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ABSTRACT 

 
 
 

 In the female rat, secretion of prolactin is tightly controlled by a complex interplay 

of both stimulatory and inhibitory hypothalamic factors. In addition, the profile of 

prolactin release in the ovariectomized rat treated with estradiol exhibits circadian 

rhythmicity, which requires an intact suprachiasmatic nucleus (SCN). This suggests that 

photic cues influence the hypothalamic factors coordinating the release of prolactin, 

namely oxytocin (arising from the paraventricular and periventricular nucleus of the 

hypothalamus) and dopamine (arising from neuroendocrine dopaminergic neurons in 

the periventricular nucleus and the arcuate nucleus). How photic cues regulate the 

secretion of prolactin, however, has yet to be explicated in animals treated with 

estradiol. Recent research has determined that the SCN sends efferents of vasoactive 

intestinal polypeptide to neuroendocrine dopaminergic neurons as well as to the 

paraventricular and periventricular nuclei of the hypothalamus.  The first purpose of this 

study was to elucidate the mechanism regulating the rhythmicity of prolactin release.  

To determine this, vasoactive intestinal polypeptide synthesis was disrupted using 

vasoactive intestinal polypeptide antisense deoxyoligonucleotides infused into the 

dorsal border of the SCN. This treatment caused a phase-advance in the pattern of 

prolactin secretion in estradiol-treated ovariectomized rats. Using 

immunohistochemistry, oxytocin and dopamine activity was established through double 

labeling with FOS-related antigens (a marker of neuronal activity).  In both populations 

of neurons (oxytocin neurons and neuroendocrine dopaminergic neurons), a phase 

advance was also observed. In oxytocin neurons, disruption of vasoactive intestinal 

polypeptide phase-advanced the increase in activity that normally accompanies the 

prolactin surge. Whereas, in dopamine neurons, disruption of vasoactive intestinal 

polypeptide phase-advanced the decrease in activity that is required to allow for the 

prolactin surge. Furthermore, clock gene expression has been localized to 

neuroendocrine dopaminergic neurons.  In all three populations of neuroendocrine 

dopaminergic neurons, the expression of the clock gene period 2 oscillates. Disruption 

of vasoactive intestinal polypeptide disrupted this pattern of activity. Thus, the SCN 
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influences the precise timing of the estradiol-induced prolactin surge via vasoactive 

intestinal polypeptide projections to oxytocinergic and dopaminergic neurons, and 

possibly does so by entraining clock gene expression in these neurons.  Once 

entrained, oxytocin exerts its stimulatory effects at a previously unknown site.  Using a 

selective oxytocin antagonist that does not cross the blood brain barrier, the pituitary 

was determined to be the site of oxytocin stimulation. Interestingly, the oxytocin receptor 

density is upregulated in response to estradiol; therefore, suckling- and estradiol-

induced prolactin surges require higher doses of oxytocin antagonist than cervically 

stimulated ovariectomized animals. Furthermore, in the presence of progesterone, the 

oxytocin antagonist was incapable of blocking the estradiol-induced surge; raising the 

possibility, that progesterone may act through mechanisms independent of oxytocin to 

stimulate prolactin secretion.  Therefore, the work in this dissertation provides additional 

information on mechanisms involved in the temporal and physiological control of 

estradiol-induced prolactin secretion.  
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CHAPTER 1  

INTRODUCTION 

 

PROLACTIN 

 Prolactin (PRL), so named for its ability to stimulate lactation and mammary 

gland development, is a protein hormone which is primarily synthesized in and secreted 

from lactotropes in the anterior pituitary (Riddle et al., 1933). In rats, the translation of 

the PRL gene results in a 197 amino acid polypeptide (Cooke et al., 1980), which 

influences over 300 physiological events including osmoregulation, immunomodulation, 

behavior, reproduction, growth and development  (Freeman et al., 2000). Lactotropes 

secrete PRL in a constitutive manner and are thus under tonic inhibitory control by 

neuroendocrine dopaminergic neurons. Disinhibition is most likely the main mechanism 

involved in controlling PRL secretion (Gibbs and Neill, 1978), but evidence strongly 

suggests that a hypothalamic stimulatory factor is also involved. 

While it is well established that the anterior pituitary is the main source of 

circulating peripheral PRL, there are also numerous peripheral sources that secrete 

PRL or PRL-like molecules including the placenta (Linzer and Fisher, 1999), the 

decidua (Golander et al., 1978), the myometrium (Walters et al., 1983), the mammary 

gland (Kurtz et al., 1993) and even adipocytes (Zinger et al., 2003). Immunoreactive 

PRL is also observed centrally (Fuxe et al., 1977; Toubeau et al., 1979) and cell bodies 

have been localized throughout the hypothalamus (Alonso et al., 1988; Hansen et al., 

1982; Harlan et al., 1983; Nishizuka et al., 1990). Although central PRL is structurally 

homologous to pituitary PRL (DeVito, 1989), the source of synthesis remains unclear. 

Peripheral PRL cannot pass the blood brain barrier because of its large size, but can be 

transported into the cerebral spinal fluid by binding to PRL receptor (PRL-R) isoforms 

found in the choroid plexus (Walsh et al., 1987). Additionally, PRL can be transported to 

the brain via retrograde movement through the portal vasculature (Oliver et al., 1977). 

However, it is unlikely that the main source of this hypothalamic PRL is the pituitary, as 
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hypophysectomized rats still have central PRL immunoreactivity (DeVito, 1988; 

Toubeau et al., 1979). This suggests that PRL synthesis may also occur in the brain. 

The biological effects induced by ligand binding and PRL-R activation are 

diverse. Lessons from genetically mutated mice, either heterozygotic (+/-) or 

homozygotic knockouts (-/-) for PRL or its receptor, have added a great deal to the 

understanding of the function of this hormone and its receptor. Some of the resulting 

phenotypes were unexpected; the PRL-R is necessary for normal bone formation and 

maintenance (Clement-Lacroix et al., 1999), while seemingly not critical for immunity 

(Bouchard et al., 1999; Horseman et al., 1997). Also unexpected was the finding that 

PRL is not necessary for male fertility (Binart et al., 2003; Steger et al., 1998). However, 

these studies did confirm that PRL and its receptor are necessary for many other facets 

of reproduction.  Female PRL -/- mice are infertile, exhibit estrous cycle irregularities, 

and do not display pseudopregnancy (Horseman et al., 1997). Deletion of one or both 

alleles of the PRL gene cause impaired mammary gland development and lactational 

deficits. Likewise, PRL-R -/- mice also exhibit a deficit in pup-induced maternal care 

(Lucas et al., 1998). Interestingly, however, PRL -/- mice exhibit normal spontaneous 

maternal care (Horseman et al., 1997), suggesting that the receptor, but not the gene, is 

necessary for maternal behavior.   

PRL exerts these effects by binding to PRL-R isoforms (Figure 1-1) found 

throughout the periphery and the central nervous system, and its pattern of expression 

is dependent on the reproductive status of the animal. In the rat, the three major 

isoforms are the short (291 amino acid), intermediate (393 amino acid) or long (591 

amino acid) type and they belong to the class I cytokine receptor superfamily (Bole-

Feysot et al., 1998). While their cytoplasmic tails differ, their extracellular domains are 

identical with 210 amino acid (Boutin et al., 1988; Kelly et al., 1991). Activation of these 

receptors depends on receptor dimerization (either homo- or heterodimerization); PRL 

binding site 1 binds to the PRL-R, which is necessary for PRL binding site 2 to interact 

with a second PRL-R. Consisting of the ligand and a receptor dimer, the complex is now 

activated (Bole-Feysot et al., 1998).  Associated with both intracellular  
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Figure 1-1. Prolactin receptor-ligand binding. 
PRL-R activation occurs following: (1) the docking of binding 
site 1 of the PRL ligand to the PRL-R, which induces necessary 
changes to binding site 2 allowing receptor dimerization. (2) 
Transphosphorylation of the tyrosine kinase Jak2 is then 
followed by (3) the phosphorylation of the tyrosine (Y) residues 
on the intracellular domain of the PRL-R. (Freeman et al., 
2000) 
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domains of the PRL-R is Janus kinase (Jak2), a member of the tyrosine kinase family 

(Ihle and Kerr, 1995). Jak2 kinases transphosphorylate one another and (in the long 

form of the PRL-R) phosphorylate tyrosine residues on the intracellular domain of the 

PRL-R (Lebrun et al., 1994; Lebrun et al., 1995). Members of the signal transducer and 

activator of transcription (STAT) family bind to the phosphorylated tyrosine residues and 

are then phosphorylated by Jak2. Phosphorylated STAT disassociates, dimerizes and  

translocates to the nucleus, where it binds to DNA to affect genomic activity (Bole-

Feysot et al., 1998). Other signaling pathways exist; however, activation of Jak/STAT is 

the most characterized signaling pathway.  

Prolactin Secretion  

 PRL secretion occurs following suckling or mating stimuli, and also on proestrus 

evening in response to ovarian steroids (Freeman et al., 2000) (Figure 1-2). In all three 

states, hypothalamic dopaminergic tone decreases while the activity of a PRL releasing 

hormone (presumably oxytocin (OT)) increases.  

 The suckling of rat pups initiates a surge of PRL concentration that persists in the 

lactating rat as long as the suckling stimulus is maintained (Grosvenor and Whitworth, 

1974). Furthermore, the amount of PRL secretion is correlated with the number of pups 

that are nursing (Mena and Grosvenor, 1968). While the amount of dopamine arriving at 

the lactotrope decreases in response to suckling, pharmacological attenuation of 

dopamine is not enough to account for the full surge of suckling-induced PRL secretion, 

suggesting that a PRL releasing hormone is also involved in this secretory response. 

Posterior lobectomy prevents the suckling response, suggesting that this PRL releasing 

hormone may arrive at the lactotropes through short portal vessels (Murai and Ben-

Jonathan, 1987).  

 Following the mating stimulus, the female secretes a nocturnal (at ~ 0300h) and 

a diurnal (at ~ 1700h) surge of PRL (Freeman et al., 1974; Gunnet and Freeman, 1983; 

Smith et al., 1975). These surges function to maintain progesterone (P4) secretion by 

rescuing the short-lived corpus luteum. P4 induces changes of the endometrium  
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Figure 1-2. Physiological secretory patterns of prolactin. 
Prolactin secretion occurs in response to suckling, mating and 
estradiol. In response to suckling, the increase is immediate and 
is sustained as long as the stimulus is maintained. In response to 
mating, twice-daily surges of PRL recur for 10-12 days. During the 
estrous cycle, PRL is released in the evening of proestrous at 
approximately the same time as the luteinizing hormone and 
follicle stimulating hormone surges. 
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allowing implantation of the blastocyst and is responsible for maintaining uterine 

quiescence throughout gestation. If the mating was fertile, the PRL surges persist for 10 

days (Murai and Ben-Jonathan, 1987; Smith and Neill, 1976) at which point a luteotropic 

factor, secreted from the placenta, maintains P4 secretion for the remainder of 

pregnancy. If the mating was sterile, the female rat enters into a period of 

pseudopregnancy and these PRL surges recur for 12 days (Freeman and Neill, 1972; 

Smith et al., 1975). Artificial stimulation of the uterine cervix (CS) is a copulomimetic 

model in ovariectomized (OVX) rats, in which the female enters a phase of 

pseudopregnancy for 12 days. Because these rats are OVX, it demonstrates that 

ovarian steroids are not required for this unique secretory response.  

 Conversely, in response to rising titers of E2 during the 4-day estrous cycle of the 

female rat, PRL secretion is sharply elevated on the evening of proestrus just prior to 

the luteinizing hormone (LH) surge (Smith et al., 1975).  PRL returns to basal levels the 

following morning and remains there throughout the rest of the estrous cycle. In OVX 

animals, the administration of a bolus injection of E2 initiates a surge of PRL release, 

which is similar in timing and magnitude to that secreted on proestrus (OVX-E2) (Neill, 

1972). The administration of P4 amplifies and anticipates this surge (OVEP) (Caligaris et 

al., 1974).  

 Additionally, a number of environmental stimuli influence PRL secretion. For 

example, the phase of the proestrous, OVX-E2 and CS-OVX surges of PRL change in 

response to alterations in the light environment (Blake, 1976; Pieper and Gala, 1979). 

Furthermore, constant light or darkness causes estrous acyclicity (Hoffman and Cullin, 

1975) and free-running PRL surges (Bethea and Neill, 1979; Pieper and Gala, 1979), 

reinforcing the circadian nature of PRL secretion. Auditory cues, such as the sound of 

pups, can induce PRL secretion in lactating dams (Terkel et al., 1979). Additionally, 

chemosensory cues play a significant role in PRL secretion. The Bruce effect refers to 

the phenomenon by which the early pregnancy of a female mouse spontaneously 

terminates in the presence of the pheromones of a novel male (Bruce, 1959; Parkes 

and Bruce, 1962). As described previously, in response to mating, PRL release occurs 

which rescues the corpus luteum, ultimately allowing implantation. If within a few days 
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of the original stud mating the female mouse mates a second time (or is exposed to 

pheromones of a novel male), PRL release is prevented.  This occurs via stimulation of 

dopaminergic neuronal activity by chemosensory signals from the novel male, ultimately 

causing regression of the corpus luteum. In the absence of P4, the pregnancy 

terminates, however, this phenomenon is restricted to mice (Bellringer et al., 1980; 

Bruce and Parkes, 1960). 

Regulation of Prolactin Secretion 

 Hypothalamic dopamine. All physiological states in which PRL is elevated 

depend on a diminution of hypothalamic dopamine. Dopamine synthesis begins with the 

uptake of tyrosine into the neuron, where it is converted to L-DOPA by tyrosine 

hydroxylase (TH), the rate-limiting enzyme in the synthesis of dopamine.  L-amino acid 

decarboxylase then synthesizes dopamine from L-DOPA. Once synthesized, dopamine 

is stored in vesicles and awaits release (Ben-Jonathan and Hnasko, 2001).  

 Dopamine tonically inhibits PRL secretion and the coordinated release of three 

populations of dopaminergic neurons, arising from the mediobasal hypothalamus, 

produces this tonic inhibition (Figure 1-3). The (1) tuberoinfundibular dopaminergic 

(TIDA) neurons (A12) are located in the dorsomedial ARN and project to the external 

zone of the median eminence where they terminate on a fenestrated capillary bed that 

drains into long portal vessels, carrying dopamine to the anterior lobe of the pituitary 

gland. (2) The tuberohypophyseal dopaminergic (THDA) neurons (A12) are located 

throughout the rostral ARN and project through the internal zone of the median 

eminence before terminating on short portal vessels in the neural and intermediate lobe 

of the pituitary. Likewise, the (3) periventricular hypophyseal dopaminergic (PHDA) 

neurons (A14) are located in the periventricular region of the hypothalamus and project 

through the internal layer of the median eminence before terminating on short portal 

vessels in the intermediate lobe. Dopamine released from the THDA and PHDA 

neurons arrives at fenestrated short portal vessels, which then drain into the anterior 

lobe. Upon arrival at the lactotrope, dopamine binds to the D2 receptor found there to 

exert its inhibitory effect (Ben-Jonathan and Hnasko, 2001). These dopamine neurons  

 



8 

 

 

 

 

 

Figure 1-3. Neuroendocrine dopaminergic neurons.  
Schematic of the dopaminergic populations responsible for 
tonically inhibiting PRL secretion. The (1) 
tuberoinfundibular (TIDA) and (2) tuberohypophyseal 
(THDA) neuroendocrine dopaminergic neurons are located 
throughout the arcuate nucleus. The (3) periventricular 
hypophyseal dopaminergic (PHDA) neurons are located in 
the periventricular region of the hypothalamus. PHDA and 
THDA axons project down the pituitary stalk (PS), 
terminating on short portal (SP) vessels within the neural 
(NL) and intermediate lobes (IL) of the pituitary gland, 
which then drains DA into the anterior lobe (AL). TIDA 
axons terminate in the median eminence (ME), which then 
drains into long portal (LP) vessels, carrying DA to the 
anterior lobe of the pituitary gland. Mammillary body (MB), 
Optic chiasm (OC) (Lerant et al., 1996). 
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are often referred to as neuroendocrine dopaminergic neurons, as dopamine arrives at 

the lactotrope through a blood-borne pathway.  Additionally, neuroendocrine  

dopaminergic neurons express PRL-R and once circulating PRL levels reach a 

threshold, a negative feedback loop occurs causing the neuroendocrine dopaminergic 

neurons to increase their activity, thus resuming inhibition of PRL secretion (DeMaria et 

al., 1999). These neurons, therefore, are highly sensitive to the hormonal state of the 

animal.   

 Oxytocin. Mainly produced in neurons of the paraventricular nucleus (PVN) and 

supraoptic nucleus (SON) of the hypothalamus, OT is a nonapeptide classically known 

for its role in milk ejection and parturition.  From the posterior pituitary, OT is released 

into the peripheral circulation to stimulate contractions of the uterine myometrium or 

myoepithelium of the mammary glands (Gimpl and Fahrenholz, 2001; Kiss and 

Mikkelsen, 2005). 

 OT may have another important role in reproduction as the main PRL releasing 

hormone. While the majority of OT neurons project to the posterior pituitary, OT 

projections to the median eminence are also present (Zimmerman et al., 1984). 

Therefore, OT reaches the lactotropes in the anterior pituitary through 1) the long portal 

vessels (from the median eminence to the anterior lobe) 2) through short portal vessels 

(from the posterior lobe to the anterior lobe) and 3) from the peripheral circulation 

following release from the posterior pituitary. Within the portal vasculature, the rise of 

OT occurs just prior to the proestrous surge of PRL (Sarkar and Gibbs, 1984). 

Additionally, the cell membrane of lactotropes exhibit OT receptors (Chadio and Antoni, 

1989), administration of OT stimulates PRL secretion (Chadio and Antoni, 1993; Egli et 

al., 2006; Lumpkin et al., 1983; Salisbury et al., 1980; Samson et al., 1989) and 

antagonism of OT prevents a normal surge of PRL (Arey and Freeman, 1989; Arey and 

Freeman, 1990; Johnston and Negro-Vilar, 1988; McKee et al., 2007; Sarkar, 1988). 

