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CHAPTER 1 

Chapter 1 

General Introduction 

Rhythms in reproduction 
Reproduction in mammals involves the timing of various endocrine and behavioral rhythmic 
events (for review see (347)). Several types of rhythms have been described, defined by their 
period length: ultradian (shorter than a day), circadian (about a day), infradian (longer than a 
day) and annual rhythms (year). Although these rhythms often seem to be a consequence of 
rhythmicity of the environment, they are generated by an endogenous oscillator that is 
effective in entrainment without external synchronization. The oscillator provides a temporal 
organization of body functions, which can be entrained to the environment by the appropriate 
cues. In order to determine whether reproductive rhythms are endogenous, it must be shown 
that they persist under constant environmental conditions. Thus it appeared that ultradian 
pulsatile hormone release, reproductive cycles and seasonal reproductive rhythms are 
endogenously generated in many animal species. The only clearly identified pacemaker of the 
mammalian brain is localized in the suprachiasmatic nucleus (SCN). The SCN is located at 
the base of the hypothalamus on top of the optic chiasm, alongside the third ventricle. Lesions 
of this nucleus eliminate several reproductive rhythms, such as sexual behavior, cyclic 
hormone release, ovulation and estrus cycles in rats and hamsters, as well as seasonal 
reproductive rhythms. However, pulsatile hormone release remains in SCN-lesioned animals, 
indicating that this is regulated not by the SCN, but presumably by the neuroendocrine 
neurons themselves. These data demonstrate the importance of the SCN for the regulation of 
reproductive rhythms. 

The suprachiasmatic nuclei (SCN) 
For the SCN to function as a biological clock responsible for the expression of rhythmicity in 
behavioral, autonomic and endocrine systems, it needs to fulfil three criteria. Firstly, SCN 
neurons must generate an endogenous rhythm, which enables an animal to maintain 
rhythmicity in the absence of external cues. Secondly, the clock must be able to adapt its 
endogenous rhythm to the environment. Finally, output pathways from the clock must be 
present, via which rhythmic signals can be conveyed to various output systems. Together, 
these three elements, the clock, input and output pathways, form the circadian system of the 
mammalian brain. 

The SCN as a circadian pacemaker 
The demonstration of a direct projection from the retina to SCN (232) led to the first studies 
that showed that the SCN contained the circadian pacemaker of the mammalian brain. 
Bilateral lesions of a small area in the hypothalamus containing the SCN, eliminated the daily 
fluctuations in adrenal corticosterone content and behavior (1,231,331). Further studies 
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confirmed these data and showed that complete lesions of the SCN abolished all behavioral, 
hormonal and autonomic rhythms. Conclusive evidence that the SCN contains the pacemaker, 
was provided by transplantation studies. Transplantation of fetal SCN tissue in an SCN-
lesioned host was shown to restore behavioral rhythms, with a period characteristic of the 
donor animal (198,225,271). In addition, neurons of the SCN are capable of generating a 
circadian rhythm in spontaneous firing frequency and membrane properties, which persist in 
the absence of environmental or neuronal input (64,109,221,300). 

The existence of mutant hamsters with an endogenous period considerably shorter than 24 
hours (272), suggests that genetic factors may be important for the generation of circadian 
rhythms. The availability of advanced molecular biological techniques has resulted in the 
identification of such genes and a first hint at their mechanisms of action (reviewed in 
(75,145)). Mutations in the per genes in Drosophila and the frq gene in Neurospora, result in 
changes in the period of circadian rhythms or in their abolishment. In rodents, the hamster tau 
mutation was spontaneously isolated, the mouse clock gene was identified as a result of a 
mutagenesis approach, while the mouse per gene was actively searched for based on the per 
sequence of Drosophila. Recently the cytochrome genes cry 1 and 2 have been shown to be 
necessary for normal expression of circadian rhythmicity in mice (360). These genes and their 
products are parts of an oscillation system that consists of positive and negative elements. The 
positive elements {clock in mammals) drive transcription of clock genes giving rise to a 
mRNA whose translation generates a clock protein (PER in mammals) that provides the 
negative element in the feedback loop (see (75)). The PER-proteins will enter the cell nucleus 
to disrupt the clock activation of their own transcription. Subsequent phosphorylation of the 
PER-proteins will shut them off, allowing clock to activate per transcription again, creating 
oscillations in per gene expression (75). 

