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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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CHAPTER 2 

Chapter 2 

VASOPRESSIN INDUCES A LUTEINIZING HORMONE SURGE IN 
OVARIECTOMIZED, ESTRADIOL-TREATED RATS WITH LESIONS 

OF THE SUPR4CHIASMATIC NUCLEUS 

Inge F. Palm ", Eline M. van der Beek , Victor M. Wiegant2,3, Ruud M. Buijs', Andries 
Kalsbeek . 

1 Netherlands Institute for Brain Research, Amsterdam, the Netherlands 
: Human and Animal Physiology Group, Department of Animal Sciences, Wageningen University, the 

Netherlands 
' Medical Pharmacology Group, Rudolf Magnus Institute for Neurosciences, University Medical 

Center Utrecht, the Netherlands 

Published in Neuroscience 93(2), pp 659-666 (1999) 

ABSTRACT 
The luteinizing hormone surge in the female rat is the result of the integration of multiple 
signals within the medial preoptic area. The medial preoptic area contains gonadotropin-
releasing hormone neurons that are responsible for the release of luteinizing hormone, neurons 
containing estrogen receptors, and terminals originating from the suprachiasmatic nucleus 
with, for example, vasopressin as neurotransmitter. Both the medial preoptic area and 
suprachiasmatic nucleus are crucial for the occurrence of luteinizing hormone surges, since 
lesioning of either nucleus prevents pre-ovulatory and steroid-induced luteinizing hormone 
surges. In this study, we investigated whether vasopressin in the medial preoptic area could be 
the daily neuronal signal from the suprachiasmatic nucleus responsible for the timing of the 
luteinizing hormone surge. Vasopressin (50 ng/ul) or Ringer solution was administered by 
reverse microdialysis from Zeitgeber tines 7.5-12.5 into the medial preoptic area of 
ovariectomized, estradiol-treated rats. The suprachiasmatic nucleus was lesioned to remove all 
cyclic luteinizing hormone secretion. This was evaluated by monitoring behavioral activity; 
animals that were arrhythmic were included in the experiments. Hourly blood samples were 
taken to measure plasma luteinizing hormone levels. Preoptic vassopressin administration 
induced a surge-like luteinizing hormone pattern in suprachiasmatic nucleus-lesioned animals, 
whereas constant, basal luteinizing hormone levels were found in the control animals. These 
data show that vasopressin by itself is able to trigger the luteinizing hormone surge in 
suprachiasmatic nucleus-lesioned rats. We propose that vasopressin is a timing signal from the 
suprachiasmatic nucleus responsible for the activation of the hypothalamo-pituitary-gonadal 
axis in the female rat. 
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INTRODUCTION 
The suprachiasmatic nucleus (SCN) of the hypothalamus contains the circadian pacemaker of 
the mammalian brain. SCN neurons display a circadian rhythm in firing frequency, peptide 
synthesis, peptide content and peptide release (109,142,158). Afferent projections from the 
retina to ventrolateral SCN neurons enable the SCN to synchronize endogenous circadian 
rhythms with the environmental light-dark cycle (45,204). The SCN projects extensively 
throughout the hypothalamus, providing a neuronal network to transmit rhythmic information 
to behavioral, autonomic and neuroendocrine output systems (30,130). Indeed behavioral 
activity, heart rate, body temperature and the release of several hormones show circadian 
rhythmicity. 
In rats, the pre-ovulatory surge of luteinizing hormone (LH) is thought to be controlled by the 
SCN. This LH surge occurs at regular 4 to 5 day intervals on the day of pro-estrus, and 
induces ovulation on the day of estrus. Some properties of the pre-ovulatory LH surge are 
characteristic of biological clock control; i.e. the timing of the surge is coupled to the light-
dark cycle (59) and the estrous cycle has a free-running rhythm under continuous conditions 
(128). Everett and Sawyer (1950) suggested that a daily neuronal signal, which is present at a 
specific time window during the day, is responsible for the occurrence of ovulation, and 
subsequently for the occurrence of the LH surge (86,197). Blockade of this signal with 
barbiturates postpones the LH surge and ovulation by exactly 24 h, and repetition of treatment 
postpones it another 24 h, but only in 4-day cyclic rats (86). The presence of a daily signal is 
also supported by the occurrence of daily LH surges in ovariectomized, estradiol treated 
(ovx+E) rats (196,197). Following SCN-lesions, neither spontaneous pre-ovulatory surges nor 
daily estradiol-induced surges occur (57,115,211,375). 
A combination of tracing, lesion and double label immunocytochemical studies has provided 
evidence for neuronal pathways through which the SCN may integrate rhythmic information 
in the reproductive axis. First, gonadotropin-releasing hormone (GnRH) synthesizing neurons 
receive a direct monosynaptic input from the SCN, containing vasoactive intestinal 
polypeptide (VIP) as a putative neurotransmitter (355,358). The VIP-innervated GnRH 
neurons are preferentially activated during the steroid-induced LH surge, implying a 
functional role for the SCN-VIP innervation in the LH surge (357). Indeed, physiological 
experiments indicate a role for VIP in the regulation of LH release. However, both inhibitory 
and stimulatory effects of VIP on LH surges have been found (120,174,356,372). 
Second, estrogen-receptor containing neurons in the anteroventral periventricular area of the 
preoptic area (AVPv) receive direct synaptic input from the SCN and it is very likely that 
vasopressin is a neurotransmitter in these projections (130,369). The AVPv is also crucial for 
the occurrence of the LH surge, since lesions of this area disrupt the estrous cycle and prevent 
estradiol-induced LH surges (375). This area is also thought to be the major site for the 
positive feedback actions of estradiol on the GnRH system (263). The vasopressinergic 
connections may provide a network for the SCN to influence the LH surge mechanism via the 
neurons that integrate the positive feedback actions of estradiol into the reproductive axis. 
Physiological experiments have shown inhibitory effects of vasopressin on pulsatile LH 
release in ovariectomized monkeys (298) as well as on steroid-induced and preovulatory LH 
surges in the rat (49,286). A role for vasopressin has also been shown in the regulation of a 
circadian rhythm in lordosis behavior of female rats (326). Intracerebroventricular vasopressin 
was effective in suppressing lordosis behavior only during the night, when SCN vasopressin 
levels are low. In agreement, a vasopressin antagonist facilitated lordosis only during the day 



CHAPTER 2 

when endogenous vasopressin levels are high, suggesting a crucial role for SCN-derived 
vasopressin in the timing of sexual behavior in the rat. However, these studies were done 
either with i.v. or i.e.v. injections, which do not allow conclusions on the exact brain site 
involved in the observed effects. 
Vasopressin is synthesized and released in a circadian way with a peak during the sensitive 
time window before the onset of the LH surge, when the daily neuronal signal for the 
induction of the LH surge is supposed to occur (86,158,292). This suggests that vasopressin 
released by SCN terminals in the medial preoptic area (MPO) may be a signal for the onset of 
the LH surge. The present study investigated whether SCN-derived vasopressin suffices as a 
signal to induce an LH surge. Vasopressin was administered into the MPO by means of a 
reverse microdialysis technique in SCN-lesioned, ovariectomized and estradiol-treated rats, 
and circulating LH levels were monitored (81,157). 

EXPERIMENTAL PROCEDURES. 
Materials 

(Arg8)-vasopressin (FW 1084.2, Sigma), Ringer solution (9 g/1 NaCl, 0.3 g/1 KCl, 0.25 g/1 
CaCI; NPBI, Emmer-Compascuum, the Netherlands), estradiol (micronized, Diosynth, Oss, 
the Netherlands) and cholesterol (5-cholesten-3ß-ol, Steraloids, Wilton) were used. 

Animals and Surgical Procedures 

A total of 72 adult female Wistar rats (HcdCpd:WU, Harlan, Zeist; nine weeks of age) was 
used. The animals were housed in a temperature-controlled room with food and water 
available ad libitum and under a regular light-dark schedule (lights on 2:00-14:00). Animals 
were housed individually in clear plexiglas cages two days before brain surgery and remained 
so throughout the experiments. All experiments carried out in accordance with the Dutch 
Laboratory Animals Act and the European Communities Council Directive of 24 November 
1986. Furthermore all experiments were approved by the local Animal Experimentation 
Committee of the Royal Netherlands Academy of Sciences. 

Animals were anesthetized with a mixture of Hypnorm® (Janssen, 0.05 ml/100 g body 
weight, i.m.) and Dormicum® (Roche Nederland, 0.04 ml/100 g body weight, s.c.) and 
bilateral thermic lesions of the SCN were made. Lesion electrodes (0.2 mm diameter) were 
lowered into the brain at an angle of 6° (coordinates: lateral +1.1 mm and anterior +1.4 mm 
from bregma and -8.3 mm from dura, with the incisor bar at +5 mm) and heated to 80 CC for 1 
min (lesion generator; Radiotronics). In some animals the effectiveness of the lesion was 
checked in circadian cages that allow 24-h registrations of locomotor, wheel running, eating 
and drinking behaviors. Only animals that were completely arrhythmic for all these behaviors 
were used for further experimentation. In other animals the effectiveness of the lesions was 
checked by measuring their water consumption during 8 h of the light period. When the 
relative consumption during those 8 h exceeded 30% of 24-h consumption, animals were 
considered to be arrhythmic and used for further experiments; all other animals were 
excluded. 

Five to six weeks after lesioning, arrhythmic animals were ovariectomized via an abdominal 
incision under Hypnorm® anesthesia (0.1 ml/100 g body weight). Two weeks later they were 
anesthetized with Hypnorm® (0.05 ml/100 g body weight, i.m.) and Dormicum® (0.04 
ml/100 g body weight, s.c.) and received a subcutaneous silicon estradiol implant (i.d. 1.02 
mm, o.d. 2.16 mm, length 1.1 mm) filled with a mixture of cholesterol and estradiol-17-ß 
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(4:1). During the same surgical procedure an intra-atrial silicone catheter was implanted 
through the right jugular vein, followed by the implantation of a microdialysis probe in the 
brain. The animals were placed in a stereotactic apparatus (incisor bar at +5 mm) and the U-
shaped microdialysis probe was unilaterally implanted in the MPO at 1.2 mm lateral and 1.6 
mm anterior to bregma, and 7.8 mm below dura at an insertion angle of 6°. The microdialysis 
probe consisted of a dialysis fiber (mol. wt cut off = 6 kDa, C-Dak), glued into the ends of 
two parallel pieces of 27-gauge steel tubing. A piece of 3 mm protruded from the tubings. 
Postoperative care was provided after each surgical procedure by a subcutaneous injection of 
Temgesic® (0.03 ml/100 g body weight) after the animals woke up from the anesthesia. 

Experimental set up 

Before the experiments started, animals were allowed one week of recovery, during which 
they were habituated to experimental conditions. Animals were connected to a 
counterbalanced beam via a metal spring, allowing all experimental manipulations of 
microdialysis and blood sampling to occur without disturbing the animal. Animals were 
assigned to two groups: a control group receiving dialysis with Ringer solution and a group 
treated with vasopressin (50 ng/(xl, dissolved in Ringer). Ringer dialysis started at Zeitgeber 
time 6 (ZT 6, ZT 0 = lights on) in all animals and continued to ZT 14.5 in control animals, 
while in treated animals dialysis was switched to vasopressin from ZT 7.5-12.5. In one 
animal, vasopressin was applied from ZT 4.5 to 6.5. All animals participated in a second 
experiment without brain microdialysis 4-6 days later and in a third experiment without brain 
microdialysis 14-17 days after the first microdialysis experiment. In the latter experiment 17 
animals received a subcutaneous progesterone injection at ZT 6 (0.5 mg/0.2 ml arachid oil), 
because it has been reported that progesterone can induce an LH surge in animals with SCN 
lesions (211,375). In all three experiments, blood samples (170 |il) were taken every hour for 
8 h, starting at ZT 7.5 right before the vasopressin treatment. After the experiment a single 
sample of 400 \x\ was taken for estradiol measurements and replaced with the same volume of 
saline. Samples were collected in heparinized ice-chilled tubes and centrifuged at 3000 r.p.m. 
for 15 min. Plasma was stored at -20°C until hormone determination. 

Hormone determination 

Hormones were determined by a double-antibody radioimmunoassay. LH was measured using 
materials provided by the NIDDK (rLH-I-9 as label and anti-rLH-s-11 as antiserum) and with 
Sac-eel® (donkey anti-rabbit, Welcome Reagents, Beckenham, U.K.) as a second antibody. 
The concentration of LH is expressed relative to the rat LH-RP-2 reference. The assay 
sensitivity was 0.2 ng/ml at 90 % B/Bo. Samples in this experiment were determined in two 
LH assays. The inter-assay and intra-assay variations were both 6.5 %. 
Estradiol levels were determined in a single assay with a double-antibody estradiol-
radioimmunoassay-kit (Diagnostic Products Corp., U.S.A.) following extraction of the plasma 
with dichloormethane. Concentrations are expressed relative to the kit reference with a 
sensitivity of 6 pg/ml at 90 % B/Bo. The intra-assay variation was 21 %. 

Histology 

After the experiments, animals were deeply anesthetized with an overdose of Nembutal® (0.3 
ml/animal) and perfused transcardially with saline, followed by 4% paraformaldehyde in 0.1 
M phosphate buffer (pH 7.5). Brains were dissected and postfixed in the same fixative for 24 
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h. Three series of alternating Vibratome sections of 40 (im were collected as free floating 
sections in Tris-buffered saline (TBS: 0.05 M Tris-HCl, 0.9 % NaCl, pH 7.6). Two series 
were single-stained for vasopressin and VIP to check the extent of the SCN lesion. In brief, 
sections were incubated overnight at 4 °C in polyclonal rabbit antibodies raised against 
vasopressin (Trims, 25-01-'86, Netherlands Institute for Brain Research (NIBR), Amsterdam) 
and VIP (Viper, 18-9-'86, NIBR), diluted 1:4000 in Supermix (TBS + 0.5 % Triton-X-100 + 
0.25 % gelatin). Sections were then incubated with biotynilated goat-anti-rabbit antibody at a 
dilution of 1:400 for 1 hour at room temperature, followed by incubation in Avidin-Biotin 
Complex Elite (ABC, 1:800 in Supermix, Vector Laboratories). The immunoreaction was 
visualized with 0.05% 3,3'-diaminobenzidine (Sigma, St Louis, MO, U.S.A.) with 0.03% 
H2O2 and 0.2% nickel ammonium sulphate. Between incubation steps sections were 
thoroughly rinsed in TBS. If vasopressin or VIP immunoreactive (IR) cells were detected in 
the SCN area or fibers in the paraventricular nucleus of the hypothalamus (PVN), an SCN 
target area, animals were considered to be partially lesioned. In all of these peptide-stained 
sections, the localization of the microdialysis probe in the MPO was verified as well. 

Data analysis 
Data are presented as average LH concentrations with S.E.M. Statistical evaluation of 
differences between groups was performed by a two-way ANOVA for repeated measures for 
the LH concentrations. Significant differences were further evaluated by post-hoc Student-
Newman-Keuls test at each sampling time. The total amount of LH released (sum) and the 
highest LH level detected during the sampling period (peak) were compared between groups 
with a Student's Mest for independent samples for comparing two groups and with a one-way 
ANOVA for comparison of more than two groups. Probability levels with P<0.05 were 
considered to be significant. 
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Figure I. Photographs of coronal brain sections at the level of the SCN (A,C) and PVN (B.D). In incompletely 
lesioned animals either some VIP-ir SCN cells survived the lesion (C. small arrows; insert shows these 
neurons at a higher magnification) or VIP-ir fibers from the SCN are still present in its target area, the PVN 
(D. arrows). Completely lesioned animals are devoid of VIP-ir SCN neurons (A) or fibers in the PVN (B). V: 
third ventricle; OC: optic chiasm. 
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RESULTS 
A total of 23 animals (= 31% of all lesioned animals) appeared to be behaviorally arrhythmic 
after lesioning of the SCN and were used in this study. Post-experimental inspection of the 
brain sections for the presence of vasopressin and VIP cells or fibers revealed remnants of 
VIP-ir cells at the lesion site or fibers in the PVN in six animals (Fig. 1C,D). These animals 
were considered to have incomplete SCN lesions and were excluded from analysis. The 
remaining animals were devoid of VIP immunoreactivity at the level of the SCN and PVN 
(Fig. 1A,B)- In three of the six incompletely lesioned animals, progesterone induced an LH 
surge (peak levels 9.1, 7.0, and 3.0 ng/ml) two weeks after the microdialysis experiment. 
However, progesterone never induced an LH surge in completely lesioned animals. Two more 
animals were excluded from analysis based on the location of the microdialysis probe. One 
probe was located caudally from the lesion-site at the level of the PVN, the other ended within 
the third ventricle. In the 15 remaining animals, probe locations varied from the caudal AVPv 
(Swanson plate 19) to the caudal medial preoptic nucleus (MPN, Swanson plate 22) as shown 
in Fig. 2 (333). 

Figuur 2. Coronal brain sections from the atlas of Swanson (333), with the locations of the microdialysis 
probes of vasopressin-treated animals (A) and control animals (•). Only probe locations of animals included 
in statistical analyses are depicted. 

As a result of the histological verifications of the SCN lesions and the probe locations, 
statistical analysis was performed with the following groups: 'control' (n=6), consisting of 
three animals that did not receive any microdialysis because of obstruction of the probe, and 
three animals that received microdialysis with Ringer solution, and 'vasopressin' (n=9) 
consisting of animals that received microdialysis with vasopressin from ZT 7.5 to 12.5. Fig. 
3A shows the plasma LH concentrations in each of these groups. Vasopressin administration 
in the MPO caused a transient increase in LH release, while in control animals LH 
concentrations were continuously at basal levels (P<0.05). Average LH concentrations at ZT 
8.5. 10.5 and 11.5 were significantly higher in vasopressin-treated animals than in controls, as 
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revealed by the post-hoc Student-Newman-Keuls test (P<0.05). At ZT 9.5, 12.5 and 13.5 the 
differences between the two groups just escaped significance (0.05<P<0.07). This stimulatory 
effect of vasopressin on LH release is also seen in the sum and peak LH concentrations (Mest 
for independent samples, P<0.02; Table 1). Vasopressin microdialysis earlier on the day and 
for a shorter duration (ZT 4.5-6.5), as performed in one animal, also induced a transient rise in 
LH concentrations, which reached a peak level of 9.3 ng/ml two h after the start of the 
vasopressin microdialysis. During the second experiment without brain microdialysis all 
animals showed basal LH levels, similar to the control group in the first experiment. Plasma 
estradiol concentrations showed a large variation within and between animals, but the 
differences between control and vasopressin-treated animals and between the two experiments 
were not significant (Table 2). 

Tabic 1. Mean ± S.E.M. of sum and peak levels of LH for each of the experimental groups. 

Control (6) Vasopressin (9) Vasopressin-L (4) Vasopressin-S (5) 

sum LH 3.9+1.1 31.5 ±9.4* 10.0 ±1.7* 48.6 ± 12.2*-° 

peak LH 1.0 ±0.2 9.3 ±2.7* 2.7 ± 0.4* 14.6 ±3.3*-° 

The number of animals in each group is given in brackets. P<0.02 compared to control; P<0.02 compared to 
vasopressin-L group 
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Figure 3. Concentrations of plasma LH in SCN-lesioned, ovx+E animals: (A) vasopressin-treated animals 
(n=9. •) or control animals (n=6,o). Two-way ANOVA revealed significant effects of treatment (F(l,13)=5.6, 
P<0.05), time (F(7.9l)=4.25, /><0.001) and time x treatment (F(7,91)=4.10, /><0.01). (B) Vasopressin-treated 
animals with large lesions (vasopressin-L, n=4, • ) , vasopressin-treated animals with small lesions 
(vasopressin-S, n=5, •) and control animals (n=6,o). Two-way ANOVA revealed significant effects for 
treatment (F(2.12)=1 1.85. /><0.01), time (F(7,84)=9.76, /><0.001) and the interaction (F(14,84)=6.91, 
P<0.001) between the three groups. The hatched bar represents the period of microdialysis with vasopressin; 
the black bar represents the dark period. 

The vasopressin-induced LH surge showed a large variability in amplitude (1.8 to 26.8 ng/ml) 
and total amount (5.5 to 93.5 ng/ml) of LH that was released. This variability in sum LH 
concentrations could not be related to the anterior-posterior location of the probes, but did 
show a clear relationship to the size of the SCN lesion, as shown in Fig. 4. The lesion size was 
determined by light microscopic inspection of coded sections, to avoid the experimenter's 
bias. All animals were ranked according to the size of the area damaged by the lesion. The 
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animal with the largest lesion was assigned rank number 1, ascending to number 15 for the 
animal with the smallest lesion. Large lesions sometimes included the caudal part of the MPO, 
the retrochiasmatic area and the ventral part of the subparaventricular zone. The smallest 
lesions were restricted to the SCN and the perichiasmatic area. The vasopressin-treated group 
was arbitrarily divided into the vasopressin-L group, with large lesions (rank 1-4; n=4) and 
the vasopressin-S group, with small lesions (rank 7,8,10,13,14; n=5). Fig. 3B shows the LH 
profiles for the controls and these two vasopressin-treated groups. The vasopressin-L, 
vasopressin-S and control groups differed significantly from each other as far as the shape of 
the LH profiles was concerned (.P<0.01). Further analysis revealed that the stimulatory effect 
of vasopressin was much higher in animals with small lesions than in animals with large 
lesions. However, vasopressin still stimulated LH release significantly in animals with large 
lesions as compared to controls (P<0.05). LH concentrations in the vasopressin-L group 
changed significantly over time (P<0.01) and were significantly higher at ZT 9.5, 10.5 and 
11.5 (P<0.03) as compared to the control group. In the vasopressin-S group LH levels were 
higher at all ZT times, except for ZT 7.5 (P<0.03) compared with controls. Similar effects of 
vasopressin and lesion size are detected on the sum and peak LH levels (Table 1). These 
effects were not related to the plasma estradiol concentrations, since these were not 
statistically different between the three experimental groups (Table 2). 

