T can be metabolized to E by the P450 cytochrome enzyme.

Hagihara and colleagues (1990) have identified sex-specific cytochrome P450 on many

oxytocin-like-immunoreactive (OT-like-IR) PVN neurons. They conclude that these sex-

specific hydroxylase systems could be involved in the metabolism of steroids.

Because T can restore penile reflexes within a relatively short period of time (6-12

hours), T may be acting on the CNS, rather than peripheral tissue (Gray, et al., 1980; Hart,

et al., 1983). It is possible that the elicitation of penile reflexes ex copula may involve only

a local, androgen-dependent, lumbosacral spinal circuit; whereas, these reflexes in copula may

involve hypothalamic circuits as well (Clemens, et al. , 1993). And because these circuits are

the target ofsteroid hormone action, the activity ofthese pathways may play a key role in the

display of sexually dimorphic behavior.

Afl'gmnts 12 the SNB

Supraspinal sites that control sexual reflexes in male rats have been recently identified.

Retrograde tracing, as well as neurotoxic and electrolytic lesions, have served to identify the

paragigantocellular reticular nucleus in the ventral medulla as one source oftonic inhibition

of spinal sexual reflexes (Marson and McKenna, 1990). This same study employed

anterograde tracers to locate descending fibers from this region. Fibers and presumptive

terminals were found in the region ofthe DLN and the SNB, areas containing pudenda! and
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pelvic nerve afl‘erents fiom pelvic organs, and in the region of lamina X surrounding the

central canal, an area important for the integration of visceral and somatic information

(Honda, 1985). Another study used the retrograde tracer, Fluorogold (FG), to identify other

afi‘erents ofthe SNB (Shen, et al., 1990). The greatest number of cells was present in the

medulla oblongata, the lateral vestibular nucleus, and the gigantocellular reticular nucleus

(including the ventral and alpha divisions). Cells were also found in the medullary raphe

nuclei, the ventral medullary nucleus, and the spinal vestibular nucleus. In the pons, cells

were found in the nucleus locus coeruleus, nucleus subcoeruleus, and the caudal pontine

reticular nucleus. These results, along with irnmunohistochemical analysis of descending

projection to the region of the SNB, have implicated three, monosynaptic, bulbospinal

sources: catecholaminergic input fi'om the nuclei locus coeruleus and/or subcoeruleus

(Kojirna, et al., 1985), substance P input fiom the raphe nuclei (Bowker, et al., 1982a;

Micevych, et al., 1986), and serotonergic input fi'om the paragigantocellular nucleus (nPGi)

(Marson and McKenna, 1990) and other supraspinal sources (Bowker, et al., 1982b, 1982b).

Shen and colleagues (1990) found no labelled afi‘erents of the SNB present in the cerebellum,

rostral pons, mesencephalon, and cerebml cortex. However, SNB afferents were found in the

medial parvicellular division ofthe hypothalamic paraventricular nucleus.

nggogin in the PVN/Lower Lumbar Spinal Cord Pathway

PVN and ocin

The chemical nature ofthe hormones ofthe hypothalamo-neurohypophysial system

was investigated and identified by Du Vigneaud and colleagues in the early 19503. These two

hormones, OT and vasopressin (VP), are closely related nonapeptides, characterized'by a six

amino acid ring structure with a three amino acid tail and are associated closely with other,
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supposedly inactive compounds: the neurophysins (Gainer, et al., 1988). By the early 19605,

it was shown that neurohypophysial hormones and their associated neurophysins, neurophysin

I (OT) and neurophysin II (VP), were produced as parts ofa common precursor. The genes

encoding VP and OT are structurally similar. Both have three exons, containing the amino

acids for the precursors, and are separated by two introns. The first exon contains the

nucleotide bases encoding the signal peptide, followed by the nonapeptide, then a three amino

acid spacer which contains the signal for the endoprotease cleavage ofthe precursor, and then

the first nine amino acids of the N-terminal of the neurophysin (NP). The second exon

contains the first 66 amino acids ofthe NP. The third exon contains the C-tenninal ofthis

protein. This C-terminal is followed by a single arginine that separates the NP fiom a C-

terminal 39 amino acid glycopeptide in the VP precursor. The OT precursor contains only

the single arginine and is similar in internal sequence to provasopressin, except that it lacks

the C-terminal glycopeptide (Brownstein, 1983).

Biosynthesis takes place in the hypothalamic perikarya of separate OT- and VP-

containing neurons. From the endoplasmic reticulum, the prohorrnones make their way to

the Golgi apparatus and are then packaged into secretory granules. During axonal transport

ofthe granules, the prohorrnones are cleaved enzymatically to yield VP and neurophysin 11,

OT and neurophysin I, and a glycopeptide. The compounds are then released within the CNS

as neuropeptides or into the periphery as neurohonnones, via the posterior pituitary.

Currently, the neurophysins and glycopeptide have no known endocrine firnction.

The half-life of peripheral or centrally injected OT is species specific (Pfafi‘ and

Schwartz-Giblin, 1988). The half-time for clearance in CSF is approximately 19 minutes in

rats (Mens, et al., 1983). OT's long half-life is beneficial to its capacity to act as both a
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neurohormone as well as a neuropeptide in the periphery and within the CNS, respectively.

It appears that OT does not pass easily through the blood-brain barrier (Mens, et al., 1983).

However, Mens and colleagues (1983) did observe small amounts being transported

bidirectionally between the general circulation and the CSF. The biological significance of

this transport is not well understood (Ermisch, et al., 1985; Landgraf, et al., 1979). The

occurrence of numerous, conflicting behavioral effects of OT, when delivered peripherally

versus centrally, may be explained partially by OT's inability to cross the blood-brain barrier.

Wrthin the hypothalamus, PVN and supraoptic (SON) cells possess gap junctions and

chemical synapses (Hatton, 1988; Hatton and Tweedle, 1982). Astroglial processes isolate

OT cells, while retraction of these glial cells increase cell-cell contact, forming multiple

synapses and dendritic bundles in a steroid dependent manner (Cobbett, et al., 1987;

Montagnese, et al., 1987; Montagnese, et al., 1990). These electrical couplings between

PVN neurons may synchronize pulsatile release ofOT and facilitate the OT surge at the time

of lactation and ejaculation. It has been also shown that OT can stimulate its own release

(Falke, et al., 1989; Freund-Mercier, and Richard, 1981; Freund-Mercier, et al., 1984; Moos,

et al., 1984; Theodosis, et al., 1985). This observed positive feedback may underlie the

pulsatile release that is characteristic of this neuropeptide.

Release of OT is dependent on the interaction of steroidal hormones. The PVN

contains cells that concentrate radioactively labelled T and its metabolites (Sar and Stumpf,

1975; Stumpf, et al., 1975), as well as cells that produce mRNA for androgen and estrogen

receptor proteins (Sirnerly, et al., 1990). Recently, Wagner, et a1. (1993) demonstrated

efl'erent projections from E-sensitive PVN neurons to the SNB. Gonadal steroids have been

shown to influence the number of electrical couplings (gap junctions) between neurons.
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Castration reduced incidence ofdye coupling among magnocellular PVN neurons (Cobbett,

et al., 1987), while androgens increased the incidence of gap junctions in the SNB of

castrated males (Matsumoto, er al., 1988a). Furthermore, gonadal steroids affected the

general morphology ofPVN neurons in the adult mouse through organizational effects that

occur in the neonate (Perez-Delgado, et al., 1987). Electrophysiological studies have

demonstrated that the firing rate of tonically firing, oxytocinergic neurons of the PVN in

anesthetized male rats is increased two days after systemic injections of T, but not B (Akaishi

and Sakuma, 1985b). But in females, they observed that estrogen selectively and directly

excited the tonically firing, presumably oxytocinergic cells (Akaishi and Sakuma, 1985a).

Both E and T can increase OT receptor number in some receptor sites (e.g., medial preoptic

area and ventral medial nucleus) (see review, Carter, 1992; De Kloet, et al., 1986) and can

increase OT mRNA levels (Caldwell, et al., 1989; Miller, et al., 1989). However, these

effects may difl‘er across species. For example, Vlfrtt, D.M., et a1. (1991) found that within

the VMN of prairie voles, OT receptors may not be E-dependent.

Anatgmy 2f the PVN

The heterogeneous PVN consists of subdivisions that are distinct cytoarchitectonically

and can be characterized by their projections (Armstrong, et a1. , 1980; Swanson and Kuypers,

1980; Swanson and Sawchenko, 1983). The three magnocellular subnuclei ofthe PVN, the

anterior, medial, and posterior magnocellular subnuclei, are known to project to the

neurohypophysis (Bargmann and Scharrer, 1951). The PVN also projects to other areas of

the CNS (Silverrnan, et al., 1981) including the brainstem and spinal cord (Kuypers and

Maiskay, 1975; Conrad and Pfafi‘, 1976; Hancock, 1976; Saper, etal., 1976; Swanson, 1977;

Ono, et al., 1978; Hosoya, 1980; Schwanzel-Fukuda, et al., 1984). The PVN cells that
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project to cervical, thoracic, and lumbar regions of the spinal cord originate in the four

parvicellular subnuclei, the anterior, medial, dorsal, and lateral (also referred to as the

posterior) parvicellular subnuclei (Swanson and Kuypers, 1980; Armstrong, et al., 1980).