Recently, it was shown that this oscillatory feedback loop is responsible for the circadian 
rhythm vasopressin (VP) mRNA expression (36,110,158,293), with clock activating and per 
inhibiting VP gene transcription (208). In a similar way the circadian expression of 
somatostatin (SOM) and GABA may be regulated in SCN neurons (34,44,139,142,143,311). 
On the other hand, vasoactive intestinal polypeptide (VIP) and gastrin-releasing peptide 
(GRP), transmitters of the ventrolateral SCN, are rhythmically expressed only under a light-
dark cycle, while their expression is constant in LL or DD conditions (44,95,139,142). Also 
VIP and VP receptors show a diurnal rhythm in the SCN (35,307,392). The SCN contains 
about 8,000 tightly packed neurons in each nucleus (350), that synthesize a number of 
neurotransmitters (352). VP neurons are mainly localized in the dorsomedial SCN, whereas 
VIP and GRP are in the ventrolateral SCN. Also angiotensin II, calcitonin gene-related 
peptide (CGRP), cholecystokinin (CCK), enkephalin, galanin and substance P are found in the 
SCN (see (275)). GABA is often colocalized with VP, VIP and SOM (233,337), and VIP and 
PHI are colocalized with GRP neurons (249). SCN neurons form a dense interconnective 
network within each nucleus, with reciprocal connections between the major peptidergic cell 
groups (140.282,351) and between the paired SCN (191,352). 

Light-input to the SCN 

The endogenous circadian rhythm generated by the SCN is daily synchronized (entrained) to 
the environmental light-dark cycle. Light is the most potent entrainment factor {Zeitgeber) for 
the SCN. Light-input reaches the SCN via a direct glutamatergic projection from the retina to 
the ventrolateral SCN (retino-hypothalamic tract (RHT)) or via retinal projections to the 
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intergeniculate leaflet of the geniculate nucleus (IGL) from where NPY-containing 
projections reach the SCN (geniculo-hypothalamic tract (GHT)) (45,204,232,275) (reviewed 
in (237)). 
Light-exposure can cause changes in the timing of rhythms (phase-shifts), depending on the 
moment of the light-dark cycle at which the light pulse is delivered (reviewed in 
(179.222,226,237,309,310). By plotting the time of light exposure against the phase-response 
of the rhythm a phase-response curve (PRC) for light can be constructed. Thus it appears that 
light pulses during the inactive period of the animal (subjective day) have little or no effect, 
whereas light-pulses during the early active period (subjective night) will delay the clock, and 
light pulses at the end of the subjective night will advance the clock. 
Light-induced phase-shifts are marked by the induction of immediate early gene expression in 
neurons of the SCN. Fos expression shows a diurnal variation with higher levels during the 
(subjective) day in rats (294). Light-pulses induce the expression of Fos protein in VIP, PHI 
and GRP neurons in the SCN (281,336), neurons that also receive retinal input. Indeed, light 
affects the amount of VIP in the SCN (309,310). A clear relation exists between the amount of 
Fos and the behavioral phase-shifts caused by light pulses, indicating a functional relationship 
between them (179). Indeed behavioral phase-shifts are abolished by central administration of 
antisense oligonucleotides for c-fos (386). The phase-shifting properties of light cause the 
SCN to be shifted daily, resulting in the precise entrainment of the circadian rhythm of the 
SCN to the exact 24 hour rhythm of the environment. 