Table 2. Mean ± S.E.M. of plasma estradiol concentrations (pg/ml) for each of the experimental groups and for 
the two subsequent experiments. 

Control Vasopressin Vasopressin-L Vasopressin-S 
experiment 1 47.9 ±9.3 (6) 34.4 ±6.4 (9) 26.9 ±4 (4) 40.4 ± 11 (5) 
experiment 2 51.5 ±7.2 (4) 49.7 ±7.8 (6) 40.1 ±20(2) 54.5 ± 8 (4) 

The number of animals is given in brackets. Estradiol concentrations did not differ significantly between the 
experimental groups or the two experiments. 
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Figure 4. Relation between the 
total amount of LH released 
during the sampling period 
(sum) and the size of the SCN 
lesion for Vasopressin-treated 
(gray bars) and control animals 
(hatched bars). The size of the 
lesion was determined by light 
microscopic inspection. In 
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the release of larger amounts of 
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DISCUSSION 
The present study demonstrates that vasopressin administration in the MPO induced surge
like release of LH in SCN-lesioned, ovx + E animals. The amplitude of these LH surges is 
comparable to those induced by estradiol alone in SCN intact, ovx rats, as measured by the 
same RIA as in the present study (356). More robust, proestrous-like LH surges can be 
induced only by treatment with both estradiol and progesterone. The results confirm the 
importance of the SCN and the MPO for the integration of signals necessary for the 
generation of an LH surge (156,211,375). Herein, the SCN is responsible for the timing of the 
LH surge on the day of proestrus (57,86,115,197), while the MPO is involved in the positive 
feedback of estrogens on the GnRH system, as shown by the presence of many estrogen-
receptor containing neurons and the blockade of the estrogen-feedback by implantation of 
antiestrogens in this area (263,322). Only animals that had complete SCN lesions were 
incapable of showing LH surges; in partially lesioned animals LH surges were still present. 
Apparently few surviving SCN cells are still capable of sending information to the GnRH 
system leading to an LH surge, although these animals were completely arrhythmic in 
behavior. This confirms the importance of the SCN for the occurrence of the LH surge. The 
fact that vasopressin was only effective in inducing an LH surge when applied in the MPO 
and not when applied in the PVN or third ventricle, supports the idea that the MPO is indeed 
the area for integration of SCN signals to the GnRH system. 

In all vasopressin-treated animals, LH levels started to rise immediately after vasopressin had 
entered the MPO, suggesting that vasopressin acts as a trigger for the GnRH system to initiate 
an LH surge. Apparently the absence of the SCN does not prevent the preoptic GnRH neurons 
to be prepared for the LH surge. Consequently, we may conclude that estradiol does not act 
via the SCN to prime the GnRH system, which is also supported by the lack of estrogen 
receptors in the SCN (322). The number of GnRH neurons and the amount of preoptic GnRH 
remain unchanged in SCN-lesioned animals, indicating that the absence of the SCN does not 
change the GnRH system with respect to these parameters (211,358). Nevertheless, the lack of 
LH surges in SCN-lesioned animals shows that a signal from the SCN is necessary to produce 
an LH surge. 

We believe that vasopressin can trigger an LH surge at any time during the light-dark cycle in 
SCN-lesioned animals, because all other influences from the SCN have been eliminated and 
thereby all information on the time of day is lost. In that case the GnRH system will be ready 
to surge at any time, provided that priming with estradiol has occurred. This seems to be 
supported by the fact that vasopressin administration at a different time and for a much shorter 
duration (i.e. ZT 4.5-6.5) also induced a clear LH surge, although more animals are needed to 
confirm this. 

Thus far. only electrical stimulation of the MPO (57) and administration of vasopressin in the 
MPO (this study) have been able to induce an LH surge in SCN-lesioned animals. Since 
vasopressin is generally an excitatory neuropeptide, administration of vasopressin activated 
medial preoptic neurons, resulting in the induction of an LH surge in SCN-lesioned animals. 
This further indicates that vasopressin administration mimics the normal signal from the SCN 
that leads to the occurrence of an LH surge. Although initially Wiegand and Terasawa (1982) 
reported that progesterone was able to induce an LH surge in SCN-lesioned rats, we and 
others (211) showed that progesterone may induce an LH surge only in partially SCN-
lesioned animals. This suggests that progesterone, in contrast to estradiol, needs intact SCN 
neurons to exert its positive effect on the LH surge. 
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Although many vasopressin systems exist in the hypothalamus, it is likely that vasopressin 
application in the MPO mimicked a signal originating in the SCN. Other vasopressin neurons 
that could be involved in the regulation of the LH surge are neurons of the bed nucleus of the 
stria terminalis (BNST), because they are sexually differentiated and sensitive to gonadal 
steroids (70). However, vasopressinergic BNST neurons are not likely to be involved in the 
described effect of vasopressin in the MPO. First, the MPO does not seem to be innervated by 
vasopressinergic BNST neurons. Gonadectomy reduces vasopressin immunoreactivity in the 
BNST and its target areas, but not in the MPO, suggesting that the MPO is not a target of 
vasopressin neurons in the BNST (70). Second, if the vasopressin neurons from the BNST 
provided a stimulatory input to the GnRH system, the continuous high estradiol levels in our 
animals would be expected to stimulate the vasopressin neurons in the BNST, thus leading to 
elevated LH levels. However, the LH levels in the control SCN-lesioned animals in this study 
were not increased at any time during the afternoon. Therefore it seems most likely that the 
source of the vasopressin input is the SCN. 

The large variation in the amplitude of the LH increase seen in this study was consistently 
related to the size of the SCN lesion, with vasopressin inducing a lower LH surge in animals 
with larger lesions. This surge could still reflect a functional LH surge, because it has been 
shown that 14 % of proestrous peak LH levels are sufficient for the induction of ovulation 
(284). The small amount of released LH in these animals could be due to damage to GnRH 
neurons or estrogen receptive neurons in the MPO caused by larger lesions. However, large 
lesions mostly extended into areas caudal from the MPO, ruling out this possibility. Since 
GnRH fibers to the median eminence pass through the perichiasmatic area bordering the SCN, 
with few fibers running through the SCN (175,359), it is more likely that larger lesions 
damaged these passing GnRH fibers, possibly limiting the amount of GnRH that can be 
released from the median eminence to evoke LH release, resulting in lower LH levels. 
Our results demonstrate that vasopressin by itself is sufficient for the initiation of an LH 
surge, since the vasopressin-induced LH surges in this experiment are comparable to those in 
SCN-intact ovx + E female rats (356).However, the SCN transmitter VIP has also been 
implicated in the regulation of the LH surge. Neuroanatomical connections between SCN-
derived VIP fibers and GnRH neurons have been reported (358) and both stimulatory and 
inhibitory effects of VIP on basal or surge LH release have been found (120.174,356,372). 
The delayed and diminished LH surge in aging female rats has been linked to the 
disappearance of the VIP mRNA, but not the vasopressin mRNA, rhythm in the SCN (181). 
Also, VrP-antisense administration in the SCN or i.e.v. administration of an antibody against 
VIP attenuated the LH surge in ovx+E rats (120,356). We propose that in the intact cyclic 
female rat, both neurotransmitters may act in concert to secure the occurrence of the LH surge 
to the afternoon of proestrus. The present data suggest that vasopressin may be more 
important for the initiation of the LH surge, also because under continuous dark conditions the 
rhythm in vasopressin mRNA continues as does the reproductive cycle, while the rhythm in 
VIP mRNA disappears (128,142). In aged and VfP-antisense treated rats the vasopressin 
mRNA rhythm is still present while the VIP mRNA rhythm is lost, which may explain that 
these animals still display attenuated and delayed LH surges in the second half of the light 
period (120.181). Thus vasopressin may be more important for the actual initiation of the LH 
surge, while VIP may modulate the exact timing and amplitude of the surge. 
Our data are in agreement with a preliminary in vitro study in which the relation between 
rhythmic release of SCN transmitters and GnRH was investigated. In an organotypic co-
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culture of the SCN with the preoptic area, GnRH release exhibited a circadian rhythm in 
phase with vasopressin, but not VIP, only when estradiol was added to the medium (100). 
This may suggest that vasopressin is a likely candidate to act as the driving SCN 
neurotransmitter that mediates information of the clock to the GnRH system. Other studies 
supporting a stimulatory role for vasopressin in LH release showed that, under stress 
conditions, central vasopressin prevents complete suppression of the LH surge in the 5-day 
cyclic female rat (283). It is unclear whether this is an effect of vasopressin originating in the 
SCN, since during stress the parvicellular vasopressin neurons in the PVN are predominantly 
activated. Still, these studies show that under various physiological conditions, vasopressin 
can act as a stimulatory signal for the GnRH-LH regulatory system. 
In contrast to the present findings, previous studies using i.e.v. or i.v. application of either 
vasopressin or vasotocin, a structurally related peptide, delayed and/or suppressed pre
ovulatory and steroid-induced LH surge (49,286). Major differences between the present 
study and previous ones are the route of administration (i.c.v./i.v. versus local), the doses used 
and the animal model. I.e.v. administration of vasopressin allows diffusion into brain tissue 
that surrounds the ventricles, where vasopressin-receptors are widely distributed. It is 
therefore impossible to predict where i.e.v. administered vasopressin exerts its effects, and the 
resulting inhibition of the LH surge may be a combination of vasopressin actions in various 
brain areas. Also the doses used in these studies (vasopressin: 1-5 u.g/h; vasotocin: 0.1-0.2 
ug/h) can induce a large increase in blood pressure in these rats, which may be responsible for 
the inhibitory effects of vasopressin and vasotocin (49,286). Lower doses of vasopressin (25 
ng), however, affect the circadian expression of lordosis behavior in female rats, without 
affecting the blood pressure (329). Although blood pressure was not measured in our study, it 
is unlikely that the used vasopressin dose (50 ng/uf; with a 0.1 % recovery of the 
microdialysis probe) affects the blood-pressure. Finally, these previous studies were done in 
either proestrus or ovx + E/P animals, in contrast to our model (ovx + E). 

CONCLUSIONS 
We showed that preoptic application of vasopressin caused the release of LH in a surge-like 
pattern in SCN-lesioned, ovx+E rats. Vasopressin acted as a trigger specifically in the MPO, 
and probably mimicked a timing signal normally originating in the SCN. Based on these 
results, we propose that, in the intact cyclic female rat, vasopressin from the SCN is 
responsible for the occurrence of the preovulatory LH surge on the afternoon of proestrus by 
direct activation of preoptic neurons. 
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ABSTRACT 
The luteinizing hormone surge in the female rat is not only induced by the positive feedback 
of estradiol, but also by circadian signals originating in the suprachiasmatic nucleus (SCN). In 
a previous study we showed that administration of vasopressin, an SCN transmitter present in 
preoptic projections, induced an LH surge in animals bearing complete lesions of the SCN. 
This strongly suggests that vasopressin is a stimulatory circadian signal for the timing of the 
LH surge. In the present study we investigated during which time window vasopressin may 
act in the medial preoptic area to stimulate LH secretion in SCN-intact female rats. 
Vasopressin or a specific Via receptor antagonist was administered into the MPO by a reverse 
microdialysis technique during different time windows, and plasma LH concentrations were 
measured. Vasopressin stimulated the LH surge in 30 % of the animals when administered 
during the second half of the light period, but during the first half of the light period no effects 
were observed. Administration of the Via receptor antagonist, however, did not affect the LH 
surge. These data confirm our previous results that vasopressin is a stimulatory factor for the 
LH surge also in SCN-intact animals, and indicate that a certain time-window is available for 
such stimulation. We hypothesize that vasopressin in the SCN-intact animal may act as a 
circadian signal during a specific time-window to induce the LH surge. The time window is 
the result of other SCN regulatory systems that are involved in the regulation of the LH surge. 

INTRODUCTION 
The preovulatory luteinizing hormone (LH) surge of the female rat requires two types of 
signals, i.e. an ovarian signal and a circadian signal. The ovarian signal consists of rising 
levels of estradiol (Ei) secreted by the developing follicle. E2 provides a positive feedback 
signal via estrogen-receptor (ER) containing neurons in the medial preoptic area (MPO), 
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resulting in activation of the gonadotropin-releasing hormone (GnRH) neurons and thereby in 
the LH surge (154,263). The circadian signal arises in the suprachiasmatic nucleus (SCN) of 
the hypothalamus, which projects to the ER neurons in the MPO and provides a time window 
during which the surge can be induced (40,59,128,369). The crucial importance of the MPO, 
SCN and ET for the LH surge has been demonstrated by lesion studies (86,374). 
In a previous study, the nature of the stimulatory circadian signal was investigated (255). 
Based on the fact that the SCN is a major source of vasopressin (VP) fibers in the MPO 
(130,368,369) and the importance of rhythmically released VP as a circadian signal for the 
corticosterone rhythm (157,164), we hypothesized that rhythmical release of VP by SCN 
terminals in the MPO may comprise a circadian signal for the LH surge. We demonstrated 
that in SCN-lesioned animals, which do not show spontaneous LH surges (211), VP 
administration in the MPO induced a full LH surge independent on the time of administration 
(255). These results suggested that VP in the MPO acted as a trigger for the initiation of the 
LH surge, likely mimicking the original circadian signal from the SCN. 

In the present study, we aimed to investigate whether VP administration in SCN-intact 
animals could reveal the time window for VP-induced activation of the LH surge. A sensitive 
time window several hours prior to LH surge has been described, and it is thought that the 
circadian signal occurs in this time window (86). The endogenous secretion of VP by SCN 
neurons increases during the first half of the light period, and peaks in the middle of the day, 
during the sensitive time window prior to the LH surge. After the peak, VP secretion declines, 
reaching a trough in the dark period (142,158). To investigate when VP may activate the 
GnRH system, VP or a specific Via receptor (VlaR) antagonist was administered at different 
moments relative to the endogenous VP rhythm. Unilateral administration of VP was 
performed during the increasing or decreasing phase of the VP rhythm to investigate if VP at 
these moments may advance or enhance the LH surge. Preoptic Via receptors (254) were 
blocked with a specific antagonist, when VP secretion was maximal or gradually increased. 
The experiments were performed in ovariectomized, Eo-treated rats, which show daily LH 
surges. Performing VP administration and blood sampling simultaneously enabled us to 
investigate both acute and delayed effects on the afternoon LH surges. 

MATERIALS & METHODS. 
Animals 
Adult female Wistar rats bred in our lab facilities from HcdCpd:WU animals (Harlan, Zeist, 
the Netherlands) were housed in a temperature controlled room at a regular 12:12 light-dark 
(LD) schedule with food and water available ad libitum. The time of day for the LD schedule 
was varied between animal groups, depending on the time window of VP or VlaR antagonist 
administration. Therefore all data are shown relative to the moment of lights on, which is 
expressed as Zeitgeber time (ZT) 0, and lights off as ZT 12. Animals were given least 6 weeks 
of adjustment to new LD cycles. All experiments were approved by the local Animal 
Experimentation Committee of the Royal Netherlands Academy of Sciences. 

Surgery and general experimental procedures 
Ovariectomy was done via a single abdominal incision. After two weeks a silicon capsule (ID 
1.02 mm, OD 2.16 mm; 11 mm) filled with a mixture of cholesterol and estradiol-17-ß (4:1) 
was implanted subcutaneously. To allow undisturbed blood sampling for the determination of 
plasma LH levels, an intra-atrial silicon catheter (ID 0.5 mm, OD 1.0 mm) was implanted 
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through the right jugular vein and attached to the skull with dental cement two weeks after 
OVX. During the same surgical procedure, a U-shaped microdialysis probe was implanted in 
the left MPO under an angle of 6° (incisor bar: +5 mm, AP: +1.4 mm, ML: +1.2 mm, DV: -
7.5 mm from the surface of the brain) and attached to the skull with dental cement. All 
surgeries were done under anesthesia with a combination of Hypnorm® (0.1 ml/100 g bw; 
intramuscularly) and Dormicum® (0.05 ml/100 g bw; subcutaneously). Postoperative care 
was provided by the administration of the analgetic Temgesic® (0.03 ml/100 g bw, 
subcutaneously). 

After at least a week of recovery after final surgery, experiments were conducted. Two days 
prior to the experiment, animals were connected to a counterbalanced beam via a metal spring 
to allow them to adapt to the experimental condition. The next day, tubing for blood sampling 
and microdialysis were connected as well. Microdialysis probes were not used prior to 
experimentation and all animals were dialyzed only once. 

Experiments 

In a first group of intact animals (Exp.l, n=8) the proestrus LH surge was determined. Only 
female rats that had shown at least 2 regular 4-day cycles were equipped with an intra-atrial 
catheter. On the second proestrus day after the surgery, ten hourly blood samples were taken 
starting at ZT 6.5. All other experiments were performed in OVX + E2 animals, equipped 
with a microdialysis probe and blood sampling catheter as described above. In experiment 2, 
animals received microdialysis with VP (50 ng/ul; dissolved in Ringer solution) from ZT 7.5-
12.5 (Exp. 2a, n=36) or from ZT 0-5 (Exp. 2b, n=12), during respectively the decreasing and 
increasing phase of the endogenous VP rhythm as measured in male rats (158). In experiment 
3, the role of endogenous VP was investigated by the administration of the Via receptor 
antagonist Manning Compound (d(CH2)5[Tyr(Me)2]AVP, 10 or 25 ng/ul) from ZT 4-7 (Exp. 
3a. n=22) or from ZT 0-5 (Exp. 3b. n=12), during respectively the peak and increasing phase 
of the endogenous VP rhythm. Separate control animals, receiving microdialysis with Ringer 
solution alone were included for each of the time windows. Since Exp. 2b and 3b were 
performed at the same time, one control group was included for both experiments. Eight to ten 
hourly blood samples (170 ul) were taken starting just prior to the onset of microdialysis with 
VP or the antagonist. This resulted in samples from ZT 7.5-14.5 in Exp 2a, ZT 0, 1, 5.5-12.5 
in Exp 2b and 3b and ZT 3.5-12.5 in Exp 3a. Single samples (400 ul) were taken at the end of 
experiments to determine E2 levels. All samples were collected in ice-chilled tubes containing 
25 IU of dry heparin and centrifuged at 3000 rpm for 15 minutes. Plasma was stored at -20 °C 
to the time of hormone determination. After the experiments the exact probe localizations 
were determined in 25 urn cryostat sections of the MPO stained with thionine. 

Hormone determination 

LH was determined using double-antibody radio-immuno-assay materials provided by the 
National Institute of Diabetes & Digestive & Kidney Diseases (NIDDK). The second antibody 
was donkey anti-rabbit Sac-eel (Welcome Reagents). LH concentrations are expressed 
relative to the rLH-RP-3 reference. All samples were determined in 5 assays, with an average 
sensitivity of 0.2 ng/ml at 90 % B/Bo and the inter-assay and intra-assay variation were 15 % 
and 5 % respectively. E2 was measured by a double-antibody RIA after extraction by 
dichloromethane. The assay had a sensitivity of 6 pg/tube at 90 % B/Bo. The inter- and intra-
assay variations were 13.7 and 14.7 % respectively. 
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Data analysis 
Mean ± s.e.m. were calculated for LH concentrations for each sampling point. ANOVA for 
repeated measures was performed to test for significant effects of time, treatment or time-
treatment interaction, followed by Tukey's (equal variances) or Tamhane's (unequal variances) 
post-hoc tests when significant differences were detected. Furthermore, the amplitude (peak) 
of the surges was chosen as the highest concentration measured, preceded by a gradual 
increase in LH concentrations. The ZT at which the peak was measured (peaktime) was 
determined, because surge onset could often not be determined due to limited sampling points 
prior to the peak. A one-way ANOVA was used to investigate differences in peak LH levels 
between groups, while the non-parametric Kruskall-Wallis test was used for peaktime 
comparisons. A p-value < 0.05 was considered to indicate significant differences. 

RESULTS 
In the present experimental conditions, the proestrus LH surge had an average peak and 
peaktime of 44.5 ± 8.2 ng/ml and 11.3 ± 0.3 hours respectively. E2-induced LH surges in 
control animals have a significantly lower amplitude (4-6.3 ng/ml) compared to the proestrus 
surge (p < 0.005), and this amplitude was unaffected by the moments of microdialysis. The 
peaktime occurred significantly earlier in the control animals of the ZT 4-7 dialysis group (9.4 
± 0.4 hours, p=0.012) compared to ZT 7.5-12.5 (11 ± 0.3 hours), ZT 0-5 (11.1 ± 0.2 hours) or 
proestrus (11.3 ± 0.3 hours). 
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Figure 1 : Mean ± s.e.m. plasma LH concentrations in OVX + E2 animals receiving Ringer dialysis as a control 
(O, n=10) or VP dialysis (closed symbols, n=26) . Panel A shows the effect of VP-treatment (• , n=26) in all 
animals. Only significant effects of time were detected (F(l,34)=3.156, p=0.000), the effect of treatment just 
escaped significance (p=0.085). Panel B shows the division of the VP-group in the animals with a high LH 
surge amplitude (A.VP-H, n=8) and the animals with LH surges comparable to control surges (T.VP-L, 
n=18). Significant effects of time (F(7,231)=23.9, p=0.000), treatment (F(2,33)=26.56, p= 0.000) and the 
interaction (F(14,231)=4.21, p=0.000) were detected. Black bar = dark period, hatched bar = period of 
microdialysis with Ringer or VP. 