The majority ofthe neurons that project to the lower regions of lumbar spinal cord, which

contain the SNB, arise fi'om the dorsal and lateral parvicellular subnuclei (Monaghan and

Breedlove, 1991). These afferents to lower lumbar spinal cord are also sexually dimorphic

and androgen-dependent (Wagner and Clemens, 1991).

Myopia in LumMgacppl Spinal Cops!

The PVN is the major source ofOT in the brain and spinal cord. Retrograde tract

tracing studies of projections from brain to spinal cord demonstrated that the PVN was the

only site, containing neurophysin (NP), found to project to spinal cord (Cechetto and Saper,

1988; Shen et al., 1990; Wagner and Clemens, 1993). Lesions of the PVN resulted in

decreases in OT-like-IR at all levels of spinal cord (Hawthorne, er al., 1985; Lang, et al.,

1983). The NP present in the sexually dimorphic regions of lower lumbosacral cord probably

reflects the presence ofOT. Irnmunohistochemical studies have shown that there are fewer

VP-like-IR fibers than OT-like-IR fibers in spinal cord (Buijs, 1978; Sofroniew, 1983).

Radioimmunoassay detection has demonstrated that VP levels are lower than OT levels in

spinal cord (Hawthome, et al., 1985; Lang, et al., 1983; Valiquette, etal., 1985). And, there

are very few VP-like-IR fibers in the region ofthe sexually dimorphic regions ofthe lumbar

cord (Newton, personal correspondence). Since OT has been shown to regulate male sexual

behavior (Argiolas, et al., 1986; 1987a, 1987b; Melis, er al., 1986, 1987, 1989; and see

review, Carter, 1992), it is possible that this OT-containing projection from the PVN to

lumbosacral spinal cord is involved with some aspects of male sexual responses.
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Rol f cin in P nil R flex n A t n mi Func ion

The peripheral and central efl‘ects of OT on male sexual behavior have been well-

summarized in two recent articles (Argiolas and Gessa, 1991; Carter, 1992). Peripherally,

plasma OT levels have been shown to increase significantly after ejaculation, as compared to

pro-ejaculatory levels (Hughes, et al., 1987). OT released from the neurohypophysis

facilitates smooth muscle contractions in pelvic organs (Niemi and Korrnano, 1965). OT

receptors have been localized in the tunica albuginea, epididymis, and vas deferens (Maggi,

et al., 1987). Further, systemic delivery ofOT shortened the postejaculatory interval (PEI)

and ejaculatory latency (EL) (Arletti, et al., 1985) and decreased the number of intromissions

preceding ejaculation (Stoneham, et al., 1985). Centrally, increased CSF levels ofOT were

measured after ejaculation (Hughes, et al., 1987). Intracerebroventricular (ICV)

administration of OT shortened PEI and EL (Arletti, er al., 1985) and increased penile

erection fi'equency (Argiolas, et al., 1987a), as did injections into the PVN (Melis, et al.,

1986). In addition, Stoneham and colleagues (1985) found that OT infirsed ICV increased

ML, intromission latency (IL), and PEI. When the potent OT antagonist, d(CH2),Try(Me)-

Orn'-vasotocin, was administered ICV, a general decrease in male sexual behavior was

observed: 1) mounts decreased and most ejaculations were eliminated (Argiolas, et al.,

1989); 2) a dose-dependent decrease in OT- or apomorphine-increased penile erections was

seen (Argiolas, et al., 1987b); and 3) increased ML, IL, and PEI were reported (Stoneham,

et al., 1985). Electrolytic lesions of the PVN by Hughes and colleagues (1987) eliminated

the CSF increases in OT that typically followed ejaculation; these lesions also decreased PEI.

However, electrolytic lesions by Monaghan and colleagues (1993) destroyed virtually all OT-

like-IR in lumbar spinal cord, but showed little effect on penile reflexes, except for an increase
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latency to the first erection The latter study seems to suggest that OT may play only a minor

role in the modulation ofpenile reflexes.

It appears that two systems may be involved in male sexual behavior: 1) the

peripheral, hypothalamo-neurohypophyseal system, where peripheral OT may exert its effects

on the peripheral genitalia and seminal emission (as suggested by Hughes, et al., 1987), and

2) the central system, where OT-containing PVN efferents may exert their effects on PEI and

modulate sympathetic and parasympathetic outflow to internal and external genitalia (as also

suggested by Hughes, etal., 1987). In her review, Carter (1992) observed that low levels of

OT appear to facilitate or accelerate the onset ofejaculatory behavior while high levels ofOT

inhibit sexual behavior. The segregation of these two oxytocinergic systems would be

difficult, at this time, due to technical complexity of employing a peripheral anti-OT, the

partial permeability ofOT across the blood-brain barrier, and ”leaking” OT resulting fi'om a

neurohypophysectomy, just to name a few ofthe difficulties. OT‘s effects on autonomically

mediated, male sexual behavior include erection and seminal emission (parasympathetic) and

ejaculation followed by penile detumescence (sympathetic). Central OT, reaching the level

of the spinal cord, may participate in tachycardia that accompanies sexual arousal, while

systemic release ofOT (present at orgasm) may play a role in postcoital bradycardia. The

majority of recent investigations of OT's role in seminal emission and prostatic modulation

focus on the peripheral effect of OT (Bodanszky, et al., 1992; Sharaf, et al., 1992).

However, little attention has been given to OT's role in the central control of seminal

emission, especially in lumbar and sacral cord. PVN efferents are known to project to

autonomic structures in spinal cord (Luiten, etal., 1985). Swanson (1977) demonstrated a

NP-containing autonomic pathway originating in the PVN. While Rhodes and colleagues
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(1981) found that the distnbufion ofE-concentrating oxytocinergic cells in the PVN suggests

that they project mostly to autonomic centers rather than to the pituitary.

Summagy

The efl‘ects ofOT on male sexual behavior have been well documented. These efi‘ects

may be summarized by the following general characteristics: 1) OT is released during pre-

and post-ejaculatory behaviors; 2) behavioral actions of OT may be dose- and/or time-

dependent; and 3) endogenously released OT may function first to enhance pre-ejaculatory

components of sexual behavior, then later inhibit it.

Both anatomical and pharmacological studies suggest that OT fi'om the PVN may

regulate penile reflexes and autonomic control of seminal emission. The following

experiments describe two OT-like-IR projections from the PVN to lower lumbosacral cord.

The first may be monosynaptic, terminating directly on SNB motoneurons. The second may

be less direct, forming synapses onto preganglionic parasympathetic cells and their collaterals

and/or intemeurons involved in modulating parasympathetic control of seminal emission

within the vas deferens, coagulating gland, and/or the prostate.
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EXPERIMENT 1: THE DISTRIBUTION OF OT-LlKE-IR NEURONS OF THE PVN

THAT PROJECT TO LOWER LUMBAR SPINAL CORD

OT-like-IR neurons have been found within the PVN ofthe hypothalamus and project

throughout the CNS, including the spinal cord (Cechetto and Saper, 1988). Recently, a loss

ofnarrophysin-immunoreactive fibers has been demonstrated in the sexually dimorphic lower

lumbar cord (Ls-L6) following PVN lesions in male rats (Wagner and Clemens, unpublished

observations).

In this experiment, the analysis of PVN projections to Ls-L6 was extended by

comparing the distribution of PVN, OT-like-IR neurons in male and female rats. This

comparison was made using PVN tissue from rats injected with Flurogold into segments L,-

L,. The objective of this experiment was to determine whether OT-like-IR neurons in the

PVN ofmale and female rats project to sexually dimorphic levels of lower lumbar spinal cord

(Ls-L6), which are known to contain SNB motoneurons.

METHODS

Qngml Methods

Animals used in Experiments I and H were 60-70 day old, Sprague-Dawley, albino

male and female rats (Sasco Laboratories, Omaha, Nebraska). They were housed in wire

mesh cages in a 14: 10 lightzdark cycle with food (Wayne rodent blox) and were given tap

water ad lib. Animals were anesthetized with 60 mg/kg sodium pentobarbital, delivered

intraperitoneally, for all surgical procedures.

19
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Animal mpapptipn

A laminectomy was performed at the level ofthe lumbosacral enlargement. A 2 mm

incision was made into the meninges with a #11 scalpel blade, and a glass micropipette with

an inner diameter of 30-40 pm was stereotaxically-held and visually guided into the cord

directly adjacent to the dorsal blood vessel, and then lowered 1.5 mm. During a period of

two minutes, 0.8 pl of4% FG were unilaterally injected into the region ofthe spinal nucleus

ofthe bulbocavemosus, in 6 males and 6 females.

Tiggug Preparation and Histology

Following a survival time of 2-3 weeks, animals were perfirsed with physiological

saline, followed by 4% parafonnaldehyde in 0.1 M phosphate buffer. Brains and spinal cords

were then cryoprotected with 20% sucrose in 0.1 M phosphate buffer. Spinal cords were

sectioned at 50 pm in the horizontal plane. Alternate sections were mounted on gelatin

coated slides and were either counterstained with thionin or left unstained. Sections through

the PVN ofthe hypothalamus were taken at 30 pm in the coronal plane. Alternate sections

were either mounted on gelatin coated slides and counterstained with thionin, or left

unmounted and processed for immunohistochemistry.