Output of the SCN 
The entrained rhythms of the SCN are conveyed to the brain via both humoral and neuronal 
pathways. Activity rhythms can be restored by SCN-transplants without re-establishment of 
neuronal connections between the SCN and the host brain, suggesting that a humoral factor is 
sufficient for rhythm restoration (317). However, SCN-transplants are unable to restore 
endocrine rhythms in the host (225). Also, transection of neuronal projections of the SCN 
often disturbs overt rhythms, suggesting that neuronal connectivity is also important for 
rhythmic output of the SCN. 
The SCN projects to the paraventricular nucleus of the thalamus (PVT), the paraventricular 
nucleus of the hypothalamus (PVN), the subparaventricular zone (sPVNz), the medial 
preoptic area (MPO), the Organum vasculosum of the lamina terminalis (OVLT), and areas 
surrounding the arcuate nucleus, ventromedial hypothalamus (VMH) and dorsomedial 
hypothalamus (DMH) (370,371). Via projections to the PVN, a multisynaptic pathway from 
the SCN to the pineal was demonstrated (339). Many of these projections contain either VIP, 
VP or GAB A as neurotransmitter (31,130,338). These extensive pathways provide a neuronal 
basis for the transmission of circadian information, likely via the rhythmic release of various 
neurotransmitters in specific target areas (157). This hypothesis was confirmed by the 
demonstration that rhythmic VP release in the DMH partially and rhythmic GABA release in 
the PVN fully explain the circadian rhythms in corticosterone and melatonin secretion 
respectively (157,159). Also reproductive rhythms may be controlled by the SCN via such 
pathways. In the present thesis, we investigated the nature of the circadian signal that times 
the hormone surges during the estrus cycle of female rats. 
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The rat estrus cycle 
The rat estrus cycle has a period of 4 to 5 days. During the cycle the secretion pattern of 
various hormones show periodic changes (33,90,325). The basal pulsatile release pattern of 
the luteinizing hormone (LH), follicle-stimulating hormone (FSH) and prolactin (PRL) is 
interrupted by a spontaneous surge on the day of proestrus (325). The LH surge induces 
rupture of the Graafian follicles (=ovulation) several hours later. The PRL surge is involved in 
the expression of sexual behavior that occurs the night following the LH surge (383). The 
FSH surge is bimodal, the first surge at the time of the LH and PRL surge, followed by a 
second surge that is regulated by ovarian activin and inhibin secretion. The second, inhibin-
controlled FSH surge is involved in the development of new follicles in the ovary. The 
hormone surges occur prior to dark onset, while sexual behavior is induced in the dark period 
between surges and ovulation. Females are more active in this stage of the cycle, most likely 
to enhance the chances to meet a suitable partner for mating and fertilization, thereby 
optimizing the opportunities for successful reproduction. Preceding the surges on the 
afternoon of proestrus, estradiol (E?) increases gradually, starting during the day of diestrus 
and resulting in a peak on proestrus. E2 is released by the developing follicles and its secretion 
is under the influence of FSH and LH. At the same time of the LH surge, a surge in 
progesterone (P) is released in the circulation by the granulosa cells of the preovulatory 
follicle in the ovary. The estrus cycle of the rat shows striking similarities with the human 
menstrual cycle. The absolute length of the cycle differs greatly, but the relative timing of the 
hormone patterns is very similar (90). 