In Exp. 2a, VP administration from ZT 7.5-12.5 tended to increase the LH surge compared to 
the corresponding controls (ANOVA, p=0.085) (Fig 1A). Indeed the total amount of LH 
released during the sampling period was significantly higher in VP-treated (35.2 ± 4.5 ng/ml), 
compared to control animals (21.2 ± 5.1 ng/ml, p=0.039). After renewed inspection of the 
individual data, it appeared that 8 of the 26 VP-treated animals had LH surges with an 
amplitude higher than the highest control (VP-H group), while the other 18 animals did not 
differ from the controls (VP-L group, Fig. IB). VP administration from ZT 0-5 did not affect 
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the LH surge (Fig 2, upper panel). Neither ZT 4-7 nor ZT 0-5 administration of the VlaR 
antagonist (10 ng/u.1) affected the LH surge (Fig 2, middle and lower panels). The higher dose 
of 25 ng/ul was equally ineffective (data not shown). 
The enhancement of the LH surge observed in Exp. 2a was unrelated to probe placements or 
plasma E2 concentrations. The tips of the microdialysis probes were placed in the MPO, 
varying from the rostral anteroventral periventricular nucleus to the caudal medial preoptic 
nucleus (plates 17-22 of the atlas of Swanson (333)). The E2-implants resulted in plasma E2 

concentrations within a physiological range (average 40.3 ± 2.2 pg/ml). Both probe 
placements and E2 concentrations were comparable to those in our previous study (255). 
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Figure 2. Mean ± s.e.m. plasma LH levels in OVX 
+ E2 animals, dialized from ZT 0-5 (A and B) and 
from ZT 4-7 (C). VP (50 ng/u.1) dialysis for 5 hours 
did not affect the afternoon LH surge (•, n=7, A), 
and neither did the VlaR antagonist (10 ng/u.1) 
from ZT 0-5 (•, n=7, B) and ZT 4-7 (•, n=8, C). 
Control LH surges (o) of the three experi ments had 
comparable amplitudes, but the peaktime was 
significantly advanced with dialysis from ZT 4-7. 
Further legend as in figure 1. 
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DISCUSSION 
In the present study, VP administration in the MPO of SCN-intact, OVX, E2-treated rats 
stimulated the amplitude of the LH surge, without altering the timing of the peak. This effect 
occurred in 8 of 26 animals dialyzed with VP from ZT 7.5-12.5 (VP-H), while in the other 18 
animals (VP-L) and in animals dialyzed from ZT 0-5, VP did not affect the LH surge. VP-H 
and VP-L animals could not be distinguished on age, probe localizations or plasma E2, 
prolactin or corticosterone concentrations (unpublished observations). The most likely 
explanation for the differential LH response to VP administration in the afternoon is the 
individual variation in the timing of the LH surge. A large individual variation in surge onset 
has been described for OVX+E2 animals (356), and was also present in our animals as 
indicated by the variation in LH levels (0.2-6 ng/ml) at ZT 7.5. Consequently, the sensitive 
time-window occurring prior to surge onset, will also vary considerably (86,156), suggesting 
that only in some animals VP administration occurred within the sensitive time-window and 
could affect the LH surge. However, LH concentrations at ZT 7.5 could not be related to the 
amplitude of the following surge during VP administration. Also, when VP was given from 
ZT 4-7, during the predicted sensitive time-window (n=3), only 33% of the animals responded 
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with a stimulation of the LH surge (unpublished results). Thus, the period in which VP can 
stimulate the LH surge lies between ZT 4 and 12.5, but seems to be very narrow within each 
animal and thus may only be detected when animals are used as their own controls. 
Unilateral administration of the VlaR antagonist did not modify the LH surge, at neither 
dosage or time window of administration. An explanation may be that undisturbed VP 
neurotransmission in the contralateral MPO may be sufficient for the normal expression of the 
LH surge. In addition, although both Via and Vlb receptor mRNA has been reported in the 
MPO (254,349), we cannot exclude the possibility that the effects of VP on LH secretion 
occur via the Vlb receptor and can therefor not be blocked by the antagonist used in the 
present study. Recently, a stimulatory role for VP in the proestrus LH surge has been 
suggested (96). Unfortunately the antagonist used in that study was administered i.e.v., and 
appeared to have equal affinity for Via, Vlb and oxytocin (OT) receptors (17), thereby 
preventing any conclusions on the site of action or the receptor subtype involved. 
The stimulatory effect of VP is in agreement with our previous data that showed the capability 
of similar VP administration to induce an LH surge in SCN-lesioned animals (255). We 
hypothesize that the effects of VP in our studies mimicked effects of SCN-derived VP, 
because the SCN is the major source of VP innervation of the MPO (130,368). The coupling 
of preoptic GnRH and SCN-derived VP release by E2 in co-cultures containing the MPO and 
the SCN, provide additional support for this hypothesis (100). Our results further show that 
VP can indeed stimulate LH secretion in SCN-intact animals, and that this seems to be limited 
to a specific time window. The sensitivity of MPO neurons to VP may be limited to this time 
window because of diurnal variations in VP receptor availability or affinity in MPO. Indeed 
VlaR mRNA expression has been shown to vary within the SCN, but no data are available 
on such variations outside the SCN (392). 

On the other hand, the time window of VP sensitivity can be created by changes in the 
responsivity of GnRH neurons to input from the MPO. GnRH neuronal activity is regulated 
by various neurotransmitter systems, either via direct interactions with GnRH neurons or via 
interneurons (for review see (156)). For instance, glutamate, noradrenaline, OT and vasoactive 
intestinal polypeptide (VIP) stimulate LH secretion, and are involved in the surge release of 
LH (7,120,122,356). Endogenous opioid peptides (EOPs) and GAB A restrain the GnRH 
system, and a reduction in their activity advances the timing of the LH surge by several hours 
(124,173,207,228). Some of these additional regulatory factors are also controlled by the 
SCN, e.g. opioidergic activity in the arcuate nucleus (147,291,382). Furthermore, direct SCN-
derived VIP-GnRH interactions exist and also GABA is a major neurotransmitter of the SCN 
(233,358). In SCN-intact animals all these regulatory systems are present and active, 
preventing a premature activation of GnRH neurons by VP-induced changes in the MPO from 
ZT0-5. This further indicates that VP does not act by decreasing the activity of inhibiting 
inputs to the GnRH system. 
In conclusion, the present study showed a stimulatory effect of VP administration on LH 
surge amplitude during the second half of the light period in part of the animals. At other time 
windows, both VP and the VlaR antagonist were ineffective in modifying the LH surge. 
These data provide further support for the hypothesis that VP may act as a circadian signal 
from SCN to the GnRH system via the MPO. It further demonstrated a very narrow time 
window for VP to stimulate the LH surge. The other SCN components that may be 
responsible for this time window still need to be uncovered. 
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ABSTRACT 

In the present study we investigated how the suprachiasmatic nucleus (SCN) controls the 
estradiol-induced PRL surge in female rats. First, the role of vasopressin, an SCN transmitter 
present in MPO projections and rhythmically released by SCN neurons, as a circadian signal 
for the E2-induced PRL surge was investigated. Using a reverse microdialysis technique, 
vasopressin was administered in the MPO during the PRL surge, resulting in a suppression of 
the surge. Vasopressin administration prior to the surge did not affect PRL secretion. Also, 
administration of a Via receptor antagonist prior to the surge was ineffective. Second, lesions 
of the SCN were made that resulted in constant basal PRL levels, suggesting that with 
removal of the SCN a stimulatory factor for PRL secretion disappeared. Indeed, the PRL 
secretory response to blockade of pituitary dopamine receptors was significantly reduced in 
SCN-lesioned animals. These data suggest that the afternoon decrease of vasopressin release 
in the MPO by SCN terminals enables the PRL surge to occur, and may thus be a circadian 
signal for the PRL surge. Simultaneously, the SCN is involved in the regulation of the 
secretory capacity of the pituitary, possibly via specific PRL-releasing factors. 

INTRODUCTION 

Female rats exhibit a preovulatory prolactin (PRL) surge, occurring on proestrus afternoon, 
concomitant with the surge in luteinizing hormone (33,325). PRL secretion is regulated by a 
combination of inhibiting and stimulating compounds (for review see (247)). The main 
inhibiting factor is dopamine (DA), produced by DA-ergic neurons in the periventricular-
arcuate region. A decrease in DA-ergic activity in the afternoon has been shown to be a 
prerequisite for the initiation of a PRL surge, and this diurnal decrease is regulated by the 
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suprachiasmatic nucleus (SCN) (217,301). The full amplitude of the PRL surge, however, can 
only be explained by the additional activation of PRL-releasing factors (PRFs) (12,20,258). 
The proestrus PRL surge is induced by positive feedback actions of estradiol (E2) together 
with a circadian signal originating in the suprachiasmatic nucleus (SCN) (211,246). E2 acts 
mainly in the medial preoptic area (MPO), most likely via estrogen-receptor (ER)-containing 
neurons (257). In addition, lesion and electrical stimulation studies have demonstrated a role 
for the MPO in the regulation of the PRL surge (256,376,377). SCN control of the 
preovulatory PRL surge became evident by the fact that its occurrence is entrained to the 
environmental light-dark cycle or to the activity cycle in freerunning, blinded rats. Estrus 
cycles and the PRL surge are suppressed by continuous light (LL) exposure and by lesions of 
the SCN (256,265). Continuous exposure of ovariectomized (OVX) rats to high E2-levels 
results in daily PRL surges, which are eliminated by SCN lesions (171,245). 
In the present study we investigated how the SCN controls the PRL surge in OVX, E2 treated 
rats. Circadian release patterns of SCN transmitters in SCN target areas throughout the 
hypothalamus may serve to convey circadian information to autonomic, behavioral and 
hormonal systems (157). The ER-neurons in the MPO are targets for SCN fibers, containing 
vasopressin (VP) as a putative neurotransmitter (130,368-370). VP is synthesized and released 
within the SCN in a circadian fashion with a peak during the middle of the light period (158). 
Using a reverse microdialysis technique to administer VP or a Vla-receptor (VlaR) 
antagonist directly into the MPO at different time windows, the role of rhythmic release of VP 
in the MPO for the PRL surge was studied. In addition, animals bearing complete lesions of 
the SCN were used to investigate further the influence of the SCN on PRL secretion. 
Administration of a peripherally acting DA antagonist, domperidone, blocks the effects of DA 
on the secretion of PRL, and allows the investigation of PRL secreting properties of the 
pituitary (12). By doing so in SCN-lesioned and SCN-intact, OVX +E2 rats, the role of the 
SCN in PRL secreting properties of the pituitary was studied. Hourly blood samples were 
taken to measure plasma PRL levels. Since stress can affect basal and surge release of PRL. 
corticosterone was also measured as an indicator for possible stress-related effects on PRL 
release (43.101). 

MATERIALS AND METHODS 
Animals 
Female Wistar rats bred in our laboratory from HcdCpd:WU rats (Harlan, Zeist, the 
Netherlands) were housed under a regular 12:12 light-dark schedule in a temperature 
controlled room with food and water available ad libitum. Animals were housed individually 
in clear plexiglas cages from 9 days prior until the end of the experiments. All surgeries were 
done under Hypnorm® (0.05 ml/100 g bw, i.m.) and Dormicum® (0.04 ml/100 g bw; s.c.) 
anesthesia. After waking up from anesthesia animals received a s.c. injection of an analgetic 
(Temgesic® , 0.03 ml/100 g bw). All experimental procedures were approved by the local 
Animal Experimentation Committee of the Royal Netherlands Academy of Sciences. 

Experiment 1 
In the first experiment the profile of the preovulatory PRL surge was studied in 8 intact 
cycling rats at proestrus and compared with the PRL surge in OVX + E2 animals. An intra
atrial catheter through the right jugular vein was inserted in animals that showed at least two 
consecutive 4-day cycles as monitored by daily vaginal lavage. Surgery was performed on the 
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day of diestrus I, proestrus or estrus. Blood sampling commenced on the first proestrus day 
after the re-establishment of at least one regular 4-day cycle. Ten hourly blood samples were 
taken, starting at Zeitgeber time (ZT) 6.5 (ZT 0 = lights on). 

Experiment 2 
The effect of preoptic administration of VP on the PRL surge was studied in SCN-intact and 
SCN-lesioned animals. In 72 animals, bilateral thermal lesions of the SCN were made and 
their effectiveness checked as described previously (255). Only animals showing arrhythmic 
water uptake and behavior were used for further experiments. A total of 51 SCN-intact 
animals and 23 arrhythmic SCN-lesioned animals were OVX via an abdominal incision. Two 
weeks after OVX, an intra-atrial catheter and microdialysis probe aimed at the left MPO were 
implanted. At the same time a subcutaneous silicon E2-capsule was implanted containing a 
mixture of cholesterol and E2 (4:1) (255). After a week of recovery and habituation to 
experimental conditions, VP was administered via the microdialysis probe during two 
different time windows in separate groups of SCN-intact animals: from ZT 7.5-12.5, when 
endogenous VP levels are expected to decline (Exp. 2a) and from ZT 0-5, during the predicted 
increasing phase of the endogenous VP rhythm (Exp. 2b). In SCN-lesioned animals, housed 
separately from SCN-intact animals, VP was administrated from ZT 7.5-12.5 (Exp. 2c). In 
each experiment (a, b and c) separate control animals, i.e. rats receiving Ringer dialysis, were 
included. Blood sampling started just prior to the onset of VP administration. This resulted in 
8 hourly blood samples from ZT 7.5 till ZT 14.5 for Exp. 2a/2c and in 10 blood samples at ZT 
0. 1, and 5.5 till 12.5 for Exp. 2b. 

Experiment 3 
The role of endogenous VP in the E2-induced PRL surge was studied by administration of a 
Via receptor (VlaR) antagonist. Surgery was performed in 22 SCN-intact animals as 
described for Exp. 2. The VlaR antagonist was administrated from ZT 4-7 (Exp. 3a) and ZT 
0-5 (Exp. 3b). Separate control animals were included in Exp. 3a, while Exp. 3b was 
performed at the same time as Exp. 2b, resulting in one control group for both experiments. 
Blood samples were taken in a similar way as in Exp. 2, resulting in 10 samples from ZT 3.5 
till 12.5 for Exp. 3a and 10 blood samples for Exp. 3b as in Exp.2b. 

Experiment 4 
The role of the SCN in regulating PRF activity was studied by blocking pituitary DA 
receptors in SCN-intact and SCN-lesioned animals. SCN lesions were made and their 
effectiveness checked as in Exp. 2c. SCN-intact and arrhythmic SCN-lesioned animals were 
OVX, E2-treated, and cannulated as described above. After a week of recovery, a control 
blood sample was taken at ZT 4, directly followed by injection of domperidone (DOM, 200 
ug/kg bw, ICN Biomedicals) or saline via the jugular vein catheter. Blood samples were taken 
at 15, 30, 45, 60, 120, 180 and 240 minutes after injection. One week later the experiment was 
repeated, reversing the treatment of DOM or saline from the previous experiment. DOM was 
dissolved in 7% acetic acid and further diluted to 200 u.g/ml in phosphate buffered saline 
(PBS. pH = 7.6). The saline consisted of the same solution, but without DOM. 
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Microdialysis and blood sampling procedures 

Dialysis was performed only once in each animal due to deteriorating efficiency of the probes 
after usage (157). Control animals were dialyzed with Ringer solution (NaCl 9 g/1, KCl 0.3 
g/1, CaCl 0.25 g/1), experimental animals received VP (Sigma, 50 ng/jxl, dissolved in Ringer) 
or the VlaR antagonist Manning Compound (d(CH2)5-[Tyr(Me)2]AVP, Brunschwig , 10 or 25 
ng/p.1) at a dialysis rate of 3 |il/min. All treatments with VP or Manning were preceded and 
followed by one hour of Ringer microdialysis to establish an equilibrium in diffusion to and 
from the microdialysis probe. 

Blood samples of 170 |a.l (100 |il in Exp. 4) were taken for measurement of PRL and 
corticosterone levels. In all OVX + E2 animals, a single sample of 400 JLXI was taken at the end 
of the experiment and replaced with the same volume of saline to determine E2 

concentrations. Samples were collected in heparinized ice-chilled tubes and centrifuged at 
3000 rpm for 15 minutes. Plasma was stored at -20 °C until hormone determination. 

Histology 
Of all SCN-intact animals, brains were collected after decapitation under C 0 2 / 0 2 suffocation. 
The exact location of the microdialysis probe was verified in 25 urn cryostat brain sections of 
the MPO. The extent of the SCN lesions was examined in fixed vibratome sections (40 |0.m) of 
the MPO and SCN as described elsewhere (255). Briefly, polyclonal rabbit antibodies against 
VP (Truus. 25-01-'86, Netherlands Institute for Brain Research (NIBR), Amsterdam, the 
Netherlands) and VIP (Viper, 18-9-'86, NIBR, Amsterdam, the Netherlands) were used in a 
dilution of 1:4000. Detection was performed with biotinylated goat-anti-rabbit IgG (1:400), 
followed by Avidin-Biotin Complex-Elite (ABC, 1:800, Vector Laboratories). The 
immunoreaction was visualized with 0.05% 3,3-diaminobenzidine (DAB, Sigma, St Louis, 
U.S.A.) with 0.03% H 2 0 2 and 0.2% nickel ammonium sulphate. Lesions were considered 
incomplete when either VP or VIP immunoreactive cells or fibers were detected in the SCN 
area or SCN projection pathways. In addition, the exact location of the microdialysis probes 
was verified in sections of the MPO. 

Hormone determination 

PRL concentrations were determined by a double-antibody radioimmunoassay (RIA), using 
the rPRL-I-9 for labeling (obtained from the NIDDK), anti-rPRL-s-415 as antiserum 
(obtained from the Netherlands Cancer Institute, Dr. H.G. Kwa) and with Sac-eel® (donkey 
anti-rabbit, Welcome Reagents, Beckenham, UK) as a second antibody. The concentration of 
PRL is expressed relative to the rPRL-RP-3 reference. The assay sensitivity was 1.7 ng/ml at 
90% B/Bo and inter-assay and intra-assay variations amounted to 15 and 7% respectively. E2 

was determined with a RIA kit (Diagnostic Products Corp., USA) following extraction of the 
plasma with dichloromethane. Concentrations are expressed relative to the kit reference with a 
sensitivity of 6 pg/ml at 90% B/Bo. The inter- and intra-assay variations were 13.7% and 
14.7% respectively. Another RIA kit (ICN Biomedicals Inc, Costa Mesa, USA) was used for 
corticosterone determination. Concentrations are expressed relative to the kit reference with a 
sensitivity of 8 ng/ml at 90% B/Bo. The inter- and intra-assay variations of the kit were 6.9% 
and 7.2% respectively. 
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Data analysis 
Mean ± s.e.m. PRL and corticosterone concentrations were calculated for each time point. 
Effects of treatment and time were evaluated using an ANOVA for repeated measures, 
followed by Tukey's post-hoc test when significant differences were indicated. For 
comparison of the PRL and corticosterone profiles between different microdialysis 
experiments, the ANOVA was performed including only the times ZT 7.5 to 12.5, because 
these samples overlapped in all experiments. Possible relations between plasma PRL and 
corticosterone levels were investigated with Pearson's correlation analysis. Effects were 
considered to be significant if p < 0.05. 

RESULTS 
Probe localizations 
Microdialysis probes were located between the rostral anteroventral periventricular nucleus 
and the caudal medial preoptic nucleus according to the atlas of Swanson (plate 17 to 22) 
(333). Animals with probes that were placed within the third ventricle or caudal from the SCN 
were excluded from further analysis, i.e. one animal from Exp. 2a, two from Exp. 2c and five 
from Exp. 3a. Although in the remaining animals variation still existed in the probe 
localizations, no correlation with PRL or corticosterone release was detected. 
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Figure 1. Mean ± s.e.m. PRL (A,C) and corticosterone (B,D). In SCN-intact animals, VP microdialysis (•, 
n=26) from ZT 7.5-12.5 significantly suppressed the PRL surge [(F(l,34) =18.56, p<0.01), time 
(F(7,238)=2.195, p<0.05) and time x treatment (F(7,238)=9.213, p<0.01)]. without affecting corticosterone 
levels ( A.B). PRL and corticosterone levels in Ringer-treated animals (o, n=10) were comparable to proestrus 
levels (areas between dotted lines in A and B. mean levels +/- 1 s.e.m, n=8). In SCN-lesioned animals, VP 
administration (•. n=9) did not affect either PRL or corticosterone secretion (C,D). In Ringer-infused animals 
(o, n=6). both PRL and corticosterone were at constant levels, reduced compared to SCN-inlact rats. Black 
bar = dark period; horizontal hatched bar = period of microdialysis. 

Prolactin secretion 
All intact cycling females resumed regular cycles after surgery, although this took more time 
in animals operated on diestrus I (12.3 ± 0.48 days to first proestrus) than in animals operated 
on proestrus or estrus (4.8 ± 0.73 days to first proestrus). The E2-induced PRL surge in Exp. 
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2a was comparable in amplitude, timing and duration to that observed on proestrus in intact 
females (Fig. 1 A). However, PRL surges in animals dialyzed with Ringer from ZT 0-5 or 4-7 
were significantly reduced compared to Exp. 2a and proestrus animals (p <0.01). Still, 
significant changes in PRL release over time occurred in these animals (F(9,144)=9.65, 
p<0.01), with higher PRL concentrations in the afternoon (p<0.05), indicating that a PRL 
surge was still present albeit with a reduced amplitude (Fig. 2). 
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Figure 2. Mean ± s.e.m. PRL levels 
in SCN-intact, OVX + E2 animals 
receiving Ringer microdialysis from 
ZT 7.5-12.5 (•), ZT 4-7 (•), or ZT 
0-5 (A). PRL levels were 
significantly lower in the ZT 0-5 and 
4-7 groups (p<0.05), but still showed 
a surge-like release pattern. Black 
bar = dark period. 
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VP administration from ZT 7.5-12.5 in SCN-intact, OVX + E2 rats clearly suppressed the 
afternoon surge, resulting in significantly lower PRL concentrations during the dialysis period 
from ZT 8.5 till ZT 12.5 (p<0.05, Fig. 1A). After the 5-hour dialysis period, PRL 
concentrations returned to control levels. Neither VP administration from ZT 0-5 nor VlaR 
antagonist administration from ZT 0-5 or 4-7 affected PRL surges compared to their 
corresponding control groups (data not shown). 
Of the 96 animals that were lesioned, 15 (Exp. 2c) and 7 (Exp. 4) animals remained for 
statistical analysis. All others were excluded based on behavioral rhythmicity prior to the 
experiments, histological incomplete lesions, or misplaced microdialysis probes. PRL surges 
were absent in SCN-lesioned rats, indicated by the significantly reduced, constant PRL levels 
between ZT 7.5-12.5 (Fig.lC). VP administration from ZT 7.5-12.5 did not affect PRL release 
in SCN-lesioned animals (Fig. 1C). At ZT 4, PRL levels did not differ significantly between 
SCN-lesioned and -intact animals (SCN-lesioned: 18.4 ± 6.7, SCN-intact: 5.7 ± 2.4 ng/ml, 
p=0.087), and the onset of the PRL surge was absent in SCN-lesioned animals (Fig. 3A). 
DOM administration resulted in a pronounced increase in PRL secretion in both SCN-
lesioned and -intact animals, but the response was significantly higher in SCN-intact rats (Fig. 
3A). 