Immunogflochemispy

Immunohistochemistry was performed using antisera against OT (Chemicon

International, Inc.) For detection using fluorescent marker, the immunohistochemistry was

performed using a biotinylated secondary antibody followed by incubation with rhodarnine-

tagged avidin (Vector Labs, Inc). Following immunohistochemistry, sections were mounted

onto gelatin coated slides. Unstained sections were dehydrated in 100% ethanol for one
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minute and cleared in xylene for two minutes. Slides were coverslipped with a DPX (Fluka

Chemika), a non-autofluorescent mountant.

Phptpmicroggppy

Two black and white photographs ('I'Max, Eastman Kodak, Inc.) were taken ofeach

section through the PVN, for each animal, using epifluorescence (FG: 480nm; rhodamine:

570nm). The distribution of FG-labelled cells was drawn on acetate sheets overlaying the

photographs. The acetate sheets were then overlaid on the photographs of the oxytocin-

containing cells and the distribution was drawn. Those cells appearing to contain PG and

rhodamine were confirmed as double-labelled cells on the microscope using epifluorescence.

Using adjacent thionin stained sections as reference sections, the distribution and number of

FG-labelled, oxytocin-containing, and double-labelled cells within the PVN subnuclei were

determined.

RESULTS

Three males and three females were successfirlly injected with FG into the lumbosacral

spinal cord and within the rostro-caudal extent ofthe SNB (Figure 3). OT-like-IR neurons

in the PVN of both male and female rats were shown to project to the sexually dimorphic

levels oflower lumbar spinal cord (L,-L6) (Figure 4).

The quantification of double labelled cells within the PVN in male and females is

summarized in Table 1. Approximately 15% of all FG-labelled cells in the PVN also

contained OT. And, the majority of these double labelled cells were located in the lateral

parvocellular (1p) subnucleus. The distribution of OT-like-IR parvocellular
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Figure 3 Schematic of PG injection placement (SHADED) in a horizontal section

through lumbosacral spinal cord ofthe rat. The central canal (cc) is drawn for

general orientation; however, the horizontal section is taken ventral to the cc.
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Epifluorescent photomicrographs showing FG-labelled neurons (A) and OT-

like-IR neurons (B) indicated by the presence of rhodamine in the 1p

subnucleus ofthe PVN in a female rat. Arrows indicate neurons that contain

both FG and OT-like-IR, indicating that some neurons in the PVN that project

to Ls-L,5 contain OT. Bar = 100 um.

 

 



 



THl

26

Table 1 Mean percent (s.e.m.) ofOT-like-IR PVN neurons projecting to lower lumbar

spinal cord, of double labelled neurons in each subnucleus, and of lower

lumbar projecting PVN neurons that contain OT.

   



C
H
A
R
A
C
T
E
R
I
Z
A
T
I
O
N
O
F
O
T
-
L
I
K
E
-
I
R
,
P
V
N
N
E
U
R
O
N
S

W
H
I
C
H
P
R
O
J
E
C
T
T
O
L
O
W
E
R
L
U
M
B
A
R
S
P
I
N
A
L
C
O
R
D

%
O
F
A
L
L

%
D
O
U
B
L
E
L
A
B
E
L
L
E
D
T
H
A
T

%
0
1
:
F
G
C
E
L
L
S
I
N
E
A
C
H
s
u
a
n
c
u
a
u
s

S
E
X

F
G
C
E
L
L
S

A
R
E
I
N
E
A
C
H
S
U
B
N
U
C
L
E
U
S

T
H
A
T
C
O
N
T
A
I
N
O
X
Y
T
O
C
I
N

C
O
N
T
A
I
N
I
N
G

O
X
Y
T
O
C
I
N

A
P

D
P

M
P

P
M

L
P

A
P

D
P

M
P

P
M

L
P

  

M
A
L
E

1
4
.
0

2
.
2

2
7
.
4

9
.
4

2
1
.
3

3
9
.
7

1
3
.
5

1
3
.
1

1
4
.
6

1
6
.
8

1
5
.
9

(
n
=
3
)

(
3
.
0
)

(
1
.
1
)

(
4
.
3
)

(
2
.
2
)

(
8
.
1
)

(
1
2
.
7
)

(
6
.
8
)

(
2
.
4
)

(
3
.
7
)

(
3
.
3
)

(
5
.
6
)

F
E
M
A
L
E

1
5
.
0

3
.
1

1
6
.
8

7
.
8

2
1
.
2

5
1
.
0

1
0
.
0

1
1
.
1

1
3
.
9

1
7
.
3

1
7
.
1

(
n
=
3
)

(
2
.
2
)

(
0
.
5
)

(
4
.
9
)

(
2
.
5
)

(
4
.
1
)

(
5
.
1
)

(
3
.
2
)

(
0
.
8
)

(
5
.
2
)

(
2
.
6
)

(
2
.
8
)

  
 

 

27



Tl

 

neurons

  
projecti

 

unpublr

retrogra

indixiduz

"I

 to lower i

found in

Character

(Annstrc

lumbar le



28

neurons that project to lower lumbar cord, was similar to other reports of lower lumbar

projecting, NP-like-IR neurons in males (Armstrong, et al., 1980; Wagner and Clemens,

unpublished observations). Interestingly, there were no sex difi‘erences in the number of

retrogradely labelled, OT—like-IR parvocellular neurons within the entire PVN or within

individual PVN subnuclei.

DISCUSSION

The results demonstrate that approximately 15% ofthe neurons in PVN that project

to lower lumbar spinal cord contain OT. And, the majority ofthese OT-like-IR neurons were

found in the 1p subnucleus. These results are similar to previous findings which have

characterized NP and OT projections from PVN to cervical (Hoyosa, 1980), thoracic

(Armstrong, et al., 1980; Sawchenko and Swanson, 1982; Cechetto and Saper, 1988), and

lumbar levels (Wagner and Clemens, 1991) of spinal cord. Sawchenko and Swanson (1982)

found that 11-16% ofPVN neurons that project to thoracic levels of spinal cord also contain

OT. Cechetto and Saper (1988) found a more substantial representation, approximately 20-

25%. However, the discrepancy between these two experiments may be due to the use of

colchicine in the latter study. This toxin disrupts the axonal transport system and causes the

accumulation of peptides in the perikarya. The results of Experiment 1 are also consistent

with those of Wagner and Clemens (1991), who showed that approximately 17% of the

neurons in the PVN that project to lower lumbar levels of spinal cord contain NP. And, the

‘ distribution oflumbar-projecting, OT-like-IR neurons in each the PVN subnucleus was similar

to that ofthe NP-like-IR neurons, which project to the same region of spinal cord (Wagner

and Clemens, 1991).
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It is interesting to note the lack of sexual dimorphism in any of the parameters

quantified in Experiment 1, especially in a brain region which may be involved in modulating

a sexual dimorphic behavior such as penile reflexes. Because both E and T have been shown

to alter firing rate oftonically firing, oxytocinergic neurons ofthe PVN (Akaishi and Sakuma,

1985a and 1985b), increase OT receptor number in MPOA and VMN receptor sites (see

review, Carter, 1992; De Kloet, et al., 1986), and increase OT mRNA levels (Caldwell, etal.,

1989; Miller, et al., 1989), the dimorphism may lie in differential, hormonal action on OT-

containing PVN neurons, which project to sexually dimorphic levels of spinal cord.
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EXPERIIVIENT 2: CHARACTERIZATION OF OT-LIKE-IR FIBERS AND

PUTATIVE TERMINALS IN THE LOWER LUMBER SPINAL CORD

This experiment extended the analysis of the OT-containing projection identified in

the previous experiment. The objectives ofExperiment 2 were: to identify OT-like—IR fibers

in lower lumbar spinal cord ofmales and females; to compare the distribution and density of

OT-like-IR fibers in lower lumbar spinal cord in males and females; and to determine whether

OT-like-IR fiber are found in the region of SNB motoneurons and their dendritic fields.

METHODS

Part 1: Distribution and Sexual Dimorphism of OT-like-IR in the Lower Lumbar

Spinal Cord

Tp’spe Preparation, Histology, and Immunogytochemistgy

Seven males and seven females were perfused, as described previously. Their

spinal cords were sectioned at 30 pm in the coronal plane and then processed for

immunohistochemistry, using a DAB chromogen for detection of OT-like-IR. Sections

were mounted onto gelatin coated slides and counterstained with thionin. Camera lucida

drawings or photographic prints were made of every fourth section through L, (camera

lucida) and L, (photographic prints). The distribution, length, and number ofOT-like-IR

fibers, exhibiting putative terminals, were quantified using a bioquant system (MegM,

R&M Biometrics, Inc., Nashville, TN), and were compared between the sexes.
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Part 2: Relationship of OT-like-IR Fibers and Putative Terminals to

Bulbocavernosus Motoneurons in Males

Animpl Prepagtipn

Two males received 4 pl of4% FG injected bilateral into the bulbocavemosus

using a 10 pl Hamilton syringe. Each injection was made in several smaller injections in

various parts ofthe BC to maximize the number ofterminals exposed to the PG.

Ti P i n His 1 n Imm n t ch mist

Following a survival time of48 hours, the animals were perfused, as described

previously. Spinal cords were sectioned at 30 pm in the coronal plane and processed for

immunohistochemistry for oxytocin using the rhodamine detection (see Appendix).

Sections were mounted onto gelatin coated slides and left unstained. They were then

viewed using epifluorescence microscopy.