Regulation of the LH surge 
The secretion of LH is governed by the pulsatile secretion of gonadotropin-releasing hormone 
(GnRH). The pulsatility is critical to normal functioning of the reproductive axis: continuous 
infusion of GnRH inhibits the release of LH from the pituitary gland. GnRH is a decapeptide 
synthesized by large neurons (10-15 urn) with long varicosities (18,385). Changes in GnRH 
levels in discrete brain areas correlate with plasma LH values during the estrous cycle (381). 
The majority of the GnRH neurons in the rat are located in the vertical limb of the diagonal 
band of Broca (DBB), around the OVLT and in the preoptic area. More scattered neurons are 
found in the anterior hypothalamic area (AHA) and in the olfactory bulb (18,268,385). More 
than 70 % of the GnRH neurons project to the median eminence (ME), where GnRH is 
released in the portal vasculature (224,384). In addition, GnRH neurons project to various 
extrahypothalamic areas, suggesting a neurotransmitter role for GnRH as well (18). 
Pulsatile GnRH and LH secretion is modified by feedback actions of gonadal steroids 
(reviewed in (206)). Gonadectomy (GDX) results in a rapid increase in GnRH/LH pulse 
frequency and amplitude in both male and female rats. Subsequent substitution of gonadal 
steroids suppresses the increased release of LH in GDX animals, demonstrating the negative 
feedback actions of these steroids. In female animals, the negative feedback actions of 
gonadal steroids on LH secretion are interrupted by a positive feedback, which results in the 
massive surge of LH on the afternoon of proestrus (40,155,196). Indeed, proestrus-like surges 
can be induced by E2-treatment of GDX females, but not GDX males (40,60,135,196,392). 
This sex difference is the result of organizational effects of sex steroids during the perinatal 
development. Castration shortly after birth results in an adult male GnRH system that has 
become responsive to the positive feedback of E2 and P. In reverse, perinatally androgenized 
females loose their ability to generate LH surges in their adult life (72). 
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The rising levels of E2 cause the activation of GnRH neurons (91,127,192,193,263,268,357), 
which results in a surge of GnRH secretion, characterized by an increased pulse amplitude, 
but not frequency (205,206). The average labeling intensity of GnRH mRNA increased 
following the initiation of the LH surge in cyclic animals (395), and following E2-treatment in 
ovariectomized (OVX) animals (259). The elevation of plasma P levels on the afternoon of 
proestrus increases the intensity of the fos staining as well as the number of GnRH neurons 
expressing fos, resulting in an enhancement of the LH surge (16,41,85,93,127,194). P can also 
inhibit the LH surge, by blocking fos activation in GnRH neurons (189). 
Although E2 and P affect GnRH activity, no estrogen or progesterone receptors (ER, PR) are 
present in the GnRH cell nucleus (312), indicating that the effects of E2 and P must be 
indirect. The MPO is an important positive feedback site for E2 (154,260,261,263,322) and 
additional lesion studies demonstrated its crucial importance for normal LH surges (373-375). 
Indeed, ER containing neurons in the MPO become co-activated with GnRH neurons, and 
project to the vicinity of GnRH neurons (190). Various neurotransmitter systems are involved 
in the LH surge regulation. Glutamate, noradrenaline (NA) and oxytocin (OT) are stimulatory 
(5.7,26.84.122,138,150.151,153,213,252,266,273,277) and GAB A and ß-endorphin are 
inhibitory (55,124,141,146,150,151,167,296). Some of these provide direct input to the GnRH 
neurons, i.e. GABA (200), ß-endorphin (51), NPY (346), NA (201), or POMC (202). In 
addition GABA (92), NT (125), and galanin (24) neurons also express ER, suggesting they 
may serve as interneurons for the transmission of steroid feedback actions to the GnRH 
system. Indeed modulatory effects of NA and NPY on LH release depend on the steroid status 
of the animal (see (178)). In addition, E2 has been shown to affect GABA, NA and POMC 
activity in discrete brain areas (102,121,122,195,291,382). 
The LH surge is not only produced by an increased activity of GnRH neurons, but also by an 
increased responsiveness of the pituitary for GnRH on the afternoon of proestrus (4). E2 and P 
sensitize the pituitary gland to GnRH (3). Indeed, alterations in pituitary sensitivity for GnRH 
during the estrus cycle parallel changes in circulating E2 levels (4). Furthermore, repeated 
exposure to GnRH sensitizes the pituitary to further GnRH pulses, the so-called self-priming 
effect of GnRH (2). A possible mechanism of action may involve the regulation of GnRH 
receptor expression in the pituitary gland by E2 (269). 