Other PRL releasing factors have been suggested, (amongst them, thyrotropin-

releasing hormone, vasoactive intestinal polypeptide (VIP), vasopressin, serotonin and 

angiotensin II (Freeman et al., 2000)) but OT has emerged as the strongest 

physiological candidate.   
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OVARIAN STEROIDS  

 The primary circulating estrogen in females of reproductive age is 17�-estradiol 

(E2), an aromatized steroid hormone derived from cholesterol. E2 regulates a number of 

physiological processes including reproduction, bone growth, and cardiovascular health 

(Gustafsson, 2003). Synthesis of E2 begins in theca interna cells in the ovary, which 

synthesize androstenedione from cholesterol. In granulosa cells, the androstenedione is 

then aromatized to estrone, which is then converted to E2 by 17�-hydroxysteroid 

dehydrogenase type 1. Androstenedione is also converted to testosterone (by 17�-

hydroxysteroid dehydrogenase type 1) which can then be  aromatized to E2 (Stocco et 

al., 2007). 

 The classical mechanism in which E2 signaling occurs is through direct DNA-

interactions leading to transcriptional activation of estrogen sensitive genes. Upon 

ligand binding, a conformational change activates the estrogen receptor (ER). The 

active ligand-ER complex then dimerizes with another ligand-ER complex and binds to 

estrogen responsive elements (ERE) on DNA. Depending on the bound ligand, and thus 

the conformation the receptor takes, cofactors are recruited to regulate transcription 

(Hall et al., 2001). 

 Likewise, P4 is also an aromatized steroid hormone that derives from cholesterol. 

P4 synthesis occurs in the corpus luteum of the ovary and has numerous effects 

throughout the central nervous system and periphery, but its most valuable role is 

priming and maintaining pregnancy. Most importantly, it induces changes of the 

endometrium allowing implantation of the blastocyst and promotes uterine quiescence 

(Graham and Clarke, 1997).  

 Following ovulation, the corpus luteum secretes P4 for 2-3 days before 

regressing. In response to mating, twice-daily surges of PRL occur. These surges are 

luteotropic and rescue the corpus luteum and thus, P4 secretion. PRL inactivates 20�-

hydroxysteroid dehydrogenase, preventing the conversion of progesterone to 20�-

hydroxyprogesterone (an inactive metabolite). PRL secretion persists for 12 days, at 

which point placental lactogens take over, maintaining P4 secretion. P4 levels drop 

precipitously just prior to parturition, allowing uterine contractions (Freeman, 2006).   
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Ovarian steroids influence PRL secretion 

 Rising levels of E2 during the four-day estrous cycle are necessary to induce a 

surge of PRL on proestrus. Interestingly, the presence of E2 on diestrus-2 (the third day 

of the estrous cycle) is necessary to induce this surge of PRL on proestrus (the fourth 

day of the estrous cycle) (Neill et al., 1971). In OVX rats, E2 initiates an endogenous 

daily surge of PRL release (Neill, 1972). PRL levels remain low in the beginning of the 

light phase and peak in the early evening, mimicking the proestrous surge. This 

suggests that PRL secretion relies not only on E2, but also on a circadian signal. 

Therefore, ovarian steroids may influence the endogenous oscillatory mechanism 

controlling rhythmic PRL secretion.  

 Ovarian steroids also influence neuroendocrine dopaminergic neurons. In TIDA 

neurons, E2 inhibits dopamine synthesis, TH activity and decreases the release of 

dopamine into the portal vasculature (Arita and Kimura, 1987; Cramer et al., 1979; 

Jones and Naftolin, 1990). Likewise, short-term P4 treatment decreases dopamine 

synthesis and release, as well as TH activity and mRNA (Arbogast et al., 1989; 

Arbogast and Ben-Jonathan, 1990; Arbogast and Voogt, 1994; Arbogast and Voogt, 

2002; Babu and Vijayan, 1984; Beattie et al., 1972; DeMaria et al., 2000; Morrell et al., 

1989; Yen and Pan, 1998). This results in the prolongation and amplification of the PRL 

surge (Arbogast and Ben-Jonathan, 1990; Arbogast and Voogt, 1994; Yen and Pan, 

1998).  

 An additional permissive role of E2 on PRL secretion is its ability to influence OT 

activity. E2 has various effects on OT; plasma OT concentrations increase in response 

to E2 administration (Yamaguchi et al., 1979) and  plasma OT levels are highest in 

hypophyseal portal blood on proestrus (Sarkar and Gibbs, 1984) when E2 levels are 

highest (Smith et al., 1975). OT immunoreactivity is influenced by  E2 treatment; short 

term treatment with E2 increases OT immunoreactivity, while chronic treatment 

decreases it (Jirikowski et al., 1988). OT receptor mRNA has been localized to 

lactotropes in the anterior pituitary and exogenous E2 has been shown to increase this 

population of OT receptor mRNA 6-fold in OVX rats (Breton et al., 1995; Chadio and 

Antoni, 1989).  
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CIRCADIAN RHYTHMS 

 The term circadian comes from the Latin circa diem, meaning “around one day”. 

Circadian rhythms describe a pattern of activity with a period of ~24h, reflecting the time 

it takes the earth to rotate once around the sun. Certain criteria must be met to be 

considered a true circadian rhythm; a period which persists in constant lighting 

conditions, is  unaffected by changes in temperature and is capable of entrainment to 

external cues (Hastings and Maywood, 2000). The most well known circadian rhythm is 

the sleep/wake cycle, but there are numerous others including: the secretion profile of 

numerous hormones, blood pressure, body temperature, locomotor activity, and 

feeding. The system controlling light-entrained circadian rhythms consists of three 

crucial parts: (1) a self-sustained oscillator (the suprachiasmatic nucleus, SCN), (2) 

environmental sampling (the projections from the retina to the SCN) and (3) outward 

projections which entrain endogenous oscillations in the central and peripheral nervous 

systems.   

The Suprachiasmatic Nucleus 

 The SCN is well established as the primary light-entrained circadian pacemaker 

in mammals, responsible for entraining circadian rhythms throughout the central 

nervous system and periphery (Stephan and Zucker, 1972). This bilateral nuclei is in the 

anterior hypothalamus above the optic chiasm on either side of the third ventricle and 

detects light transmitted from photoreceptors in the retina. Interestingly, studies using 

mutant mice have shown that rods and cones are not necessary for photic entrainment 

(Freedman et al., 1999) suggesting an additional photoreceptor is responsible for light 

transduction. Indeed, a small number of retinal ganglion cells are intrinsically 

photosensitive (Berson et al., 2002) and melanopsin is the photopigment (Panda et al., 

2002).  

 The SCN is composed of 20,000 cells, which are all capable of oscillating 

autonomously. When dispersed, the spontaneous firing pattern of these neurons is 

asynchronous, even when functional synapses exist (Welsh et al., 1995). Because the 

majority of SCN cells contain �-aminobutyric acid (GABA) (Castel and Morris, 2000), it 

is likely that GABA plays a role in synchronization. Indeed, when the cell dispersion  
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Figure 1-4. Mammalian clock genes.  
Endogenous circadian rhythms are generated by gene expression 
within the nucleus. The cyclic mammalian genes comprise a 
complex transcriptional/translational feedback loop that regulates 
the rhythmic output of the circadian oscillator. Transcription of the 
period and cryptocrome gene families are activated early in the day 
by heterodimeric complexes of protein transcription factors BMAL1 
and CLOCK acting on E-box sequences in their respective 
promoter/enhancer regions. Several hours later, PER and CRY 
proteins accumulate in the nuclei and interact with E-box enhancer 
elements to disrupt the expression of BMAL1/CLOCK, thus acting 
as negative regulators to control their transcriptional drive. (Reppert 
and Weaver, 2002) 
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density is low, GABA can phase shift and/or synchronize the individual oscillators (Morin 

and Allen, 2006). However, in high density dispersed cells, this is unnecessary as they 

maintain a synchronous rhythm (Herzog et al., 1997).  

 The cell autonomous oscillations are generated by gene expression within the 

nucleus (Figure 1-4). The cyclic mammalian genes (collectively referred to as “clock 

genes”) comprise a complex transcriptional/translational feedback loop that cycles with 

a 24 hour period and regulates the rhythmic output of the circadian oscillator. This 

model proposes circadian locomotor output cycles kaput (Clock) and brain and muscle 

ARNT-like protein 1 (Bmal1) encode transcription factors CLOCK and BMAL1 which 

heterodimerize and bind to E-box sequences in the promoter region of the Period (Per) 

and Cryptochrome (Cry) family of genes. PER and CRY proteins are translated in the 

cytoplasm, heterodimerize and are bound and phosphorylated by casein kinase 1 � and 

�, and glycogen synthase kinase 3�. Phosphorylation allows ubiquitination of the 

proteins for degradation in the cytoplasm (Akashi et al., 2002; Eide et al., 2002) and 

again after inactivating Per and Cry transcription. Binding of CRY to phosphorylated-

PER protects it from degradation in the cytoplasm. CRY also shuttles the rate limiting 

PER back into the nucleus (Yagita et al., 2002). The phosphorylated PER/CRY complex 

accumulates in the nucleus over the course of several hours before interacting with E-

box enhancer elements to disrupt the expression of the CLOCK/BMAL1 complex, thus 

acting as negative regulators to control their transcriptional drive (Reppert and Weaver, 

2002).  

 Additionally, while the CLOCK/BMAL1 complex is driving transcription of per and 

cry, it is also driving the transcription of the orphan nuclear receptor reverb�. The 

REVERB� protein binds to the reverb�/ROR response element on the bmal1 gene and 

inhibits further transcription.  Interestingly, the PER/CRY complex inhibits the 

transcription of reverb� thus acting to increase the transcription of bmal1. Therefore, per 

and cry play a negative and a positive role in their own transcription (Hastings and 

Herzog, 2004; Reppert and Weaver, 2001; Reppert and Weaver, 2002). In addition to 

the core clock genes, numerous other clock-controlled genes are rapidly emerging as 
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important players in the molecular mechanism controlling circadian rhythms (Dardente 

and Cermakian, 2007), but for the sake of brevity, will not be discussed here. 

 Following the transcription of clock gene mRNA, post-transcriptional 

modifications occur in order to prevent further transcription which would lead to 

arrhythmicity. The stability of mRNA differs between clock genes and can even differ 

within the same family; per1 is less stable than per2 (Etchegaray et al., 2003). Per1 

induction may be more stringently regulated as light pulses induce its expression more 

rapidly than per2 (Shearman et al., 1997). Following the translation of clock proteins, 

post-translational modulation occurs to promote activity and to prevent detrimental 

buildup of proteins. As described previously, PER and CRY are phosphorylated in the 

cytoplasm by casein kinase marking them for cytoplasmic degradation. The period of 

the mutant hamster Tau is 20 hours, which occurs due to a mutation of the casein 

kinase 1� gene (Lowrey et al., 2000). In humans, this same mutation prevents 

phosphorylation of PER2 and causes familial advanced sleep phase syndrome (Xu et 

al., 2005). This disorder is characterized by early sleep onset (1900 hours) followed by 

early wake onset (0400 hours) (Hamet and Tremblay, 2006). Because PER2 is 

hypophosphorylated, degradation occurs at a slower rate. Therefore, the higher levels 

of PER2 are more likely to prematurely end the period through negative feedback 

(Vanselow et al., 2006) and this underscores the importance of PER2 in the phase of 

the circadian events within the 24h period. 

 The SCN comprises two neuronal populations: a ventral and a dorsal region. 

Interestingly, separation of the ventral region from the dorsal region causes a loss of 

rhythmicity in the dorsal region but not the ventral region of the SCN (Yamaguchi et al., 

2003). Therefore, the activity in the ventral region of the SCN entrains the rhythmicity 

observed in the dorsal region of the SCN. It is postulated that the neuropeptides VIP 

and gastrin-releasing peptide (GRP) play a role in synchronization between the ventral 

and dorsal areas. The dorsal side of the SCN oscillates robustly but receives weak 

photic information via an indirect pathway from the retina. This region has an 

abundance of arginine vasopressin (AVP) cells that also oscillate robustly, but become 

arrhythmic in the absence of photic cue. The transcription of AVP is rhythmic in the 
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SCN, and is driven by the binding of the CLOCK:BMAL1 heterodimer  to an E-box in the 

promoter region of the AVP gene (Jin et al., 1999).  

 Conversely, the ventral side receives direct innervation from the 

retinohypothalamic tract (RHT), but oscillates weakly (Shibata et al., 1984). The somata 

of GRP-producing cells are restricted to the ventral side but processes extend into the 

dorsal side (Gundlach and Knobe, 1992; Silver et al., 1999). Exogenous GRP 

administered to wild type and GRP receptor-deficient mice causes a phase-delay in the 

wild-type mouse only. Furthermore, Per1 and Per2 expression (believed to be 

necessary for photic entrainment) observed in the dorsal region of the SCN is markedly 

reduced in the GRP receptor-deficient mice when compared to the wild type mice (Aida 

et al., 2002). This suggests that the cell bodies of GRP-producing cells (in the ventral 

SCN) receive photic cues via the RHT and convey this information to the dorsal area of 

the SCN by influencing Per expression.  

 VIP, synthesized in the ventrolateral portion of the SCN, is also involved in 

subset synchronization. Not surprisingly, this neuropeptide has proven to be crucial for 

circadian rhythmicity; VIP2R knockout mice are behaviorally arrhythmic and do not 

express circadian clock genes in the SCN (Harmar et al., 2002). The ventrolateral SCN 

is innervated by the RHT. Thus, VIP neurons receive direct photic information (Ibata et 

al., 1989). VIP mRNA exhibits a light-entrained circadian rhythm that is highest in the 

dark period (Krajnak et al., 1998), but in constant darkness this rhythm is lost 

(Shinohara et al., 1999; Takeuchi et al., 1992). VIP increases inhibitory neuronal 

transmission within the SCN (Brown et al., 2007) and projects to other VIP neurons 

suggesting a possible auto-regulatory function (Romijn et al., 1997).  

Environmental Sampling  

 Light is the most robust synchronizer of the SCN, and reaches the SCN directly 

through the RHT and indirectly through the intergeniculate leaflet (Harrington, 1997; 

Klein and Moore, 1979) and median raphe (Meyer-Bernstein and Morin, 1996). 

Glutamate is the major neurotransmitter in the retinohypothalamic pathway (Ebling, 

1996) and is modulated by pituitary adenylate cyclase-activating peptide (PACAP) 

(Chen et al., 1999). Signal transduction via glutamate differs depending on the circadian 
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time. Light exposure in the early evening causes a phase delay via glutamate binding to 

N-methyl-D-aspartic acid (NMDA) receptors (Colwell and Menaker, 1992). Conversely, 

light exposure later in the night causes phase-advances via the phosphorylation of 

cAMP response element binding protein (CREB) (Ding et al., 1994). Other non-photic 

stimuli (food, activity, temperature) are capable of acting as weak entrainment stimuli 

(Humlova and Illnerova, 1990; Maywood et al., 1999; Mrosovsky, 1996; Stokkan et al., 

2001), but photic cue conveys the most information about the external environment.  

 Light induces calcium-dependent signaling cascades that ultimately 

phosphorylate CREB.  Phosphorylated CREB can then bind to genes with a cAMP 

response element; this includes Per1 and Per2 (Travnickova-Bendova et al., 2002). 

Per1 mRNA is rapidly induced by light in a time-of-day manner, with its levels highest 

during the light period (Shigeyoshi et al., 1997). Interestingly, Per2 RNA is also induced 

by light, but there is a delay between the light pulse and the induction (Shearman et al., 

1997). This suggests that these two genes are not redundant, but instead may fine-tune 

the oscillatory mechanism resetting the molecular clock to external cue. The induction of 

Per expression in response to light is gated; therefore, light midday does not reset the 

clock because it is already at its highest level (Dardente et al., 2002). Interestingly, the 

phase shift normally induced by light or glutamate does not occur following Per1 or Per2 

antisense oligodeoxynucleotide (AS-ODN) treatment (Akiyama et al., 1999; Wakamatsu 

et al., 2001). Therefore, per gene expression is rapidly induced by light, in a time of day 

manner, and helps synchronize the rest of the cells in the SCN, thus entraining their 

rhythm to the photic cue.   

Entrainment of local and peripheral circadian rhythms  

 Mammalian clock genes are found throughout the central and peripheral nervous 

system (Dardente and Cermakian, 2007). The cell, organ or tissue that these clock 

genes are found in are often referred to as “slave oscillators”, as the SCN is considered 

the “master pacemaker”. In the absence of an entrainment signal from the SCN, the 

clock gene expression observed in these slave oscillators dampens (Reppert and 

Weaver, 2002). It has been suggested that the entrainment of slave oscillators in the 

periphery is controlled via autonomic output circuits (and to a lesser degree, humoral 
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factors) under the control of the SCN (Bartness et al., 2001). However, luciferase 

transgene activity driven by a per2 promoter persists, in vitro, in tissue harvested from 

liver, kidney, pituitary, lung and cornea for more than 20 cycles (Yoo et al., 2004). 

Intriguingly, lesion of the SCN prior to tissue harvest does not abolish these rhythms, 

suggesting that peripheral self-sustained oscillators may exist (Yoo et al., 2004). 

 Early SCN lesion studies described an arrhythmic behavioral phenotype 

(Stephan and Zucker, 1972). Interestingly, if a SCN-lesioned animal receives a donor 

SCN fetal transplant, the host regains locomotor rhythmicity, but fails to show gonadal 

regression in response to changes in photoperiod (Lehman et al., 1987). Additionally, if 

the transplant is encapsulated in a membrane (to prevent neural outgrowths) and 

placed in the third ventricle, locomotor rhythms are restored, suggesting that a humoral 

factor is released from the SCN controlling locomotor activity (Silver et al., 1996). 

However, endocrine rhythms are not restored, therefore, suggesting that neural 

projections are required (Silver et al., 1996).  

 Within the brain, the two main efferent projections from the SCN are composed 

of AVP and VIP. Brattleboro rats (a strain of Long–Evans rats which carries a single 

base deletion in exon B of the AVP gene (Schmale and Richter, 1984)) exhibit normal, 

but dampened (lower magnitude),  circadian behavioral rhythmicity (Ingram et al., 

1998). Interestingly, arrhythmic animals, which receive SCN transplants from 

Brattleboro rats, regain circadian drinking behavior (Boer et al., 1999). Taken together, 

this suggests that projections of AVP from the SCN are not crucial for entrainment. 