RESULTS

Part 1: Distribution and Sexual Dimorphism of OT-Iike-IR in the Lower Lumbar

Spinal Cord

OT-like-IR fibers and putative terminals were identified throughout lower lumbar

spinal cord ofboth sexes (Figures 1 and 5). These regions included the apex ofthe dorsal

horn (marginal zone and substantia gelatinosa), the intermediate zone [the dorsal gray

commissure (laminae V and VI) and the region ofthe interrnediolateral cell column],

and lamina X. Very few fibers were seen in the ventral horn, with the exception of the

region ofthe SNB. Fibers were rarely found in the region of the DLN. However, OT-

like-IR fibers and putative terminals were found in the region ofthe SNB. The en passant

terminals on these fibers appeared to contact cell bodies of SNB motoneurons and their



 

Figure 5

32

Darlcfield photomicrographs showing the distribution of OT-like-IR fibers

(ARROWS) within laminae V & VI in coronal sections oflower lumbar

(L6) spinal cord in female (A and B) and male (C and D). The region

above the central canal, in the upper two photomicrographs (Bar = 500

pm), has been enlarged in the lower two photomicrographs (Bar = 100

pm).
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proximal dendrites (Figure 6). And although many SNB motoneurons were surrounded

by OT-like-IR fiber, others received no contact.

As summarized in Table 2, females were generally found to have a larger number

ofOT-like-IR fibers and greater length in OT-like-IR fibers than males throughout

lumbosacral cord. This dimorphism was more apparent between L,5 and S1. However, the

analysis was only limited to lower lumbar cord, because the SNB of females does not

extend into sacral levels of cord. Sex difi‘erences, within L,, were observed in the number

of OT-like-IR fibers in laminae V and VI (t = -2.972, p < 0.01) and in the length ofOT-

like-IR fibers in laminae VII and VIII (1 = -2.257, p < 0.05). Sex differences were also

observed in both the number (I = -2.729, p < 0.05) and the length (r = -2.735, p < 0.05) of

OT-like-IR fibers in laminae V and VI within L,,

Part 2: Relationship of OT-like-IR Fibers and Putative Terminals to

Bulbocavernosus Motoneurons in Males

Because the SNB innervates both the BC and the anal sphincter, it could not be

determined in Experiment 2, Part 1 whether OT-like—IR fibers contacted specifically

motoneurons which control penile reflexes. However, following the injection ofPG in the

BC, it was found that OT-like-IR fibers and putative terminals did approach and appeared

to contact SNB motoneurons. And like the thionin-stained tissue, terminals on these

fibers appeared to contact cell bodies and their proximal dendrites (Figure 7).

DISCUSSION

The results ofExperiment 2 demonstrate that OT-like-IR fibers and putative terminals

are distributed throughout lower lumbar spinal cord. Their distribution is consistent with

other reports describing OT and NP (OT-specific) in both cervical, thoracic, and lumbar cord
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Figure 6
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Photomicrograph showing OT-like-IR fibers and putative terminals

(ARROWS) that appear to contact the thionin stained soma ofa male SNB

motoneuron. Bar = 50 pm.
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Table 2 Mean number (s.e.m.) and length in microns (s.e.m.) ofOT-like-IR fibers with

putative terminals in laminae V & VI, VII & VIII, and X in L, and in L, of

male (r1 = 7) and female rats (n = 7). Student t-test; asterisks indicate

significant difference, (‘) = p < 0.05, (“) =p < 0.01.



S
E
X

N
I
E
A
N
N
U
N
I
B
E
R
A
N
D
I
E
N
G
'
I
H
O
F
O
I
‘
J
m
-
I
R
F
I
H
F
J
I
S

W
H
I
I
P
U
I
‘
A
'
H
V
E
'
I
E
R
N
I
I
N
A
I
S
I
N
L
S
A
N
D
M

M
E
A
N
N
U
M
B
E
R
(
S
.
E
M
.
)

M
E
A
N
m
o
m

I
N
M
I
C
R
O
N
S
(
S
E
M
J

V
&
V
I

V
I
I
&
V
I
I
I

X
V
&
V
I

V
I
I
&
V
I
I
I

X

 

 

M
A
I
E

(
n
=
7
)

(
1
1
:
7
)

5
3
.
7
1

(
3
.
8
4
)

7
5
.
8
6

(
1
1
.
3
3
)

2
1
.
9
5

(
1
.
7
7
)

1
7
.
2
9

(
3
.
8
2
)

2
2
.
1
4

(
3
.
7
0
)

2
8
.
7
1

(
2
.
7
3
)

0
.
3
4

(
0
.
0
3
)

0
.
6
1
“

(
0
.
0
9
)

0
.
0
6

(
0
.
0
2
)

0
.
1
5
*

(
0
.
0
3
)

0
.
1
6

(
0
.
0
2
)

0
.
1
9

(
0
.
0
2
)

 

M
A
I
E

(
n
=
7
)

L
6

W
A
I
E

(
n
=
7
)

*
p
<
0
0
5

*
*
p
<
0
0
1

8
9
.
1
4

(
1
2
.
5
2
)

1
8
0
1
4
"

(
3
0
.
9
1
)

  
6
8
.
7
1

(
1
0
.
8
0
)

7
8
.
4
3

(
1
1
.
8
4
)

6
5
.
1
4

(
7
.
0
4
)

1
0
5
.
1
4

(
1
8
.
6
3
)

 
0
.
6
1

(
0
.
0
6
)

0
.
8
8
*

(
0
.
0
8
)

0
.
6
0

(
0
.
0
9
)

0
.
6
0

(
0
.
0
8
)

0
.
3
7

(
0
.
0
3
)

0
.
3
2

(
0
.
0
3
)

38



TH

 



TH

 

Figure 7

39

Double exposure photomicrograph using epifluoresence showing FG labelled

motoneurons (LARGE ARROWS) in the SNB following an injection ofPG

into the BC muscle and OT-like-IR fibers (SMALL ARROWS) indicated by

the presence ofrhodamine. OT-like-IR fibers approach and appear to contact

these motoneurons. Bar = 50 pm.
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(Swanson and McKellar, 1979; Wagner and Clemens, 1991). In addition, the location of

fibers is consistent with the distribution ofanterogradely labelled fibers following Phaseolus

vulgaris leuco-agglutinin (PHA-L) injections into the PVN (Luiten, et al., 1985). Virtually

all ofthese OT-like-IR fibers within the gray matter, and including the few located within the

ventral funiculus and the ependymal cells around the central canal, include putative terminals,

approximately 1-2 pm in diameter. The majority of these fibers and putative terminals are

generally restricted to the apex ofthe dorsal hom, the intermediate zone (including the region

ofthe irnl and the dorsal gray commissure), and the dorsomedial region ofthe ventral horn.

As mentioned previously, the latter two regions contain the sexually dimorphic SNB and its

extensive dendritic field. In addition, OT-like-IR fibers and their putative terminals appear

to contact SNB cell bodies and proximal dendrites. However, it must be stressed that,

although terminal boutons and en passant terminal swellings are thought to be presynaptic

structures, ultrastructural verification would be required for determining whether or not these

OT-like-IR terminals are actually making chemical synapses onto SNB motoneurons.

The present experiment demonstrated a direct OT input, presumably fi'om the PVN,

to lower lumbar spinal cord. OT fibers, as well as being found in the region of the SNB, were

also located in other sexually dimorphic areas, such as terminal areas for the sensory branch

of the pudenda! nerve (McKenna and Nadelhafl, 1986). There was only a subtle sexual

dimorphism in the distribution ofOT-like-IR fibers in L,. However, this dimorphism became

much more pronounced in the intermediate zone ofL, and continuing into S,, inclusive ofthe

region containing preganglionic parasympathetic neurons and their collaterals (Morgan, et a1. ,

1991). It may be important to note the observation by Wagner and Clemens (1991) that

castrated males had more NP-like-IR fibers in the region ofthe SNB as compared to intact
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males. The means ofthese two groups were quite distinct, however, the variability between

animals within a group was quite high, especially in the castrate group. Albeit the lack of

statistical significance, this general trend appears to be consistent with the sexual dimorphism

found in the present experiment.

Ifthis sex difference in OT-like-IR is firnctionally relevant, it could indicate several

possible effects by hormones on the differential regulation of this central, OT-containing

pathway. An increase in OT-like-IR fibers could result from a lack of release by the terminals

ofthese fibers. Ifcell activity is low, release may decrease, but axonal transport may continue

at the same rate. This may result in a "back-up” ofOT within the axon. Ifrelease occurred

at the same rate as axonal transport, OT-containing fibers would empty and therefore become

undetectable. A second possibility is that the rate of synthesis may be altered. Steroids are

known to alter the levels ofOT mRNA in the hypothalamus (Caldwell, et al., 1989). The

third possrbility is that increased OT-like-IR may reflect a hyperinnervation ofthe SNB in the

absence ofT. Synaptic input onto SNB motoneurons decreases with castration (Matsumoto,

et al., 1988b; Leedy, et al., 1987). In addition, in vitro studies show that androgens act

additively with nerve grth factor to increase neurite outgrowth, branching, and

arborization, thereby increasing the likelihood for intemeural contact (Lustig, et al., 1994).