Corticosterone secretion 
Corticosterone levels in OVX + E2 animals in Exp. 2a were comparable to proestrus levels, 
although the diurnal peak seems to be less pronounced (Fig. IB). In SCN-lesioned animals 
corticosterone levels were at constant intermediate levels, without a daily peak (Fig. ID). 
Although corticosterone levels varied considerably, no statistical differences were observed 
between the different microdialysis experiments (data not shown). Corticosterone release was 
unaffected by all VP (Fig. ID) or VlaR antagonist administration periods (data not shown). In 
Exp. 4, corticosterone levels at ZT 4 tended to be higher in SCN-lesioned animals (63.9 ± 8.4 
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ng/ml) compared to SCN-intact animals (34.9 ± 12.2 ng/ml, p=0.061). No changes over time 
or effect of treatment were observed (Fig 3B). PRL and corticosterone levels did not correlate 
with each other in any of the experiments. 

Estradiol 
The ET implants used for the microdialysis experiments (Exp. 2 and 3) resulted in plasma ET 
concentrations within the physiological range (39.6 ± 2.1 pg/ml). In Exp. 4, comparable 
physiological levels of plasma Ei were detected during both the first (31.6 ± 1.8 pg/ml) and 
second (32.5 ± 3.5 pg/ml) experiment. In all experiments, E2 concentrations showed some 
variation among animals, but did not correlate with PRL or corticosterone concentrations. 

Figure 3. Mean ± s.e.m. PRL (A) and 
eorticosterone (B) levels in SCN-intaet (circles, 
n=7) and SCN-lesioned ( triangles. n=7) OVX 
+Ei animals. Significant effects of lime 
(F(7,168)=24.85, p<0.01), treatment (F(3,24)= 
19.36, p<0.01) and their interaction (F(21,168)= 
14.35. p<0.01) on PRL secretion, were observed. 
DOM-treatment (black symbols and bars) 
resulted in a significant PRL secretory response 
compared to saline-treatment (open symbols and 
bars) and this response was significantly higher 
in SCN-intact compared to SCN-lesioned 
animals (# p<0.05). Indeed the total amount of 
PRL released during the sampling period (insert 
in A) differed significantly between lesioned and 
intact rats after DOM treatment (1-way ANOVA. 
# p<0.05 compared same treatment in SCN-
lesioned rats. * p<0.05 compared saline of same 
lesion groups). No significant differences were 
observed for corticosterone secretion. 
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DISCUSSION 
In the present study, we show a clear time-dependent inhibitory effect of VP administration in 
the MPO on the E2-induced PRL surge; only VP dialysis during the second half of the light 
period suppressed the PRL surge. At the same time, corticosterone levels were not only 
comparable between Ringer- and VP-treated animals, but also comparable to proestrus levels. 
Thus, the decrease in PRL levels is not the result of a stress-induced response, since stress 
would also affect corticosterone secretion. However, the reduced PRL surges seen in animals 
dialyzed prior to ZT 7 were accompanied by lower corticosterone levels as well, although no 
significant correlations were detected between PRL and corticosterone levels. These results 
suggest that dialysis of the MPO per se affects the expression of the full PRL surge in a time-
dependent manner, as well as the activity of the hypothalamus-pituitary-adrenal axis. 
Inhibition of the PRL surge was observed only when VP was administered at the moment that 
endogenous VP secretion by SCN neurons decreases. The circadian release pattern of VP by 
SCN neurons shows a peak during the middle of the day, and starts to decrease from ZT 7 
resulting in minimal levels during the dark period (158). These results suggest that the 
decrease in endogenous VP levels in the MPO is a prerequisite for the occurrence of the PRL 
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surge. VP administration from ZT 0-5 is without effect, likely because PRL secretion is then 
already suppressed by the increasing and peak endogenous VP levels. 
A role for endogenous VP in the regulation of the PRL surge was not established. VlaR 
antagonist administration before the PRL surge onset (ZT 0-5 or 4-7) did not result in 
increased basal PRL levels or an advancement of the PRL surge. Since antagonist 
administration was performed unilaterally, it is possible that normal VP neurotransmission in 
the contralateral MPO was sufficient to inhibit PRL secretion and thus to prevent a rise in 
PRL. Indeed, a bilateral blockade of GABA receptors is necessary to completely prevent 
GABA-mediated inhibition of melatonin secretion (159). In addition, the antagonist used is 
very specific for the Via receptor (17). Both Via and Vlb receptor gene expression was 
demonstrated in the MPO (254,349). Based on our results we cannot exclude that the 
inhibitory effect of VP is mediated by the Vlb receptor. Thus although the ability of VP to 
inhibit surge release of PRL via its action in the MPO is clearly demonstrated, we cannot 
conclude if and how endogenous VP is involved in PRL regulation. 
The preovulatory PRL surge is the result of reduced inhibitory and increased stimulatory 
regulation (20). The major inhibitory factor is DA, while a variety of compounds have been 
implicated as physiological stimulatory factors. DA-ergic activity is controlled by the SCN 
and shows a circadian decrease in the afternoon, which is necessary for the induction of the 
PRL surge (199,217,301,303). We hypothesize that the inhibitory effect of VP administration 
in the MPO on PRL release is mediated via DA (71), via direct projections of the MPO to the 
DA-ergic neurons in the periventricular-arcuate region (118). This provides a second putative 
pathway for SCN control of DA-ergic activity, since DA-ergic neurons are also directly 
innervated by SCN fibers, with yet unknown neurotransmitter content (270). 
In order to study if the SCN provides solely an inhibitory control of PRL secretion, directly or 
indirectly via VP in the MPO, SCN-lesions were made. This results in a depletion of VP 
innervation of the MPO, and a concomitant reduction in DA-ergic activity, which remains 
constant over the day (68,130,217,368). If DA would be the sole regulator of PRL secretion, 
SCN lesions would result in constant intermediate PRL levels. However, complete lesions of 
the SCN in OVX + E2 rats resulted in constant low PRL levels, which at ZT 4 tended to be 
higher than normal basal PRL levels in SCN-intact animals. These results show that the SCN 
also provides a stimulatory signal for the PRL surge, in addition to its DA-mediated inhibitory 
control. 
The stimulatory role of the SCN was further confirmed by the fact that the PRL secretory 
response to a peripheral blockade of DA receptors with DOM was diminished in SCN-
lesioned animals as compared to SCN-intact rats. These data suggest that the SCN is involved 
in the regulation of the capacity of the pituitary to release PRL. The smaller, but significant 
response to DOM in lesioned animals probably reflects the intrinsic PRL releasing capacity of 
the pituitary. Indeed, pituitary stalk sections, lesions of the median eminence or pituitary 
grafts in hypophysectomized rats result in an increase in PRL secretion, indicating the 
intrinsic capacity of lactotrophs to secrete PRL in a pulsatile fashion independent from 
hypothalamic control (23,50,166,306). 
In previous studies DOM treatment of OVX rats revealed a diurnal rhythm in the magnitude 
of the secretory response, in which vasoactive intestinal polypeptide (VIP), serotonin and 
oxytocin (OT) play a role (12). Indeed, i.e.v. infusions of VIP- or OT antisera decrease the 
amplitude of the PRL surge (153,356), although the exact anatomical location of their action 
remains unknown. Also, the recently described inhibitory effect of a VI antagonist on the 
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proestrus PRL surge (96), is likely to be mediated by OT receptors, since that antagonist is 
non-selective for the Via, Vlb and OT receptor (17). The presence of a diurnal rhythm in the 
activity of OT neurons, VIP release and serotonin turnover in the PVN (13,14), and the role of 
VIP as an SCN neurotransmitter, suggest that the decrease in the PRL secretory response in 
SCN-lesioned animals is due to SCN regulation of these PRFs. 
In conclusion, we showed a clear, time-dependent, inhibitory role for VP in the regulation of 
the PRL surge, most likely via an MPO-mediated stimulation of DA release in the median 
eminence. We hypothesize that SCN control of the PRL surge consists of the circadian 
regulation of DA-ergic activity, via VP-ergic projections to the MPO or direct projections to 
DA-ergic neurons. In addition, our results strongly suggest a role for the SCN in the 
stimulation of PRL secretion as well, possibly via rhythmic regulation of specific PRFs in the 
hypothalamus. 
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ABSTRACT 
Male and female rats differ in their ability to produce a surge in gonadotropin-releasing 
hormone (GnRH) and subsequently in luteinizing hormone (LH) in response to estradiol 
feedback. The LH surge, responsible for ovulation in the female, requires a circadian signal 
from the suprachiasmatic nucleus (SCN). Vasopressin (AVP), a neurotransmitter of the SCN, 
has been suggested to act as such a stimulatory, circadian signal. In the present study, we 
investigated the presence of interactions between AVP-containing fibers and GnRH neurons 
in male and female rats, and the contribution of the SCN to these interactions. Double 
immunocytochemistry for AVP and GnRH was performed in animals with an intact, 
unilaterally or bilaterally lesioned SCN. A small subpopulation of GnRH neurons located in 
the preoptic area received AVP-input in both sexes. In males, a significantly larger proportion 
of GnRH neurons was contacted by AVP fibers compared to females (15.8 ± 0.5 vs 12.1 ± 0.7 
%). Unilateral SCN-lesions reduced AVP-GnRH connectivity significantly on the lesioned 
side in both sexes, and also on the intact side in males. Bilateral lesions significantly reduced 
AVP-GnRH connectivity in both sexes, and eliminated the sex differences in AVP-GnRH 
interactions as observed in intact animals. These data indicate that AVP-containing 
projections of the SCN to GnRH neurons are more abundant in males compared to females. In 
addition. SCN-derived AVP projections to contralaterally localized GnRH neurons seem to be 
more numerous in males. The functional significance of these sex differences with respect to 
reproductive functioning in males and females are discussed. 
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INTRODUCTION 
The regulation of luteinizing hormone (LH) secretion is a sexually differentiated 
neuroendocrine function in mammals. In both sexes, the gonadotropin-releasing hormone 
(GnRH) neurons are the principal neurons responsible for the secretion of LH. Only females 
possess the ability to generate a surge in GnRH by positive feedback actions of estradiol (E2), 
leading to the proestrus LH surge. In male rats, the GnRH neurons are tonically inhibited by 
testosterone (T) (206), and ET administration is unable to induce (fos)-activation of GnRH 
neurons and an LH surge (60,127,135). This sex difference is most likely the result of 
organizational effects of sex steroids during perinatal development. Castration of males 
shortly after birth results in a female-like brain development, such that E? can induce LH 
surges in adulthood. Females that are androgenized shortly after birth develop a male-like 
hypothalamus, which is unresponsive to E2 treatment (72). The number of GnRH neurons, 
their distribution and their morphology are remarkably similar between male and female 
animals (313). Thus far, only sex differences in the amount of synaptic input to GnRH 
neurons have been reported, i.e. a higher input has been found in females (52). 
The suprachiasmatic nucleus (SCN) is indispensable for the initiation and occurrence of LH 
surges and expression of estrus cyclicity. Complete ablation of the SCN results in persistent 
estrus and abolishes LH surges in cycling female rats (27,171,211). The SCN provides 
temporal signals that ensure reproductive events to occur at the proper time of day or season, 
likely via extensive axonal projections throughout the hypothalamus (157,165). The SCN 
provides direct input to GnRH neurons (355) as well as to estrogen-receptive neurons in the 
MPO (369). The direct connection between the SCN and GnRH neurons has been shown to 
contain vasoactive intestinal polypeptide (VIP) (358). In female rats, more GnRH neurons are 
innervated by VIP fibers, and the number of VIP boutons contacting a GnRH cell is higher 
than in males (133). These morphological data together with the demonstration of a 
physiological role for VIP in the regulation of the LH surge (25,356) indicate that the sex-
specific connectivity between the SCN and GnRH system may underlie the lack of LH surges 
in male rats. 

In addition to VIP, arginin-vasopressin (AVP) is present in SCN projections to the MPO 
(130). It has been shown that rhythmic AVP release in SCN target areas may function as a 
circadian signal for the regulation of hormonal rhythms (157) and its importance for the LH 
surge was recently described (255). Therefore, we investigated whether AVP-containing 
fibers from the SCN may provide direct input to the GnRH neurons, and if so, whether this 
input is sex-specific. In addition, the contribution of the SCN to the amount of AVP-GnRH 
interactions in males and females was investigated by comparing the AVP-GnRH connectivity 
in control, unilaterally and bilaterally SCN-lesioned rats. 

MATERIALS AND METHODS 

Animals 
Twenty-seven male and thirty-six female Wistar rats (HcdCpd:WU, Harlan, Zeist, the 
Netherlands) were used. Animals were kept in a temperature-controlled room with 4-6 rats in 
a cage, under a regular 12h: 12h light-dark cycle (lights on at 07:00), and with food and water 
available ad libitum. Males and females were housed in separate cages in the same room. All 
experiments were approved by the Animal Experimentation Committee of the Royal 
Netherlands Academy of Sciences. 
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SCN-lesions 
Unilateral and bilateral lesions of the SCN were made at the postpubertal age of 8-9 weeks, to 
exclude possible developmental effects of SCN removal on the reproductive system (241). 
Animals were anaesthetized with a combination of Hypnorm® (0.05 ml/100 g i.m.) and 
Dormicum© (0.03 ml/100 g s.a). Rats were mounted in a stereotactic apparatus with the 
incisor bar at +5 mm. Either one (left side) or two lesion electrodes (diameter: 0.2 mm) were 
lowered into the brain at an angle of 6°, at 1.4 mm rostral and 1.1 mm lateral from bregma, 
and 8.4 mm ventral from the dura. Electrodes were heated to 80°C for 1 minute (lesion 
generator. Radiotronics) and then removed. After recovering from anesthesia, postoperative 
care was provided by the administration of an analgetic (Temgesic®, 0.03mi/100 g). 

Tissue processing 
Three to nine weeks after lesioning, animals were perfused under pentobarbital anesthesia 
(0.3-0.6 ml/animal) with 50-100 ml isotonic saline, followed by 350-500 ml 4% 
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). All animals were perfused within a 
time span of 3-4 hours, starting 2 hours after light onset. Non-lesioned control animals of both 
sexes were included as well. 
Brains were removed from the skull and tissue blocks containing the hypothalamus were post-
fixed for 24 hours in the same fixative at 4 °C. Prior to sectioning, tissue blocks were 
embedded in gelatin and post-fixed overnight (116). Sections (40 |im) were made on a 
vibratome (Oxford, U.K.) and collected in 0.1 M Tris buffer containing 0.9 % NaCl (TBS, pH 
7.4). Two series of alternating sections were made of the preoptic area (from the diagonal 
band of Broca (DBB) to the caudal medial preoptic nucleus (MPN)), followed by 3 series of 
sections containing the SCN area. 

Immunocytochemical procedures 
One series (one third of the sections per animal) of free floating sections containing the SCN 
were single stained for AVP (procedures as described below) to evaluate the extent of the 
lesions. Following evaluation, animals were selected for the double-staining of one series 
(half of the sections per animal) of free-floating sections containing the MPO. Sections were 
pretreated with 3% H 2 0 2 (Merck) in TBS for 20-30 minutes. After extensive rinsing in TBS, 
sections were incubated with a polyclonal antibody raised against AVP (Truus, 29-01-96, 
NIBR. Amsterdam), diluted 1:6000 (MPO) or 1:8000 (SCN) in supermix (TBS + 0.5% triton-
X-100 + 0.25% gelatin) for 1 hour at room temperature (RT), followed by 72 hours at 4 °C. 
After several rinse steps, sections were incubated with biotinylated goat-anti-rabbit IgG 
(Vector Laboratories Inc.. Burlingame, U.S.A.) at a dilution of 1:400 (MPO) or 1:500 (SCN) 
in supermix for 2 hours at RT. Next, sections were incubated in Avidin-Biotin Complex-Elite 
(ABC. Vector Laboratories Inc.) at a final dilution of 1:1200 (MPO) or 1:1500 (SCN) for 2 
hours at RT. The immunoreaction was visualized with a nickel-DAB solution, consisting of 
0.05 % 3.3'-diaminobenzidine (Sigma, St Louis, U.S.A.) with 0.2% nickel-
ammoniumsulphate. and 0.03% H 20 2 in Tris-HCl buffer. 

Sections for double-labeling were washed in a graded series of methanol and finally in 0.3% 
rLO : . followed by extensive washing in TBS. Subsequently, MPO sections were incubated 
with a polyclonal antibody against GnRH (EuroDiagnostica, #PLR2263, 1:10.000) for 1 hour 
at RT. followed by 48 to 72 hours by 4 °C. Further detection of GnRH staining and the 
immunoreaction were performed as described above, with the exception that a DAB solution 
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without nickel was used for visualization of the immunoreaction. Hereafter, sections were 
mounted on glycerin-albumin coated slides (BDH Laboratory Supplies, Poole, England), 
dried, dehydrated through a graded series of ethanol and xylene, and embedded in Depex 
(BDH Laboratory Supplies). These staining procedures resulted in blue-black staining of 
AVP-immunoreactive (-ir) cells and fibers, and a brown staining for GnRH neurons and 
fibers. Due to the large amount of animals included, several staining sessions were needed to 
complete the study, each session containing animals from all experimental groups. 

Data analysis 
Animals were divided into 3 groups, based on the inspection of the SCN lesions. Control 
animals were not lesioned and had fully intact bilateral SCN (CTR). Unilaterally lesioned 
(UNI) animals had total ablation of the left side SCN. and less than an estimated 30 % damage 
to the VP-cell population of the right SCN. Bilaterally lesioned (BI) animals had mostly a 
complete ablation of both nuclei, or at least 70 % damage to VP-cell groups in both nuclei. 
Animals with intermediate results were excluded from further analysis. 
A semi-quantitative analysis was carried out to assess the amount of connections between VP-
ir fibers and GnRH-ir neurons. Sections were divided into separate areas, based on the 
distribution of GnRH neurons (127,357), i.e. the rostral medial septum (A, 2 sections), the 
diagonal band of broca (DBB) (B, 5-6 sections), the Organum vasculosum of the lamina 
terminalis (OVLT) (C, 5-6 sections), the MPO (D, 4-5 sections), and the anterior 
hypothalamic area (AHA), (E, 2 sections). Putative contacts of dark blue-black AVP-ir 
varicosities on GnRH-ir cell bodies or proximal dendrites were counted. Using a 40 X 
objective, contacts were counted only when varicosities and cell bodies/proximal dendrites 
were in the same plane of focus. In this way, the total number of GnRH-ir neurons (#GnRH), 
and the number of AVP-contacted GnRH neurons were assessed in the left and right 
hemisphere separately. Due to the large individual variation in #GnRH, we expressed the 
amount of GnRH neurons contacted by AVP fibers as the percentage of the total GnRH 
neuron population (%AVP-GnRH). #GnRH and %AVP-GnRH were compared between left 
and right hemisphere for each group using a dependent samples Student's Mest. Furthermore, 
#GnRH and %AVP-GnRH were compared between CTR, UNI, and BI groups and between 
female and male rats, employing a one-way ANOVA procedure when more than 2 groups 
were compared, or a Student's Mest for independent samples when two groups were 
compared. In addition, the ratio of the %AVP-GnRH at the lesioned (left) versus intact (right) 
side was calculated and compared between groups. Differences were considered to be 
significant when p < 0.05. 

RESULTS 
GnRH-ir was found in cell bodies and fibers dispersed throughout the rostral forebrain, as 
previously described (385). The distribution of GnRH neurons was comparable between male 
and female rats, with most GnRH neurons localized around the OVLT (Fig. 1A). The total 
GnRH cell number of areas A-E did not differ between CTR-males (237.9 ± 14) and -females 
(212.4 ± 29.1). The total GnRH cell number was comparable between CTR and BI animals of 
both sexes, and GnRH cell number did not differ between left and right hemisphere in any 
group (data not shown). In UNI-females, significantly less GnRH cells were found (156.7 ± 
19.8) compared to BI (253 ± 14.0, p=0.025), but not CTR females (212.2 ± 29.1). 
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Figure I. The distribution pattern of GnRH neurons (A) and the percentage of AVP-contacted GnRH neurons 
(B) in CTR males (n=7; black bars) and CTR females (n=9; white bars). The only sex differences was found 
in the amount of %AVP-GnRH in area B (*, p=0.006). Area A = medial septum, area B = diagonal band of 
Broca, area C = Organum vasculosum of the lamina terminals, area D = medial preoptic area, area E = anterior 
hypothalamic area. 

AVP-ir fibers were found in the septum alongside the lateral ventricles, in the (ventral) DBB, 
around the OVLT, alongside the third ventricle in the MPO, in the BNST and between the 
PVN and SON, as described previously (70). In general, more VP fibers were seen around the 
DBB and MPO in males, although this was not quantified. AVP varicosities were found in 
close apposition to a small subpopulation of GnRH cell bodies in both males and females 
(Fig. 2). The majority of AVP-contacted GnRH neurons was localized in areas C and D. 
Although the distribution pattern of contacted GnRH neurons was comparable between sexes, 
a consistently larger portion of the GnRH neurons was contacted by AVP fibers in males, 
albeit only significantly in area B (p=0.006) (Fig. IB). When the data of areas A-E were 
combined, a significant higher percentage AVP-GnRH was found in males (15.8 ± 0.5 %) 
compared to females (12.1 ±0.7 %, p=0.004). 