Regulation of the PRL surge 
Unlike the LH surge, which is bell-shaped, the PRL surge is broad and composed of three 
phases: a sharp peak phase, followed by a prolonged plateau phase, and a termination phase. 
PRL is secreted by lactotrophic cells in the anterior pituitary in a pulsatile fashion, varying 
over the estrous cycle in pulse frequency and amplitude (210). Pituitary PRL secretion is not 
governed by a single stimulatory neuropeptide comparable to GnRH, but by a combination of 
inhibitory and stimulatory factors. The major inhibitory factor for PRL release is dopamine 
(DA), acting via D2 receptors on the plasma membrane of the lactotrophic cells (19,20,247). 
Three major sources of pituitary DA have been identified: the tuberoinfundibular DA (TIDA) 
neurons, projecting to the portal system of the median eminence, and the tuberohypophyseal 
DA (THDA) and periventricular hypothalamic DA (PHDA) neurons, both projecting to the 
intermediate lobe of the pituitary. The TIDA neurons are localized throughout the arcuate 
nucleus, the THDA neurons in the rostral arcuate nucleus and the PHDA nucleus in the 
periventricular nucleus rostral and dorsal to the arcuate nucleus. The activity of TIDA, THDA 
and PHDA neurons as well as DA-levels in portal blood decrease during the afternoon, 
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correlating with the PRL surge (63,199,217,302). Several hypothalamic and pituitary PRL-
releasing factors (PRFs) have been implicated in the regulation of the PRL surge 
(20,209,243,247,288,305), although their exact physiological role and mechanisms of action 
are still under discussion. 
The PRL surge is induced by positive feedback actions of E2 (246), acting predominantly in 
the MPO (256,257). E2 administration to OVX rats induces daily PRL surges and increases 
the number of lactotrophs, PRL synthesis and storage in the pituitary (20,42,245). In addition, 
E2 amplifies the diurnal rhythm in hypothalamic DA-ergic activity (199,217). P seems to be 
responsible for the plateau phase of the PRL surge ((20) and E.M. Van der Beek, unpublished 
results). Furthermore, P enhances the PRL surge in OVX+E2 rats via the modulation of DA-
ergic activity (391). Negative feedback actions of E2 seem to be absent because OVX does not 
result in elevated basal PRL levels (211). It is unknown if feedback actions of E2 and/or P may 
involve the regulation of PRFs. Hypothalamic and pituitary expression of VIP, a putative PRF 
(12,212,243,356) is altered by E2 (114,169). Also, the stimulatory effects of thyroid-
stimulating hormone-releasing hormone (TRH) on PRL secretion as well as TRH receptor 
number and efficacy are regulated by E2 (reviewed in (178)). At the level of the pituitary, E2 

reverses the ability of DA to inhibit PRL secretion, probably by affecting the efficiency of the 
D2 receptor (94,242). 