EXPERINIENT 3: EFFECT OF NMDA LESIONS OF THE PVN ON PENILE

REFLEXES AND SEMINAL EMISSION

Oxytocinergic neurons of the PVN have been implicated in the modulation of male

sexual responses in rats. Cerebrospinal fluid (CSF) levels of OT increased following

ejaculation (Hughes, et al., 1985); ICV administration ofOT increased ML, IL, and the PEI

(Stoneham, et al., 1985); electrolytic lesions ofthe PVN increased ML and IL and increased

PEI (Hughes, et al., 1985). We have shown that OT-like-IR neurons in the parvocellular

subnuclei ofthe PVN project to lower levels of spinal cord (Ackennan and Clemens, 1992).

In this experiment, n-methyl-d-aspartic acid (NMDA) lesions, which have been shown to

destroy parvocellular PVN neurons while leaving magnocellular neurons intact (Tang and

Sisk, 1992), were used to evaluate the role of parvocellular neurons on male copulatory

behavior and seminal emissions. The objectives of this experiment were:

1. to determine whetherNMDA lesions ofthe PVN reduce OT-like—IR fibers in

lower lumbar spinal cord (L,-L,), which are known to contain SNB

motoneurons and their dendritic arborizations as well as autonomic cell

bodies;

2. to evaluate the effect ofNMDA lesions ofparvocellular PVN neurons on male

copulatory behavior; and

3. to evaluate the effect of NMDA lesions of parvocellular PVN neurons on

seminal emission, as measured by dried copulatory plug weights.
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METHODS

Animal P ra i n n o ulato T in

Animals used in Experiment 3 were 60-70 day old, Long Evans male and female rats

(Charies River, Wilmington, Massachusetts). Both sexes were separately housed in the same

room. The ovariectomized females were brought into behavioral estrus by sequential,

intrarmrsarlar injections ofestradiol benzoate (50 pg once a day, 3 days prior to testing) and

PG (0.5 mg, 4-5 hours prior to testing), both administered in a sesame oil vehicle. Males

were placed individually into 10 gallon aquaria, which served as testing arenas, for 10 minutes

prior to the onset oftesting. Testing began by placing a hormone-treated, stimulus female

into the male's testing arena. Males were allowed to copulate to exhaustion with his paired

female; after which, the animals were returned to their home cages. After two separate

copulatory exposures to a receptive female, a pro-lesion test of each male's sexual behavior

was recorded. The following behavioral parameters were recorded: ML, time from

introduction of the stimulus female into the test arena to first mount; IL, time fi'om

introduction ofthe stimulus female into test arena to first intromission; and EL, time fi'om first

intromission to ejaculation. A detailed description of these copulatory behaviors may be

found in a review by Sach and Meisel (1988).

Thirty males were anesthetized and placed in a stereotaxic apparatus. An incision was

made through the skin and muscle ofthe head to expose the skull. Coordinates from bregrna

for PVN were as follows: A-P: -2.1, M-L: $0.6, D-V: -7.7. Holes were drilled through the

skull, and a pair of24g stainless steel cannulae were lowered into the brain until the tip ofthe

cannulae were 0.1 mm dorsal to the PVN. Bilateral lesions of parvocellular PVN neurons

were made by injecting 0.6 pl of either 0.3M NMDA in 0.1 M phosphate buffer (pH 7.4) (n
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= 12) or ofphosphate bufi‘er alone (n = 18) for 30 minutes. Holes in the skull were filled with

bone wax, the incision was closed with wound clips, and the animals were allowed to recover.

Males were again tested for copulatory behaviors on day 15 post-surgery. After each pre-

and post-surgery copulatory test, the male's paired female was anesthetized with sodium

perrtabarbital (50 mg/kg). The seminal plug was removed, allowed to air-dry for 14 days, and

then weighed (Lange, et al., 1993).

Tiggug Prpppyption, Histolpgy, pug Immunogfiochpmistg

Animals were perfused with physiological saline, 4% paraformaldehyde in 0.1 M

phosphate bufl‘er (pH 7.4), and cryoprotected with 20% sucrose in 0.1 M phosphate buffer

(pH 7.4). Brains and spinal cords were sectioned on a fi'eezing microtome, mounted onto

gelatin coated slides, and were counterstained with thionin or processed for

immunohistochemistry. Lesion placement was evaluated using 50 pm sections through the

PVN. Immunohistochemistry was performed on alternate 30 pm sections through L,-L,,

using antisera against OT (Chemicon International, Inc). For detection using a chromogen,

the avidin-biotin method (Vector Labs, Inc.) was performed using the diaminobenzidine/HZO2

(DAB) reaction. Following immunohistochemistry, chromogen treated sections were

counterstained with thionin.

RESULTS

The NMDA bilateral lesions ofthe PVN were relatively large. A typical lesion fi'om

one animal may be seen in Figure 8. Only data from those animals in which the entire PVN

was significantly damaged were used in the experiment's analyses. OT-like-IR fibers were

virtually eliminated in lower lumbar spinal cord following NMDA lesions of parvocellular

PVN neurons (Figure 9). Interestingly, these chemical lesions ofthe PVN did not
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Figure 8

46

Schematic oflesion placement (SHADED) in successive coronal sections (A-

F) through the PVN in the rat. Based on Swanson and Kuypers (1980).
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Figure 9

48

Darkfield photomicrographs showing the distribution of OT-like-IR fibers

(ARROWS) within coronal sections of lower lumbar (L,) spinal cord in

unlesioned (A and B) and lesioned (C and D) males. The region above the

central canal, in the upper two photomicrographs (Bar = 500 pm), has been

enlarged in the lower two photomicrographs (Bar = 100 pm).
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significantly afl‘ect ML, IL, or EL. However, seminal plug weight was significantly reduced

following the NMDA lesions (Repeated Measures ANOVA, F[1,11] = 11.404, p < 0.01;

Tukey's Test, p < 0.01; Figure 10).

DISCUSSION

The results of Experiment 3 demonstrate that bilateral destruction of the PVN

destroys virtually all OT—like-IR in lower lumbar spinal cord. This finding is consistent with

the electrolytic lesion studies using radioimmunoassay (Hawthorn, et al., 1985) and

irnrnunocytochemistry (Monaghan, etal., 1993) to measure decreases in OT-like-IR in spinal

cord. In Hawthom and colleagues'study, PVN lesions resulted in a dramatic decrease in the

levels ofOT and VP at all levels of spinal cord. In Monaghan and colleagues' study, lesions

destroyed virtually all OT-like-IR in lumbar spinal cord, but showed little effect on penile

reflexes, except for an increase latency to the first erection. Unlike electrolytic lesions,

NMDA lesions selectively destroy parvocellular PVN neurons while, presumably, leaving

fibers of passage and magnocellular PVN neurons intact. In addition, the PVN is the only

OT-containing efl‘erent in the hypothalamus that projects to lower lumbar cord. None ofthe

other areas known to contain OT, such as the SON, suprachiasmatic nucleus, MPOA, bed

nucleus of the stria terminalis, and the lateral septum, do not project to L,-L,. Together,

these results, as well as those from Experiment 1, suggest that the parvocellular subnuclei of

the PVN are the sources ofOT in lower lumbar cord and that OT plays only a minor role in

the modulation of penile reflexes and may not be necessary for normal copulation. This OT

projection to the iml of the spinal cord is thought to modulate sympathetic and

parasympathetic outflow to the internal and external genitalia (Gilby, et a1. , 1982). Decreases

in lumbar OT concentrations and in seminal plug weights, following parvocellular PVN
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Figure 10 Mean weight ofseminal plugs from pre- and post-surgery control (n = 7) and

lesioned (n = 6) males. Asterisk (*) indicates a significant difference

(Repeated Measures ANOVA, F[1,11]=11.404,p < 0.01; Tukey's Test,p <

0.01).
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lesions, seem to support the idea that these OT efferents to lower lumbar cord may modulate

autonomic regulation of emission-related structures. OT's effect on these structures may be

central (i.e., OT may modulate preganglionic neurons in lower lumbar cord) and/or peripheral

(i.e., plasma OT released fi'om the neurohypophysial may facilitate smooth muscle

contractions in these pelvic organs by acting directly on the tissue). Hughes and colleagues

(1982) have proposed a possible coordination of co-released OT centrally and peripherally

which has been suggested in the context of parturition and induction of maternal

responsiveness in rats (Pederson, et al., 1982).



GENERAL DISCUSSION

The present study demonstrates, in both male and female rats, an OT-like-IR

projection from parvocellular neurons of the PVN to sexually dimorphic regions of lower

lumbar spinal cord (L,- ,), a region known to contain motoneurons ofthe spinal nucleus of

the bulbocavemosus (SNB) and their dendritic arborization as well as autonomic cell bodies.

The majority ofthese spinal-projecting cells are located in the lateral parvocellular subnucleus.

The distribution of OT-like-IR, PVN neurons that project to L,-L, is identical in males and

females. However, the density (e.g., number and length) of OT-like-IR fibers with putative

terminals appears to be higher in the lower lumbar spinal cord offemales. This sex difference

appears subtle in L, but becomes more pronounced in L,. In both sexes, OT-like-IR fibers

and putative terminals are found in the region of SNB. Axon-sparing, NMDA lesions, which

have been shown to destroy parvocellular PVN neurons while leaving magnocellular neurons

intact, virtually abolishes all OT-like-IR fibers and their putative terminals in lower lumbar

spinal cord, thereby implicating the PVN as the source oflumbosacral OT. These selective

lesions significantly reduced seminal emission, however, measures of male copulatory

behaviors (i.e., IVE, IL, and EL) were unaffected.