Conversely, within the SCN, AVP plays an excitatory role by increasing the firing rate of 

neurons during the day, and by increasing SCN neurotransmitter release (Ingram et al., 

1996; Ingram et al., 1998; Mihai et al., 1994). Therefore, AVP may be more involved in 

the magnitude (as suggested by the dampened circadian rhythms in Brattleboro rats) 

and rhythmicity of intracellular synchronization and may influence the activity of VIP 

projections. It is possible that AVP would only be a critical source of entrainment in 

constant darkness, as VIP loses synchronicity.  

 The majority of light entrained SCN projections are composed of VIP (Piggins 

and Cutler, 2003) and project to a variety of regions including the dorsal medial 
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hypothalamus, the thalamus, the PVN, the periventricular nucleus (PeVN) and the ARN 

(Gerhold et al., 2001; Kalsbeek et al., 1993; Teclemariam-Mesbah et al., 1999; Watts 

and Swanson, 1987). Loss of VIP or its receptor induces large phase-advances 

following transfer from light: dark to dark: dark (Colwell et al., 2003; Harmar et al., 

2002), implicating both its reliance on light, and its effect on rhythmicity. Similar to light, 

exogenous VIP phase shifts the pattern of neuronal activity at night and does so by 

inducing per1 and per2 gene expression (Nielsen et al., 2002; Reed et al., 2001).  

Circadian Control over neuroendocrine systems  

 Circadian rhythms govern many aspects of reproduction, and this is 

advantageous, as it ensures properly timed physiological and behavioral events to 

maximize the possibility of pregnancy. For example, the female rat is sexually receptive 

on proestrus and this behavior can be induced by E2 and P4 treatment in an OVX rat 

(Powers, 1970).  However, using the dopamine agonist bromocriptine to prevent the 

proestrous or the proestrus-like surge of PRL, prevents sexual receptivity (determined 

by the absence of lordosis) (Witcher and Freeman, 1985). Therefore, the controlling 

factors of E2, P4, and PRL must be properly timed to induce behavioral estrus, allowing 

the possibility of pregnancy. 

 Another classic neuroendocrine experiment, which presented the role of the 

circadian timing system, was Everett and Sawyer’s classic LH experiment. These 

experiments demonstrated that pentobarbital given during a critical time period on the 

afternoon of proestrus blocks the LH surge on estrus (Everett and Sawyer, 1950). If 

pentobarbital is given 24h later, ovulation was blocked for another 24h. This suggested 

that LH secretion is controlled by a circadian factor. Indeed, SCN lesions disrupt LH 

release in intact and OVX-E2 treated animals (Brown-Grant and Raisman, 1977; 

Kawakami et al., 1980). Furthermore, disruption of VIP in the SCN prevents the LH 

surge (van der Beek et al., 1999).  Projections of VIP directly innervate 45% of 

gonadotropin releasing hormone (GnRH) neurons in the preoptic area (van der Beek et 

al., 1993) and also projects to the anteroventral periventricular nucleus (AVPV; an ER� 

containing region involved in the induction of the LH surge (Watson et al., 1995)). This 

suggests a site of circadian and ovarian signal integration.  
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Figure 1-5. Projections of VIP from the SCN.  
VIP projects from the SCN to the oxytocin neurons 
located in the PVN and PeVN and to the 
neuroendocrine dopaminergic neurons in the ARC 
and PeVN.   
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 Additionally, experiments have demonstrated that lesions of the SCN abolish the 

PRL surge in OVX-E2 (Kawakami et al., 1980; Mai et al., 1994) and CS-OVX (Bethea 

and Neill, 1980) rats. Clock gene disruption in the SCN abolishes the OVX-E2 and 

proestrous surges of PRL (Poletini et al., 2007), and disrupts the turnover of dopamine 

in the neuroendocrine dopaminergic neurons of OVX animals (Sellix et al., 2006).   

These effects are most likely due to disruption of the VIPergic signal from the SCN to 

neurons involved in controlling the PRL surge, namely OT and dopamine, as both 

express VIP2R suggesting direct innervation (Figure 1-5) (Egli et al., 2004; Gerhold et 

al., 2001).  

 In OVX animals, OT activity in the PVN has been determined to be rhythmic, and 

mirrors the oscillations of PRL release (Arey and Freeman, 1992). The PVN is the origin  

of the majority of OT neurons (Gimpl and Fahrenholz, 2001) and also relays time-of-day 

information from the SCN to the pineal gland in order to control melatonin secretion 

(Teclemariam-Mesbah et al., 1999). Thus, the PVN is also under strong circadian 

control. It is not coincidental then, that the SCN sends VIPergic projections to the PVN 

(Watts and Swanson, 1987), presumably to entrain the endogenous clock gene 

expression exhibited there (Asai et al., 2001; Takahashi et al., 2001). Furthermore, OT 

neurons in the PVN and PeVN express VIP2R (Egli et al., 2004), suggesting direct 

innervation of VIPergic efferents from the SCN to OT neurons (Figure 1-5). In OVX 

cervically stimulated (CS-OVX) animals, evidence from our laboratory has implicated 

VIP in the control of OT release; infusion of VIP AS-ODN abolishes the diurnal increase 

of OT and PRL (Egli et al., 2004). However, the role of VIP on OT activity is unclear in 

the presence of E2, even though the influence of E2 on PRL release and OT is well 

established.  

 Additionally, all three populations of neuroendocrine dopaminergic neurons 

express VIP2R (Gerhold et al., 2001). E2 significantly increases the density of VIP2R on 

these neurons (Gerhold et al., 2001), suggesting a modulatory role for ovarian steroids 

in VIPergic transmission of photic cues from the SCN to the neuroendocrine 

dopaminergic neurons. Disruption of VIP activity by AS-ODN treatment increases the 

activity of neuroendocrine dopaminergic neurons in OVX rats (Gerhold et al., 2002) and 



22 

 

prevents the diurnal surge of PRL in CS-OVX rats (Egli et al., 2004). Recently, our 

laboratory has suggested autonomous clock gene expression in neuroendocrine 

dopaminergic neurons may control the diurnal rhythms of dopaminergic turnover from 

these neurons (Sellix et al., 2006). Therefore, if clock gene expression controls the 

diurnal rhythm of dopaminergic activity, and VIP AS-ODN disrupts this rhythm, then it 

would suggest that VIP controls the rhythm of clock gene expression in neuroendocrine 

dopaminergic neurons. Therefore, I propose that the SCN transmits information about 

the external environment through VIPergic efferents to the ARN, the PeVN, and the 

PVN. These projections of VIP modulate the rhythm of neuroendocrine dopaminergic 

neurons and OT, thereby coordinating the release of PRL from the lactotrope.  

 In the following chapters, I will attempt to elucidate the mechanisms controlling 

and entraining E2-induced PRL secretion. In Chapter 2, I will characterize the effect of 

E2 on OT activity as well as the effect of VIP on this activity and on PRL release. In 

Chapter 3, I will characterize the physiological role of VIP in the circadian rhythm of 

neuroendocrine dopaminergic neuronal activity and its control by clock gene 

expression. In Chapter 4, I will characterize the modulatory role that OT plays in 

stimulating PRL secretion from the lactotrope in different physiological paradigms. 

Finally, in chapter 5, I will discuss the ramifications and future directions of the current 

work. 
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CHAPTER 2  

 

VASOACTIVE INTESTINAL POLYPEPTIDE MODULATES THE 

ESTRADIOL-INDUCED PROLACTIN SURGE BY ENTRAINING 

OXYTOCIN NEURONAL ACTIVITY1  

 

INTRODUCTION 

 

 Cycling rats display a surge of PRL every 4 days on the evening of proestrus 

(Freeman et al., 2000). E2 treatment (in OVX rats) changes this secretory PRL profile in 

that it induces a daily surge of PRL at approximately the same time, but of a lesser 

magnitude, than that observed on proestrus in cycling rats (Neill, 1972). Both surges, 

the proestrous surge and the E2-induced surge, shift in response to a shift in the 

photoperiod (Blake, 1976; Pieper and Gala, 1979). Therefore, PRL secretion is not only 

dependent on an increase in E2, but also depends on a source of entrainment.  

 E2 sensitizes the lactotrope to secrete PRL, and lowers the PRL-inhibiting 

hypothalamic dopaminergic tone. However, inhibition of dopaminergic tone alone does 

not induce a full proestrous surge, suggesting that an additional factor, a PRL releasing 

hormone, is also necessary to induce PRL secretion (Freeman et al., 2000). Many PRL 

releasing hormone candidates have been suggested, but overwhelming evidence 

suggests oxytocin (OT) as the main PRL releasing hormone. The cell membrane of 

lactotropes bear OT receptors (Chadio and Antoni, 1989), administration of OT 

stimulates PRL secretion (Chadio and Antoni, 1993; Lumpkin et al., 1983; Salisbury et 

al., 1980; Samson et al., 1989) and antagonism of OT prevents PRL release (Arey and 

Freeman, 1989; Arey and Freeman, 1990; Johnston and Negro-Vilar, 1988; McKee et 

al., 2007; Sarkar, 1988). E2 also influences OT synthesis (Breton et al., 1995) and 

                                            

1
 Portions of this chapter were duplicated from the original article Kennett J.E., Poletini M.O., Freeman M.E. 

Vasoactive intestinal polypeptide modulates the estradiol-induced prolactin surge by entraining oxytocin neuronal 

activity. Brain Res. 2008 Feb 27;1196:65-73. The authors retain copyright. 
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secretion (Yamaguchi et al., 1979), suggesting an additional permissive role of E2 on 

PRL secretion via control of OT. 

 A circadian component has been proposed to coordinate both the PRL inhibiting 

factors (dopamine) and the stimulating factors (potentially OT).  The SCN is well 

established as the primary circadian pacemaker in mammals responsible for entraining 

circadian rhythms throughout the central nervous system and periphery (Stephan and 

Zucker, 1972). Lesions of the SCN abolish the proestrous surge of PRL, as well as the 

E2-induced surges (Brown-Grant and Raisman, 1977; Pan and Gala, 1985b). However, 

because the surge of PRL is abolished, the SCN lesion experiments do not reveal the 

mechanisms involved in the entrainment of PRL secretion to photic cue.  

 The majority of light-entrained SCN projections are composed of VIP, a 28 amino 

acid peptide, which was originally isolated from porcine duodenum (Said and Mutt, 

1970) and was later localized to the central nervous system (Said and Rosenberg, 

1976). VIP is found in the ventrolateral SCN and projects to a variety of regions 

throughout the brain (Watts and Swanson, 1987). It is found in high concentrations in 

the hypothalamus, hypophyseal portal blood (Shimatsu et al., 1981) and is also 

synthesized in the pituitary (Arnaout et al., 1986). Disruption of VIP in the SCN has 

been shown to abolish the diurnal PRL surge induced by cervical-stimulation (Egli et al., 

2004).  The role of VIP in E2-induced PRL secretion has remained elusive; disruption of 

VIP in the SCN has been suggested to abolish, delay and/or decrease the magnitude of 

the E2-induced PRL surge (Harney et al., 1996; van der Beek et al., 1999). Therefore, 

the function of VIP from the SCN remains unclear.  

 Previously, our lab has demonstrated that the population of neuroendocrine 

dopaminergic neurons in the ARN and PeVN responsible for the tonic inhibition of PRL 

secretion express VIP2R (Gerhold et al., 2001).  The endogenous rhythms of these 

neuroendocrine dopaminergic neurons are disrupted in response to VIP AS-ODN 

injections in the SCN (Gerhold et al., 2002). This treatment decreases VIP protein 

content (Harney et al., 1996) and expression of VIP neurons in the SCN (Egli et al., 

2004; Gerhold et al., 2002). VIP2R have also been localized to OT neurons within the 

PeVN and PVN of the hypothalamus (Egli et al., 2004). Our current hypothesis is that 
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VIP input to OT neurons in the hypothalamus are the time component in the mechanism 

controlling PRL surges. The current study evaluated the effect of VIP on E2-induced 

PRL surges and investigated its influence on the activity of OT neurons in the PVN and 

PeVN, using VIP AS-ODN to disrupt VIP protein synthesis.   

 

MATERIAL AND METHODS 

Animals 

  Adult female Sprague-Dawley rats (> 60 days of age) weighing 250-300g 

(Charles River Laboratories, Raleigh, N.C.) were kept in standard rat cages under a 12h 

light : dark cycle (lights on at 0600h) with water and rat chow available ad libitum. All 

animals were anesthetized with Halothane and OVX bilaterally and then allowed to 

recover for 7-10 days.  At 1000h on the day of ODN infusion (day 0), all animals were 

injected subcutaneously with 20 µg of estradiol-17� (Sigma, St. Louis, MO) in corn oil. 

This paradigm results in E2 levels similar to those found on the afternoon of proestrus 

(Neill, 1972). Control animals received vehicle injections of corn oil.  All animal 

procedures were approved by the Florida State University Animal Care and Use 

Committee.  

SCN guide cannula implantation 

 Animals were anesthetized with Ketamine (0.7ml; 49 mg/ml) and Xylazine (0.3ml; 

1.8 mg/ml) and placed in a stereotaxic device (David Kopf, Tujunga, CA).  A midline 

incision exposed the skull and the location of the SCN was determined using stereotaxic 

coordinates (Paxinos and Watson, 1998). A small opening in the cranium was made 

with a dental drill and the surface of the brain exposed.  Guide cannulae (1.5 mm apart; 

8.5 mm in length; 26 gauge) were lowered to the dorsal border of the SCN (0.8 mm 

anterior to bregma; 7.9 mm ventral to the dural surface) and fixed to the skull.  

Subsequent procedures began a minimum of 5 days post-implantation to allow for 

complete recovery.  
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VIP antisense oligodeoxynucleotide injections in the SCN 

 For ODN injections, animals were anesthetized with Halothane and placed under 

an injection mini-pump attached to two 1 µl syringes (Hamilton Inc.), which were 

connected to a bilateral delivery cannula (Plastics One Inc.) through Silastic (PE-10) 

tubing.  VIP AS-ODN and random sequence oligodeoxynucleotides (RS-ODN) directed 

against VIP mRNA (Table 2-1) (B.A.S.S. Laboratory, Florida State University) were 

diluted in sterile water (0.5 µg in 0.5 µL). On the day of E2 administration (day 0), ODN 

were infused for 4 minutes through a bilateral cannula (1.5 mm apart 9.5 mm in length; 

33 gauge) which was placed in the guide cannula directed at the SCN. This dose has 

previously been reported not to result in side effects or toxicity when infused into the 

SCN (Gerhold et al., 2002). Treatment with the AS-ODN and RS-ODN were given at 

least 36h prior to the first blood collection point or sacrifice. This time allows for 

maximum protein synthesis disruption. Previous work from our lab has shown that 

treatment with VIP AS-ODN decreases VIP–immunoreactivity in the ventrolateral SCN 

by 75% when the cannula is successfully placed in the medial to caudal regions of the 

SCN (Gerhold et al., 2002). To verify bilateral cannula placement, one series of brain 

sections were processed for immunohistochemistry (IHC) for Fos-related antigen (FRA; 

a well established marker of neuronal activity (Hoffman et al., 1993)) and brains with 

cannulae placed in the medial to caudal regions of the SCN were considered 

successful. Animals with misplaced cannulae were discarded.  

Jugular vein catheter implantation 

 Animals were anesthetized with Halothane, and Micro-Renathane® tubing (OD= 

0.040, ID=0.025, MRE-025, Braintree Scientific, Braintree, MA) was inserted into the 

jugular vein. The tubing, filled with heparinized saline (30 U/ml), was fitted 

subcutaneously and exteriorized at the back of the animal’s neck. A daily flush with 

heparinized saline kept the line patent until the start of the blood collection.  

Blood Collection  

 Two and three days after E2 treatment (day 2 and day 3), 400 �l of blood were 

collected in heparinized syringes at 2 hour intervals beginning at 1300h and ending at 

2100h. Blood lost during sampling was replaced with sterile saline. Samples were  
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Table 2-1: VIP antisense and random sequence oligodeoxynucleotide sequence 

 

 

 

 

stored at 4 C until centrifuged (4000 g). Serum was collected and stored at –20 C until 

analysis for PRL concentration by RIA.   

Radioimmunoassay 

 The concentration of rat PRL in serum was determined in duplicate by RIA using 

NIDDK materials supplied by Dr. Albert Parlow through the National Hormone and 

Pituitary Program (Torrance, CA). Serum concentrations of PRL are expressed as ng/ml 

in terms of the rat PRL RP-3 standard. Assay sensitivity is 1 ng/ml and the intra-assay 

coefficient of variation was 5%. To prevent inter-assay variation, all samples were 

assayed in the same RIA. 

Immunohistochemistry  

 Animals were deeply anesthetized with 83 mg/Kg body weight of pentobarbital 

solution (Nembutal, Abbott Laboratories, Chicago, IL) and perfused intracardially with 

50 ml of 0.1 M phosphate buffered saline (PBS) at pH 7.35, followed by 200 ml of cold 

0.4% paraformaldehyde in 0.1 M PBS at pH 7.35.  Whole brains were post-fixed, and 

then placed in 20% sucrose until they sank. Each brain was blocked using a coronal 

brain matrix and collected in three parallel series of 30 µm sections. The brains were 

 
Antisense sequence oligodeoxynucleotide 

(AS-ODN) 
Random sequence oligodeoxynucleotide 

(RS-ODN) 

Cap site 5’-GCTCTGCACTACAACCTGAC-3’ 5’-CCGATCGACACCTAGCTATC-3’ 

Translation 
start site 

5’-TTGCTTCTGGATTCCATCTC-3’ 5’- GTTATCCGTCTCATTGCTCT-3’ 
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sectioned coronally from 600 to 2600 µm post bregma with a microtome (Microm HM 

430, Thermo Scientific, Walldorf, Germany) and stored in cryoprotectant at -40 C. To 

process for IHC, one series of free floating sections was placed in Falcon 6 or 12 well 

plates, covered with 1.5 to 3 ml of 0.1 M PBS with 0.1% Triton X-100 (PBS-X) and 

placed on an orbital shaker. All IHC was initiated with 3 x 10 min rinses in PBS-X 

followed by background blocking with 10% normal donkey serum (Chemicon, 

Temecula, CA) in PBS-X for 1 hour at room temperature. Primary antibody incubations 

of OT (rabbit anti-OT, IHC8152, Peninsula Laboratories, Inc., Belmont, CA; dilution 

1:10000) and FRA (goat anti-cFOS, sc-253, Santa Cruz Biotechnologies, Santa Cruz, 

CA; dilution 1:5000) were performed in PBS-X with 0.01% Na-Azide at 4 C overnight. 