The SCN and timing of the preovulatory LH and PRL surge 
The crucial importance of the SCN for the normal occurrence of estrus cycles and the LH and 
PRL surges appears from various studies. Everett and Sawyer demonstrated irr 1950 that 
barbiturate administration during a specific time window could postpone the LH surge for 
precisely 24 hours (87). They suggested that during this time window a daily neuronal signal 
occurred that is necessary for the induction of the surge and ovulation. Although such data are 
not known for the PRL surge, it has been suggested that a sensitive time window prior to the 
PRL surge also exists (258). Furthermore, the LH and PRL surge occur at a fixed time relative 
to the light-dark cycle and the estrous cycle has a free-running rhythm under continuous 
environmental light conditions (59,128,265). The daily signal is most evident by the 
occurrence of daily LH and PRL surges in OVX, E2-treated (OVX+E2) rats (40,42,196,245). 
Following SCN-lesions, neither spontaneous preovulatory surges nor daily E2-induced surges 
occur ( 171,211,256). Thus both the SCN and E2 are crucial for the occurrence of the LH and 
PRL surge and this dual control ensures that the surges occur when the follicle is ready for 
ovulation and that the surge is coordinated with behavioral activity. The female rat is 
maximally active and displays sexual behavior during the night following the surge (9,365). 
This variation of activity during the estrus cycle is also induced by E2 (8,239). 
Thus the reproductive system responsible for the proper occurrence of LH and PRL surges 
consists of three crucial hypothalamic components. First, there are the neurons secreting the 
releasing and inhibiting factors responsible for LH and PRL secretion from the pituitary, i.e. 
GnRH neurons for the LH surge and DA and PRF neurons for the PRL surge. Second, there 
are the ER-containing neurons in the MPO that function as interneurons for the transmission 
of the positive feedback signals of E2 (257,315,322). Lesion and electrical stimulation studies 
have shown the importance of this area for both surges (56,170,256,373,374,376,377). Third, 
a light-entrained, circadian system is necessary, which serves to restrict the surges to the 
appropriate time of the day. 
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Scope of the thesis 
Based on the knowledge of SCN and hypothalamus-pituitary-gonadal axis interactions 
described above, we focused on three aspects in the present thesis. First, the mechanism to 
convey circadian information to the HPG-axis for the control of the LH and PRL surge was 
investigated. We focused on the role of the MPO as an SCN target area were rhythmic release 
of the SCN transmitter vasopressin (VP) may convey circadian information to the LH and 
PRL surge system. Hereto, a reverse microdialysis technique was employed for the 
administration of VP or a specific Via receptor antagonist in the MPO. This technique was 
developed to prevent mechanical disturbances in the MPO as caused by a conventional 
microinfusion technique (81). We focused on VP for several reasons. VP is present in SCN 
projections to the MPO and likely to the estrogen-receptive neurons in this area (130,367-370) 
and is synthesized in the SCN in a rhythmic way (142). Presently, it is the only SCN 
transmitter of which the release pattern is known, with a peak release during the first half of 
the light period (158). Furthermore, the role of rhythmic VP release as a circadian signal has 
been demonstrated for the regulation of corticosterone secretion, using the reverse 
microdialysis technique (157). Finally, VP has been shown to affect LH and PRL secretion in 
previous studies, although the route of administration did not allow any conclusions on the 
exact location of these effects (49,71,96,214,253). VP or a Via receptor antagonist was 
administered unilaterally at various time windows in OVX+E2 rats. In these animals, daily LH 
and PRL surges occur. In addition, the effects of SCN lesions on basal LH and PRL patterns 
were studied. The chapters 2 and 3 describe the results of these studies on LH release. In 
chapter 4 the effects on PRL secretion are described. In addition to the role of VP as a 
circadian signal for the PRL surge, using the microdialysis set-up, we also investigated if the 
SCN may be involved in the stimulation of PRL secretion. Hereto, the dopaminergic 
inhibition to the pituitary was blocked, and the subsequent PRL secretory response compared 
in SCN-intact and SCN-lesioned animals. 
Second, the presence of VP input to GnRH neurons was studied in male and female rats 
(chapter 5), using double immunocytochemical techniques visualize VP fibers and GnRH 
neurons in preoptic brain sections. Furthermore, the SCN as a putative source for VP-GnRH 
interactions was studied, by performing immunocytochemistry in SCN-intact animals, animals 
with unilateral or with bilateral lesions of the SCN. Comparable studies on SCN-derived VIP-
GnRH connectivity had already been performed and information on the relative contribution 
of VIP and VP to GnRH input may shed some light on their role in the LH surge in females. 
In addition, possible sex differences in the VP-GnRH connectivity may underlie the gender-
specific ability to show LH surges in response to high E: levels. Indeed VIP-GnRH 
connectivity is sexually dimorphic (133). 
Finally, the interaction between Ej and the SCN was studied (chapter 6). Both the SCN and E2 
are required for the induction of LH and PRL surges, but little is known about how these 
signals interact. Changing E2 levels during the estrus cycle have been shown to modify the 
circadian expression of behavior, suggesting that E? can affect the SCN itself (8,365). 
Therefore the effects of removal and replacement of E2 on the intensity of general locomotor 
and wheelrunning activity were studied in animals with an intact SCN or with complete 
lesions of the SCN. Together these experiments provided insight in the anatomical and 
physiological role of VP as a circadian signal for female reproduction, and in the possible 
feedback actions of E-> on the SCN itself. 
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