W

The neural circuitry ofmale sexual behavior is not well understood. However, before

the role ofthe PVN and OT play in penile reflexes can be elucidated, it may be instructive to
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consider how this system, together with other neural circuits, might coordinate the display of

male copulatory behavior, fi'om the initiation and maintenance of sexual behavior to the

successfirl impregnation ofthe female.

In ile fth An thrSurasinliui

For the initiation of male copulatory behavior, the male must integrate auditory,

olfactOry, gustatory, and tactile sensory cues. The MPOA appears to be critical for

processing this sensory information. Olfaction is the sensory modality that most directly

influences the MPOA Afferents fiom the accessory olfactory bulb to the posterior cortical

and medial nuclei of the amygdala (Scalia and Winans, 1975) may be relayed to the central

and medial part ofthe MPOA via the BNST (Krettek and Price, 1978a and 1978b) or may

be relayed directly fiom the medial amygdala to the MPOA through the stria tenninalis.

Lesions of these areas and the A14 dopaminergic region, disrupt specific aspects of male

sexual behavior but do not abolish it completely (Chiba and Murata, 1985). Auditory, visual,

and tactile sensory information are also integrated into the MPOA, however their influence

is not as direct as that from Olfaction. Sensory information is known to reach the neocortex

and may influence MPOA function through intracortical projections fi'om the appropriate

cortical regions to the perirhinal area (Deacon, et al., 1983), which in turn projects to the

ventral subiculum (Kosel, et al., 1983). Thus, the ventral subiculum may relay sensory

infonnation from the neocortex to the MPOA through its projection to the ventrolateral septal

nucleus (Swanson and Cowan, 1977), or directly through the corticohypothalamic tract

(Krettek and Price, 19788 and 1978b).

Generally speaking, the lateral part of the medial preoptic nucleus (MPN) within the

MPOA receives ascending projections from the brainstem, including serotonergic inputs,
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which may exert significant effects on sexual behavior (Crowley and Zemlan, 1981) and

gonadotropin release (Kalra and Kalra, 1983) at the level ofthe MPOA Similarly, ascending

gustatory and visceral inputs to the medial part ofthe MPN from the nucleus ofthe solitary

tract and A1 region appear to relay vagal and glossopharyngeal sensory information

(Sawchenko and Swanson, 1982b) and may contain norepinephrine, which is also thought to

modulate reproductive physiology and behavior. Other brainstem regions that appear to

provide modest somatomotor inputs include the ventral tegmental area, lateral (central)

tegmental field, periaqueductal gray, pedunculopontine nucleus, and the peripeduncular

mrcleus. Sparse innervation is received fiom infralimbic and insular cortical areas, the nucleus

accumbens, and the substantia innominata. Intrahypothalamic projections to and from the

MPOA are widespread. These included most of the major hypothalamic regions: AHA,

VMH, DMH, PVN, lateral POA, LHA, tuberomarnillary and supramammillary nuclei (see

review, Swanson, 1987). It is through these projections that the MPOA can directly influence

neuroendocrine and autonomic responses.

The primary efi‘erents ofthe MPOA project to the midbrain via the medial forebrain

bundle (Swanson, 1976). Elimination of copulation by lesions of the MPOA is generally

considered to result from the interruption of efferents to the midbrain. Lesions ofthe medial

forebrain bundle rostral to the MPOA have no effect on copulation, whereas lesions caudally

along the extent of this fiber pathway eliminate copulation (Hendricks and Scheetz, 1973).

Tegmental regions, receiving MPOA input, have been implicated in male sexual behavior

(Hansen and Gummesson, 1982; Brackett and Edward, 1984). Lesions ofthe lateral (central)

tegmental field, dorsal and medial to the substantia nigra, eliminated copulation in male rats

(Hansen and Gummesson, 1982; Brackett and Edwards, 1984). Similar results were found
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when lesions were placed more medially, sparing the peripeduncular nucleus (Brackett and

Edwards, 1984). It appears that the peripeduncular nucleus may not play a critical role in the

execution of copulation but may serve as a sensory relay from the pudendal nerve (Carrer,

1978) to the MPOA, via the amygdala (Masco and Carter, 1980). Lesions of the dorsal

tegmental area (Clark, et al., 1975; Walker, et al., 1981), ventrolateral to the midbrain central

gray, or ofthe ventral tegmental area (VTA) (Barfield, et al., 1975) substantially accelerate

copulation by reducing PEI. These VTA lesions also damage fibers of the dorsal

noradrenergic bundle, ascending from the locus coeruleus, thus reducing a source of

noradrenergic inhibition to the forebrain. Chemical lesions of the dorsal tegmental area,

which leave the noradrenergic bundle intact, also speed up pacing ofcopulation (Hansen, et

al. , 1982). The coordination ofsympathetic, vascular, sensory, and reflexive firnctions by the

MPOA is largely unknown. Projections important to these functions are undoubtedly relayed

between MPOA and brainstem (Chiba and Murata, 1985). This is illustrated by the MPOA

efi‘erent to the paragigantocellularis nucleus ofthe reticular formation, a region known to send

inhibitory efl‘erents to SNB motoneurons (Marson and McKenna, 1990).

Reciprocal projections between the MPOA, the ventral striatum, and the basal ganglia

may relay information contthe motivational state ofthe animal. In the model proposed

by Mogenson and colleagues (1980), the forebrain transmits the motivational state of the

animal to the ventral tegmental area, were it is relayed to the ventral striatum and nucleus

accumbens. The integration of this information forms the basis for the motivational state of

the animal. The accumbens, in tum, projects to the basal ganglia, forming an neural interface

between the regions assessing the animal's motivational state and motor systems capable of

organizing movements that permit the animal to execute behaviors.
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To summarize, the MPOA is influenced by sensory information. Although the

olfactory and visceral modalities appear to reach it relatively directly, other modalities must

first pass through multimodal association areas of the cerebral cortex, including limbic

regions. Projections fi'om the MPOA also directly influence neuroendocrine, autonomic, and

somatomotor responses. Because these pathways are bidirectional, the MPOA may influence

both motor responses, as well as the processing ofsensory information and the accompanying

cognitive activities.

Large lesions ofthe preoptic area (including the anterior AHA) eliminated copulation

in sexually experienced male rats, even with chronic T administration (Heimer and Larsson,

1964), and therefore, deficits were not the indirect result of diminished gonadal output.

However, behavior in most POA lesioned animals was restored following the administration

of the non-specific monoamine receptor agonist, lisuride (Hansen, et al., 1982). Smaller

lesions have produced less severe deficits (Heimer and Larsson, 1964; Ginton and Merari,

1977; Arendash and Gorski, 1983). This has been of interest because the MPOA can be

partitioned into several subnuclei, which show different connectivity and cytoarchectiture.

Restricted lesions, in some regions, have been shown to increase IL and EL, whereas others

have spared copulation (Arendash and Gorski, 1983). Interestingly, animals receiving these

restricted lesions showed behavioral inconsistencies from test to test (Heimer and Larsson,

1964), and in some cases, showed recovery of normal copulatory ability over time (Ginton

and Merari, 1977).

Spinal Regulation of Penile Reflexes

Penile erection is regulated by three major pathways: 1) the lumbosacral system,

which travels via the pelvic nerve to the penile corpora and vasculature; 2) the pudendal
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nerve, which innervates the striated penile muscles, is the second pathway; and 3) the

thoracolumbar system, which is the primary route by which sexual stimuli, received by

suprasegrnental receptors, cause erection. The dorsal penile nerve, a sensory branch ofthe

pudendal nerve, is the route of tactile sensory information fiom the penis, although other

genital afi‘erent fibers are carried to the spinal cord by the pelvic nerve (Purinton, et al., 1973

and 1981). Both the dorsal penile nerve and the pudendal nerve originate in the same spinal

segments, which contain SNB and DLN motoneurons, and project to the same spinal laminae

(Nunez, er al., 1986). These anatomical features, as well as the overlapping pudendal and

pelvic afl‘erent and efl‘erent spinal projections, may represent a circuit for rapid sensorimotor

coordination, characteristic ofthe intromissive pattern observed in rats (Roppolo, et al. , 1985;

.Rose and Collins, 1985;N1'1r‘1ez, etal., 1986). Hypogastric efferent activity has been shown

to be highly synchronized in sexual reflexes with pudendal and pelvic nerve activity

(McKenna, et al., 1991). Nadelhafi and McKenna (1987) demonstrated that the hypogastric

nerve has relatively few afferent fibers. Therefore, this synchronization must be mediated by

intraspinal pathways. The band of medially located, pseudorabies (PRV)-labelled neurons

which extends from lower thoracic to upper sacral segments in Marson and colleagues' (1993)

study would be appropriate for such a role.