Figure 2. Double labeling immunocytochemistry for AVP and GnRH in the preoptic area of the rat. Contacts 
of blue-black fiber varicosities containing AVP (arrows) with brown GnRH cell bodies or proximal dendrites 
were present at the light microscopical levels in both males and female rats. 
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Figure 3. Disappearance of AVP-input to GnRH neurons in males (n=8; A) and females (n=9; B) following 
bilateral lesions of the SCN. %AVP-GnRH was significantly reduced in areas C and D in both sexes, and in 
area B in males (*, p < 0.01). In females, the difference in area B just escaped significance (p=0.062). Black 
bars: CTR animals, white bars: BI animals. 

Bilateral lesions of the SCN resulted in a significant loss of AVP-GnRH connectivity in the 
areas C and D both in males and females, and in area B in males (females: p=0.062), but not 
in areas A and E (Fig. 3). The remaining total %AVP-GnRH in BI animals did not differ 
between male and female animals (4.8 ± 0.6 % and 4.1 ± 0.5 % respectively). In UNI-animals, 
connectivity was reduced at the lesioned (=left) side of the brain in both sexes, resulting in 
significant differences between left and right side in this group only (Fig. 4). In males, the 
%AVP-GnRH was also significantly reduced at the right, intact side compared to the right 
side in CTR males (P<0.001). Consequently, unilateral lesions reduced the left/right ratio of 
% AVP-GnRH compared to CTR-animals significantly in females (p=0.001), but not in males 
(p=0.099, Fig. 4 insert). Ratios in BI animals were comparable to those found in CTR-animals 
(data not shown). 

m 

Figure 4. VP-GnRH connectivity in the left [///] and right [\\\] hemispheres in females (A) and males (B) with 
intact (CTR), unilaterally lesioned (UNI; females n=6; males n=5) or bilaterally lesioned (BI) SCN. Different 
letters indicate significant differences between left and right hemisphere and between groups. %AVP-GnRH 
was significantly different between left and right side UNI-animals only (p<0.01). Note that in UNI males 
connectivity in both left and right hemisphere is reduced, whereas in females only the lesioned (left) side is 
affected. Consequently the left/right ratio is reduced in UNI compared to CTR animals, but only significantly 
in females (*, p<0.01, insert in A). 
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DISCUSSION 

In the present study, we found that a larger proportion of GnRH neurons is contacted by AVP 
fibers in males compared to females. The distribution of AVP-contacted GnRH neurons did 
not differ between the sexes. VP-GnRH contacts were most often observed in the OVLT and 
MPO region in both sexes. These areas are indeed major target areas of the SCN (371), and 
also of the VP-synthesizing cells of the dorsomedial SCN (130,355). Not only AVP-GnRH 
contacts, but AVP innervation of the MPO in general appears to be larger in males (368). Yet, 
the total synaptic input on GnRH neurons is more numerous in female rats. Both ß-endorphin 
and VIP input may contribute to this sex difference, while GnRH-GnRH contacts are 
comparable between sexes (52,133). Thus, although total synaptic input to GnRH neurons is 
larger in females, our results demonstrate that this observation depends on the biochemical 
content of the input studied. 

The distribution and total number of GnRH neurons was comparable between sexes, in line 
with previous reports showing a comparable morphology and distribution of GnRH neurons 
between males and females (133,313,358,384,388). However, we observed a large individual 
variation in cell number and staining intensity (358). We suggest that the lighter staining 
intensity in UNI-females caused the lower GnRH cell counts in this group. It is highly 
unlikely that the unilateral lesion of the SCN is responsible for the reduced cell number, since 
we observed no difference in GnRH cell number between the lesioned and intact side in the 
present experiment as well as in a previous study (358). In addition, bilateral lesions did not 
affect GnRH cell number in males or females compared to control animals in the present and 
earlier studies (211). 

The majority of the AVP input to GnRH neurons is derived from the SCN, as demonstrated by 
the significant reduction in total AVP-GnRH connectivity in BI-males and -females. The 
results in these BI-animals also demonstrated that the observed sex difference originates in the 
SCN. The relatively limited AVP input onto GnRH neurons that remained after the lesion in 
both sexes must originate from another source. For instance, interactions between AVP fibers 
from the supraoptic nucleus and GnRH neurons have been found in monkeys, but it remains 
to be investigated if such contacts exist in rats (343). Unilateral lesions of the SCN caused a 
significant reduction of %AVP-GnRH on the left (=lesioned) side in both sexes but less 
pronounced in males. In addition. %AVP-GnRH was also reduced on the intact sides in males, 
but not in females. As a result the left/right ratio was less reduced in males compared to 
females after unilateral lesions. This suggests that each nucleus of the SCN contributes to 
AVP-GnRH connectivity on the ipsilateral and contralateral side in males, but only on the 
ipsilateral side in females. 

Differences in medial preoptic synaptic connectivity have been associated with the ability to 
show LH surges (reviewed in (76)). Since the SCN is crucial for the regulation of the LH 
surge in females (reviewed in (353)), it is likely that sex differences in SCN-GnRH 
connectivity may underlie the sexual dimorphic surge mechanism. Indeed, VIP-GnRH 
interactions are largely derived from the SCN (358) and are more abundant in females (133). 
The stimulatory role of VIP in the activation of GnRH neurons (354) and thereby the LH 
surge (120,356), implies that VIP may function as a circadian signal for the LH surge acting 
directly onto GnRH neurons. Recently, we showed that AVP release in the MPO may also 
function as a circadian signal for the initiation of the LH surge (255). The SCN-derived AVP-
GnRH interactions in females, however, are relatively sparse compared to VIP-GnRH 
connectivity (± 12 % for AVP vs 40% for VIP) (357,358). Because AVP input to GnRH 
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neurons is also less abundant in females than in males, it is unlikely that AVP acts directly on 
GnRH neurons to induce an LH surge (255). AVP fibers also interact with estrogen-receptive 
neurons within the MPO, which are involved in the positive feedback effects of E2 on the 
activation of GnRH neurons (154,367,369). Based on these arguments, it seems more logical 
that AVP acts primarily on estrogen-receptive neurons to time the initiation of the LH surge in 
females. 
We would like to suggest that direct AVP-GnRH interactions are involved in the regulation of 
other sex-specific circadian functions. For instance, daily rhythms in sexual behavior 
(83,327,330), semen quality (37), GnRH gene expression (113) and hormone release (10,347) 
have been described in males. The role of the SCN has been demonstrated in the regulation of 
sexual behavior in both sexes (119,328). Since GnRH projections to the midbrain central gray 
have been implicated in the regulation of both male and female sexual behavior 
(73,223,264,276,345), direct SCN input to centrally projecting GnRH neurons (384,385) 
provide a putative anatomical pathway for the circadian regulation of sexual behavior in both 
sexes. AVP has indeed been implicated in the circadian regulation of female sexual behavior 
(326), whereas its role in male sexual behavior needs to be investigated. 
In conclusion, the present study provides further evidence for a sexual dimorphic projection 
from the SCN directly onto the GnRH neurons, i.e. AVP input to GnRH neurons is 
significantly larger in males than in females, and this sex difference is absent in animals with 
bilateral lesions of the SCN. In addition, unilateral lesions suggested that the amount of AVP-
ergic contralateral projections of the SCN to GnRH neurons is larger in males compared to 
females. Based on this study and our previously reported data on sex differences in VIP-
GnRH connectivity, we hypothesize that the difference between males and females in the 
density of the SCN projection to GnRH neurons in addition to its putative transmitter content 
provides a morphological basis for the gender specific regulation of LH release. 
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ABSTRACT 
Ovarian steroids, which are necessary for the induction of the preovulatory hormone surges in 
the female rat, also modify the expression of behavioral and physiological rhythms. Intensity 
and period of activity patterns are respectively increased and shortened by estradiol, 
suggesting that the circadian system is affected by estradiol. In the present study we 
investigated if estradiol affects activity rhythms via effects on the circadian clock, the 
suprachiasmatic nucleus (SCN). Hereto, the effects of ovariectomy and estradiol replacement 
were studied in the presence and absence of an intact SCN under 12/12 light-dark or 
continuous dark conditions. Furthermore, the effects of estradiol replacement directly at or 4 
weeks after ovariectomy were investigated in SCN-intact animals only. 

The intensity of general locomotor activity (AC) and wheelrunning behavior (RW) was 
increased by estradiol in SCN-intact animals, independent of environmental light conditions. 
However, the increase was significantly larger when estradiol was given simultaneously with 
ovariectomy compared to administration after 4 weeks of ovariectomy. The presence of an 
intact SCN appeared to be crucial for the effects of estradiol on AC, but not RW activity. 
Estradiol even suppressed AC activity in completely SCN lesioned females. 
These data demonstrate that estradiol affects the intensity of one behavioral output (AC) via 
effects on SCN neurons, but affects other behavioral outputs (RW) via pathways separate 
from the SCN. In addition, estradiol-induced modifications of behavior do not depend on the 
state of the SCN (i.e. entrained vs freerunning). The magnitude of estradiol effects in SCN-
intact animals is determined by the steroid status of the animal prior to estradiol 
administration, likely caused by alterations in the regulation of estrogen receptors. 
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INTRODUCTION 
Female rodents show interdaily variations in their behavioral activity patterns. Already in 
1923, Wang reported the existence of this variation in activity and postulated a relation with 
the estrus cycle (365). A more recent study characterized activity changes over the estrous 
cycle in more detail, and showed a variation in the period, onset and intensity of the rhythm, 
with higher activity on the estrus day of the cycle (9). Not only behavioral rhythms, but also 
autonomic rhythms fluctuate over the estrus cycle, such as mean arterial blood pressure, heart 
rate and body temperature (334). 
These variations in behavioral and physiological rhythms over the estrus cycle are induced by 
fluctuating levels in gonadal steroids. Estradiol (E2) secretion gradually increases starting at 
diestrus, culminating in a peak on proestrus morning (325). E2 administration has indeed been 
shown to advance activity onset, shorten the period and increase the amount of activity, 
similar to the changes observed on the estrus-day of the cycle (8,106,220,239,396). In 
addition, food intake and body weight, as well as the amplitude of body temperature and heart 
rate rhythms are reduced in female rats after E2 treatment (220,278). Apart from changing the 
appearance of these rhythms, E2 seems to assist in the maintenance of unified activity 
rhythms, since the disruptive effects of continuous light exposure (LL) in ovariectomized 
(OVX) animals are reduced by treatment of E2 (236,238,344). 
The rhythmic expression of behavioral and physiological parameters is organized by the 
suprachiasmatic nucleus (SCN). It is yet unkonwn whether E2 acts at the level of the SCN to 
change the amplitude of behavioral circadian rhythms or whether other pathways used. The 
way circadian and E2 signals interact is also of interest for the regulation of the estrus cycle 
itself. Several events that occur during the rat estrus cycle, such as the surges in luteinizing 
hormone and prolactin, require both a positive feedback signal by E2 and a circadian signal 
from the SCN (94,205,353). The SCN functions as a source of time cues to restrict 
reproductive event to the proper time of day as well as to the proper season. It has been shown 
that E2 not only induces LH surges in rats and hamsters but is also able to advance the timing 
of daily LH surges in hamsters kept in a short day light-dark cycle (229). However, how these 
signals are integrated to produce a surge on the afternoon of proestrus remains unknown. 
In order to investigate whether E2 affects the activity cycle via the SCN, we investigated the 
effects of ovariectomy (OVX) and E2 replacement in SCN-intact (SCNi) and SCN-lesioned 
(SCNx) animals. Since effects of E2 on activity may interfere with light-input, because the 
intergeniculate leaflet (IGL), a major relay station for light-input to the SCN, contains ERß 
mRNA (134), animals were kept under a 12/12 light-dark schedule (LD) or continuous 
darkness (DD). In addition, differences between E2 administration directly at or 4 weeks after 
OVX, were investigated in SCNi animals, since changes in E2 feedback induced by OVX may 
affect the responses to E2. Wheelrunning activity (RW) and general locomotor activity (AC) 
were registered continuously and the effects of OVX and E2 replacement on the expression of 
these behaviors analyzed. 

MATERIALS AND METHODS 
Subjects 
Sixty-four female Wistar rats (HcdCpd:WU, Harlan, Zeist, The Netherlands) were used. 
Animals were kept in a temperature-controlled room with 4-6 rats in a cage, under a 12/12 
light-dark schedule, until the start of the experiment. Food and water were available ad 
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libitum throughout the experiment. All experiments were approved by the animal 
experimental committee of the Royal Netherlands Academy of Sciences. 

Registration of behavior 

For continuous registration of behavioral activity, animals were housed individually in light-
and sound-tight ventilated rhythm-recording cages (40 x 40 x 38 cm), with access to a running 
wheel. The bottom of the cage consists of a metal grid on which a small perspex cage 
containing sawdust was placed. AC activity was monitored by counting the interruptions of 
two overlapping infrared beams in the ceiling of the cage. Similarly, eating behavior was 
registered by interruptions of an infrared beam in front of the food bin. RW activity was 
monitored in a 34.5 cm running wheel (eight pulses per rotation) (Techniplast, Buguggiate, 
Italy). Drinking behavior was registered via the generation of an electrical signal upon contact 
with the nipple of the water bottle. The rhythm-recording cages were designed and made in 
our institute, and are connected with an on-line computer system collecting automatically all 
behaviors at a frequency of 1 registration per 6 minutes. 

SCN-lesions 
Bilateral SCN lesions were made in 48, 9 week old female rats, as described previously (255). 
In short, electrodes were lowered into the SCN area using a stereotactic apparatus, and were 
heated for 1 minute to 80 °C. After 2 weeks of recovery, behavioral rhythmicity was checked 
by monitoring daily water uptake in individual animals for 3 weeks. When animals drank 33% 
of their daily water uptake during 8 hours of the light period, they were considered to be 
arrhythmic. In general, about one third of the lesioned animals appear to be arrhythmic using 
these surgery techniques. At the end of the experiments, brains of SCNx animals were fixed in 
4 % paraformaldehyde for 2 weeks, sectioned and stained for detailed examination of the 
lesion. Alternate series of 40 u,m sections were stained for vasoactive intestinal polypeptide 
(Viper. 1:10000, Netherlands Institute for Brain Research, Amsterdam, the Netherlands) or 
vasopressin (Truus, 1: 10000, NIBR, Amsterdam, the Netherlands). Biotinylated Goat-anti 
Rabbit IgG was used as a second antibody, followed by Avidin-Biotin Complex-Elite (Vector 
Laboratories Inc). The staining reaction was visualized with 0.05 % DAB and 0.03 % H2O2. 
Stained sections were inspected for the presence of remaining cells and fibers from the SCN. 

Experimental setup 
Sixteen SCNi and 16 arrhythmic SCNx animals were placed in the rhythm recording cages at 
an age of 14-16 weeks (= day 0). The light intensity in the center of the cage was 100 lx 
during the light period and 0.1 lx or less during the dark period. All animals were handled 
daily during the first week in the cages to reduce novelty and isolation stress. Thereafter 
animals were weighed and cages were cleaned once a week on an irregular basis to avoid 
entrainment. 

On days 35-36. all animals were OVX-ed under Hypnorm® anesthesia and given a 
subcutaneous silicon implant containing either cholesterol (5-cholesten-3ß-ol, Steraloids, 
Wilton), or a mixture of cholesterol and estradiol-17ß (E2, Diosynth Oss, the Netherlands, 
4:1 ). On days 64-65, animals were anaesthetized with Isoflurane® (5 % for induction, 1% for 
maintenance) and N2O2/O2 mixture and the implants were replaced such that animals having 
E2 implants, now received cholesterol implants and vice versa. 



52 CHAPTER 6 

At the end of the experiments (after day 91), animals were decapitated and trunk blood was 
collected to determine plasma E2 concentrations. In a separate group of animals, used for 
another experiment (I.F. Palm, unpublished data), the release pattern of comparable E2 

implants was monitored by taking weekly blood samples for 4 weeks. Furthermore, E2 

samples were taken from ! 1 SCNx animals from the tail vein after animals were anaesthetized 
for OVX (day 35-36). E2 was determined with a RIA kit (Diagnostic Products Corp., USA) 
following extraction of the plasma with dichloromethane. Concentrations are expressed 
relative to the kit reference with a sensitivity of 6 pg/ml at 90 % B/Bo. The inter- and intra-
assay variations were 13.7 % and 14.7 % respectively. 

Experimental groups 

The effects of OVX and E2 replacement were studied within animals under different lighting 
and hormonal conditions. Firstly, the effect of a free-running or an entrained biological clock 
was studied by placing animals in a 12/12 light dark cycle (LD) or in continuous darkness 
(DD). Secondly, the effects of the order of OVX and E2 treatment were studied. After the 
control period (C), animals were OVX and received a cholesterol implant (O) later changed 
for an E2 implant (E) (COE-animals), or the other way around (CEO-animals). Due to limited 
capacity of the circadian registration cages, and the large amount of animals that had to be 
lesioned in order to have enough completely ablated animals, the treatment order was studied 
only in SCNi animals. For the SCNx animals we chose one of the treatments arbitrarily. Thus, 
6 groups of animals were formed (Table 1 ). 

Tabic 1 : experimental groups used in the present study 

group n treatment order SCN lesion light conditions 

A 4 CEO no LD 

B 4 COE no LD 

C 4 CEO no DD 

D 4 COE no DD 

E 8 COE yes LD 

F 8 COE yes DD 

Treatment order: C = control period. E = E : implant, O = cholesterol implant. 

Data analysis and statistics 

Behavioral data were depicted in double-plotted actograms (TAU, J. Schuil, Minimitter Co, 
Inc. Oregon, USA). Three periods of 14 days were analyzed for circadian parameters and the 
amount of behavior. Analysis periods were chosen such that animals were allowed at least 2 
weeks to adapt to the new cages or to recover from surgery. Thus, period 1 (PL days 21-35), 
just prior to OVX, represents the control (C) situation. Period 2 (P2, days 49-63), just prior to 
the implant-change, represents either the OVX (O; groups B,D,E,F) or E2 (E; groups A.C) 
situation, while period 3 (P3, days 77-91) represents either E (groups B,D,E,F) or O (groups 
A,C) situation. 
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The presence, period and robustness of rhythms were analyzed using a periodogram analysis 
based on the Lomb-Scargle method (285).using PEANUTS, which was downloaded from the 
Internet (http://www.vu-wien.ac.at/il28/peanuts.htm). Total amount of activity was calculated 
by adding all activity bins over the total period of 14 days or 14 circadian cycles for SCNi 
animals kept under DD conditions (groups C, D). Because freerunning periods were longer 
than 24 hours, more activity bins were included in calculations for groups C and D. The 
difference between amount of behavior over 14 times 24 hours or > 24 hours was less than 1 
%. AC is expressed as total amount of infrared interruptions, and RW is expressed as total 
amount of wheel rotations. 

An ANOVA repeated measures was performed with PI, P2 and P3 as the within subject factor 
(time), and with group A-F as between subjects factor (group). In this way, effects of LD/DD, 
COE/CEO and SCNi/SCNx were examined in an overall test. Tukey's post-hoc test was used 
when significant differences were indicated. A one-way ANOVA procedure was used for 
comparison of AC and RW levels during the control period between the various groups. 
Because behavioral activity varied considerably between individual animals in this period, the 
effects of OVX and E2 treatment were also expressed independent of the basal activity levels, 
i.e. as c7c of control. Subsequently, one sample, paired samples and independent samples t-
tests were used to investigate differences between control, OVX and E2 periods within and 
between separate groups. P-levels < 0.05 were considered to indicate significant differences. 

RESULTS 

Lesioning of the SCN caused intermediate E2 levels in gonadal intact females (14.7 ± 2.6 
pg/ml). OVX resulted in E2 levels that are significantly lower than the levels provided by the 
E2 implants (7.4 ± 1.0 vs 21.7 ± 2.8 pg/ml, p<0.001), as measured at the end of experiments in 
COE and CEO animals. The implants provided E2 levels that are elevated for the whole period 
of 4 weeks, i.e. 20.4 ± 1.8,27.2 ±2.6, 33.6 ± 3.3, and 27.2 ± 1.9 pg/ml at respectively 7, 14, 
21 and 28 days after implantation. These E2 levels are sufficient to induce LH and PRL surges 
during the second week of implantation (I. Palm, unpublished results) and to shorten the free-
running rhythm of SCNi animals kept under DD conditions from 24.32 ± 0.05 hours to 24.2 ± 
0.05 hours (p=0.034). 
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Figure 1. Individual and average values of the total amount of AC (upper panel) and RW (lower panel) 
behavior during the control period for each of the six experimental groups (A-F), and for the combined LD 
and DD groups (A+C. B+D. E+F). See table 1 for details on the experimental groups. Neither AC nor RW 
ditiered between the 6 experimental groups, or between the 3 combined experimental groups. 
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Figure 2. Double plotted aetograms of RW (left panels) and AC (right panels) of individual animals. A: SCNi 
animal (#981a01), CEO, LD conditions; B: SCNi animal (#981bU), COE, LD conditions; C: SCNx animal 
(#981118), COE, DD conditions. PN values during the control period (= days 21-35) are 494.8 (A). 394.0 (B), 
and 64.9 (C). Black triangles in the aetograms indicate the moment of OVX and implant exchange. Times on 
the horizontal axis are clock times. Note that the SCNx animal shows weak rhythmicity. but with highest 
activity during laboratory working hours. 
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The total amount of AC and RW behavior during the control period (PI ) showed considerable 
variation between individual animals, but did not differ significantly between experimental 
groups (Fig 1). Significant effects of time (F(2,46) = 8.3 (AQ/16.2 (RW), p<0.001), group 
(A-F, F(5,23) = 2.7 (AQ/3.2 (RW), p<0.05)) and the interaction of time x group (F( 10,46)= 
5.9 (AC)/ 6.5 (RW), p<0.001) were detected for both AC and RW. Post-hoc analysis, 
however, never indicated significant differences between LD and DD conditions. Although 
AC tended to be higher under DD conditions, both the direction and magnitude of the 
responses to OVX or E2 treatment were comparable. Indeed, separate analysis comparing light 
conditions between otherwise similar groups (A-C, B-D, E-F), did not show interaction effects 
of light with time. Therefore, we combined the LD and DD groups for further analysis, 
resulting in 3 new groups: SCNi CEO treated animals (A+C, n=8), SCNi COE-treated animals 
(B+D, n=8) and SCNx, COE treated animals (E+F, n=13). Furthermore, amount of behavior 
was expressed as percentage of control, to eliminate the effects of the large individual 
variation in AC and RW expression. Total activity during the control period did not differ 
between the 3 new groups, although SCNx animals tended to run less in the wheel (Fig. 1). 
In SCNi animals, OVX reduced and E2 treatment increased AC and RW (Fig. 2A, B). The 
magnitude of these changes depended on the treatment order (Fig. 3 A, B). E2 treatment caused 
an increase in the amount of AC and RW compared to OVX in CEO and COE animals, but 
compared to control only in CEO animals. Consequently, AC and RW levels during E2 

treatment were significantly higher in CEO compared to COE animals. The OVX-induced 
reduction in AC was similarly affected by treatment order: a significant reduction compared to 
control in COE, but not CEO animals. 
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Figure 3. Effects of CEO (n=8) or COE (n=8) treatment order on AC (A) and RW (B) expresseion of SCNi 
animals. Effects are expressed as % of control amounts of AC and RW. Statistical analysis revealed significant 
differences between the control OVX and E2 periods within animals. In addition, the effects of E2 treatment 
differed significantly between treatment orders for RW and AC, and effects of OVX differed for AC only 
(a,b,c, different letters indicate significant differences, p < 0.01 ). Bars: white = CEO; black = COE 

Of the 48 animals that were lesioned, 16 showed arrhythmic water uptake and were used in 
experiments. Two animals died at OVX and one animal (group F) was later excluded from 
analysis, because VP- and VIP-immunoreactive SCN cells remained after the lesion. Still, 
periodogram analysis demonstrated the presence of significant, albeit weak rhythms 
(expressed as PN in the Lomb-Scargle analysis (285)) during the control period in some SCNx 
animals (Table 2). Rhythmic SCNx animals in LD showed most AC activity in the dark 
period, whereas RW occurred predominantly in the light period. Under DD conditions, all 
rhythmic SCNx animals were more active (AC and RW) during the laboratory working hours 
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(Fig 2C). In addition, all SCNx animals displayed rhythmicity with a period close to 24 hours, 
whereas SCNi animals in DD have a significantly longer period (Table 2). 