Secondary antibody incubations of Cy2 (donkey anti-rabbit, Jackson ImmunoResearch, 

West Grove, PA; dilution 1:600) and Cy3 (donkey anti-goat, Jackson ImmunoResearch, 

West Grove, PA; dilution 1:600) were also performed in PBS-X with 0.01% Na-Azide at 

4 C overnight (Table 2-2). Sections were mounted on clean slides and coverslips were 

secured with Aqua Polymount (Polysciences, Inc., Warrington, PA). Slides were dried 

overnight and were sealed with nail polish. All sections with neurons expressing OT and 

FRA were acquired using a Leica DMR stereoscope attached to a Spot-RT Digital 

camera (Diagnostic Instr. Inc.). All gray scale images were pseudocolored and then 

blindly analyzed using MetaMorph analysis software (Universal Imaging, Inc. Molecular 

Devices). OT neurons in the PVN and PeVN expressing FRA were considered active 

neurons. In 6 sections containing the PVN and/or the PeVN, the number of OT neurons 

and those which express FRA were counted. The results are presented as the 

percentage of OT neurons expressing FRA.  

Statistical Analysis 

 Data are presented as the mean ± SEM. An arcsine transformation preceded 

data analysis. Analysis was then conducted using a two-way ANOVA for the 

comparison of differences between treatment groups, followed by Bonferroni post-hoc 
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Table 2-2: Steps of the OT/FRA immunohistochemistry protocol 

 

 

 

 

 

 

comparison. A one-way ANOVA was used for comparison of time differences within 

treatment groups, followed by Bonferroni post- hoc comparison. Graph Pad Prism 4.0 

(Graph Pad Software, Inc., San Diego, CA) was used for statistical analyses and graph 

preparation. Differences were considered significant when P < 0.05. 

Step Antibody Host Vendor Catalog # 
Working 

Dilution 

Incubation 

Time 

1st anti-OT rabbit 
Peninsula 

Laboratories, Inc. 
IHC8152 1:10000 24h 

1st anti-cFOS goat 
Santa Cruz 

Biotechnologies 
sc-253 1:5000 24h 

2nd 

anti-rabbit 

IgG 

conjugated 

with Cy2 

donkey 
Jackson 

ImmunoResearch 

 

711225152 
1:600 6h 

2nd 

anti-goat 

IgG 

conjugated 

with Cy3 

donkey 
Jackson 

ImmunoResearch 
705165003 1:600 6h 



 

30 

 

 

EXPERIMENTS 

Effect of VIP AS-ODN on E2-induced PRL secretion 

  At 1000h on day 0, groups of OVX rats received a subcutaneous bolus injection 

of (20 µg/rat) of 17�-estradiol. Animals were then bilaterally injected with VIP AS-ODN 

or RS-ODN into the SCN. On day 2 and day 3, blood samples were collected every 2 

hours from 1300h until 2100h from the jugular vein. To verify bilateral cannula 

placement, animals were perfused and one series of brain sections were processed for 

FRA using IHC. Brains with cannulae placed in the medial to caudal regions of the SCN 

were considered successful. Animals with misplaced cannulae were discarded.  

Effects of VIP AS-ODN on OT activity in the PVN and PeVN 

 At 1000h on day 0, groups of OVX rats received a subcutaneous bolus injection 

of oil or (20 µg/rat) estradiol-17�. On day 3, groups of animals were perfused with 

fixative solution every two hours beginning at 1300h and ending at 2100h. Three rats 

were perfused per time point per treatment group. Brains were collected and processed  

for IHC. Six sections containing the PeVN or the PVN were incubated with antibodies 

against OT and FRA. OT neurons in the PVN and PeVN expressing FRA were 

considered double labeled. In a separate group, OVX-E2 treated animals were 

bilaterally injected with VIP AS-ODN or VIP RS-ODN into the SCN on day 0. Following 

this treatment, the animals underwent the same perfusion schedule and IHC treatment 

as described above.  

RESULTS 

The timing of the PRL surge is dependent on VIP  

 Following E2 treatment, OVX rats exhibited a surge of PRL that peaked at 1900h 

on day 2.  Administration of either VIP RS-ODN or VIP AS-ODN into the SCN did not 

alter this secretory PRL surge (Figure 2-1A). However, on day 3, although no change in 

the magnitude of the PRL surge was observed, VIP AS-ODN treatment caused a two- 
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Figure 2-1. Phase Shift of PRL Secretion.  
Mean (±SEM) concentration of serum PRL obtained from animals 
(n=6/group) either 2 days (Panel A) or 3 days (Panel B) after estradiol 
treatment given prior to VIP AS-ODN or VIP RS-ODN injections. 
Letter a indicates the significantly greater concentration of PRL 
versus other times within groups (one-way ANOVA, followed by 
Bonferroni’s post-hoc test p< 0.01). The surge of PRL secretion is 
observed 2 h earlier in the VIP AS-ODN treated group than in the VIP 
RS-ODN treated group (two-way ANOVA, followed by Bonferroni’s 
post-hoc test **p< 0.01). 
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Figure 2-2. Percentage of OT neurons expressing FRA in the PVN 
and PeVN of OVX (Panel A, D), OVX-E2 treated rats submitted to 
RS-ODN injection (Panel B, E) or to AS-ODN (Panel C, F) in the 
SCN.  One-way ANOVA, followed by Bonferroni’s post-hoc test, 
indicates difference in the percentage of OT neurons expressing 
FRA at 17:00h or 19:00h versus 13:00h. Asterisks indicate 
difference between AS-ODN and RS-ODN treated groups (two-
way ANOVA, followed by Bonferroni’s post-hoc test *p < 0.05, ***p 
< 0.001). 
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Table 2-3. Neurons colabeled for OT and FRA in the PVN. 

 

 

 

 

 

Treatment & 
Time of day (h) 

OT neurons (+) 
(Number ± SEM) 

OT/FRA (+) neurons 
(Number ± SEM) 

 
1300 

 
155.5 ± 23.40 

 
81.05 ± 8.7 

1500 201.39 ± 74.22 112.89 ± 39.66 

1700 119.22 ± 37.42 72.05 ± 25.45 

1900 129.7 ± 16.02 85.78 ± 9.48 

2100 125.8 ± 9.9 78.16 ± 4.67 

1300 183.83 ± 9.33 91.33 ± 2.5 

1500 105.61 ± 11.54 58.72 ± 8.31 

1700 168.67 ± 15.42 95.28 ± 11.24 

1900 109.1 ± 45.21 74.5 ± 24.61 

2100 157.1 ± 40.52 90.89 ± 22.89 

1300 41.89 ± 21.19 18.33 ± 9.34 

1500 59.39 ± 5.42 28.06 ± 2.55 

1700 41.89 ± 13.24 25.56 ± 9.56 

1900 107.67 ± 10.78 47.22 ± 7.17 

2100 44.61 ± 8.64 20.89 ± 3.5 
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Table 2-4. Neurons colabeled for OT and FRA in the PeVN 
 

 
 
 

 
 

 

 

 

 

 

 

 

Treatment & 
Time of day (h) 

OT neurons 
(Numbers ± SEM) 

OT/FRA (+) neurons 
(Numbers ± SEM) 

 
1300 

 
16.56 ± 0.34 

 
10.11 ± 0.66 

1500 49.78 ± 16.77 36.5 ± 11.73 

1700 24.03 ± 5.52 11.56 ± 2.31 

1900 25.89 ± 4.77 17.72 ± 2.28 

2100 31.67± 6.8 23.39 ± 4.75 

1300 33.44 ± 11.16 15.61 ± 5.86 

1500 23.89 ± 5.44 11.83 ± 1.29 

1700 27.95 ± 10.42 19.67 ± 7.56 

1900 12.67 ± 5.78 9.56 ± 3.74 

2100 22.39 ± 4.39 14.44 ± 4.06 

1300 13.06 ± 6.23 6.72 ± 4.04 

1500 25.61 ± 10.06 14.94 ± 5.62 

1700 24.89 ± 10.56 20.61 ± 9.7 

1900 15.55 ± 1.78 8.28 ± 1.81 

2100 10.72 ± 3.37 5.83 ± 2.49 
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hour phase-advance of the PRL surge, which peaked at 1700h compared to VIP RS-

ODN (Figure 2-1B) which peaked at 1900h. 

Rhythmic activity of OT neurons in the PVN and PeVN is modulated by VIP   

 In the PVN, there was no difference in the percent of OT neurons expressing 

FRA between OVX and OVX-E2 treated groups (Figure 2-2 AB).  However, in both 

groups, a gradual increase across time was observed with the greatest percent of OT 

neurons expressing FRA starting at 1900h (Figure 2-2 AB) until 2100h. The increase at 

1900 hour (p < 0.001) and 2100 hour (p < 0.01) was prevented in the OVX-E2 treated 

group by VIP AS-ODN infusion in the SCN  (Figure 2-2C and Table 2-3).  

 In the PeVN, E2 induced a gradual increase in the percent of OT neurons 

expressing FRA across time (Figure 2-2 E). Comparisons between OVX and OVX-E2 

treated groups clearly showed that E2 affects OT neuronal activity. This activity differed 

significantly between OVX and OVX-E2 treated groups at 1300h (p < 0.05), 1500h (p < 

0.05) and 1700h (p < 0.01) (Figure 2-2 DE). Administration of VIP AS-ODN in the SCN  

caused a two-hour phase advance in activity of OT neurons within the PeVN with the 

highest expression at 1700h (Fig. 2-2 F and Table 2-4) compared with VIP RS-ODN. 

In the PeVN of OVX-E2 treated animals, the percent of OT neurons expressing 

FRA increased at the same time as the E2-induced PRL surge. Additionally, following 

VIP AS-ODN administration in the SCN, both the surge of PRL (Figure 2-1 B) and the 

increase in the percent of OT neurons expressing FRA were advanced to 1700h (Figure 

2-2 F).   Figure 2-3 shows photomicrographs of representative sections of the PVN and 

PeVN of OVX and OVX-E2 at 1900h, in which staining for FRA and OT can be 

observed. At this time point, steroid treatment does not significantly change the 

percentage of OT neurons expressing FRA in the PVN or in the PeVN. However, an 

increase in FRA expression in non-OT neurons in the PVN of OVX animals can be 

observed at 1900h.   
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Figure 2-3. Photomicrographs of representative sections 
containing OT neurons (green) and neurons expressing 
FRA (red) in the PVN of OVX-E2 treated (A) or OVX (B) 
animals and in the PeVN of OVX-E2 treated (C) or OVX 
(D) animals. Solid arrows point to representative OT 
neurons expressing FRA. Steroid treatment does not 
significantly change the percentage of OT neurons 
expressing FRA at 19:00 h in the PVN or in the PeVN. In 
the PVN of OVX animals, an increase in FRA expression 
is observed in non-OT neurons at 19:00 h.  Scale bar = 
100 µm. 
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DISCUSSION 

These data suggest that endogenous VIP influences the timing of PRL secretion. 

The disruption of VIP synthesis influenced the temporal pattern of E2-induced PRL  

secretion as well as the activity of OT neurons believed to be involved in E2-induced 

PRL secretion. Based on previous research which found that disrupting VIP protein 

synthesis prevents the decrease in dopamine activity (Gerhold et al., 2002), which is 

normally responsible for allowing PRL secretion (Ben-Jonathan and Hnasko, 2001), we 

hypothesized that the administration of VIP AS-ODN  in the SCN would prevent the 

circadian profile of PRL secretion observed in OVX-E2 treated rats. Instead, the E2-

induced PRL surge phase-advanced 2 hours on day 3 post-infusion. This unexpected 

outcome suggested that VIP was influencing an additional factor, possibly a PRL 

releasing hormone. OT neurons in the PVN and PeVN were the first candidates 

considered, as they are one of the strongest PRL releasing hormone candidates, and 

also because these regions receive projections of VIP from the SCN (Watts and 

Swanson, 1987) and express VIP2R (Egli et al., 2004).  

In order to test the hypothesis that VIP influences OT neurons to modulate the 

circadian profile of PRL secretion, we first described the rhythm of OT neurons 

expressing FRA in the PVN and the PeVN in OVX and OVX-E2 treated animals. 

Interestingly, the rhythm of OT neurons expressing FRA in the PVN was not dependent 

on E2, whereas the rhythm in the PeVN was. OT neurons expressing FRA in both the 

PVN and PeVN of OVX-E2 treated animals, as well as the PVN of OVX animals all rose 

gradually across the day, peaking at approximately the same time as the E2-induced 

surge of PRL. In the PVN, VIP AS-ODN attenuated the increase in OT neurons 

expressing FRA. Interestingly, disruption of VIP synthesis phase-advanced the activity 

of OT neurons expressing FRA in the PeVN of OVX-E2 treated rats by 2 hours. This 

phase-advance was also observed in the E2-induced PRL surge of animals treated with 

VIP AS-ODN.  

The effects of OT at the anterior pituitary are necessary for PRL secretion (Arey 

and Freeman, 1990; Egli et al., 2004; McKee et al., 2007). We hypothesize that the 

sequence of events may be: 1) an increase of OT synthesis, 2) an increase of OT 
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release in the median eminence (eventually transported to the anterior pituitary gland) 

and 3) OT acting in the pituitary to increase PRL secretion. Therefore, changes in FRA 

expression could reflect one or all of these events. In any case, changes in OT neuronal 

activity should happen before a PRL surge to guarantee that OT will stimulate PRL 

secretion at the time of the surge. Because it has been described that FRA expression 

is delayed by approximately 1 hour (Kovacs, 1998), the increase observed in the 

present study should reflect changes in neuronal activity at least 1 hour prior to the time 

of interest. Additionally, it is important to note that FRA is constitutively expressed 

(Hoffman et al., 1993). Not surprisingly, FRA expression that did not colocalize with OT 

was present at all time points examined. However, the phenotype of other neurons with 

which FRA colocalized is unknown but will be explored in future work.     

Previous studies have suggested that the SCN is involved in PRL secretion. 

However, the mechanism through which it is involved has remained unclear. Although 

the SCN is usually involved in entrainment, lesions of this structure prevented the 

proestrous (Brown-Grant and Raisman, 1977) and E2-induced surges of PRL (Pan and 

Gala, 1985b). However, lesions of other structures such as the medial basal part of the 

suprachiasmatic area (Kawakami and Arita, 1981), medial preoptic area and the 

ventromedial hypothalamus (Pan and Gala, 1985b) also prevent the PRL surge. These 

areas all receive SCN projections; therefore, there is a possibility that SCN lesions 

indirectly influence PRL secretion by disrupting projections to areas more critically 

involved in the magnitude of the PRL surge. Furthermore, because the PRL surge is 

abolished following SCN lesions, the component involved in entraining PRL secretion 

has not previously been described. 

The majority of light-entrained SCN neurons contain VIP, and a stimulatory role 

in PRL secretion has been suggested (Akema et al., 1988; Bogacka et al., 2002; Huang 

and Pan, 1996; Samson et al., 1980). However, the mechanism by which it does so has 

remained unclear. In agreement with Harney et al. (1996), our current data have shown 

that VIP AS-ODN had no effect on PRL secretion 2 days after E2 and VIP AS-ODN 

infusion. However, the present experiment observed the phase-advance 3 days after E2 

and VIP AS-ODN infusion. This time point was not taken into consideration in previous 
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papers. This suggests that the surges persist because of possible residual VIP in axon 

terminals. Possibly, by day 3 the residual VIP has cleared and the VIP AS-ODN has 

prevented further synthesis. Additionally, a delay and decrease in the magnitude of the 

PRL surge has also been observed (van der Beek et al., 1999). The current data also 

show an effect on the time of the surge, while a decrease in magnitude was not 

observed. These differences may be due to differing methodologies. VIP AS-ODN 

administration is effective in blocking the diurnal, but not nocturnal, CS-OVX surge of 

PRL (Egli et al., 2004). Therefore, a different mechanism appears to be involved in 

these surges. Because the cervically stimulated animals are OVX and do not receive E2 

treatment, the E2-dependent activity of OT neurons expressing FRA in the PeVN may 

be inconsequential. Furthermore, because VIP AS-ODN prevented the increase in OT 

neurons expressing FRA in the PVN, this may be the reason no PRL surge occurred in 

CS-OVX rats. 

Because the current study examined the E2-induced surge of PRL, an additional 

aim was to determine how E2 acts centrally to influence circadian PRL secretion. 

Neurons in the SCN do not concentrate E2 (Pfaff and Keiner, 1973) and implants of E2 

in the SCN have no effect on PRL secretion (Pan and Gala, 1985a), suggesting that any 

effects of E2 would be at a downstream site from the SCN. E2 has previously been 

shown to increase the presence of VIP2R on neuroendocrine dopaminergic neurons 

(Gerhold et al., 2001), suggesting a modulatory role for ovarian steroids in VIPergic 

transmission of photic cues from the SCN to these neurons.  

An additional permissive role of E2 on PRL secretion may be its ability to 

influence OT activity. OT receptor mRNA on lactotropes dramatically increases in 

response to exogenous E2 (Breton et al., 1995). Furthermore, plasma OT 

concentrations increase in response to E2 administration (Yamaguchi et al., 1979), and 

are highest in hypophyseal portal blood on the afternoon of proestrus (Sarkar and 

Gibbs, 1984). The high levels of OT in hypophyseal blood presumably reflect the 

secretory activity of OT neurons in the median eminence. While the majority of OT 

neurons in the PVN project to the posterior pituitary, they also send collaterals to the 

median eminence (Zimmerman et al., 1984). OT may also reach the anterior pituitary 
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from the posterior pituitary via short portal vessels (Murai and Ben-Jonathan, 1987; 

Murai et al., 1989). Based on this, one would hypothesize that the activity of the OT 

neurons in the PVN would reflect the levels of OT observed in the hypophyseal portal 

blood and within the anterior pituitary in response to changing levels of E2. However, the 

current data show that OT neurons in the PVN do not differentially respond to E2 

treatment, suggesting that E2 may not play a modulatory role in OT neuronal activity in 

the PVN. Indeed, only a small population of neurons in the PVN concentrates E2 

(Rhodes et al., 1981; Rhodes et al., 1982). However, a large number of neurons which 

concentrate E2 was found along the third ventricle (Pfaff and Keiner, 1973) where the 

PeVN OT neuronal population is found.  As observed in our data, E2 treatment induces 

an increase in the activity of OT neurons expressing FRA in this population.  Therefore, 

E2 may induce PRL secretion by affecting the activity of OT neurons in the PeVN.  