Overall influence of the brain upon penile reflexes is inhibitory, as demonstrated in

spinal transection (Sachs and Garinello, 1980) and pharmacological blockade studies (Sachs

and Bitran, 1990). Reflexes are more reliably elicited and more frequent after mid-thoracic

transection of spinal cord (Hart, 1968; Sachs and Garinello, 1980). Also, enhanced

electromyographic activity in perineal muscles is observed following spinal transection

(Marson and McKenna, 1990). Although lesions of the MPOA drastically reduce male
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copulatory behavior (Heimer and Larsson, 1966), removal ofthe MPOA'S indirect input to

spinal cord, by means ofa knife cut through the medial forebrain bundle, do not afl‘ect penile

reflexes (Szechtrnan, et al, 1978). However, investigations involving supraspinal transections

and electrolytic and kainic acid lesions in specific areas ofthe ventral medulla indicate that the

paragigantocellular reticular nucleus and the raphe nuclei mediate this supraspinal inhibition

(Marson and McKenna, 1990). It should also be noted that some regions (e.g., lateral

vestibular nucleus) may facilitate expression of penile reflexes, suggesting that multiple

supraspinal efferents may be involved in the production of reflexes (Monaghan, et a1. , 1993).

Therefore, situational variables may influence the activity and hence the strength of each

projection. For example, if a male rat is exposed to an estrous female, activity of inhibitory

projections to spinal regions involved in penile activity might decrease, whereas activity in

facilitatory regions might increase. The brain determines when a given spinal reflex is

appropriate and transmits this information to the spinal cord.

It has been assumed that the coordination underlying penile firnctions occurs and is

mediated by intemeurons in the lumbosacral Spinal cord (Hart, 1968; Sachs and Garinello,

1980). Sachs and Garinello (1980) suggest that a spinal pacemaker regulates the rate at

which penile reflexes occur and may also contribute to the pacing of the male's attempts to

copulate. Details of this circuitry remain unknown. However, it could be inferred fiom

several lines of evidence that penile intemeurons, located in the dorsal gray commissure

around the central canal in LS-Sl, may be involved in this circuitry. Electrophysiological

studies and immunohistochemical staining have identified neurons around the central canal

in the sacral spinal cord of cats which were responsive to pelvic visceral and/or somatic

sensory stimulation, including genital stimuli (Honda, 1985). As previously mentioned, the
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dorsal gray commissure of LS-Sl is a site of extensive terminal fields for both pelvic and

pudendal nerve afl‘erents. The dorsal gray commissure is therefore likely to contain

intemeurons coordinating pelvic function. This region also contains neurons which project

supraspinally (Burstein, et al., 1990) and has reciprocal connections with medullary regions

shown to modulate sexual reflexes (Marson and McKenna, 1990 and 1992). Some neurons

in this region project to the parasympathetic preganglionic neurons (Sasek and Elde, 1985).

Sacral preganglionic neurons have extensive axon collaterals, with an especially heavy

innervation in lamina X, surrounding the central canal (Morgan, et al., 1991). The wide range

of axon collaterals of preganglionic neurons may explain the large numbers of putative

intemeurons identified in the present study. A transneuronal study using injections of

wheatgerm agglutinin conjugated horseradish peroxidase (WGA-HRP) into the

bulbospongiosus muscle, also resulted in labelled presumptive intemeurons in the central gray

of the lumbosacral cord (Collins, et al., 1991). There is much less evidence regarding the

location of pelvic intemeurons outside the LS-Sl segments.

Role of Central OT from the PVN in Male Copulatory Behavior

As previously mentioned, the MPOA is innervated by dopaminergic axons ofthe A14

area In addition, it sends efferents to the PVN (Silverman, et al., 1981; Chiba and Murata,

1985) and receives reciprocal afferents from the PVN (Simerly and Swanson, 1986). This

relationship ofthe MPOA to the PVN may help explain why the infusion ofapomorphine into

the MPOA facilitates penile reflexes (Pehek, et al., 1989). These effects of apomorphine on

penile responses, following central administration, are prevented by electrolytic lesion ofthe

PVN (Argiolas, et al., 1987a). And since the effects of systemically administered

apomorphine are blocked by central administration of an OT antagonist (Argiolas, et al.,
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1987b), these lesions appear to disrupted OT processes. The concomitant administration of

apomorphine and OT, both of which induce penile responses when given alone, did not

produce an additive effect on the incidence ofthe responses (Melis, et al., 1989) and led to

the conclusion that apomorphine induces penile responses by releasing OT within the CNS.

These studies suggest that the PVN may be an additional site by which the MPOA modulates

SNB motoneurons activity. However, the role ofOT in regulating penile reflexes has been

called into question, by recent lesion studies. Although electrolytic PVN lesions reduce

dramatically OT-like-IR in lower lumbar cord, they had little effect on ex copula penile

reflexes, except for latency to first erection (Monaghan, et a1. , 1993).

As noted earlier, OT may afi‘ect temporal measures of male copulatory behavior.

Discrete electrolytic lesions to the lp subnucleus ofthe PVN abolish ejaculation-associated

increases in CSF OT, prolong ML and IL, and reduce the absolute PEI (Hughes, et al., 1987).

However, the efl‘ects of chemical lesions on measures of male copulatory behavior are

inconsistent with those of electrolytic PVN lesions (Hughes, et al., 1987). NMDA lesions

ofthe PVN do not affect in copula displays of penile reflexes or most temporal measures of

male copulatory behavior, however, the effect of OT on PEI could not be determined.

Whereas chemical lesions selectively destroy parvocellular PVN neurons, electrolytic lesions

destroy both magnocellular and parvocellular PVN neurons, as well as axons en passant.

Differences in sample size may have also contributed to the inconsistency between the the

electrolytic lesions ofHughes and colleagues (1987) and our chemical lesions. The efl‘ects

ofchemical PVN lesions could not be determined in the present experiment's behavioral tests

because ofthe removal ofthe seminal plug immediately following ejaculation.
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The PVN‘s central OT-containing neural circuitry may also serve as a sensory and

motor relay to the MPOA, coordinating temporal aspects ofmotor patterns ofmale sexual

behavior with penile reflexes. In both sexes, the PVN receives inputs from neurons within

the dorsal gray commissure and surrounding the central canal at lumbosacral levels of spinal

cord (Akaishi, et al., 1988; Burstein, et al., 1990; Yang and Clemens, unpublished

observatiom).. The same region receives both pelvic and pudendal sensory afi‘erents (Honda,

1985; Burstein, et al., 1990), as well as intemeurons, whose circuitry may constitute part of

Sachs and Garinello's (1980) hypothetical, spinal pacemaker.

Swanson (1977) has identified "autonomic cells" in the PVN which project to brain

stem and spinal cord. Descending fibers fiom these neurons travel to the dorsal motor

nucleus of the vagal nerve and the iml column of the spinal cord where they innervate

parasympathetic and sympathetic preganglionic cells respectively (Sawchenko and Swanson,

1982a). The hypogastric and pelvic nerves are major sources autonomic influence over

bladder activity, erection, ejaculation, and penile detumescence (De Groat and Booth, 1980;

Kihara, et al., 1991; Kihara, et al., 1992; Sato, etal., 1991). Sympathetic preganglionic

neurons have been localized in Tn-L3 (Nadelhaft and McKenna, 1987), and sacral

parasympathetic preganglionic neurons have been localized in Lé-Sl (Nadelhaft and Booth,

1984; Morgan, et al., 1991). In both these cell groups, preganglionic neurons and their axon

collaterals have been located in regions ofspinal cord (iml, dorsal commissure, and lamina X)

where OT-like-IR fibers have been identified. By injecting one oftwo retrograde tracers, PG

or cholera toxin B, into the hypothalamus and injecting the other tracer into the pelvic

ganglion, Burstein and colleagues (1990) have found two populations of parasympathetic

preganglionic neurons in the sacral spinal cord of rats: one that projects through the pelvic
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nerve and another that projects to the hypothalamus. This latter projection may be a

reciprocal connection for a descending paraventriculo-preganglionic neuron projection and

may modulate parasympathetic control of seminal emission.

The projections from PVN and other hypothalamic nuclei (lateral hypothalamus and

dorsal hypothalamic area) to the lumbosacral region of spinal cord in females (Wagner and

Clemens, 1991), which do not possess the BC and IC neuromuscular system, may involve

reproductive functions specific to females. The pudendal nerve, which originates in L5-S, of

the spinal cord, innervates structures important in both female copulatory behavior and

parturition (Pacheco, et al., 1989). OT has been shown to have central effects on sexual

receptivity in female rats (Brinton, etal., 1984). Electrophysiological evidence demonstrates

that tonically firing OT neurons in PVN receive input from the uterus (Akaishi, et al., 1988).

Futug Directions

Because the present findings show that approximately one—sixth of neurons in the

PVN that project to lumbosacral spinal cord contain OT-like-IR, fidrther identification of

other neuroactive substances would be important in the neurochemical characterization ofthis

paraventriculo-spinal projection. Met-enkephalin has been found in approximately 10% of

the spinal-projecting PVN neurons (Cechetto and Saper, 1988) and has been demonstrated

to coexist with OT and VP in some parvocellular PVN neurons (Martin and Voight, 1981).