Table 2: period and robustness of significant rhythmicity detected with the Lomb-Scargle periodogram analysis 
during the control period of SCNi and SCNx animals (285). 

period (x) robustness (PN) 

AC RW AC RW 

SCNi 
LD 24.02 ±0.02 (8/8) 24.03 ± 0.03 (8/8) 332.8 ±57.5 268.2 ± 64.9 

SCNi 
DD 24.32 ±0.05 (8/8) 24.32 ±0.05 (8/8) 251.0 ±47.4 185.1 ±41.6 

SCNx 
LD 24.0 ± 0.04 (5/7) 24.06 ± 0.0 (2/7) 51.9 ± 17.1 61.4 ± 17.1 

SCNx 
DD 23.92 ±0.03 (4/6) 23.83 ±0.13 (2/6) 53.2 ±8.4 43.4 ±7.6 

The numbers between parentheses indicate the number of animals in which significant rhythmicity was detected 
from the total amount of animals in that group. Two animals in the SCNx-LD and 2 animals in the SCNx-DD 
group did not show significant rhythmicity. Note the difference in T between SCNi and SCNx animals under DD 
conditions, and the lower PN in SCNx compared to SCNi animals. 

Despite the presence of weak rhythmicity, the effects of OVX and E2 replacement on AC 
differed in SCNx animals compared to SCNi animals, whereas the effects on RW activity 
were comparable between SCNx and SCNi rats (Fig. 2C). The OVX-induced decrease in AC 
was completely absent in SCNx animals and subsequent E2 treatment significantly reduced 
AC levels compared to OVX, opposite to the effects observed in SCNi animals (Fig. 4). 
Neither the absence nor presence of the SCN, nor environmental lighting conditions affected 
the changes in body weight induced by OVX or E2 treatment (Fig. 5). However, despite the 
similar age of animals, SCNi animals weighed more than SCNx animals (259.3 ± 3.3 vs. 
227.9 ± 4 g, p=0.000) at day 0. Treatment order did affect total body weight change, since 
CEO rats weighed more than COE animals at the end of the experiment (p<0.05). 

control OVX OVX+E control OVX OVX+E 

Figure 4. Effects of OVX and E2 treatment in SCNi (n=8) or SCNx (n=13) animals with COE treatment order 
for AC (A) or RW (B). Effects are expressed as % of control amounts of AC and RW. The effects of OVX 
and Ei treatment were comparable. However, the reduction of AC by OVX was absent in SCNx animals, 
resulting in a significant difference between SCNx and SCNi animals for this period. In addition. E2 treatment 
reduced AC significantly in SCNx animals (a,b,c. different letters indicate significant differences with p < 
0.01). Bars: black = SCNi, hatched = SCNx. 
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Figure 5. Body weight (BW) changes during 
the whole experiment for the three combined 
experimental groups (see Table 1). The 
arrows indicate the moment of OVX (day 
35-36) and the implant exchange (day 64-
65). Although absolute BW differed 
between SCNi and SCNx animals, the 
changes induced by OVX and E2 treatment 
were not different. The total BW change at 
the end of the experiment was larger for 
CEO than COE animals, despite the fact that 
both animal groups had been exposed to 4 
weeks of OVX and E, treatment, albeit in a 
different order (* n < 0.051 

DISCUSSION 
In the present study, we demonstrated that the stimulatory effects of E2 on the intensity of AC, 
but not RW activity, required the presence of an intact SCN. Despite the presence of weak 
circadian rhythmicity in some animals, SCNx animals responded quite differently to removal 
and replacement of E2. The rhythmicity detected in part of the SCNx animals is not caused by 
incomplete lesions, because immunocytochemical analysis revealed that all VP- and VIP 
immunoreactive cells were completely ablated. The fact that these rhythms occurred with 
period of 24 hours and during the laboratory working hours, suggests that disturbances from 
the laboratory provided a kind of entrainment for the animals (398). 

Environmental light conditions did not affect the magnitude and direction of changes induced 
by OVX and ET treatment, suggesting that a freerunning or an entrained SCN are equally 
responsive to alterations in the steroid milieu. These results implicate that E2 acted 
independently from pathways providing light information to the central nervous system to 
modify behavior. The function of estrogen receptors (ER) in the IGL is therefore unlikely to 
be related to light-input to the SCN, but may in stead provide an extrahypothalamic 
integration site for steroid actions on neuroendocrine axes (132,134). 

The moment of E2 administration did affect the magnitude of the E2-induced increase in AC 
and RW behavior. E2 feedback effects are highly dependent on the availability of ERs. During 
the estrous cycle, ER mRNA and peptide expression varies in a region specific way 
(314.321,394). Further studies demonstrated that E2 administration in OVX rats results in a 
fast and sustained down-regulation of ER (29.188,393). Thus, E2 administration in COE 
animals occurred when ER expression is elevated as a result of OVX, whereas in CEO 
animals it occurred when ER expression was regulated in a cyclic way. These differences in 
ER expression prior to E2 administration, could explain the different effects on activity 
between COE and CEO animals. It is likely that ER expression at the time of OVX also 
differed between SCNx and SCNi animals, since in SCNx animals cyclic E2 release patterns 
are eliminated and E2 levels are intermediate (211). However, OVX removes all endogenous 
E : in SCNx and SCNi animals. Since E2 administration suppresses ER expression within 6 
hours, we expect that ER levels will have stabilized 2 weeks after removal of endogenous E2 

( 188) and were comparable between SCNi and SCNx animals during the time period analyzed 
(i.e. days 49-63). Therefore, we do not expect that the initial differences in ER regulation are a 
cause for the differential effects of E2 on AC intensity between SCNx and SCNi animals. 
The regulation of body weight by E2 did not depend on the integrity of the SCN. BW changes 
are the result of alterations in the balance between energy intake and expenditure. Both the 
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SCN and E2 affect this balance via central and peripheral pathways. E2 reduces food intake via 
a peripheral cholecystokinin-satiating pathway (15,77,103), but likely also by affecting 
activity of neurons involved in the regulation of feeding behavior, such as paraventricular 
nucleus (PVN) neurons and arcuate nucleus neurons containing neuropeptide Y (22,78,304), 
mediated via the ERa (104). The SCN regulates feeding behavior as well as energy 
metabolism, via central and peripheral pathways. Apparently the effects of E2 that resulted in 
alterations in BW are independent from the effects of SCN lesions on the energy balance. 
The discrepancy between RW and AC activity, with respect to the magnitude of E2 effects in 
SCNi animals, and the sensitivity to E2 in SCNx animals, suggests that RW and AC are 
different types of behavior with separate regulatory pathways. Indeed, AC and RW activity 
are not always correlated in individual animals, i.e. rats that run much do not necessarily show 
elevated AC levels. For instance, food deprivation increases RW activity, while it decreases 
general activity (46,297). AC activity as measured in the present experimental set-up consists 
of exploration behavior, grooming and general movement around the cage. On the other hand, 
wheelrunning is a very specific behavior of which the exact external and internal causes are 
unclear (299). The fact that animals run more in estrus or after food deprivation indicates that 
specific motivations (seeking a partner or food) may underlie this behavior. 
RW and AC activity have in common that the SCN does not regulate the expression of AC 
and RW activity per se, but serves to restrict their expression to a specific time of the day. Our 
finding that SCNi and SCNx animals show a comparable amount of AC and RW activity 
supports this. In this respect it is interesting to note that the effects of E2 on the amount of AC 
depended on an intact SCN. Thus the brain centers involved in the regulation of AC and RW 
activity (= AC/RW effector systems) receive information from the SCN for the timing of the 
behavior, as well as E2 information to influence the amount of behavior. These pathways 
interact with each other for the control of AC, while they are completely separate for RW 
activity (Fig. 6). E2 could act via three ways to influence the SCN: 1] direct action on SCN 
neurons, probably via the ERß (168,316), 2] direct action on ER containing neurons that 
innervate the SCN (66), and 3] E2 may interact with circadian signals in estrogen receptive 
SCN target areas, changing the combined output of that target area (316,371). In addition, a 
separate inhibitory pathway, independent from the SCN, must be present because E2 inhibited 
AC activity in SCNx animals (Fig. 6A). 

Figure 6. Schematic representation of 
hypothetical pathways the E2 uses to affect the 
intensity of AC (A) and RW (B) activity. In 
the case of AC, SCN neurons are affected by 
E2 either directly via ER-ß containing SCN 
neurons (upper solid arrows), or indirectly via 
ER neurons projecting to the SCN (dotted 
arrows). In addition, E2 and circadian 
information may be integrated in an ER-
contaming SCN target area (dashed arrows). 
Finally, E2 inhibits AC via a yet unknown 
SCN-independent pathway (lower solid 
arrows). In the case of RW, E2 and SCN 
signals are completely separate. Both limbic 
systems and the MPO, both containing ER, 
may be involved. The '+' and '-' symbols 
indicate the ultimate effects of E2 on AC and 
RW. 
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RW activity seems to be a motivational behavior, suggesting that the limbic structures, such 
as amygdala or bed nucleus of the stria terminalis may be involved in its regulation. In 
addition, it has been shown that E2 acts in the MPO to stimulate RW activity (89), as well as 
the LH and PRL surge (257,263). All these areas contain many ERa and ERß, providing a 
neuroanatomical substrate for E2 effects on RW (316). Our results suggest that these putative 
pathways of ER-containing areas to the RW effector system bypass the SCN (Fig 6B). 
In conclusion, we showed for the first time that changes in the intensity of behavior induced 
by the E2 removal or replacement do not depend on the entrainment of the SCN by 
environmental light conditions. Secondly, the order of OVX and E2 treatment determines the 
magnitude of the effect, most likely via differences in the regulation of ER expression by 
feedback mechanisms of E2. Finally, our data demonstrated that the intact SCN is necessary 
for modulatory effects of E2 on the intensity of AC activity, but is not for the effects on RW 
activity or BW. These data show that the modulatory effects of E2 on behavioral rhythms 
involve effects on the SCN itself and on pathways not involving the SCN, and that this differs 
for various output systems of the SCN. 
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CHAPTER 7 

Chapter 7 

General Discussion 

The present thesis provides further evidence that the suprachiasmatic nucleus (SCN), the 
mammalian biological clock, is a component that is crucial for the proper functioning of the 
reproductive system in the female rat. The SCN times the separate reproductive events to the 
external light-dark cycle and this temporal control ensures that fertilization occurs at a 
moment when environmental conditions are optimal. In rats, this means that preovulatory 
surges in luteinizing hormone (LH) and prolactin (PRL) occur before the onset of dark, 
resulting in the expression of sexual behavior and ovulation during the dark period. The SCN 
also prevents behavioral activity from occurring during the light period (rats are nocturnal 
animals). As a result the sexually relevant endocrine and behavioral processes occur during 
the dark period, when the opportunities for meeting a partner and subsequent mating are 
largest. This synchronization of reproduction to the activity-cycle of the animal is beneficial 
to many species, from mammals to insects. It is therefore likely that all these animal species 
exhibit a biological clock-regulated reproductive system, although the exact mechanisms may 
differ for individual species due to the differences in cycle length, gestational period and 
environmental demands on the animal. 

SCN control of reproductive functions has indeed been demonstrated in a variety of 
mammalian species (reviewed in (172,347)). Depending on the species, the SCN determines 
the time of day (circadian clock) or the time of year (seasonal clock) that reproductive events 
occur. In rats, for instance, the SCN times hormone surges and ovulation, and appears to be 
crucial for the occurrence of estrous cycles and hormone surges per se. In sheep, an often-
studied seasonally reproducing animal, the SCN seems to function solely as a seasonal clock. 
SCN lesions do not disrupt the occurrence of LH surges and estrous cycles per se (295). 
Hamsters are seasonally reproducing animals that are sexually active when days are long 
(sheep are sexually active when days are short). The hamster SCN seems to be both a 
circadian and a seasonal clock, timing the LH surge on the day and sexual activity with 
season. 

Circadian and seasonal rhythms in reproduction have also been described in humans and 
primates. For example, the LH surge in women seems to occur during a specific time-window 
in the early morning (38,144,342) and diurnal rhythms in gonadotropin-releasing hormone 
(GnRH) and follicle-stimulating hormone (FSH) secretion have been described (80,240). In 
addition, shifts in the environmental light-dark cycle result in a shift in the moment of LH 
surge onset in women (in (172)), and disturbances in the menstrual cycle occur more often in 
stewardesses making frequent transmeridian flights (in 332,366). Also embryo implantation, 
pregnancy and parturition seem to contain a circadian component (129,172). Seasonal 
rhythms have been reported in birth weight, testosterone secretion, timing of the LH surge, 
and semen quality in humans (279,280, reviewed in 172,347). These data suggest that the 
SCN may be involved in the regulation of reproduction as a circadian and/or seasonal clock 
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also in humans. The localization, function and connections of the necessary neuronal elements 
for proper functioning of the reproductive axis in primates and humans resemble those in 
other animal species, suggesting that comparable neuronal connections may be used for SCN 
interactions with the reproductive axis in all species. The primate and human brains thus 
contain a distinct SCN, a retinohypothalamic and geniculohypothalamic tract (62,230), and 
extensive SCN projections throughout the hypothalamus (61,230,234). In addition there is an 
extensive GnRH system with a distribution that is comparable to that in other animal species 
(318,390). Neuronal connections between SCN and GnRH neurons have been shown in rats, 
hamsters and monkeys (chapter 5, 136,355). 

Women nowadays have children at a later age than in the past. Because fertility and fecundity 
start to deteriorate already from age 30-32 onwards, more fertility problems occur and 
therefore the demand for assisted reproductive techniques, such as in vitro fertilization, is 
increasing. Age-related changes in reproductive function, such as irregular cycles and altered 
timing and amplitude of the LH surge, have been associated with changes in SCN functioning 
(120,181,380). Therefore, the understanding of the temporal organization of the human 
reproductive system and its mechanisms in aging or reproductive disorders are important for 
the development of assisted reproductive techniques. 

Anatomical basis for SCN regulation of the LH surge 
The extensive projections of the SCN play an important role in the transmission of circadian 
information to neuroendocrine systems (58,157). Anatomical isolation of the SCN does not 
hamper the clock itself, but does prevent its rhythm from being transmitted. The -anatomical 
connections between the SCN and neuronal elements involved in the LH surge mechanism 
provide important information about the integration of circadian information into the 
reproductive axis. 

The crucial elements for LH surge formation are the GnRH neurons, the estradiol (E2) 
receptor (ER)-containing neurons in the medial preoptic area (MPO) and the source of E2, the 
ovary (see also general introduction). The SCN projects directly to the GnRH neurons and 
both vasopressin (VP) and vasoactive intestinal polypeptide (VIP) are putative 
neurotransmitters in these projections (chapter 5) (355,358). Also the ER neurons in the MPO 
are directly innervated by VP-ergic SCN axons (65,130,367,369). The SCN is the major 
source of VP fibers in the MPO. Lesions of other VP-ergic cell groups, such as the 
paraventricular nucleus of the hypothalamus (PVN) and the bed nucleus of the stria terminalis 
(BNST), hardly affected VP-immunoreactivity (-ir) in the MPO (68), whereas SCN-lesions 
resulted in a complete disappearance of VP-ir in the MPO (chapter 5) (130,367). In addition, 
VP fibers originating in the BNST and medial amygdala (MA) are sensitive to gonadal 
steroids (69,361). Since VP-ir in the MPO is hardly affected by gonadectomy, it is likely that 
the BNST and MA contribute little or nothing to VP innervation of the MPO. The MPO may 
serve as an intermediate area between the SCN and the GnRH neurons, since MPO neurons 
project directly to the GnRH neurons themselves (118,190). A multisynaptic pathway, 
including the autonomic neurons of the PVN and the intermediolateral cell column of the 
spinal cord (IML), from the SCN to the ovaries, has been demonstrated with transviral tracing 
techniques (107,108,338). Based on these anatomical connections between SCN and the LH 
surge system (Fig. 1, A), we investigated the role of VP as a circadian signal in the MPO for 
the timing of the LH surge. 
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Functional importance of the anatomical connections for SCN-control of the LH surge 
SCN-MPO projections 
Our experiments provide evidence for a function of SCN-MPO connectivity in the stimulation 
of the LH surge. An increase in extracellular VP levels in the MPO triggered the onset of the 
LH surge in the absence of other circadian influences (chapter 2). Because the VP-induced LH 
surge has a shape and amplitude comparable to E2-induced surges in SCN-intact rats (compare 
with LH surges in chapter 3), we concluded that VP is the only SCN neurotransmitter 
necessary to induce the LH surge. In SCN-intact animals, however, the stimulatory effect of 
VP on surge LH release is restricted to a specific time-period between ZT 4 and 12 (chapter 
3). This time window includes the sensitive time window for a daily neuronal signal prior to 
LH surge onset described by Everett and Sawyer (86,87), and also with the peak of VP 
secretion by SCN neurons (158). Therefore, we concluded that high VP secretion by SCN 
terminals in the MPO, occurring during the sensitive time window prior to the surge, is a 
circadian signal that triggers the LH surge. Recently, Funabashi et al. reached a similar 
conclusion using a completely different technique (100). Our results also confirmed that the 
MPO plays a stimulatory role in the LH surge, as was suggested by previous electrical 
stimulation studies (88). 
The VP-containing SCN projections to the MPO are sexually dimorphic, i.e. they are more 
abundant in males, just like the direct VP-GnRH interactions (chapter 5) (368). This sex 
difference seems to contradict the crucial role of VP for the timing of the LH surge, because 
only females are able to display an LH surge in response to high E2 levels, and the SCN (and 
its VP projection to the MPO) is crucial for this surge in females. The explanation lies in the 
other morphological and functional sex differences in the reproductive system. The E2 
feedback actions differ greatly between males and females. Synaptic changes in the arcuate 
nucleus and MPO, correlating with the expression of LH surges, are induced by E2 exposure 
only in females (76,135,244). The anteroventral periventricular nucleus (AVPv, the major E2 
positive feedback site) is larger and provides denser projections to GnRH neurons and arcuate 
nucleus neurons in females (118,274,320). Also, the number of ER neurons and the estrogen-
binding capacity are larger in females (28,183). Altered sensitivity to E2 in females is 
expressed also by the fact that some modulators of GnRH activity, such as neuropeptide Y 
and opioids are steroid-sensitive in females only (250,319,320). Furthermore, such modulators 
themselves are expressed in a sex-specific way (67,117), as is their degree of colocalization 
with ER ( 125). The difference in E2 feedback actions may be involved in the regulation of VP 
receptors in MPO neurons as well. VP binding in the MPO is higher in females (74) and E2 
increases the expression of Via receptors in the female MPO (99). In view of the reduced 
expression of ER and sensitivity to E2 in males, it is reasonable to suggest that such an effect 
of E2 may be absent in males. By such a mechanism, the E2 feedback actions enable the 
female, but not the male MPO to respond to VP release from SCN terminals. 
Like VP, VIP is a neurotransmitter that is present in SCN projections to the MPO (163,371). 
However, the role of VIP as a circadian signal for the LH surge acting in the MPO is not clear 
yet. Although inhibitory effects of VIP administration in the MPO have been found on 
pulsatile and surge release of LH (6,174), a stimulatory role in the regulation of LH and 
GnRH secretion has also been ascribed to VIP (248,287,354,356,362). This discrepancy may 
be caused by the different doses of VIP used (see (356)). A clear role for VIP in SCN-MPO 
connections for the regulation of the LH surge thus remains to be established. 
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SCN-GnRH projections 
Both VP and VIP are also present in direct projections of the SCN to the GnRH neurons 
(chapter 5, 358). Stimulatory effects of VIP on GnRH activity were shown by increased 
release of GnRH from median eminence synaptosomes and hypothalami in vitro (248,287) 
and by the enhanced fos-expression in GnRH neurons following central VIP administration 
(354). VIP may act directly onto the GnRH neurons themselves because immortalized GnRH 
neurons express VIP-receptors and VIP stimulates GnRH release using these cells (251). The 
functional importance of VIP as a circadian signal acting directly on GnRH neurons is 
supported by the following data: the VIP mRNA (and presumably release) rhythm peaks just 
prior to the LH surge (182) and VIP axons terminate predominantly on fos-activated GnRH 
neurons during LH surge onset (357). Also, VIP-GnRH connectivity is more abundant in 
females than in males (133), which correlates well with the sex-difference in LH surge 
capability ( 135). 