Of particular interest was the consistency in profiles associated with the effect of 

VIP AS-ODN on E2-induced PRL surge and on the activity of OT neurons in the PeVN. 

In this neuronal population, VIP AS-ODN promoted a 2-hour phase-advance in the 

increase of OT neurons expressing FRA. This phase-advance was also observed in the 

E2-induced PRL surge. This suggests that this population of OT neurons may be directly 

involved in the secretory profile of PRL induced by E2. Not only does this offer further 

evidence of OT as a PRL releasing hormone, it also suggests VIP as a timing 

mechanism influencing hypothalamic factors involved in the control of PRL secretion.   

The current data suggest an additional role of VIP in the coordination of PRL 

secretion. Not only does it influence the pituitary (Bogacka et al., 2002; Samson et al., 

1980), it also acts centrally to coordinate the entrainment of neurons responsible for 

inhibiting (Gerhold et al., 2002) and/or stimulating E2-induced PRL secretion. 
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CHAPTER 3  

VASOACTIVE INTESTINAL POLYPEPTIDE MODULATES THE ACTIVITY 

OF NEUROENDOCRINE DOPAMINERGIC NEURONS INVOLVED IN 

ESTRADIOL-INDUCED PROLACTIN SECRETION 

 

INTRODUCTION 

 PRL is secreted from lactotropes in the anterior pituitary of cycling rats on the 

evening of proestrus (Freeman et al., 2000).  E2 treatment induces a daily surge of PRL 

secretion in OVX rats. The pattern of PRL secretion in the latter occurs at approximately 

the same time, but of a lesser magnitude, than that observed on proestrus in cycling 

rats (Neill, 1972). Both surges, the proestrous surge and the E2-induced surge, shift in 

response to a shift in the photoperiod (Blake, 1976; Pieper and Gala, 1979). Therefore, 

synchronization of the regulatory factors modulating PRL secretion (dopamine and OT) 

may also be entrained to an external cue. 

 The SCN is well established as the primary circadian pacemaker in mammals 

responsible for entraining circadian rhythms throughout the central nervous system and 

periphery (Okamura, 2007).  Previous studies have suggested that the SCN is involved 

in PRL secretion.  Lesions of this nucleus prevent the proestrous (Brown-Grant and 

Raisman, 1977) and E2-induced surges of PRL (Pan and Gala, 1985b). However, 

lesions of other structures such as the medial basal part of the suprachiasmatic area 

(Kawakami and Arita, 1981), medial preoptic area and the ventromedial hypothalamus 

(Pan and Gala, 1985b) also prevent the PRL surge.  Therefore, SCN lesions may 

indirectly influence PRL secretion by disrupting projections to areas more critically 

involved in the magnitude of the PRL surge.  While these studies confirm a role in PRL 

release, the abolishment of the surge prevents study of the mechanisms involved in the 

entrainment of PRL secretion to photic cue.  

 This surge of PRL is dependent on a complex interplay of hypothalamic 

regulatory factors influenced by E2 and photoperiod cues.  Many PRL releasing factors 
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have been suggested, (amongst them, thyrotropin-releasing hormone, VIP, 

vasopressin, serotonin and angiotensin II (Freeman et al., 2000)) but OT has emerged 

as the strongest physiological candidate (Arey and Freeman, 1990; Arey and Freeman, 

1992; Egli et al., 2004; Egli et al., 2006; Kennett et al., 2008; Kennett et al., 2009; 

McKee et al., 2007).  Previously, we have shown that disrupting VIP protein synthesis in 

the SCN phase-advances PRL secretion (Kennett et al., 2008). This phase-advance 

was also observed in the activity of the OT neurons in the PeVN (Kennett et al., 2008).  

Therefore, one way in which the SCN influences the precise timing of the E2-induced 

PRL surge is through entraining OT neuronal activity.  However, since dopamine exerts 

the majority of control over PRL secretion, we are now interested in the effect that VIP 

disruption might have on these neurons as well. 

 Lactotropes are constitutively active, and three populations of neuroendocrine 

dopaminergic neurons tonically inhibit their activity.  The (1) TIDA and (2) THDA 

dopaminergic neurons are located in the dorsomedial and rostral regions of the ARN, 

respectively.  The (3) PHDA neurons are located in the periventricular region of the 

rostral hypothalamus. PHDA and THDA axons project down the pituitary stalk, 

terminating on fenestrated short portal vessels within the neural and intermediate lobes 

of the pituitary gland, which then drain into the anterior lobe. TIDA axons terminate on a 

fenestrated capillary bed within the external zone of the median eminence that drains 

into long portal vessels, carrying dopamine to the anterior lobe of the pituitary gland 

(Ben-Jonathan and Hnasko, 2001) 

 The majority of light entrained SCN neurons contain VIP (Piggins and Cutler, 

2003), which is synthesized in the ventrolateral SCN and projects to a variety of regions 

including the dorsal medial hypothalamus, the thalamus, the PVN, the PeVN and the 

ARN (Gerhold et al., 2001; Kalsbeek et al., 1993; Teclemariam-Mesbah et al., 1999; 

Watts and Swanson, 1987). Of particular interest are the projections to the 

neuroendocrine dopaminergic neurons in the PeVN and ARN. VIP2R are expressed on 

all three populations of neuroendocrine dopaminergic neurons  and the density of these 

receptors increases in response to ovarian steroid treatment (Gerhold et al., 2001).  
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 The female rat exhibits a diurnal rhythm of FRA expression in neuroendocrine 

dopaminergic neurons, with the lowest levels of activity occurring at the time of the PRL 

surge (Lerant et al., 1996; Lerant and Freeman, 1997). This nadir in activity is abolished 

in response to VIP AS-ODN infusion into the SCN of OVX rats (Gerhold et al., 2002). 

Interestingly, in OVX-E2 treated animals, the magnitude of the PRL surge was 

unaffected by VIP AS-ODN, but instead was phase-advanced by 2 hours (Kennett et al., 

2008). This unexpected outcome suggested two things: 1) that VIP influences an 

additional factor, possibly a PRL releasing hormone (which we have shown (Kennett et 

al., 2008)) and/or 2) that E2 gates the effects of VIP on dopamine neurons.  

 While many brain regions express endogenous circadian rhythms, they rely on 

the SCN to entrain their activity to environmental cues (Hastings and Herzog, 2004). 

These endogenous circadian rhythms are generated by gene expression within the 

nucleus. The cyclic mammalian genes (collectively referred to as “clock genes”) 

comprise a complex transcriptional/translational feedback loop that regulates the 

rhythmic output of the circadian oscillator (Ripperger and Schibler, 2001). This model 

proposes that four clock genes per1 and per2 (period 1 and 2), cry1 and cry2 

(cryptocrome 1 and 2) are activated early in the day by heterodimeric complexes of 

protein transcription factors BMAL1 and CLOCK acting on E-box sequences in their 

respective promoter/enhancer regions. Several hours later, PER and CRY proteins 

accumulate in the nuclei and interact with E-box enhancer elements to disrupt the 

expression of bmal1:clock, thus acting as negative regulators to control the 

transcriptional drive (Hastings and Herzog, 2004).  

 PRL secretion is also influenced by the expression of clock genes in the SCN; 

disruption of per1, per2 and clock mRNA abolish the OVX- E2 and proestrous surges of 

PRL (Poletini et al., 2007).  Therefore, PRL secretion is influenced by 1) perturbations in 

clock gene expression in the SCN and 2) disruption of VIP in the SCN.  Additionally, the 

same treatment that abolishes the OVX- E2 and proestrous surges of PRL (Poletini et 

al., 2007) also decreases dopamine turnover (Sellix et al., 2006).  Furthermore, in 

neuroendocrine dopaminergic neurons, PER1 and PER2 oscillate in a rhythmic manner 

similar to the rhythm of dopaminergic turnover (Sellix et al., 2006).  However, PER2 



 

44 

 

oscillates in all three populations of neuroendocrine dopaminergic neurons, while PER1 

oscillates only in the TIDA and PHDA populations.  Therefore, our current hypothesis is 

that VIP is relaying the photic cue to per2 expressing neuroendocrine dopaminergic 

neurons to entrain their activity. The current study evaluated this hypothesis by 

measuring changes in FRA and PER2 expression in neuroendocrine dopaminergic 

neurons following VIP AS-ODN treatment, which disrupts VIP protein synthesis in the 

SCN. 

MATERIAL AND METHODS 

Animals 

  Adult female Sprague-Dawley rats (> 60 days of age) weighing 250-300g 

(Charles River Laboratories, Raleigh, N.C.) were kept in standard rat cages under a 12h 

light : dark cycle (lights on at 0600h) with water and rat chow available ad libitum. All 

animals were anesthetized with Halothane, OVX bilaterally and then allowed to recover 

for 7-10 days.  At 1000h on the day of ODN infusion (day 0), all animals were injected 

subcutaneously with 20 µg of 17�-estradiol (Sigma, St. Louis, MO) in corn oil. This 

paradigm results in E2 levels similar to those found on the afternoon of proestrus (Neill, 

1972). Control animals received vehicle injections of corn oil.  All animal procedures 

were approved by the Florida State University Animal Care and Use Committee. 

 SCN guide cannula implantation 

 Animals were anesthetized with Ketamine (0.7ml; 49 mg/ml) and Xylazine (0.3ml; 

1.8 mg/ ml) and placed in a stereotaxic device (David Kopf, Tujunga, CA).  A midline 

incision exposed the skull and the location of the SCN was determined using stereotaxic 

coordinates (Paxinos and Watson, 1998). A small opening in the cranium was made 

with a dental drill and the surface of the brain exposed.  Guide cannulae (1.5 mm apart; 

8.5 mm in length; 26 gauge) were lowered to the dorsal border of the SCN (0.8 mm 

anterior to bregma; 7.9 mm ventral to the dural surface) and fixed to the skull.  

Subsequent procedures began a minimum of 5 days post-implantation to allow for 

complete recovery. 
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VIP antisense oligodeoxynucleotide injections in the SCN 

 For ODN injections, animals were anesthetized with Halothane and placed under 

an injection mini-pump attached to two 1 µl syringes (Hamilton Inc.), which were 

connected to a bilateral delivery cannula (Plastics One Inc.) through Silastic (PE-10) 

tubing.  VIP AS-ODN and RS-ODN directed against VIP mRNA (Table 3-1) (B.A.S.S. 

Laboratory, Florida State University) were diluted in sterile water (0.5 µg in 0.5 µL). On 

the day of E2 administration (day 0), ODN were infused for 4 minutes through a bilateral 

cannula (1.5 mm apart 9.5 mm in length; 33 gauge) which was placed in the guide 

cannula directed at the SCN. This dose has previously been reported not to result in 

side effects or toxicity when infused into the SCN (Gerhold et al., 2002). Treatment with 

the AS-ODN and RS-ODN were given at least 36h prior to the first sacrifice. This time 

allows for maximum protein synthesis disruption. Previous work from our lab has shown 

that treatment with VIP AS-ODN decreases VIP–immunoreactivity in the ventrolateral 

SCN by 75% when the cannula is successfully placed in the medial to caudal regions of 

the SCN (Gerhold et al., 2002). To verify bilateral cannula placement, one series of 

brain sections were processed for immunohistochemistry for FRA and brains with 

cannulae placed in the medial to caudal regions of the SCN were considered 

successful. Animals with misplaced cannulae were discarded.  

Immunohistochemistry  

 Animals were deeply anesthetized with 83 mg/Kg body weight of pentobarbital 

solution (Nembutal, Abbott Laboratories, Chicago, IL) and perfused intracardially with 

50 ml of 0.1 M phosphate buffered saline (PBS) at pH 7.35, followed by 200 ml of cold 

0.4% paraformaldehyde in 0.1 M PBS at pH 7.35.  Whole brains were post-fixed, and 

then placed in 20% sucrose until they sank. Each brain was blocked using a coronal 

brain matrix and collected in three parallel series of 30 µm sections. The brains were 

sectioned coronally from 600 to 4200 µm post bregma with a microtome (Microm HM 

430, Thermo Scientific, Walldorf, Germany) and stored in cryoprotectant at -40 C. To 

process for IHC, one series of free floating sections was placed in Falcon 6 or 12 well 

plates, covered with 1.5 to 3 ml of 0.1 M PBS-X and placed on an orbital shaker. All  
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Table 3-1: VIP antisense and random sequence oligodeoxynucleotide sequence 

 

 

 

 

IHC was initiated with 5 x 10 min rinses in PBS-X followed by background blocking with 

10% normal donkey serum (Chemicon, Temecula, CA) in PBS-X for 1 hour at room 

temperature. For the first experiment, primary antibody incubations of TH (mouse anti-

TH, MAB318, Chemicon Intl., Temecula, CA; dilution 1:40000) and FRA (goat anti-

cFOS, sc-253, Santa Cruz Biotechnologies, Santa Cruz, CA; dilution 1:1000) were 

performed in 0.1 M PBS with 0.4% Triton X-100  and 2% normal donkey serum at 4 C 

overnight. Secondary antibody incubations of ALEXa 488 (donkey anti-mouse, A21202, 

Molecular Probes, Eugene, OR; dilution 1:2000) and ALEXa 555 (donkey anti-goat, 

A21432, Molecular Probes, Eugene, OR; dilution 1:2000) were also performed in 0.1 M 

PBS with 0.4% Triton X-100  and 2% normal donkey serum at room temperature for 2 

hours (Table 3-2). For the second experiment, primary antibody incubations of TH 

(mouse anti-TH, MAB318, Chemicon Intl., Temecula, CA; dilution 1:40000)  and per-2 

(goat anti-Per2, sc7729, Santa Cruz Biotechnologies, Santa Cruz, CA; dilution 1:500) 

were performed in 0.1 M PBS with 0.4% Triton X-100  and 2% normal donkey serum at 

4 C overnight. Secondary antibody incubations of ALEXa 488 (donkey anti-mouse, 

A21202, Molecular Probes, Eugene, OR; dilution 1:2000) and ALEXa 555 (donkey anti-

goat, A21432, Molecular Probes, Eugene, OR; dilution 1:2000) were also performed in 

0.1 M PBS with 0.4% Triton X-100  and 2% normal donkey serum at room temperature 

 

Antisense sequence 

oligodeoxynucleotide 

(AS-ODN) 

Random sequence 

oligodeoxynucleotide 

(RS-ODN) 

Cap site 5’-GCTCTGCACTACAACCTGAC-3’ 5’-CCGATCGACACCTAGCTATC-3’ 

Translation 

start site 
5’-TTGCTTCTGGATTCCATCTC-3’ 5’- GTTATCCGTCTCATTGCTCT-3’ 
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for 2hours (Table 3-3). All sections were mounted on clean slides and coverslipped. 

Coverslips were secured with Aqua Polymount (Polysciences, Inc., Warrington, PA) and 

were sealed with nail polish. All sections with neurons expressing TH and FRA (Exp. 1) 

or TH and PER2 (Exp. 2) were acquired using a Leica DMR stereoscope attached to a 

Spot-RT Digital camera (Diagnostic Instr. Inc.). All gray scale images were 

pseudocolored and then blindly analyzed using MetaMorph analysis software (Universal 

Imaging, Inc. Molecular Devices).  

Statistical Analysis 

 Data are presented as the mean ± SEM. An arcsine transformation preceded 

data analysis. Analysis was then conducted using a two-way ANOVA for the 

comparison of differences between treatment groups, followed by Bonferroni post-hoc 

comparison. A one-way ANOVA was used for comparison of time differences within 

treatment groups, followed by Bonferroni post- hoc comparison. Graph Pad Prism 4.0 

(Graph Pad Software, Inc., San Diego, CA) was used for statistical analyses and graph 

preparation. Differences were considered significant when P < 0.05. 

 

 

 

 

Table 3-2: Steps of the TH/FRA immunohistochemistry protocol 

 

 

Step 
Antibody 

Host Vendor 
Catalog 

# 
Working 
Dilution 

Incubation 
Time 

1st anti-TH mouse Chemicon Intl. MAB318 1:40000 24h 

1st 
anti-cFOS goat Santa Cruz 

Biotechnologies 
sc-253 1:1000 24h 

2nd 
anti-
mouse 
Alexa 488 

donkey Molecular Probes A21202 1:2000 2h 

2nd 
anti-goat 
Alexa 555 

donkey Molecular Probes A21432 1:2000 2h 
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Table 3-3: Steps of the TH/PER2 immunohistochemistry protocol 

 

 

 

 

 

EXPERIMENTS 

 

Effects of VIP AS-ODN on the activity of neuroendocrine dopaminergic neurons in 

the ARC and PeVN 

 Activity of neuroendocrine dopaminergic neurons was assessed following 

infusion of VIP AS-ODN into the SCN. Adult female Sprague-Dawley rats weighing 250-

300g were OVX on day 0 at 1000h. On day 10 at 1000h, a bilateral guide cannula was 

lowered to the dorsal border of the SCN. Following surgery, animals were allowed to 

recover for 5 days. On day 15, all animals were injected with (a) VIP AS-ODN or (b) VIP 

random sequence deoxyoligonucleotides (VIP RS-ODN) into the SCN at 1000h. On the 

same day at 1300h, all animals received an injection of 20 µg of 17�-estradiol in 200 µl 

Step Antibody Host Vendor 
Catalog 

# 
Working 
Dilution 

Incubation 
Time 

1st anti-TH mouse Chemicon Intl. MAB318 1:40000 24h 

1st anti-per2 goat 
Santa Cruz 

Biotechnologies 
sc7729 1:500 24h 

2nd 
anti-

mouse 
Alexa 488 

donkey Molecular Probes A21202 1:2000 6h 

2nd 
anti-goat 

Alexa 555 
donkey Molecular Probes A21432 1:2000 6h 
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corn oil. Thirty-six hours has been determined to be the optimal time for VIP AS-ODN to 

successfully knockdown VIP (Gerhold et al., 2002). Therefore, beginning on day 17, 

animals were deeply anesthetized and intracardially perfused with fixative solution at 

1300h, 1500h, 1700h, 1900h and 2100h. Four rats were perfused per time point per 

treatment group. Brains were collected and processed for IHC. One series of sections 

were incubated with antibodies against TH and FRA. TH neurons in the ARC and PeVN 

expressing FRA were considered active dopamine neurons. 