Small populations of spinal-projecting cells of the PVN have been shown to contain tyrosine

hydroxylase (Swanson, et al., 1981), angiotensin H (Lind, et al., 1985), corticotropin

releasing hormone (Sawchenko and Swanson, 1985), thyrotropin releasing hormone, and

neurotensin (Swanson, et al., 1986). Only a few galanin-IR, cholecystokinin-IR, and

substance P-IR neurons have been identified in the paraventriculo-spinal projection (Cechetto
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and Saper, 1988). Met-enkephalin, galanin, and substance-P are found in all parvocellular

neurons ofthe PVN (Cechetto and Saper, 1988; Ljungdahl, et al., 1978) and in fibers in the

region of the SNB (Micevych, et al., 1986; Coquelin, etal., 1991; Newton, 1992). High

densities of substance P-IR fibers have been also described in the region of autonomic

preganglionic neurons (Ljungdahl, er al., 1978). In addition to these paraventriculo-spinal

projections, other hypothalamic nuclei (lateral hypothalamus and dorsal area of the

hypothalamus) have been shown to project to lower lumbosacral spinal cord (Wagner and

Clemens, 1991). The possible function ofthese projections is unclear. However, 90-100%

of neurons in the lateral hypothalamus that project to thoracic spinal cord contain p-

melanocyte stimulating hormone and 50-90% of neurons in the dorsal area of the

hypothalamus contain tyrosine hydroxylase (Cechetto and Saper, 1988). Both of these

neuroactive substances have been shown to affect penile reflexes (Argiolas, er al., 1987a,

1987b; Bitran, et al., 1988; Ferrari, et al., 1963; Pehek, et al., 1988).

As discussed in Experiments 1 and 2, the lack of sexual dimorphism in OT-like-IR

PVN neurons that project to lower lumbar spinal cord, together with the sexual dimorphism

seen in lumbosacral cord, poses an interesting question: How are gonadal hormones involved

in the difi'erential regulation of this pathway? Considering that E and T alter firing rates of

OT neurons in the PVN (Akaishi and Sakum, 1985a and 1985b), increases OT mRNA levels

(Caldwell, et al., 1989; Miller, et al., 1989), decreases synaptic density and number on SNB

motoneurons altered by castration (Leedy, et a1. , 1987), and increases in OT-like-IR fibers,

as seen in female lumbosacral spinal cord, could result fiom several factors: 1) decreased OT

release from terminals; 2) alteration ofprotein synthesis rate; 3) hyperinnervation ofthe SNB
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in the absence of T; 4) regulation of the synaptic coverage of SNB motoneurons fi'om

afferents originating in the PVN.

Although terminal boutons and en passant terminal swellings appear to contact SNB

cell bodies and their proximal dendrites, ultrastructural verification and the identification of

OT-receptor sites on SNB motoneurons would be necessary for determining whether

oxytocinergic terminals are, indeed, making synapses onto SNB motoneurons. Likewise, the

identification of oxytocinergic terminals, forming chemical synapses onto preganglionic

neurons and/or their axon collaterals and onto intemeurons connected with this neuronal

circuit, will strengthen the notion that OT is involved in the regulation of seminal emission,

via contraction ofthe vas deferens and/or prostate. The location ofthese synapses will be of

great importance in understanding the role of the PVN on both penile reflexes and seminal

emission. Terminals located directly on the soma would imply that OT is having a more

direct, controlling effect on the firing of these cells due to basic cable (passive) properties

exhibited by neurons (i.e., current will decrease as the distance from the point of stimulation

increases). This effect may be less if terminals are located on dendrites, or in the case of

preganglionic neuronal circuit, on intemeurons.

As previously mentioned, OT appears to affect the PEI in male rats. Both systemic

and ICV administration ofOT have been shown to shorten PEI. Conversely, ICV infusion

ofthe potent OT antagonist, d(CH2),Try(Me)-Om'-vasotocin, increased PEI. Unfortunately,

removal of the seminal plug immediately following ejaculation did not permit the

measurement ofPEI in the present experiment's behavioral tests. If high post-ejaculatory OT

levels induce sexual satiety, one would suspect that NMDA lesions of the PVN would also

shorten PEI.
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Another, perhaps less direct, method for investigating OT's role in the modulation of

SNB motoneurons and seminal emission, would be the use of PRV injected into the BC

muscle or into emission-related structures, such as the seminal vesicles, coagulating gland,

vas deferens, and prostate. OT-containing terminals co—localizing PRV would suggest a

modulatory role of OT in these circuits. The major advantage of using PRV over other

transneuronal markers, such as WGA—HRP, is its ability to replicate within the neuron and

thus firnction as a self-amplifying cell marker.

The antibody used in the present experiments was neat, polyclonal antisera to OT.

Because the antibody was not monoclonal or affinity purified, cross-reactivity with VP could

have been possible. However, the probability of cross-reactivity is considered to be minimal,

less than 2% according to the antibody's manufacturer, Chemicon International, Inc. Further

support for this idea is provided by the following data: there are fewer VP fibers than OT

fibers in spinal cord as detected by immunohistochemistry (Buijs, 1978; Sofi'oniew, 1983);

VP levels are lower than OT levels in the spinal cord, as detected by radioimmunoassay

(Lang, et al., 1983; Hawthorn, et al., 1985; Valiquette, etal., 1985); and there are very few

VP-like-IR fibers in sexually dimorphic regions ofthe lumbar cord (Bruce Newton, personal

communication). According to Bruce Newton, VP-containing fibers are found in laminae VII

and X and seem to be associated with preganglionic autonomic neurons. There is also a small

fiber tract that lies at the dorsal aspect ofthe ventral fissure. These fibers wrap around blood

vessels which arise fiom the anterior spinal artery and are most prominent in the lumbosacral

regions of the spinal cord. Although there is not much VP-IR in the SNB or DLN,

nevertheless, an occasional fiber is seen.
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Recently, Thomas Insel (personal communication) and Tribollet and colleagues

(1995) have localized VP receptors on SNB motoneurons but were unable to identify OT

receptors. These preliminary data may suggest a greater role ofVP than previously thought.

However, centrally administrated VP shows little effect on male sex behavior in the rat

(Sodersten, et al., 1983). In addition, it has been demonstrated that NP-II (VP-associated)

can act independently to alter prolactin release in estrogen-primed male rats (Shin, er al.,

1989). The possibility that NP may act as a neurotransmitter, as Christine Wagner (personal

communication) has suggested, cannot be completely dismissed. Autoradiographic binding

studies using radiolabelled NP would be necessary to clarify this highly controversial idea.

umm n onclusions

The findings of the present experiments suggest that OT, fi'om the PVN, projects

directly to steroid-sensitive levels oflumbosacral spinal cord including the region ofthe SNB.

At supraspinal levels, this OT-like-IR projection to lower lumbar cord is not different between

sexes. Males and females also show a similar distribution of OT-like IR fibers with putative

terminals in lower lumbar spinal cord. These fibers are seen primarily in the apex ofthe dorsal

horn, lamina X, and the dorsal commissure. However, the density of OT-like-IR in lower

lumbar spinal cord appears to be higher in females. 'In addition, OT-like-IR fibers and their

putative terminals are also seen adjacent to retrogradely traced, SNB motoneurons,

suggesting possible innervation by parvocellular, OT-containing PVN neurons. Selective

lesions ofparvocellular PVN neurons virtually eliminate OT-like-IR from lower lumbar spinal

cord but do not effect in copula penile reflexes. However, seminal emission is significantly

reduced following these chemical lesions.
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The PVN appears to serve as a relay center within the hypothalamus, integrating

intrahypothalamic, brainstem, and spinal information associated with male copulatory

behaviors. Based on these present experiments, as well as previous studies, central OT

appears to autonomically mediate male sexual behavior. Its associated effects include the

parasympathetic control ofpre-ejaculatory behaviors, such as erection and seminal emission,

and the sympathetic control of ejaculation and post-ejaculatory behaviors, such as penile

detumescence and sexual satiety. Generally, low levels ofendogenously released OT enhance

pre-ejaculatory components of sexual behavior. Later, at the time of ejaculation and for

several minutes afierwards when OT levels are at their highest, OT assumes an inhibitory role.

Unfortunately, the majority of paraventriculo-spinal projecting neurons are still

unidentified in terms oftheir neurochemistry. In addition, there is still relatively little known

about the organization and neurochemical specificity of intrahypothalamic integration. But

with continued refinement of neuroanatomical techniques, firture investigations of the PVN

will continue to dissect and elucidate the connectivity of its highly differentiated circuitry and

its functional roles in the mediation of autonomic and endocrine factors that regulate sexual

behavior.
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Protocol for Oxytocin Immunohistochemistry using the Avidin-Biotinylated HRP

10.

Complex (ABC)/3,3'-Diaminobenzidine (DAB) Detection Method

Rinse with 0.87% saline in 0.05M tris bufl'er (pH 7.4) with 0.2% Triton X100

(TBS/TX), 3 X 5 min. at RT.

Incubate in 3% Normal goat serum in TBS/TX for 30 min. at RT.

Rinse 3 X 5 min. with TBS/TX at RT.

Incubate in 1:200 rabbit anti-oxytocin serum in TBS/TX for 48 hrs. at 4°C.

Rinse 3 X 5 min. with TBS/TX at RT.

Incubate in 300 pl goat anti-rabbit serum in 10 ml TBS/TX for 60 min. at RT.

Rinse 3 X 5 min. with TBS/TX at RT.

Incubate in a solution ofthe ABC (Vector Laboratories) (2 drops A: 2 drops B in

10 ml TBS/TX) for 90 min. at RT.

Rinse 4 X 5 min. with TBS/TX at RT.

React for approximately 10 min. with 10 ml DAB solution containing 300 pl GOD

solution.

DAB Solution: 7.32 g Trizma HCl

3.45 g Trizma Base

500 mg 3,3'-diaminobenzidine

1000 mg B-D(+)Glucose

200 mg NH4C1

190 mg imidazole

Q.S. to 500 ml dHZO; pH 7.4; Store at -20,C until use.
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