The role of VP as a neurotransmitter in direct SCN-GnRH interactions for the regulation of 
the LH surge is less clear. Presently no data are available on the presence of VP receptors in 
GnRH neurons or on a possible VP-ergic innervation of fos-activated GnRH neurons during 
the LH surge onset. A stimulatory effect of VP administration on GnRH secretion in the 
presence of E? has been shown (100), but in these experiments whole MPO cultures were used 
instead of isolated GnRH neurons. Thus, we cannot exclude the possibility that the 
stimulatory effect of VP on GnRH release occurred via its actions on interneurons in the 
cultured slice. Indeed, effects of pulsatile VP administration to immortalized GnRH cells in 
vitro were not found (21). Furthermore, VP-GnRH connectivity is more abundant in males 
than in females (chapter 5). The data cited above do not support a role for direct VP-GnRH 
interactions in the regulation of the LH surge. 

Stimulation of the LH surge by the SCN: balance between VP and VIP 
VP and VIP are SCN transmitters involved in the stimulation of surge release of LH. We 
propose that VP acts as a trigger for the LH surge, whereas VIP acts as an additional SCN 
factor for the exact timing and amplitude of the LH surge. This hypothesis is based on several 
findings. First, VP alone was sufficient to induce a full LH surge in SCN-lesioned rats, 
indicating that additional VIP secretion in the MPO is not necessary for LH surge induction 
(255). Second, two experiments have demonstrated that a reduced and delayed LH surge is 
associated with changes in VIP mRNA rhythmicity in the SCN, while VP mRNA was 
unchanged. In aging females, the VIP mRNA rhythm in the SCN is strongly attenuated, while 
the VP mRNA rhythm remains unchanged compared to young animals (181). Also, VIP 
antisense administration in the SCN of female rats yielded an aging-like reduced and delayed 
LH surge (120). Thus the continuing VP rhythm is responsible for the induction of the surge 
in these animals, whereas the exact timing and amplitude are dependent on normal VIP 
mRNA expression. 

The sites of action for VP and VIP have been discussed in the previous sections. We propose 
that VP acts mainly on the ER neurons in the MPO and not directly on the GnRH neurons, 
whereas VIP may act mainly at the GnRH neurons themselves. Indeed, compared to VIP, the 
VP-GnRH connectivity is relatively sparse in females (VP: ca 12 % vs. VIP: ca 40 %). This 
difference between VP and VIP function may be related to the fact that they are regulated in 
different ways within the SCN; VP is synthesized in a circadian fashion, whereas VIP 
rhythmicity is dependent on the environmental light-dark cycle (see general introduction). The 
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circadian nature of VP is in agreement with the trigger function of VP for the LH surge, thus 
causing LH surges to be timed to the activity cycle in the absence of light information. The 
VIP neurons are in a perfect position for the transmission of light-information, because they 
receive direct retinal inputs. One might argue that light suppresses VIP expression, causing 
low VIP levels during the day in males (142). However, VIP mRNA rhythmic patterns differ 
btween males and females, with high levels during the light period in females (182). 

The SCN also inhibits the GnRH system 
Apart from the stimulatory regulation by the SCN discussed above, our data also suggest an 
inhibitory component of SCN control of LH secretion. In chapters 2 and 3 we showed that VP 
administration between ZT 0-5 could not advance/stimulate the LH surge in SCN-intact 
animals, but could initiate a surge in SCN-lesioned animals. This suggests that the SCN 
restrains the GnRH system during the early light period, and that the VP rhythm is not 
involved in establishing this restraint. Both GABA (121,123,124,228) and opioids 
(98,267,324) have been reported to inhibit GnRH and LH secretion. A decrease in the activity 
of GABA and opioid neurons is necessary for the LH surge to occur, as demonstrated by the 
advancement of the surge by antagonist administration (97,173,207). Further morphological 
evidence showed that GnRH neurons receive input from ß-endorphin containing fibers 
(51,202), as well as from GABA-ergic axons (200). 

The SCN's inhibitory influence on the GnRH system may be mediated via both opioidergic 
and GABA-ergic pathways. Proopiomelanocortin (POMC, a ß-endorphin precursor) neurons 
in the arcuate nucleus show diurnal rhythmicity in their activation and the rhythm can be 
entrained by light (147). A diurnal rhythm in the secretion of hypothalamic ß-endorphin, as 
well as an increase in ß-endorphin protein and mRNA were reported to occur on each day of 
the estrous cycle (105,290,291) and in ovariectomized (OVX) animals (E.M. van der Beek, 
personal communication). The role of the SCN in the generation of this rhythm is suggested 
by the fact that fetal SCN transplants can restore POMC mRNA rhythmicity in middle-aged 
female rats (39). This circadian regulation may be achieved via direct projections from the 
SCN to the arcuate nucleus (131). However, POMC and ß-endorphin expression are also 
sensitive to E2, i.e., E2 enhances the diurnal rhythm (53,105,262,382). Furthermore, E2 

induces retraction of synapses in the arcuate nucleus prior to the LH surge, and the authors 
suggested that this mechanism is part of the disinhibition of the GnRH neurons (244). The 
arcuate nucleus may thus also be a site where E2 and circadian signals interact to regulate the 
LH surge. 

GABA is a major neurotransmitter of the SCN and its projections (31,233,337) and is 
rhythmically expressed by SCN neurons (34). Circadian and light-induced GABA release by 
SCN terminals has been demonstrated to function as a timing signal for hormonal (for 
instance, melatonin) rhythms (159,162). Based on these data we could assume that GABA 
functions as a circadian signal for the LH surge as well. However, the decrease in GABA 
release in the MPO is observed only at the proestrus day of the cycle, suggesting that it is a 
steroid-dependent regulation of GABA release (150,151). Indeed, GABA has been implicated 
to mediate the negative feedback actions of E2 and a large proportion of preoptic GABA 
neurons express ER (92,121). 

We suggest that the reduction in GABA activity on a proestrus afternoon is the result of the 
sharply decreasing E2 levels prior to the surge, combined with the inhibitory actions of 
progesterone on GABA synthesis during the surge (348). In addition to the steroid sensitivity, 
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SCN-derived GAB A release is also thought to be high throughout the day (162). These data 
suggest that GABA release by SCN terminals is not likely to be involved in the circadian 
regulation of GnRH activity. However, GABA may be an important factor as both a steroid 
and circadian signal, even though possible rhythmic components of GABA secretion cannot 
be detected due to the interference of multiple other GABA-ergic systems in the MPO. 

1. pituitary hormone-regulating factor -+ 4. pituitary hormone 

2. interneurons 

3. autonomic nervous system 5. peripheral endocrine organ 

A. LH surge 

1 GnRH 
2 ER-MPO 
3 dmPVN 
4 LH 
5 ovary 

B. PRL surge C. corticosterone D. thyro 

DA / PRF CRF/CRIF TRH 
ER-MPO DMH ? 

dmPVN dmPVN dmPVN 
PRL ACTH TSH 
ovary adrenal thyroid 

Figure I. Schematical view of the anatomical connections of the SCN with essential components of various 
hormonal axes. The general components are numbered 1-5 and the four tables at the bottom give the names of 
the neurotransmitters/hormones/organs that can be filled in for each of four hormonal axes. Our experiments 
«ere based on these anatomical connections of the SCN with the LH surge system, i.e. the direct and indirect 
(via the ER neurons in the MPO) projections to the GnRH neurons (bottom table A). This anatomical scheme 
appears to be very common for many hormonal systems. Thus for the PRL surge, the circadian corticosterone 
and thyroid hormone rhythm we can replace the elements 1-5 with the essential elements of each of these 
hormonal axis (see bottom tables B, C and D respectively). dmPVN= dorsomedial PVN, which is where the 
spinal cord projecting PVN neurons arc localized. 

SCN-autonomic nervous system (ANS)-ovary 
Recent evidence suggests that all hormonal axes in the mammalian body are regulated by an 
extensive interaction between central regulatory mechanisms and peripheral endocrine glands. 
The central and peripheral counterparts of such an axis communicate with each other via 
hormonal and neuronal pathways. This bi-directional communication is essential to the proper 
functioning of the axis. In view of this principle it is hardly surprising to find that the SCN 
may control such an axis via hormonal and neuronal ways as well. The demonstration of 
sympathetic and parasympathetic autonomic projections from the PVN to the ovary is of great 
importance in this respect (107,108). The SCN innervates the autonomic PVN neurons, and 
may influence the functioning of the ovary via this pathway (338) (Fig. 2). However, no 
investigations have been performed concentrating on the circadian modulation of ovarian 
function, even though autonomic innervation of the ovary plays an important role in the intra-
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ovarian processes of steroidogenesis in response to gonadotropins (11,186). Thus, like the 
adrenal, the SCN may influence the sensitivity of the ovary to the pituitary hormones. 
Other peripheral endocrine glands are similarly innervated by the SCN, e.g., the heart (340), 
the pancreas (148). the thyroid (161) and the liver (184), suggesting that influencing the 
sensitivity of these organs may be a general mechanism of the SCN to regulate circadian 
rhythmicity in their function. We hypothesize that this additional pathway from SCN to ovary 
does not play an important part in the generation and timing of the LH surge, but may be 
involved in the exact moment of ovulation by creating a window of optimal responsiveness of 
the ovary to the hormone surge. 

Anatomical basis for SCN regulation of the PRL surge 
Just like the LH surge, the PRL surge requires both a positive E2 and a circadian signal for its 
induction on the afternoon of proestrus. The MPO is the major positive E2 feedback site for 
both LH and PRL surge (257). Thus the SCN innervation of ER neurons in the MPO may 
serve as a pathway for the timing of the PRL surge, similar to the LH surge. In contrast to the 
LH surge, a major inhibitory factor from the hypothalamus regulates PRL secretion, i.e. 
dopamine (DA) in the arcuate region (see general introduction). It has already been 
demonstrated that DA-ergic activity is regulated by the SCN, possibly via direct input from 
the SCN ( 131 ), as well as SCN input via the MPO (118). 
The major hypothalamic pituitary hormone-regulating factors (GnRH for LH, DA for PRL) 
thus receive direct and indirect input from the SCN, via the same intermediate area, the MPO. 
However, there are some differences compared to LH as well. First of all, the PRL surge 
generally starts 1-2 hours earlier than the LH surge, and does not have the bell-shaped 
appearance of the LH surge. Instead, PRL levels rise quickly (within 2 hours) to peak levels, 
followed by a broad plateau phase and a gradual decrease extending well into the dark period. 
In addition, one or more PRL-releasing factors (PRFs) are also involved in the full expression 
of the PRL surge, although the knowledge on the nature, expression and regulation of these 
PRFs is very limited (125). The neuroanatomical interconnections between SCN and elements 
of the PRL surge regulatory system are thus very similar to those of the LH surge system (Fig. 
l .B) 

Functional importance of the anatomical connections for SCN control of the PRL surge 
SCN-MPO projections 
We have clearly demonstrated that an increase in extracellular VP levels in the MPO is 
inhibitory for the PRL surge (chapter 4). Furthermore, this effect occurs only when 
endogenous VP release by SCN terminals is decreasing, suggesting that this decrease is a 
prerequisite for the occurrence of the PRL surge, as was also concluded for the circadian rise 
in corticosterone secretion (164). The decrease in VP secretion by SCN terminals coincides 
with the circadian decrease in DA-ergic activity in the arcuate region. Based on this 
information we hypothesized that the VP-ergic projection from SCN to MPO is involved in 
the regulation of the circadian rhythm in DA activity in the arcuate nucleus (71,199,216,217, 
301-303). in all likelihood via the MPO projections to DA neurons in the arcuate region (118). 
Since the SCN is the major source of VP in the MPO (see above) we propose that the effects 
of exogenous VP administration mimic the effects of endogenous, SCN-derived VP. 
VIP injections in the MPO result in a decrease, increase or no change of the E2-induced PRL 
surge, and an increase in basal PRL secretion (6,174). To our knowledge these are the only 



68 CHAPTER 7 

studies investigating a role for VIP in the MPO for the regulation of the PRL surge. In general 
VIP is seen as a physiological PRF acting at the level of the pituitary and/or the hypothalamus 
(reviewed in (247)). It is debatable whether VIP as a PRF is of SCN origin, since VIP 
antisense administration in the SCN did not affect the PRL surge (120). In addition, SCN 
neurons do not project to the median eminence (131), so that SCN-derived VIP cannot reach 
the pituitary. Based on these data, we cannot conclude that SCN-derived VIP functions as a 
circadian signal for the PRL surge in the MPO, or as a putative PRF. 

SCN-DA projections 

Apart from the indirect pathway, via the MPO, there is also a direct pathway from the SCN to 
the DA neurons (131). Direct effects of VIP on DA-ergic activity have been reported to be 
stimulatory (137), and VIP has been implicated to mediate the effects of E2 on DA-ergic 
activity in OVX rats (187). It is not known, however, whether these effects are related to VIP 
as a circadian neurotransmitter. Also gastrin-releasing peptide (GRP) was shown to stimulate 
DA-ergic activity, which led to the inhibition of PRL surges (215), but its presence in SCN-
DA connections has not been studied yet. 

Direct SCN-DA connections, combined with the indirect connections via the MPO (see 
above), may be responsible for the circadian rhythm in DA-ergic activity. The MPO is an 
important positive E2 feedback site (257) for the PRL surge, but the arcuate nucleus, too, 
contains a high level of ER (322). 

E2 affects synaptic connectivity in this area (244). E2 amplifies the circadian afternoon 
decrease in DA-ergic activity (217). The rhythm in DA-ergic activity thus appears to be 
regulated by the SCN via direct and indirect projections to the arcuate region, comparable to 
the circadian regulation of GnRH neurons. However, the integration of circadian and E2 

signals may occur both at the level of the interneurons (MPO) and at that of the DA-ergic 
neurons themselves. 

SCN-PRL releasing factor (PRF) connections-
It is widely accepted that besides the inhibitory DA-ergic regulation, one or more stimulatory 
factors are also involved in the regulation of the PRL surge. Several data suggest to us that the 
SCN might also be involved in the regulation of such PRFs. The extremely low levels of PRL 
found in SCN-lesioned animals (which clearly demonstrated the crucial importance of the 
SCN for the occurrence of PRL surges), suggested that the SCN might be involved in the 
stimulation of PRL secretion as well (chapter 4). The temporal relation between the VP 
rhythm from the SCN and the PRL surge, too, suggested that the rapid increase in PRL 
secretion at surge onset could not be explained entirely by the decrease in VP release in the 
MPO. The onset of the PRL surge occurs around ZT 6, when endogenous VP levels are just 
starting to decrease (158). The presence of another, stimulatory, signal around surge onset 
could explain this discrepancy. 

We found support for this hypothesis with our experiments with the DA antagonist 
domperidone (chapter 4). DA receptor blockade caused a clear increase in PRL release 2 
hours before the onset of the PRL surge (just like a DA synthesis blocker (217)), revealing the 
presence of PRL-releasing capacity. Removal of the SCN caused a significant reduction of 
this PRL secretory response, suggesting that the SCN itself stimulates PRL-releasing capacity. 
We hypothesize that the reduced secretory response, caused by removal of the SCN, reflects 
reduced PRL-stimulating activity. Indeed, a rhythm in PRF activity was described in OVX 
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animals using a similar experimental approach (12) and we are currently investigating the 
presence of such a rhythm in OVX + E2 rats. We can only speculate about the pathways of the 
SCN involved in the stimulation of PRL secretion. Several neurotransmitters have been 
implicated as PRFs, i.e. VIP, oxytocin, serotonin and thyrotropin-releasing hormone (TRH) 
(12,177,209,247,288,305). VIP, serotonin and oxytocin activity in the PVN show a rhythmic 
variation corresponding with the PRF rhythm in OVX females (12-14), and their role in the 
PRL surge is confirmed ( 153,214,243,356). The SCN projects directly to TRH neurons in the 
PVN and daily changes in hypothalamic TRH have been reported (161,218). These 
anatomical data suggest that the SCN may regulate PRF activity via its projections to the 
PVN. 

Recently, a novel PRL-releasing peptide (PrRP) has been described (126), which is expressed 
in the dorsomedial hypothalamus (DMH) and the nucleus of the solitary tract (227,389). Little 
PrRP-ir is found in the median eminence, suggesting that PrRP is not a neurohormone 
released in the portal system of the median eminence. On the other hand, PrRP neurons have 
been shown to project to neurosecretory neurons of the hypothalamus (235), and to increase 
oxytocin release (219). However, there is still some dispute about the PRL-releasing 
properties of this peptide (149,289). 

The MPO as an integration site for E2 and SCN signals 
The occurrence of LH and PRL surges depends on both circadian and gonadal steroid signals. 
Removal of either E2 (OVX with intact SCN) or the SCN (OVX+ E2 or gonadal intact with 
SCN-lesions) eliminates the afternoon LH and PRL surge (211) (chapters 2 and 4). Indeed, 
the LH and PRL surges are not true circadian rhythms like most hormonal (corticosterone, 
melatonin) rhythms. Instead, they occur only once every 4 to 5 days in intact cycling females. 
But the circadian input forms an integral part of the LH and PRL surge system, as shown by 
the daily surges induced by constant high levels of E2 in OVX rats. Thus, although the SCN 
creates a time window each day, increased E2 release by the developing follicles in the ovary 
determines the day on which the time window results in an LH and a PRL surge 
( 196,197,245). This implies that high E2 levels are necessary for the induction of the LH surge 
by the SCN. 

E: affects SCN neurons 

Several data suggest that E2 may affect the SCN itself. For instance, E2 has been shown to 
change the timing and intensity of behavioral activity during the estrous cycle (8,239), to alter 
SCN neuron sensitivity to acetylcholine and serotonin (180) and to increase SCN connexin32 
mRNA expression (308) in female rats. In the SCN, VIP mRNA expression is reduced (but 
the rhythm unaltered) by E2 in OVX rats (182), and VIP-ir (185) is reduced during the period 
of sexual activity in the seasonal reproducing jerboa. In chapter 6, we confirmed that E2 could 
affect the adult female SCN, but also bypasses the SCN to alter the intensity of behavioral 
activity. We propose that E2 affects a subpopulation of SCN neurons specifically involved in 
the expression of a certain behavior (203). Since VIP (but not VP) neurons seem to be 
sensitive to E2 (182,185), we suggest that (a part of) the VIP neuronal population is 
specifically involved in the circadian regulation of general locomotor activity. These results 
support the possibility that the positive feedback of E2 for the induction of the LH and PRL 
surge involves actions at the level of the SCN itself. Furthermore, the circadian rhythm in 
glucose utilization shows a pronounced increase during the middle of the day, which is absent 
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in males, OVX females and aged OVX+E2 females ((379) and refs herein). The previously 
described aging-dependent rhythm in ERß-mRNA in the SCN (168) may be involved in these 
effects of E2 on the SCN. 

E2 acts in the MPO to sensitize the neurons to circadian signals 
Despite the effects of E2 on SCN neurons, other data argue against this pathway as a positive 
feedback site for the induction of the LH and/or PRL surge. E2 treatment of immature female 
rats did not cause Fos-activation of SCN neurons (357) and also our own experiments suggest 
that E2 priming occurred in the absence of the SCN (see discussion chapter 2). In addition, E2 

implantation studies have demonstrated that the MPO is the major feedback site for the 
induction of the LH surges, and E2 in the SCN was unable to induce a PRL surge (257). Based 
on these results it seems more likely that E2 acts in the MPO to induce the LH/PRL surge, 
especially since a large population of ER neurons is present here, and these neurons are co-
activated with the GnRH neurons prior and during the LH surge (190). Furthermore, 
inhibition of the LH surge by progesterone inhibits fos-activation of both GnRH neurons and 
their afferent MPO neurons (189). 
Recently, a theory was developed for the mechanism of positive E2 feedback and the 
subsequent interaction with circadian signals. Increasing E2 levels induce the expression of 
progesterone receptors (PR) in ER-expressing areas such as the MPO and arcuate nucleus. 
Activation of these receptors is crucial for the induction of the LH surge (48). However, since 
endogenous P levels only rise after or concomitant with the LH surge onset, the activation of 
PR for the induction of the surge (= prior to surge onset) must be caused by another factor, 
and it has been postulated that the SCN may provide this factor (205). The second messenger, 
cAMP. can activate the PR, independent of endogenous P (ligand-independent activation) 
(47). Subsequent experiments demonstrated a diurnal rhythm in cAMP expression specific for 
the MPO on every day of the estrous cycle and in OVX rats. The peak of the cAMP rhythm 
occurred prior to the LH surge onset (47). The authors convincingly demonstrated the crucial 
importance of this cAMP rhythm for the initiation of the LH surge via PR activation (47). 
It is tempting to propose that the increased VP release prior to the LH surge may cause the 
circadian rhythm in cAMP expression. Several studies propose that VP binding to specific 
receptors may indeed cause the activation of cAMP. All VP receptor subtypes are expressed 
in the MPO (99) and VP induces cAMP expression via binding to the V2 receptor. 
Furthermore, concomitant binding to the Via receptor, whose expression is upregulated in the 
MPO by E2(99), enables cAMP production through V2 receptor activation (176). 
This model clearly explains why both E2 and circadian signals are required for the induction 
of the LH surge. Whether the same mechanism underlies the initiation of the PRL surge is 
unknown, but, like the LH surge, the PRL surge can be advanced by progesterone and blocked 
by the P-antagonist RU486 (391). This indicates that PR expression must be present prior to 
PRL surge onset, and that PR activation can initiate the PRL surge. Similar mechanisms may 
exist in other areas where E2 and circadian signals converge. An example of this is the arcuate 
nucleus. At present, a similar mechanism at the level of the GnRH neuron cannot be excluded, 
because recently the presence of ER mRNA was demonstrated in mouse GnRH neurons 
(323). 
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E2 feedback independent of the SCN 

The fact that the negative feedback actions of E2 are still intact in SCN-lesioned animals 
(115), suggest that E2 can affect GnRH activity independent of normal SCN-functioning. Our 
data in SCN-lesioned animals (chapter 2) indicated that the positive feedback actions of E2 

A as also intact. The only reason for the absence of the surge seems to be the circadian release 
patterns of VP in the MPO. The presence of negative feedback actions of E2 in SCN-lesioned 
animals is reason for cautious interpretation of LH and PRL concentrations in these animals. 
At present, no data are available on LH and PRL levels in SCN-lesioned, OVX animals 
without E^-treatment. 