 

Effects of VIP AS-ODN on PER2 expression in neuroendocrine dopaminergic 

neurons   

 The rhythm of PER2 expression was assessed in neuroendocrine dopaminergic 

neurons following infusion of VIP AS-ODN into the SCN. Adult female Sprague-Dawley 

rats weighing 250-300g were OVX on day 0. On day 10 at 1000h, a bilateral guide 

cannula was lowered to the dorsal border of the SCN. Following surgery, animals were 

allowed to recover for 5 days. On day 15, all animals were injected with (a) VIP AS-

ODN or (b) VIP RS-ODN into the SCN at 1000h. On the same day at 1300h, all animals 

received an injection of 20 µg of 17�-estradiol in 200 µl corn oil. Thirty-six hours has 

been determined to be the optimal time for VIP AS-ODN to successfully knockdown VIP 

(Gerhold et al., 2002). Therefore, beginning on day 17, animals were deeply 

anesthetized and intracardially perfused with fixative solution at 1300h, 1500h, 1700h, 

1900h and 2100h. Four rats were perfused per time point per treatment group. Brains 

were collected and processed for IHC. One series of sections were incubated with 

antibodies against TH and PER2. Those that were double labeled were considered 

dopaminergic neurons expressing the clock gene PER2.  

 RESULTS 

Activity of dopamine neurons in the arcuate and periventricular nuclei is 

modulated by VIP   

When time points were compared, the lowest level of FRA expression in TIDA 

neurons was observed at 1900h in VIP RS-ODN (p< 0.001) (Figure 3-1 A) compared to 
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1700h in VIP AS-ODN (p< 0.01) (Figure 3-1 B).  In THDA neurons, the lowest level of 

FRA expression was observed at 1900h in VIP RS-ODN (p< 0.001) (Figure 3-1 C) 

compared to 1700h in VIP AS-ODN (p< 0.01) (Figure 3-1 D). In PHDA neurons, the 

lowest levels of FRA expression was observed at 1900h in VIP RS-ODN (p< 0.01) 

(Figure 3-1 E) compared to 1700h in VIP AS-ODN (p< 0.001) (Figure 3-1 F). Therefore, 

in response to VIP AS-ODN treatment, the decrease in activity of all three populations 

of dopamine neurons phase advanced by 2h. 

 In the dorsomedial arcuate nucleus, the activity of the TIDA population of 

dopamine neurons was greater at 1300h, 1500h, 1900h and 2100h (p < 0.001) in VIP 

AS-ODN animals compared to VIP RS-ODN treated animals (Figure 3-1 AB).  In the 

rostral arcuate nucleus, the activity of the THDA population of dopamine neurons was 

greater in VIP AS-ODN animals at 1900h and 2100h (p < 0.001) compared to VIP RS-

ODN treated animals (Figure 3-1 CD). In the periventricular nucleus, the activity of the 

PHDA population of dopamine neurons was greater in VIP AS-ODN animals at 1500h 

(p <0.05) and at 1300h, 1900h and 2100h (p < 0.001) compared to VIP RS-ODN treated 

animals (Figure 3-1 EF). Therefore, VIP-AS ODN caused a time-dependent increase in 

all three populations of neuroendocrine dopaminergic neurons. 

 

PER2 expression in TH neurons in the arcuate and periventricular nuclei is 

influenced by VIP   

 No distinct rhythm was observed in PER2 expression in the neuroendocrine 

dopaminergic neurons of either treatment group. In the dorsomedial arcuate nucleus, 

PER2 expression in the TIDA population of dopamine neurons was lower in VIP AS-

ODN animals at 1500h and 1700h (p < 0.001) compared to VIP RS-ODN treated 

animals (Figure 3-2 AB). In the rostral arcuate nucleus, PER2 expression in the THDA 

population of dopamine neurons was lower in VIP AS-ODN animals at 1500h and 

1700h (p<0.01) compared to VIP RS-ODN treated animals (Figure 3-2 CD).  In the 

periventricular nucleus of VIP AS-ODN treated animals, PER2 expression in the PHDA  
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Figure 3-1. Percentage of TH neurons expressing FRA. 
Percentage of TH neurons expressing FRA in the ARC and PeVN of OVX 
and OVX-E2 treated rats submitted to RS-ODN injection (Panel A, C, E) or 
to AS-ODN (Panel B, D, F) in the SCN.  One-way ANOVA, followed by 
Bonferroni’s post-hoc test, indicates difference in the percentage of TH 
neurons expressing FRA at 1700h or 1900h versus 1300h. Asterisks 
indicate difference between AS-ODN and RS-ODN treated groups (two-
way ANOVA, followed by Bonferroni’s post-hoc test *p < 0.05, **p < 0.01, 
***p < 0.001). 
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Figure 3-2. Percentage of TH neurons expressing PER2 in TIDA (Panel A and B), 
THDA (Panel C and D) and PHDA (Panel E and F) neurons of OVX-E2 treated rats 
submitted to RS-ODN injection (solid bars) or to AS-ODN (hatched bars) in the 
SCN.  One-way ANOVA, followed by Bonferroni’s post-hoc test, indicated no 
difference within treatment groups across time. Asterisks indicate difference 
between AS-ODN and RS-ODN treated groups (two-way ANOVA, followed by 
Bonferroni’s post-hoc test *p < 0.05, **p < 0.01, ***p < 0.001). 
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population of dopamine neurons was lower at 1700h (p<0.001) and at 2100h (p<0.05), 

but was greater at 1900h (p <0.05) when compared to VIP RS-ODN treated animals 

(Figure 3-2 EF).   

 Figure 3-3 shows photomicrographs of representative sections of the TIDA 

(panels A and D), THDA (panels B and E) and PHDA (panels C and F) populations of 

neuroendocrine dopaminergic neurons in OVX-E2 animals at 1900h. Staining for TH 

and FRA (panels A, B and C) and TH and PER2 (panels D, E and F) can be observed.  

DISCUSSION 

 In the present study, we tested the hypothesis that VIP influences dopamine 

neurons in order to modulate the circadian profile of E2-induced PRL secretion.  VIP AS-

ODN promoted a 2h phase-advance in the decrease of FRA expression in all three 

populations of neuroendocrine dopaminergic neurons. In the VIP RS-ODN treated 

animals, the nadir occurred at 1900h compared to 1700h in VIP AS-ODN treated 

animals. Previously, we have shown that this same treatment phase-advances the 

increase in activity of the OT neurons presumed to induce the PRL surge (Kennett et 

al., 2008).  This phase-advance of decreased neuroendocrine dopaminergic neuronal 

activity offers yet another explanation to the timing of the E2-induced PRL surge 

following VIP AS-ODN. Likewise, PER2 expression was disrupted in all three 

populations of neuroendocrine dopaminergic neurons, following VIP AS-ODN.  

  Because the rhythm of per2 is normally entrained by a photic cue (Hastings and 

Herzog, 2004), VIP may facilitate entrainment of PER2 in neuroendocrine dopaminergic 

neurons. Therefore, the disruption of PER2 expression by the disruption of VIP may 

cause the activity of the neuroendocrine dopaminergic neurons to free run. This may 

suggest why a phase-advance occurred in neuroendocrine dopaminergic neurons  

activity. Because the neuroendocrine dopaminergic neurons lost photic cue, 

entrainment to the environment was also lost, upon which it depends for properly timed 

oscillations. Therefore, the effect of VIP AS-ODN on PRL secretion may not directly  
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Figure 3-3 Photomicrographs of representative sections containing TH 
neurons (green) and neurons expressing FRA (red ) (panels A, B and C) or 
PER2 (red) (panels D, E and F) in the neuroendocrine dopaminergic neurons 
of OVX-E2 treated animals. In panels A, B and C solid arrows point to 
representative TH neurons expressing FRA. In panels D, E and F solid arrows 
point to representative TH neurons expressing PER2. Scale bar = 100 µm. 
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influence the activity of dopamine, but instead may be affecting PER2, which is then 

evident through the phase shift in dopamine activity.  

 PER2 expression in the neuroendocrine dopaminergic neurons has previously 

been described to reach its peak by 1300h and remains elevated until at least 1900h 

(Sellix et al., 2006). Not surprisingly, in the present data, no distinct rhythm was 

observed in PER2 expression in the three populations of dopamine neurons in either 

treatment group. As described previously, there are various stages of clock gene 

expression: translation of BMAL and CLOCK, transcription of the period and 

cryptocrome genes, translation and accumulation of these gene products, and finally 

feedback to shut off further transcription of bmal and clock mRNA. Therefore, although 

no rhythm of PER2 expression was observed in the neuroendocrine dopaminergic 

neurons, this does not rule out the possibility that at other time points, PER2 expression 

was rhythmic and experienced a phase-advance at a time point that was not examined. 

During the time points examined, PER2 may have reached its peak of accumulation and 

thus changes in expression level would not be expected.  The magnitude of PER2 

expression between treatment groups was disrupted at certain time points; however, 

without monitoring the expression of the other clock genes, it is hard to determine how 

the disruption in PER2 expression would lead to a 2h phase-advance in activity.  

Interestingly, per2 mutant mice have shortened periods (Zheng et al., 1999).  This 

suggests that the decrease in PER2 may be responsible for the phase shift observed in 

FRA expression in neuroendocrine dopaminergic neurons.  

 In the TIDA and THDA populations, a decrease in PER2 occurred at 1500h. 

Additionally, in all three populations a decrease occurred in PER2 expression at 1700h. 

Previously, a stimulatory role for PER2 on dopamine turnover has been suggested 

(Sellix et al., 2006).  Therefore, the decrease in PER2 at 1700h may account for the 

increase in PRL secretion at this time point in VIP AS-ODN treated animals (Kennett et 

al., 2008).  

 These data suggest that endogenous VIP influences the activity of dopamine and 

may do so by influencing the expression of PER2 in the populations of dopamine 

neurons involved in tonically inhibiting PRL secretion. The disruption of VIP synthesis 
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influenced the temporal pattern of dopamine neuronal activity in TIDA, THDA and in 

PHDA populations, and disrupted the pattern of PER2 expression in these neurons. The 

current data suggest an additional role of VIP in the coordination of PRL secretion. Not 

only does it influence the pituitary (Bogacka et al., 2002; Samson et al., 1980), it also 

acts centrally to entrain the activity of neurons responsible for inhibiting and stimulating 

E2-induced PRL secretion.
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CHAPTER 4  

ANTAGONISM OF OXYTOCIN PREVENTS SUCKLING- AND 

ESTRADIOL-INDUCED, BUT NOT PROGESTERONE-INDUCED 

SECRETION OF PROLACTIN2  

INTRODUCTION 

 

In the female rat, elevated PRL secretion occurs in response to three 

physiological stimuli: E2, suckling and mating (Freeman et al., 2000). In response to 

rising blood levels of E2 throughout the 4-day estrous cycle, cycling rats display a surge 

of PRL on the afternoon of proestrus (Neill et al., 1971). In OVX animals, treatment with 

E2 induces a surge of PRL, which is similar to that secreted on proestrus (Neill, 1972). 

The administration of P4 to OVX-E2 treated rats (OVEP) amplifies and prolongs this 

surge (Caligaris et al., 1974). The suckling of rat pups initiates immediate release of 

PRL in the lactating rat which persists as long as the suckling stimulus is maintained 

(Grosvenor et al., 1979). In response to the mating stimulus, the female rat secretes a 

nocturnal and a diurnal surge of PRL that recur for 10 days if the mating was fertile 

(Butcher et al., 1972; Smith and Neill, 1976). Twice-daily surges can also be artificially 

induced in cervically stimulated OVX female rats and these surges recur for 10-12 days 

(Freeman et al., 1974; Smith and Neill, 1976). Although the secretory patterns of PRL 

secretion are different in each of these paradigms, they are all modulated by 

hypothalamic inputs.  

Dopamine released into hypophyseal portal blood from TIDA, PHDA and THDA 

neurons of the hypothalamus tonically inhibits the secretion of PRL from lactotropes in 

the anterior pituitary (Ben-Jonathan and Hnasko, 2001; Freeman et al., 2000).  

Physiological or exteroceptive stimuli cause a diminution of dopamine release (de Greef 

and Neill, 1979; de Greef et al., 1985; Plotsky and Neill, 1982) into the portal 

                                            

2
 Portions of this chapter were duplicated from the original article Kennett, J.E., Poletini, M.O., Fitch, C.A., 

Freeman, M.E., 2009. Antagonism of oxytocin prevents suckling- and estradiol-induced, but not progesterone-

induced, secretion of prolactin. Endocrinology. 150, 2292-9. The authors retain copyright. 
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vasculature, but pharmacological reduction of dopaminergic tone is not enough to 

account for a full surge of PRL (Arey et al., 1989). Therefore, the physiological and 

exteroceptive stimuli may also allow a PRL releasing factor to exert its effect facilitating 

the secretion of PRL.  

Several neuropeptides have been identified as possible physiological PRL 

releasing hormones (Freeman et al., 2000). Among these, OT has proven to be the 

strongest candidate. OT, a nonapeptide classically known for its role in milk ejection and 

parturition, is produced in neurons of the PVN and SON of the hypothalamus and is 

released from the posterior pituitary into the peripheral circulation to stimulate 

contractions of the uterine myometrium or myoepithelium of the mammary glands (Kiss 

and Mikkelsen, 2005). OT is also transported to the anterior pituitary via the portal 

vasculature (Sarkar and Gibbs, 1984), where the cell membrane of lactotropes bear OT 

receptors (Chadio and Antoni, 1989). 

A rise in OT in the peripheral plasma precedes the increase in PRL observed 

following suckling (Grosvenor et al., 1986; Wakerley et al., 1978). Likewise, an increase 

in OT in the portal blood precedes the increase of PRL observed on the afternoon of 

proestrus (Sarkar and Gibbs, 1984). Evidence suggests that OT is involved in the 

facilitation of PRL release both in vivo and in vitro (Chadio and Antoni, 1993; Egli et al., 

2006; Lumpkin et al., 1983; Salisbury et al., 1980; Samson et al., 1989). 

Immunoneutralization of endogenous OT attenuates the proestrous, the suckling and 

the E2-induced surges of PRL (Samson et al., 1986; Sarkar, 1988), while 

pharmacological blockade of OT receptors prevents PRL release (Arey and Freeman, 

1989; Arey and Freeman, 1990; Johnston and Negro-Vilar, 1988; McKee et al., 2007; 

Samson et al., 1989). However, this is not without controversy since 

immunoneutralization has been shown to attenuate the suckling-induced PRL surge 

(Samson et al., 1986), whereas other labs in which an OT antagonist (OTA) has been 

used have not observed this attenuation (Johnston and Negro-Vilar, 1988).  

Our laboratory has previously described a mathematical model for the 

mechanism controlling CS-induced PRL surges (Bertram et al., 2006). According to the 

model, CS induces a surge of OT that inhibits dopaminergic tone. This reduction in 

dopaminergic tone coupled with stimulation of lactotropes by OT induces twice-daily 
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surges of PRL that recur for several days. To test this, our lab has recently shown that 

24 hours after the infusion of the selective OT antagonist (OTA), desGly-NH2-d(CH2)5[D-

Tyr2,Thr4]OVT, the CS-induced nocturnal and diurnal surges of PRL are abolished 

(McKee et al., 2007). The present study was designed to determine whether the same 

mechanism would apply for the suckling- and ovarian steroid-induced PRL surges.  

MATERIALS AND METHODS 

Animals 

 Adult female Sprague-Dawley rats (> 60 days of age) weighing 250-300g 

(Charles River Laboratories, Raleigh, N.C.) were kept in standard rat cages under a 12: 

12h light:dark cycle (lights on at 0600h) with water and rat chow available ad libitum. 

Animals receiving hormone replacement were OVX bilaterally under Isoflurane (Butler 

Animal Health Supply, Dublin, OH) anesthesia and then allowed to recover for 10 days.  

All animal procedures were approved by the Florida State University Animal Care and 

Use Committee.    

 Jugular vein catheter implantation and OTA infusion 

Animals were anesthetized with Isofluorane (Butler) and Micro-Renathane® 

tubing (OD= 0.040, ID=0.025, MRE-025, Braintree Scientific, Braintree, MA) was 

inserted into both jugular veins. The tubing, filled with heparinized saline (30 U/ml), was 

fitted subcutaneously and exteriorized at the back of the animal’s neck. A daily flush 

with heparinized saline kept the right line patent until the start of blood collection.  

The selective OTA desGly-NH2-d(CH2)5[D-Tyr2,Thr4]OVT (GenScript Corp., 

Scotch Plains, NJ) was dissolved in sterile saline and infused via osmotic minipumps 

(Alzet® Osmotic pumps, model AP-2001D, rate=8 �l/hr, duration=24 hours; Braintree 

Scientific, Braintree, MA). The osmotic pumps were filled with the OTA or sterile saline 

and connected to the left jugular vein catheter.  

Radioimmunoassay 

The concentration of rat PRL in serum was determined in duplicate by RIA using 

NIDDK materials supplied by Dr. Albert Parlow through the National Hormone and 

Pituitary Program (Torrance, CA). Serum concentrations of PRL are expressed as ng/ml 
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rinsed three times for 10 min with Tris-buffered saline (TBS) containing 0.1% Tween-20 

(TTBS) and placed in secondary antibody (bovine anti-goat IgG conjugated to 

horseradish peroxidase, Jackson ImmunoResearch, West Grove, PA; dilution 1:3000) 

for 90 min at room temperature. Following two 10-min washes in TTBS and two 10-min 

washes in TBS, OT receptor protein levels were visualized using enhanced 

chemiluminescence (GE Healthcare Life Sciences) exposure on Amersham Hyperfilm 

ECL (GE Healthcare Life Sciences). The molecular size of the OT receptor in the 

anterior pituitary was approximately 66 kDa, in agreement with the size estimate in rat 

cervix (Umscheid et al., 1998) and mammary gland (Muller et al., 1989). Blots were 

stripped of primary/secondary antibody complex according to the protocol provided by 

Pierce using their stripping and reprobing buffer (Pierce, Rockford, IL). Blots were then 

reprobed with anti-actin mouse monoclonal primary antibody (Abcam, Cambridge, MA; 

dilution: 1:1,000).  and placed in secondary antibody (goat anti-mouse IgG conjugated to 

horseradish peroxidase, Jackson ImmunoResearch, West Grove, PA; dilution 1:3000) 

for 90 min at room temperature. All film was analyzed by quantitative densitometry 

using the Gel Logic 100 system (Kodak, Rochester, NY).   

Statistical Analysis 

Data are presented as the mean ± SEM. Data analysis was conducted using a 

two-way ANOVA for the comparison of differences between treatment groups, followed 

by Bonferroni comparison. A one-way ANOVA was used for comparison of time 

differences within treatment groups, followed by Bonferroni comparison. A one-tailed 

paired student t-test was utilized to determine significant pup weight gain. Graph Pad 

Prism 4.0 (Graph Pad Software, Inc., San Diego, CA) was used for statistical analyses 

and graph preparation. Differences were considered significant when p < 0.05. 

EXPERIMENTS 

Effects of OTA on suckling-induced PRL secretion  

Lactating mothers, each with ten 3-day-old pups, were fitted with 24 hour mini-

osmotic pumps filled with saline or OTA (1.25 �g/�l or 12.5 �g/�l). Two days later, at 

0900h on day 5 of lactation, pups were separated for 6 hours prior to suckling. 
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Immediately (0 minutes) or 20 minutes after the resumption of suckling, lactating rats 

were sacrificed and trunk blood was collected. PRL levels were measured by RIA. 

In an additional experiment, the weight of suckling pups was determined to 

evaluate the presence of milk and thus the degree of blockage of OT receptors by OTA. 

Pup weight was determined immediately before and after resumption of suckling on day 

5. The experiment was repeated in the same animals on day 7 of lactation. 

Effects of OTA on E2-induced PRL secretion  

Ten days after ovariectomy, animals were injected subcutaneously with 20µg of 

17�-estradiol (Sigma, St. Louis, MO) in corn oil at 1000h (day 1). This paradigm results 

in PRL levels similar to those found on the afternoon of proestrus (Neill, 1972). 

Immediately following the 17�-estradiol administration, animals were fitted with 24 hour 

mini-osmotic pumps filled with saline or OTA (1.25 �g/�l, 3.75 �g/�l or 12.5 �g/�l). On 

the following day (day 2), 400 �l of blood was collected in heparinized syringes at 2 hour 

intervals beginning at 1300h and ending at 2100h. Blood lost during sampling was 

replaced with sterile saline. Samples were stored at 4 C until centrifuged (4000 g). 

Serum was collected and stored at –20 C until analysis for PRL concentration by RIA.  

Effects of OTA on OVEP-induced PRL secretion  

Ten days after ovariectomy, animals were injected subcutaneously with 20µg of 

17�-estradiol (Sigma, St. Louis, MO) in corn oil at 1000h (day 1). Immediately following 

17�-estradiol administration, animals were fitted with 24 hour mini-osmotic pumps filled 

with saline or OTA (1.25 �g/�l, 12.5 �g/�l or 62.5 �g/�l). On day 2, all animals were 

injected subcutaneously with 1.25 mg of P4 (Sigma, St. Louis, MO) in corn oil at 1100h. 

As described in the previous experiment, sampling began at 1300h on day 2 and 

continued every two hours until 2100h. 

In a second experiment, the schedule of treatment was changed to allow 

exposure to E2 prior to the administration of OTA and P4. Ten days after ovariectomy, 

animals were injected subcutaneously with 20µg of 17�-estradiol (Sigma, St. Louis, 

MO) in corn oil at 1200h (day 1). The following day (day 2), all animals were fitted with 

24 hour mini-osmotic pumps filled with saline or OTA (12.5 �g/�l) at 0800h. All animals 

were injected subcutaneously with 1.25 mg of P4 (Sigma, St. Louis, MO) in corn oil at 
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1100h on day 2. Blood sampling began at 1300h and continued every two hours until 

2100h. 

Effects of steroid treatment on oxytocin receptor density in the anterior pituitary  

Ten days after ovariectomy, animals were divided into two groups. Group 1 

received a subcutaneous injection of corn oil and group 2 received a subcutaneous 

injection of 20µg of 17�-estradiol (Sigma, St. Louis, MO) in corn oil at 1000h. At 1000h 

on the following day (day 2), half of group 2 was injected subcutaneously with 1.25 mg 

of P4 (Sigma, St. Louis, MO) in corn oil. At 1700h, (time of peak E2-induced secretion of 

PRL) animals were decapitated under hypercapnic conditions. The anterior pituitary was 

removed and stored at –80 C until protein extraction for Western Blot analysis. 

 

RESULTS 

Suckling-induced PRL secretion is dependent on OT 

The effect of OTA on the suckling-induced secretion of PRL was evaluated 5 

days after parturition following the infusion of OTA or saline on day 3 (Figure 4-1 A). 

Replacement of suckling pups induced a significant rise in the secretion of PRL at 20 

minutes from dams infused with saline. Dams treated with 1.25 �g/�l OTA presented a 

similar increase in PRL secretion by 20 minutes of suckling. This dose is capable of 

blocking the surges of PRL observed in CS-OVX rats (McKee et al., 2007). Increasing 

the dose of OTA to 12.5 �g/�l resulted in prevention of the suckling-induced secretion of 

PRL (***p < 0.001) (Figure 4-1 A).  

By day 5 of lactation (two days after treatment with OTA), dams treated with 12.5 

�g/�l OTA failed to eject enough milk to increase their pup’s weight following 20 minutes 

of suckling (Figure 4-1 B). However, by day 7 of lactation, milk ejection had returned to 

normal (**p < 0.01) (Figure 4-1 B).  

E2-induced PRL secretion is dependent on OT  

The effect of OTA on the E2-induced secretion of PRL was evaluated in OVX rats 

treated with E2 on day 1 (Figure 4-2). The infusion of OTA or saline began on day 1 and 

blood sampling occurred on day 2. Administration of E2 followed by infusion of saline  
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Figure 4-1. Suckling-induced PRL secretion. A) Mean concentration (ng/ml ±SEM) of 
serum PRL in lactating animals 5 days after parturition (n=6) following the infusion of 
saline or OTA (1.25 µg/µl or 12.5 µg/µl). Upon pup replacement, 12.5 µg/µl of OTA 
prevented the suckling-induced rise in PRL secretion by 20 minutes (two-way ANOVA, 
followed by Bonferroni’s test ***p < 0.001). B) Mean (g ± SEM) pup weight gain on day 5 
and 7 of lactation, after infusion of OTA on day 5 and 7 of lactation, respectively on day 
3. When OTA was infused on day 3 of lactation, OT receptors were still affected on day 
5 as determined by a lack of gain in pup weight. By day 7, pup weight gain was 
significantly greater, suggesting clearance of OTA and subsequent release of milk (one-
tailed paired student t-test **p < 0.01). 
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Figure 4-2. Estradiol-Induced PRL Secretion. 
 Mean concentration (ng/ml ±SEM) of serum PRL in OVX-
E2 animals (n=6) following the infusion of OTA (solid line) 
or saline (dotted line). A 24 hour infusion of 12.5 µg/µl of 
OTA attenuated the E2-induced PRL surge at 1700h, 
whereas 1.25 µg/µl and 3.75 µg/µl did not affect the PRL 
surge (two-way ANOVA, followed by Bonferroni’s test *p < 
0.05, **p < 0.01 ). 
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resulted in a significant rise in the secretion of PRL on day 2. Interestingly, the dose of 

OTA capable of blocking the surges of PRL observed in CS-OVX rats (1.25 �g/�l) 

(McKee et al., 2007) was insufficient to block the secretion of PRL in the E2-treated rat. 

Similarly, treatment with an intermediate dose of OTA (3.75 �g/�l) also was ineffective. 

In order to successfully suppress the E2-induced surge of PRL, the OTA had to be given 

at a dose of 12.5 �g/�l. The concentration of PRL at 1500h (*p < 0.05), and 1700h (**p 

< 0.01) was significantly lower than saline controls.  

 

OVEP-induced PRL secretion is not dependent on OT 

In contrast to that observed in CS-OVX, suckling- and E2-induced PRL secretion, 

OVEP-induced PRL secretion was not affected by OTA (Figure 4-3 and Figure 4-6). In 

the first experiment, E2 was administered on day 1 and the infusion of saline or OTA 

began immediately thereafter. Administration of P4 and blood sampling occurred on day 

2. The dose of OTA capable of blocking the suckling- and E2-induced PRL surge, 12.5 

�g/�l, was not capable of blocking the OVEP-induced PRL surge (Figure 4-3). 

Increasing the dose of OTA to 62.5 �g/�l was still ineffective at blocking the surge 

(Figure 4-3).  

In a second experiment, E2 was administered on day 1 and the infusion of saline 

or OTA began at 0800h on day 2 prior to administration of P4 (allowing longer exposure 

to E2 prior to the OTA and P4 treatments). This too was ineffective in preventing the 

OVEP –induced surge of PRL (Figure 4-6). Likewise, infusion of OTA begun on day 2 in 

the E2-only treated group was similarly ineffective (data not shown).  

P4 does not further increase E2-induced upregulation of OT receptor density in 

the anterior pituitary 

In order to determine why P4 prevented the decrease in the release of PRL 

following OTA, OT receptor density was determined in OVX, OVX- E2 and OVEP. OVX 

animals treated with corn oil exhibited OT receptor density just above the level of 

detection. Both E2- (
**p < 0.01) and E2+ P4-treatment (*p < 0.05) administered to OVX 

rats significantly increased OT receptor density when compared to untreated OVX rats  
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Figure 4-3. P4-induced PRL Secretion Experiment 1.  
Mean concentration (ng/ml ±SEM) of serum PRL in OVEP 
animals (n=6) following the infusion of OTA (solid line) or 
saline (dotted line). A 24-hour infusion of OTA (1.25 µg/µl, 
12.5 µg/µl or 62.5 µg/µl) failed to block the OVEP PRL 
surge. 
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Figure 4-4. P4-induced PRL Secretion Experiment 2. 
 Mean concentration (ng/ml ±SEM) of serum PRL 
obtained from OVEP animals (n=6) following an infusion 
of OTA (dotted line) or saline (solid line). An infusion of 
OTA (12.5 µg/µl) beginning on day 2 (prior to P4 
treatment) did not block the OVEP-induced PRL surge. 
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Figure 4-6. P4-induced PRL Secretion Experiment 2. 

 Mean concentration (ng/ml ±SEM) of serum PRL 
obtained from OVEP animals (n=6) following an infusion 
of OTA (dotted line) or saline (solid line). An infusion of 
OTA (12.5 µg/µl) beginning on day 2 (prior to P4 
treatment) did not block the OVEP-induced PRL surge. 

Figure 4-5. Oxytocin Receptor Density.  
Ovarian steroid treatment increases oxytocin receptor density in 
the anterior pituitary.  Administration of 20 µg of 17-� estradiol 
significantly (**p < 0.01) increased the amount of oxytocin 
receptor protein in the anterior pituitary compared to untreated 
OVX rats.  Likewise, the administration of E2 + P4 significantly 
(*p < 0.05) increased the amount of oxytocin receptor protein in 
the anterior pituitary compared to OVX rats. No significant 
difference was observed between OVX-E2- and OVEP- treated 
rats. 
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(Figure 4-5). However, no difference was observed between E2- and E2+P4-treated 

animals.  

 

DISCUSSION 

The data presented further support the hypothesis that OT stimulates PRL 

release from lactotropes of the anterior pituitary. Previous work has shown that OTA is 

capable of blocking the nocturnal and diurnal surge of PRL observed in CS-OVX rats 

(McKee et al., 2007). However, this dose of OTA capable of blocking the release of PRL 

in CS-OVX rats (1.25 �g/�l) was incapable of blocking the suckling-, the E2- and the 

E2+P4-induced surges of PRL in the present study. Increasing the dose of OTA to 12.5 

�g/�l blocked the suckling-, and the E2-induced surges, but not the E2+P4-induced surge 

of PRL. This effect of P4 is not likely due to an increase in OT receptor density. E2 

treatment in OVX rats increases OT receptor density when compared to untreated OVX 

animals. However, in response to E2+ P4 treatment, there was no further increase 

compared to the E2-treated group suggesting that P4 is acting through another 

mechanism to stimulate the secretion of PRL. 

Immunoneutralization of OT attenuates the suckling-induced rise in PRL 

secretion (Samson et al., 1986). However, a second study in which OTA was used does 

not support these findings (Johnston and Negro-Vilar, 1988). In agreement with Samson 

et. al., the present study found that raising the dose of OTA effectively blocked the 

suckling-induced rise in PRL secretion. In the current study OTA was infused for 24 

hours whereas in the previous study a single, bolus injection (25 �g/kg or 45 �g/kg) was 

administered. While our high dose was 12.5 �g/�l (infusion rate of 8 µl/hr), the animals 

were presumably exposed to a greater amount of OTA for a prolonged period.   

Additionally, because the OTA was infused and not injected, the possibility of a 

missed critical time window is not a factor in the current study. Furthermore, the current 

study began OTA infusions on day 3 of lactation, whereas in the previous study 

(Johnston and Negro-Vilar, 1988) OTA was administered on day 12 of lactation.  

Plasma P4 is low postpartum and begins to increase by day 4 of lactation (Thomas et 

al., 1995), remains high until day 14 of lactation, and declines thereafter (Valdez et al., 
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2007). Therefore, if P4 is acting through another mechanism to stimulate the secretion 

of PRL, the high levels of P4 on day 12 may offer an explanation as to why the suckling-

induced surge was not blocked in the previous study.  

It is well established that OT is influenced by E2; plasma OT concentrations 

increase in response to E2 administration (Yamaguchi et al., 1979) and  plasma OT 

levels are highest in hypophyseal portal blood on proestrus (Sarkar and Gibbs, 1984) 

when E2 levels are highest (Smith et al., 1975). Likewise, in the SON, OT gene 

expression increases throughout the estrous cycle before peaking on estrus (Van Tol et 

al., 1988). In OVX rats, OT immunoreactivity and FRA expression is E2-dependent in 

the PeVN but not in the PVN (Jirikowski et al., 1988; Kennett et al., 2008). Indeed, the 

majority of neurophysin-positive neurons in the PVN (which concentrate E2) are found in 

the posterior PVN (Rhodes et al., 1982). These magnocellular neurons may not be 

involved in the secretion of PRL as they project to the brainstem and the spinal cord, but 

not to the pituitary (Armstrong et al., 1980; Swanson and Kuypers, 1980). However, a 

high level of E2-binding is found along the third ventricle (Pfaff and Keiner, 1973) where 

the PeVN’s  OT neuronal population is found.   

In the rat (Bale and Dorsa, 1997) and the mouse (Kubota et al., 1996), OT 

receptors are influenced by E2 and their promoters contain an estrogen response 

element. In the periphery, uterine OT receptor mRNA increases in response to E2 

treatment (Breton et al., 2001; Larcher et al., 1995; Zingg et al., 1995). Additionally, 

uterine OT receptor mRNA also increases throughout gestation and during the estrous 

cycle, peaking on proestrus before returning to baseline values on estrus (Larcher et al., 

1995; Murata et al., 2003). However, OT receptor mRNA is not influenced by E2 in the 

mammary gland (Breton et al., 2001).  

Centrally, OT receptors are found throughout the brain, many of which are 

regulated by E2 (de Kloet et al., 1986; Tribollet et al., 1992). One of the most well-

established areas of steroid-sensitive OT receptors is the VMN. Here, OT receptors are 

induced by E2 (de Kloet et al., 1985; Johnson et al., 1989a) with the highest levels of 

induction in the caudal ventrolateral VMN (Coirini et al., 1989; Johnson et al., 1989b). 

These OT receptors are then transported laterally to an area of increased E2-induced 

OT immunoreactivity outside of the VMN (Coirini et al., 1991; Johnson et al., 1991; 
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Schumacher et al., 1989; Schumacher et al., 1993). E2 acts at the level of gene 

expression, as OT receptor mRNA increases in the VMN during the estrous cycle (Bale 

et al., 1995) and in OVX rats treated with E2 (Bale and Dorsa, 1995).  

In the anterior pituitary, OT receptor mRNA has been localized to lactotropes and 

E2 has been shown to increase this population of OT receptor mRNA 6-fold in OVX rats 

(Breton et al., 1995; Chadio and Antoni, 1989). Because OT receptors are robustly 

upregulated in response to E2, it is not surprising that a lower dose of OTA is necessary 

to block the surges of PRL in CS-OVX rats (McKee et al., 2007).  

P4 affects OT receptors in a complex tissue-specific manner. In the cervix, E2-

induced upregulation of OT receptor mRNA is antagonized by P4 (Umscheid et al., 

1998). In contrast, P4 administration has no effect on the E2-induced rise in OT receptor 

mRNA in the uterus, but it does decrease binding affinity, suggesting a non-genomic 

mechanism (Larcher et al., 1995; Zingg et al., 1995). In the ventrolateral region of the 

caudal VMN, P4 further increases the region of E2-induced OT receptors as well as OT 

receptor binding (Coirini et al., 1991; Schumacher et al., 1989; Schumacher et al., 1990) 

and because of the time course, P4 is believed to act non-genomically (Schumacher et 

al., 1990). In the pituitary, OT receptor gene expression increases in response to E2, but 

no further increase is observed in response to P4 (Breton and Zingg, 1997). In the 

anterior pituitary, where OT receptors have been localized to lactotropes (Breton et al., 

1995), the current data show P4 had no effect on E2-induced upregulation of OT 

receptor density. Similar studies on the effect of P4 in the anterior pituitary have not yet 

been presented, and because of the great divergence in other tissue, it is hard to 

hypothesize what effect P4 may have, if any, on OT receptors. The possibility exists 

that, in this region, P4 may increase OT receptor binding sites or affinity without 

affecting receptor density, suggesting a possible mechanism through which the high 

dose of OTA may have been ineffective in the OVEP group.  

Throughout gestation, P4 is necessary to maintain uterine quiescence, and the 

mechanism through which it does so may be non-genomic. Grazzini et al. have shown 

that P4 binds directly to OT receptors, preventing OT from binding and inhibiting inositol 

phosphate production and calcium mobilization (Grazzini et al., 1998). Because pituitary 

and uterine OT receptors are suggested to be structurally similar (Chadio and Antoni, 
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1989), we were surprised that the 12.5 �g/�l dose of OTA was incapable of blocking the 

E2+ P4-induced increase in PRL release. If P4 is sterically hindering OT binding to its 

ligand-binding domain, a smaller dose should have been sufficient to prevent the PRL 

surge, as P4 should have acted as an antagonist of OT binding. The possibility does 

exist that the mechanism is not the same in the lactotrope, and that instead, P4 binding 

to OT receptors exerts agonist effects in the anterior pituitary.  

Ovarian steroids are modulators of hypothalamic dopamine. In TIDA neurons, E2 

inhibits dopamine synthesis and TH activity (the rate-limiting enzyme in dopamine 

synthesis) (Arita and Kimura, 1987; Jones and Naftolin, 1990). Furthermore, E2 also 

decreases the release of dopamine into the portal vasculature (Cramer et al., 1979). 

Likewise, short-term P4 treatment decreases dopamine synthesis and release, as well 

as TH activity and mRNA (Arbogast et al., 1989; Arbogast and Ben-Jonathan, 1990; 

Arbogast and Voogt, 1994; Arbogast and Voogt, 2002; Babu and Vijayan, 1984; Beattie 

et al., 1972; DeMaria et al., 2000; Morrell et al., 1989; Yen and Pan, 1998). This results 

in the prolongation and amplification of the PRL surge (Arbogast and Ben-Jonathan, 

1990; Arbogast and Voogt, 1994; Yen and Pan, 1998). While P4 receptors are not 

localized to lactotropes in the rat (Fox et al., 1990), they have been localized to TH-

positive neurons, which are found in the periventricular and ARN of the hypothalamus 

(Fox et al., 1990; Lonstein and Blaustein, 2004; Sar, 1988). TIDA, THDA and PHDA 

neurons (DeMaria et al., 1998) arise from these regions and secrete dopamine into 

hypophyseal blood which binds to D2 receptors found on lactotropes and inhibits the 

secretion of PRL (Ben-Jonathan and Hnasko, 2001). 

Arborgast and Ben-Jonathan showed that P4 maintains the plateau phase of the 

secretion of PRL by reducing the activity of neuroendocrine dopaminergic neurons 

(Arbogast and Ben-Jonathan, 1990). They further hypothesized that the early peak 

phase of the proestrous surge of PRL depends on an interaction between VIP and a 

PRL-releasing hormone from the posterior pituitary, which we are suggesting is OT. 

Therefore, the possibility exists that P4 is not affecting OT receptors. Instead, it is 

possible that it is acting through the main point of PRL regulation, hypothalamic 

dopamine.  
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In female rats, P4 has been shown to phase-advance the decrease in median 

eminence 3, 4-dihydroxyphenylacetic acid (a reliable index of dopamine activity), 

thereby advancing the onset of the E2-induced PRL surge (Yen and Pan, 1998).  These 

effects appear to be mediated through dephosphorylation of TH in the median eminence 

(Liu and Arbogast, 2008). In fetal hypothalamic cells, P4 decreases TH activity within 1 

hour, and this decreased activity persists for at least 6 hours (Arbogast and Voogt, 

2002). Additionally, this effect is dependent on pretreatment with E2. In the present 

study, P4 was administered at 1100h. Presumably, the decrease in TH activity was 

achieved by 1200h and remained low until at least 1700h, possibly removing any source 

of tonic inhibition on the lactotrope, increasing the secretion of PRL.    

 In summary, this study demonstrates that OT antagonism at the lactotrope 

influences PRL release. However, the effective amount of OTA is dependent on the 

hormonal milieu. In the current study, both lactating and E2-treated females required 

higher doses of OTA than CS-OVX females have in previous work from our laboratory 

(McKee et al., 2007). In the presence of P4, OTA is not capable of inhibiting the E2-

induced PRL surge. This effect is most likely due to inhibition of dopaminergic tone, as 

P4 does not change the OT receptor density in the anterior pituitary. A great amount is 

left to be explored in terms of the effect of ovarian steroids on OT receptor expression at 

the lactotrope; the temporal course required for sensitizing OT receptors, the effect of 

P4 on OT binding affinity or possibly ligand-independent receptor activation. Further 

elucidation of this mechanism would provide clarity into the control of the secretion of 

PRL by OT at the lactotrope. 
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CHAPTER 5  

CONCLUSIONS AND SUMMARY 

 

OVERVIEW 

 

 Circadian rhythms allow adaptation to the environment, and are observed on 

every level from cellular to behavioral. The criteria in determining a circadian rhythm 

requires that, 1) a period of ~24h is maintained in constant lighting conditions, 2) that 

the rhythm is  unaffected by changes in temperature and 3) that the rhythm is capable 

of entrainment to external cues (Hastings and Maywood, 2000). Photic cues are one of 

the strongest entrainment signals and are carried by projections from the retina to the 

main circadian pacemaker, the SCN. The SCN is composed of ~20,000 cells that are 

capable of independent oscillations mediated by clock gene expression. Clock gene 

expression ultimately influences the efferent projections from the SCN to entrain the 

activity of endogenous biological rhythms throughout the central and peripheral nervous 

system, thus adapting the organism to the external environment (Okamura, 2007). 

 Of particular interest, is the rhythmicity observed in endocrine systems. The 

precise timing of hormonal release is necessary for reproduction, the most critical event 

for species survival. PRL and LH secretion is rhythmic; surges occur every four days on 

the evening of proestrus (Freeman, 1994). Ovarian steroids can induce daily surges of 

PRL and LH in OVX animals, and these surges occur approximately every 24h 

(Caligaris et al., 1971; Neill, 1972). This suggests that these surges are under circadian 

control. Indeed, lesioning the SCN disrupts LH release in intact and OVX-E2 treated 

animals (Brown-Grant and Raisman, 1977; Kawakami et al., 1980) and PRL surges in 

OVX-E2 (Kawakami et al., 1980; Mai et al., 1994) and CS-OVX (Bethea and Neill, 1980) 

rats. 

 The control of LH secretion by the SCN has only been partially determined (de la 

Iglesia and Schwartz, 2006). Projections of VIP from the SCN terminate on GnRH 
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neurons in the preoptic area, the organum vasculosum of the lamina terminalis and in 

the diagonal band of Broca (Horvath et al., 1998; Van der Beek et al., 1997). Projections 

from the SCN also terminate on ER� positive neurons in the anteroventral 

periventricular region (Watson et al., 1995), which then projects to GnRH neurons. This 

suggests a site of integration between E2 and external cues. However, a great deal of 

the circuitry in this pathway remains unclear.  

 Likewise, the circadian control of PRL secretion has not been fully determined. 

The  pattern of PRL secretion in the proestrous surge, the OVX-E2 surge, the CS-OVX 

surge and the mating-induced surge is rhythmic (Freeman et al., 2000).  Complicating 

this, E2 is present in three of these four paradigms but most of the circadian work has 

been done in OVX animals. This allows for a fundamental view, which is free of 

constraints often imposed by ovarian steroids. A great deal of information has been 

determined from these experiments, but understanding physiologically relevant states 

requires understanding the role that E2 plays in this circuit.  

 Dopamine neurons express endogenous rhythms of FRA expression and 

dopamine turnover (Lerant and Freeman, 1997; Sellix and Freeman, 2003). In OVX 

animals, projections of VIP from the SCN synapse on neuroendocrine dopaminergic 

neurons (Gerhold et al., 2001; Horvath, 1997) and disruption of VIP protein synthesis 

influences the activity of these neurons (Gerhold et al., 2002). Furthermore, in OVX 

animals, these neuroendocrine dopaminergic neurons express clock genes (Sellix et al., 

2006), and the rhythm of dopamine turnover in these neurons is disrupted following 

clock gene disruption in the SCN. This suggests that projections of VIP are responsible 

for entraining clock gene expression in neuroendocrine dopaminergic neurons, thereby 

influencing their activity. 

 While dopamine exerts the majority of control over PRL secretion through tonic 

inhibition, OT has also proven to play an important stimulatory role. OT activity in the 

PVN of OVX animals has been determined to be rhythmic (Arey and Freeman, 1992) 

and the PVN receives VIPergic projections from the SCN (Watts and Swanson, 1987). 

Furthermore, OT neurons in the PVN and PeVN of CS-OVX animals express VIP2R 

(Egli et al., 2004), suggesting direct innervation of VIPergic efferents from the SCN. In 
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these animals, disruption of VIP abolishes the diurnal increase of OT and PRL (Egli et 

al., 2004).  

 E2 is critically important to PRL secretion on many levels. It induces an 

endogenous diurnal rhythm  of PRL release in OVX rats (Neill, 1972) and does so by 

influencing the activity and release of OT and dopamine. One area in which E2 does not 

exert an effect is in the SCN; implants there of E2 have no effect on the surge of PRL 

(Pan and Gala, 1985a). However, the SCN is necessary for E2-induced PRL surges 

(Brown-Grant and Raisman, 1977; Pan and Gala, 1985b). Therefore, this suggests that 

a site of signal integration exists in which the circadian and the ovarian signal influence 

one another. One of these sites is the neuroendocrine dopaminergic neurons; VIP2R 

density increases in response to ovarian hormone treatment (Gerhold et al., 2002) 

suggesting that VIP and E2 are functionally coupled there. 

 

SUMMARY OF MAJOR FINDINGS 

 My initial experiment involved disrupting VIP protein synthesis in the SCN of 

OVX-E2 treated animals, expecting to abolish the PRL surge. This hypothesis was 

based on previous data in OVX animals, in which the activity of dopamine neurons 

increases in VIP AS-treated animals (Kennett et al., 2008). Interestingly, PRL secretion 

phase-advanced in the VIP AS-ODN treated group, suggesting VIP influenced OT 

activity or that E2 gated the entrainment of dopamine activity, and therefore changed the 

pattern of PRL secretion.  

 In chapter 2, I explored the possibility that E2 influences the rhythm of OT activity 

in the PVN and PeVN (both regions express VIP2R on OT neurons). In the PVN, OT 

neuronal activity increased in the early evening regardless of E2 treatment, whereas E2 

induced an increase of activity in the PeVN. Disruption of VIP in the SCN attenuated 

this increase at night in both neuronal populations.  Interestingly, in the PeVN, VIP AS-

ODN advanced this increase.  The time course was the same as that observed in 

plasma PRL secretion. Thus, the SCN influences the precise timing of the E2-induced 

PRL surge via VIP projections to OT neurons of the PVN and PeVN.  However, the 



 

78 

 

population of neurons in the PeVN may be more critical for the E2-induced surge than 

the population in the PVN.  

 This left the possibility that E2 may also influence the activity of dopamine, 

thereby gating the effect of VIP. In chapter 3, I explored this possibility, and found that a 

gradual decrease of dopamine neuronal activity in E2-treated animals occurs and is 

phase-advanced following disruption of VIP synthesis in the SCN. Oscillations of PER2 

have been observed in neuroendocrine dopaminergic neurons (Sellix et al., 2006). 

Thus, I also examined PER2 expression in neuroendocrine dopaminergic neurons, 

following VIP AS-ODN, to determine if VIP is entraining the rhythm of these neurons 

through entrainment of clock genes. In all three populations, a decrease in PER2 

occurred at the time of the phase-advance decrease in dopamine activity. Previously, a 

stimulatory role for per2 on dopamine turnover has been suggested and the current 

data are consistent with this theory. 

 The data from chapters 2 and 3 suggest that the entrainment signal from the 

SCN is composed of VIP, which influences dopamine and OT activity in order to 

synchronize the factors involved in PRL secretion. While it is well established that 

dopamine tonically inhibits PRL secretion through D2 receptor found on the lactotropes, 

the site in which OT stimulates PRL secretion had not previously been confirmed. 

However, because of the expression of OT receptors found on the lactotrope and the 

circulating levels of OT in the portal vasculature, the lactotrope seemed like the most 

likely place for OT to stimulate PRL secretion.   

 Therefore, in chapter 4, I attempted to block PRL secretion by using an OTA that 

is incapable of crossing the blood brain barrier. Any effect of OTA on PRL secretion 

would then limit its site of action to the lactotropes in the anterior pituitary. This OTA is 

capable of blocking the CS-OVX surges of PRL, and a similar dose was expected to 

cause a similar attenuation. Interestingly, this dose was not capable of blocking the E2-, 

suckling-, or E2+P4-induced surge. Using a higher dose, OTA prevented the E2- and 

suckling-induced surges, but no dose was capable of blocking the E2+P4-induced surge. 

E2 increases the density of OT receptors in the pituitary, and this explains why a larger 

dose was necessary in the E2- and suckling-paradigms.  However, P4 does not increase 
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OT receptor density further, suggesting that P4 acts through another mechanism to 

promote PRL secretion, even in the absence of the PRL releasing hormone, OT. This 

unexpected, but exciting component brought us back to the literature, where it has been 

suggested that P4 actually decreases the phosphorylation of TH, thereby inactivating it. 

This would suggest that if TH is inactivated, dopamine synthesis could not occur and 

the PRL surge would no longer need a stimulatory factor, because the disinhibition of 

dopamine would be enough to account for the magnitude.   

   

FUTURE DIRECTIONS 

 The information gained from the experiments in this dissertation advance the 

knowledge of the control of the proestrus-like surge of PRL secretion seen in OVX-E2 

treated animals. However, more questions arise. As described previously, data from 

OVX animals had led to my interest in determining what role E2 played in this 

entrainment circuitry. While this work made the entrainment model more physiologically 

relevant, it is not complete.  P4 and its influence on PRL secretion cannot be ignored.  In 

chapter 4, I showed that P4 indirectly stimulates PRL secretion, even in the presence of 

OTA, and most likely does so by decreasing the activity of TH, thereby decreasing the 

activity of DA. Therefore, two issues need to be considered. First, the rise in P4 during 

the estrous cycle may influence the entrainment of DA activity. Secondly, that OT may 

not be a physiologically relevant PRL releasing hormone in cycling animals, as P4 is 

present. 

 The effect of P4 on the entrainment circuitry is unclear. Within the SCN, only 5% 

of the neurons express ER� and over 26% express ER� (Vida et al., 2008). VIP 

neurons in the SCN do not express either ER subtype (Vida et al., 2008). Likewise, P4 

receptors are not found in the SCN (Simerly, 1993). However, neuroendocrine 

dopaminergic neurons express PRs and ERs (Fox et al., 1990; Shughrue et al., 1997), 

suggesting that if P4 was to have an effect it would be at the level of the dopamine 

neurons.  VIP2 receptor density increases on neuroendocrine dopaminergic neurons in 

OVX rats following E2 + P4 treatment (Gerhold et al., 2001). However, the effect of E2 

alone was not determined, so it is unclear if P4 exerts an additional effect on the 
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increased receptor density, or if the effect observed is purely from E2. This possibility 

was considered concerning OT receptors, but VIP2R density needs to be reexamined in 

OVEP animals. Additionally, repeating the experiments in chapters 2 and 3 in OVEP 

animals would be futile, as the P4 injection would terminate the daily surges of PRL (and 

the effects were not apparent until day 3 (Kennett et al., 2008)). Therefore, this would 

have to be examined in cycling rats.  

 Because P4 stimulated the surge of PRL even in the presence of OTA, this 

makes OT’s role as the PRL releasing hormone in cycling animals suspect.  In chapter 

4, P4 is given prior to the surge of PRL. However, in the cycling animal, the surge of P4 

occurs concurrently with PRL secretion. Therefore, if P4 is affecting PRL secretion at 

this time point (on the evening of proestrus), one would have to consider that it may be 

doing so non-genomically. Therefore, at the time point given (in OVX-E2 animals), P4 

does not appear to be physiologically relevant, thus, we cannot determine the effect that 

OTA would have on cycling animals. Therefore, this experiment should be done using 

cycling animals to determine if OT is truly a PRL releasing hormone. That being said, I 

think that the CS-OVX experiments should also be done using intact animals. One 

would expect that the same dose that was capable of blocking the PRL surges in CS-

OVX animals would not be capable of blocking the CS-induced surge in intact animals 

as E2 and P4 have proven to be influential in OT and its effects on the lactotrope.     

 

CONCLUSIONS 

 Precision in the neuroendocrine control of hormone secretion is vital to rhythmic 

estrous cycles, successful reproduction, and ultimately species survival.  Here I have 

presented data supporting the role of the circadian timing system in E2-induced PRL 

control. E2-induced PRL secretion occurs daily in an OVX rat at approximately the same 

time as the proestrous surge. Therefore, substantial temporal synchronization must 

occur in order for dopamine activity to decrease and OT activity to increase to allow for 

the PRL surge. If one of these key components were out of phase, disruption of PRL 

secretion would be expected. The SCN and its projections control this pattern of 

secretion. Therefore, this circuit can be disrupted at multiple levels; lesions of the SCN, 
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molecular lesions of clock gene activity in the SCN and/or disruption of VIPergic outputs 

are enough to disrupt the pattern of PRL secretion in OVX-E2 treated animals.  

 Furthermore, the work reported in this dissertation further supports the idea that 

once entrained to photic cue, OT acts at the level of the lactotrope to stimulate PRL 

secretion in E2- and suckling-induced PRL secretion. Therefore, I have provided strong 

evidence that photic cues from the SCN are transmitted through VIPergic efferents to 

the ARN, the PeVN, and the PVN. These projections of VIP modulate the rhythm of 

neuroendocrine dopaminergic neurons and OT, thereby coordinating the release of PRL 

from the lactotrope (Figure 5-1).  

 

  

 

  



 

 

 

 

Figure 5-1. Pro
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roposed model of E2-induced PRL secretion  
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