SCN control of hormonal rhythms 
The regulation of the LH and PRL surge by the SCN discussed in the previous sections shows 
remarkable anatomical and functional similarities with the circadian regulation of other 
hormones in the body. For instance, the anatomical connections of the SCN with the elements 
of the hypothalamus-pituitary adrenal (HPA) axis closely resemble the SCN-hypothalamus-
pituitary-gonadal (HPG) axis connections (Fig. 1,C). Experiments aimed at elucidating the 
circadian control of corticosterone secretion in males have revealed that corticosterone, too, is 
regulated by an unknown stimulatory and VP-ergic inhibitory input from the SCN 
( 157.164.165). Also, both direct and indirect (i.e. via the DMH) projections from the SCN to 
corticotropin-releasing factor (CRF, the hypothalamic pituitary hormone-regulating factor 
involved in corticosterone secretion) synthesizing neurons are involved in establishing the 
stimulatory and inhibitory regulation by the SCN (341,363). Anatomical and physiological 
data thus support a circadian regulation of corticosterone secretion similar to LH secretion, 
but with CRF instead of GnRH, ACTH instead of LH, and the DMH instead of the MPO 
(Fig. l.C). Recently, the existence of a hypothalamic corticotropin-release inhibitory factor 
(CRIF) was postulated (82). It is tempting to hypothesize that the SCN may also regulate 
corticosterone secretion via rhythmic modulation of CRIF neurons in the hypothalamus. In 
addition to the neuroendocrine pathways, the SCN regulates corticosterone secretion via its 
projections to the autonomic nervous system and the adrenal. Adrenal sensitivity to ACTH is 
regulated in a circadian way, and stress-experiments at different moments of the day in SCN-
intact and SCN-lesioned animals have shown a functional role for these anatomical 
projections (32). 

The thyroid gland, too, is regulated by the SCN. The SCN connectivity with elements of the 
hypothalamus-pituitary-thyroid (HPT-) axis shows striking similarities with the other 
hormonal axes (Fig. 1, D), i.e. direct connections with TRH as well as connections with the 
thyroid gland via the autonomic nervous system (161). The SCN neurotransmitters involved 
in these regulation pathways are as yet unknown. Melatonin, on the other hand, is regulated 
solely via the autonomic nervous system. 
Melatonin release by the pineal gland is completely separate from the classical hypothalamic-
pituitary-endocrine organ axes, like the HPG-, HPA, and HPT axis. Melatonin seems to be 
regulated solely via inhibitory, GABA-ergic pathways from the SCN to the PVN (159,162). 
However, the recent finding of consistently intermediate levels of N-acetyltransferase, the rate 
limiting enzyme of the melatonin synthesis, in the pineal of SCN-lesioned rats suggests that 
here. too. the SCN exerts a stimulatory as well as an inhibitory influence on melatonin 
secretion. 
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SCN regulation results in various hormone patterns 
One of the remarkable phenomena of SCN-controlIed hormonal rhythms is the fact that the 
SCN is responsible for a large variety in temporal patterns of hormone secretion. In rats for 
instance, thyroid stimulating hormone (TSH) peaks during the early light period, melatonin 
during the dark period, corticosterone just prior to dark onset, as does the LH surge, and PRL 
peaks in the second half of the light period. Also the shape of the rhythms is different, varying 
from sharp and narrow (TSH, corticosterone) to bell-shaped (LH), and from a broad plateau
like peak (melatonin) to a sharp peak with a slow decline (PRL). The large variety in rhythms, 
although regulated by a common principle of neuronal connectivity of the SCN with the 
hormonal axes, can be explained by variations in the biochemical content, projections, and 
sensitivity to the circadian signal of the SCN target neurons. 
The SCN generates rhythms in neurotransmitter release and we assume the release pattern will 
be similar in different target areas. The effect of a specific SCN transmitter, such as VP, 
depends on the target area where it is released, i.e. specifically the MPO for LH and PRL 
release (corticosterone was not affected in our animals, chapter 4), and the DMH for 
corticosterone release (164). Microdialysis probes located outside the MPO were indeed 
ineffective, although we could not distinguish between the AVPv and the medial preoptic 
nucleus of the preoptic area. Furthermore, an SCN transmitter released in a single target area 
(i.e. VP in the MPO) can affect two hormones in a different way, depending on the 
neuroanatomical projections of the SCN target neuron. Thus, MPO projections to the GnRH 
neurons mediated the stimulatory effect of VP on LH secretion, while MPO projections to DA 
neurons mediated the inhibitory effects on the PRL surge. Such reciprocal control of LH and 
PRL secretion by the MPO had already been shown by electrical stimulation of the MPO 
(56,88,376). Whether VP activates single MPO neurons projecting to different target areas (as 
was shown for a subpopulation of GnRH neurons (152)) or separate DA- and GnRH-
projecting neurons is unknown. 
Comparison of VP effects on corticosterone secretion with its effects on LH and PRL 
secretion, suggests that bilateral VP release in the DMH is necessary to regulate 
corticosterone release, whereas unilateral VP release in the MPO is sufficient for LH and PRL 
surge regulation. Unilateral VP administration was sufficient to stimulate the LH and to 
inhibit the PRL surge (chapters 2-4), whereas it resulted in an incomplete inhibition of 
corticosterone secretion (164). Consequently, unilateral administration of the VP antagonist 
was insufficient to block the endogenous role of VP on LH and PRL secretion (chapters 3,4), 
but was sufficient to relieve the VP-ergic inhibition of corticosterone release (165). Similarly, 
unilateral administration of GABA in the PVN/DMH was sufficient to inhibit night-time 
melatonin secretion completely (160). As a result, bilateral administration of a GABA 
antagonist was necessary to completely block GABA-mediated melatonin inhibition (159). 
The sensitivity of target neurons to SCN transmitters depends on the adequate amount and 
affinity of receptors for the transmitter. For instance, it has been shown that Via receptor 
expression in the MPO is regulated by E2 (99). Similarly, corticosterone feedback 
mechanisms may affect Via receptor expression in specific neurons. Variation in the 
sensitivity to SCN neurotransmitters co-determines the final effect of this transmitter on 
hormone secretion patterns. 
Finally, variation in rhythmic hormonal patterns is caused by the combination of neuronal 
pathways via which the SCN influences hormone secretion. As mentioned before, pituitary 
hormone secretion can be regulated by the circadian modulation of a single factor (i.e. GnRH 
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or TRH) or multiple regulating factors (i.e. DA and a PRF, or CRF and a CRIF). In addition, 
hormones released by peripheral organs, such as corticosterone and thyroid hormones, are 
also regulated via the autonomic nervous system. We have argued that in addition to multiple 
neuronal pathways, multiple SCN transmitters are used for the regulation of a single hormone 
as well. VP and VIP both are therefore important for the regulation of LH secretion, and 
additional GRP projections may be involved in the PRL surge. 
VP is also clearly involved in corticosterone secretion, but appeared not to play a role in the 
regulation of the thyroid axis (unpublished observations Kalsbeek, Franke and Fliers). Each of 
the above-mentioned factors contributes to a large variation in possible pathways used by the 
SCN to regulate specific hormones, and will contribute to the variation in rhythmical patterns. 

GnRH LH surge 

DA 

PRF 

PRL surge 

Figure 2. Combined stimulatory and inhibitory circadian regulation of the LH and PRL surge. For LH, whose 
release is controlled by a single regulatory factor (GnRH), the positive and negative circadian influences 
converge on the GnRH neuron population. Two regulatory factors, the inhibitory factor DA and a stimulatory 
PRF control PRL release, and the balance between these two determines the occurrence of the PRL surge. 
Both factors may be expressed in a circadian way as a result of combined positive and negative SCN input to 
each of these factors. 

Conclusion 
We have provided evidence and arguments from the literature that the timing of the LH and 
PRL surge appear to be the result of a balance between stimulatory (+) and inhibitory (-) 
regulation by the SCN (Fig. 2). The exact timing and amplitude of these + and - rhythms 
together determine the final timing and amplitude of the surges. The + and - influences by the 
SCN are reached via direct and indirect innervation of the hypothalamic neurons synthesizing 
the pituitary hormone-regulating factors. Thus the MPO is an important intermediate area 
between the SCN and the GnRH and DA neurons, whereas the arcuate nucleus may function 
as an inhibitory intermediate area for the inhibition of GnRH neurons. The major difference 
between the LH and PRL surge is the fact that PRL secretion is regulated by a releasing and 
an inhibiting factor, whereas LH secretion is regulated by a single releasing factor. 
We propose that the mechanism of circadian integration into the LH and PRL surge systems 
described above goes for SCN regulation of hormonal rhythms in general. So far, the data on 
the circadian regulation of other hormones support the existence of such a mechanism. The 
variation in hormonal rhythms regulated by the SCN is caused by a variety of factors, such as 
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the specific target area, the sensitivity of the target neuron to the SCN transmitter, the 
anatomical projections of the target area and the combination of pathways used by the SCN 
(i.e. both neuroendocrine and autonomic). 
A final important issue in the study of circadian output mechanisms is that processes that are 
directly controlled by the SCN may in turn cause other processes to be expressed in a 
circadian way. The best-studied example is melatonin, which is clearly regulated by the SCN 
via the autonomic nervous system, but also functions as an SCN-output signal for the 
reproductive system in seasonal animals. The melatonin secretion pattern adapts to changes in 
day length via the SCN, and transmits this information to the HPG-axis (112). Indeed, both 
SCN lesions and pinealectomy (PNX) eliminate the gonadal responses to alterations in day 
length and the normal annual rhythm of reproduction (111,295,335,397), whereas 
administration of melatonin to PNX animals can reinstate the rhythms again (387). In the rat, 
melatonin has been implicated as a signal for the termination of the LH surge, but the 
mechanism involved is not clear (54,364). It has been suggested that melatonin might act via 
the serotonergic system, but also via areas containing specific receptors for melatonin, i.e. the 
SCN or the pars tuberalis (54,364). In addition, low levels of melatonin receptors have been 
found in the MPO (378), suggesting that melatonin might act in this area as well. Whether 
melatonin also functions as an SCN output signal for other hormones remains to be 
investigated. 
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SAMENVATTING 

"Het klokje tikt" is een uitspraak die vele vrouwen met een kinderwens vaak te horen krijgen. 
Schuilt er eigenlijk waarheid in deze stelling? Dit proefschrift gaat over het belang van een 
biologische klok bij de vrouwelijke voortplanting, en de mechanismen die hierbij betrokken 
zijn. Het onderzoek is uitgevoerd in vrouwelijke ratten, wiens voortplantingscycli veel 
overeenkomst vertonen met die van de mens. 
Zoogdieren bezitten een biologische klok, nl. de nucleus suprachiasmaticus (SCN). De SCN is 

.legen in de hypothalamus, een onderdeel van de hersenen dat nauw betrokken is bij de 
regulatie van gedrag, hormoon afgifte en autonome functies zoals hartslag en bloeddruk. De 
SCN genereert een ritme in deze processen van ongeveer 24 uur (circadiaan: circa=ongeveer, 
dies = dag). De circadiane ritmiek wordt gesynchroniseerd met de licht-donker cyclus door 
licht uit de omgeving, zgn. "entrainment". Licht-informatie bereikt de SCN via verbindingen 
tussen de retina van het oog en de SCN. Door dagelijkse entrainment van het circadiane ritme 
door licht, ontstaat een ritmiek van precies 24 uur in de activiteit van de SCN. De zenuwcellen 

neuronen) in de SCN maken signaalstoffen (neurotransmitters) en geven deze af met een 
me van 24 uur. Vasopressine is een belangrijke SCN neurotransmitter waarvan het ritmisch 

afgifte patroon bekend is. De ritmische afgifte van neurotransmitters zou het mechanisme 
kannen vormen voor de overdracht van ritmische informatie naar verschillende regulatie 

--lernen binnen en buiten de hypothalamus, met als gevolg dat de meeste lichaamsfuncties 
] 24-uurs ritme vertonen (bijv. slaap-waak ritmiek, hartslag en Cortisol afgifte). 

De vrouwelijke voortplantingscyclus wordt gereguleerd door de hypothalamus-hypofyse-
gonade (HHG) as. De hypofyse ligt vlak onder de hypothalamus en geeft vele hormonen af 

tan de bloedbaan. De cyclus wordt gekenmerkt door een sterk verhoogde afgifte van het 
lypofyse-hormoon luteiniserend hormoon (LH) vlak voor de donkerperiode in de rat (= voor 
de activiteitsperiode; ratten zijn nachtdieren). De LH piek induceert de eisprong (ovulatie), 
waarna de bevruchting op kan treden. De LH piek zelf is het gevolg van een sterk verhoogde 
afgifte van het gonadotropine-releasing hormoon (GnRH) dat in de hypothalamus gemaakt 
wordt. Tevens worden de cellen in de hypofyse gevoeliger voor GnRH. De verhoogde GnRH 

ifgifte en hypofyse-gevoeligheid voor GnRH zijn afhankelijk van de toenemende estradiol 
afgifte door het zich ontwikkelende follikel in de eierstok (ovarium), de zgn. positieve 

feedback van ET. De positieve feedback van ET vindt met name plaats op neuronen in het 
mediaal preoptisch gebied van de hypothalamus (MPO), waar zich veel neuronen met ET 
receptoren (ER) zich bevinden. De GnRH cellen zelf bezitten maar weinig ER. Dus voor de 
regulatie van de oestrus cyclus van de rat zijn een aantal elementen noodzakelijk: de GnRH 
cellen, de E:-gevoelige cellen, en het ovarium dat ET produceert. 

Daarnaast blijkt ook de SCN cruciaal voor het optreden van de LH piek. Wanneer dieren 
geovariectomeerd worden (OVX, i.e. verwijderen van de Ovaria en dus van de endogene E2) 
en vervolgens een ET-implantaat krijgen, verschijnt er dagelijks een LH piek. In hoofdstuk 2 
wordt aangetoond dat deze dagelijkse pieken verdwijnen als de SCN verwijderd wordt (SCN-
lesie). In deze dieren zonder SCN bleek vasopressine-toediening in de MPO de LH piek weer 
ie herstellen. In SCN-intacte dieren stimuleert vasopressine-toediening in de MPO de LH 
piek. maar alleen gedurende een beperkte periode vlak voordat de piek begint (hoofdstuk 3). 
Dit is een periode die al eerder geassocieerd werd met de aanwezigheid van een circadiaan 
signaal en bovendien een periode waarin de Vasopressine afgifte door de SCN maximaal is. 
Deze resultaten suggereren dat hoge Vasopressine afgifte in de MPO een stimulerend 
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circadiaan signaal is voor de inductie van de verhoogde GnRH afgifte en dus de LH piek. 
Vasopressine toediening aan het begin van de Iicht-periode bleek de LH piek niet te kunnen 
vervroegen in SCN-intacte dieren, terwijl in SCN-lesie dieren VP toediening op dit tijdstip 
wel een LH piek inducerde. Dit suggereert dat de SGN normaliter aan het begin van de licht-
periode een remmende invloed uitoefent op de LH piek. 
Prolactin? (PRL) is een ander hypofyse-hormoon, welke ook een piek vertoont in de tweede 
helft van de licht-periode en deze PRL piek is ook afhankelijk is van E2 in de MPO. De PRL 
piek is betrokken bij de expressie van specifiek sexueel gedrag in de donker-periode volgend 
op de pieken. Ook de PRL piek treedt dagelijks op in OVX, E2 behandelde dieren. In 
tegenstelling tot LH, wordt PRL afgifte voornamelijk gereguleerd door een remmende factor 
uit de hypothalamus, ni. dopamine. In hoofdstuk 4 blijkt dat de SCN ook cruciaal is voor het 
optreden van de PRL piek. Vasopressine toediening in de MPO heeft echter geen effect op 
PRL afgifte in SCN-lesie dieren. In SCN-intacte dieren remt Vasopressine sterk de PRL piek. 
Dit effect is ook afhankelijk van het moment van de dag, nl. het remmend effect treedt alleen 
op wanneer Vasopressine wordt toegediend tijdens de PRL piek, overeenkomend met de 
periode waarin Vasopressine afgifte door de SCN sterk afneemt. Dit is tevens de periode 
waarin dopamine afgifte sterk daalt, dus suggererend dat Vasopressine in het begin van de 
licht periode PRL afgifte remt via de stimulatie van de dopamine afgifte. De SCN is echter 
ook betrokken bij de stimulatie van PRL afgifte. Door de werking van het remmende 
dopamine te blokkeren ontstaat er een sterke stijging in PRL afgifte. Deze stijging bleek veel 
minder te zijn wanneer de SCN verwijderd was. Dus ook de circadiane regulatie van de PRL 
piek bestaat uit een remmende (Vasopressine in de MPO) en een stimulerende, nog onbekende 
component. 
Omdat Vasopressine een duidelijke rol speelt bij de initiatie van de LH piek (hoofdstukken 2 
en 3) is onderzocht of Vasopressine direct GnRH neuronen zou kunnen beïnvloeden. In 
hoofdstuk 5 is gebruik gemaakt van een immunocytochemische dubbelkleuring voor GnRH 
en Vasopressine in hersencoupes. Het percentage GnRH neuronen waarop contacten van VP 
vezels aanwezig zijn, blijkt in vrouwtjes kleiner dan in mannetjes (12 vs 15 %). Dat de SCN 
een belangrijke bron is van deze vasopressine-GnRH contacten blijkt uit de sterke afname in 
het percentage GnRH cellen met Vasopressine contacten na lesies van de SCN (er resteert nog 
5 % zowel in vrouwtjes als mannetjes). Deze resultaten suggereren dat er een sexe-verschil is 
in de Vasopressine projecties van de SCN naar de GnRH cellen. Dit is een van de vele sexe 
verschillen in de regulatie van het GnRH-LH systeem, die mede-bijdraagt aan het sexe 
verschil in het vermogen een LH piek te genereren (deze is nl. afwezig in mannelijke dieren). 
In hoofdstuk 6 is de interactie tussen E2 en de SCN onderzocht. Beide zijn van essentieel 
belang voor de LH en PRL piek. E2 blijkt echter ook de circadiane expressie van gedrag te 
kunnen veranderen, wat suggereert dat E2 het functioneren van de SCN zelf beïnvloedt. 
Ovariectomie (OVX) leidt tot een vermindering van gedrag in het algemeen (dit omvat 
exploratie-, poets-, drink- en eetgedrag) en van het rennen in een wiel (loopwielgedrag), 
terwijl E2 behandeling het tegengestelde effect heeft. Deze effecten van OVX en E2 op 
algemeen gedrag veranderen als SCN-lesies gemaakt zijn: OVX heeft geen effect meer en E2 

toediening vermindert het gedrag juist. Echter de effecten op loopwielgedrag bleven 
onveranderd in SCN-lesie dieren. Deze data wijzen erop dat E2 het gedrag kan beïnvloeden 
via de SCN, maar dat het afhankelijk is van het soort gedrag: wel algemeen, maar niet 
loopwiel gedrag. Mogelijk is er een specifieke groep neuronen in de SCN die gevoelig is voor 
E2 en betrokken is bij een specifiek gedrag. 
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si hoofdstuk 7 worden alle resultaten op een rijtje gezet en bediscussieerd. De functionele rol 
van alle anatomische verbindingen tussen SCN en HHG-as, zoals die bekend zijn in de 
literatuur en aangetoond in dit proefschrift wordt bediscussieerd aan de hand van de 
resultaten. Hieruit komt naar voren dat de SCN zowel de LH als PRL piek aanstuurt via 
stimulerende en remmende mechanismen. De juiste balans tussen deze beide mechanismen 

ih het moment op de dag dat de LH en PRL piek worden geïnduceerd. Vasopressine 
fte in de MPO vormt een onderdeel van de stimulerende (voor LH) en remmende (voor 

PRL) circadiane regulatie van de hormoonafgifte. De mogelijke rol van andere SCN 
;urotransmitters wordt aan de hand van literatuur bediscussieerd. Uit de vergelijking met de 
cadiane regulatie van corticosteron, thyroid-stimulerend hormoon en melatonine blijkt dat 

en balans van positieve en negatieve circadiane aansturingsmechanismen algemeen is voor 
circadiane expressie van hormonen. Ondanks zo'n algemeen principe van circadiane 

uring vertonen hormonale ritmes echter veel variatie in timing en vorm. Dit komt 
doordat de SCN gebruik maakt van verschillende neurotransmitters in verschillende 

elgebieden. Zo speelt Vasopressine in de MPO een rol als circadiaan signaal voor de LH en 
PRL piek, maar niet voor corticosteron afgifte. Voor corticosteron is de Vasopressine afgifte in 
een ander gebied, de dorsomediale hypothalamus, van belang. Door unieke combinaties van 
neurotransmitters en doelgebieden van de SCN voor specifieke hormonen, ontstaan 
uiteindelijk de verschillende ritmes. 
»e experimenten in dit proefschrift hebben aangetoond dat er inderdaad "een klokje tikt" voor 

vrouwlijke voortplanting in de rat. Dit klokje tikt om alle voortplantingsprocessen op het 
moment van de dag te laten plaatsvinden, zodat de kans op succesvolle voortplanting zo 

iroot mogelijk is. De ritmische afgifte van neurotransmitters zoals Vasopressine blijken hierbij 
een belangrijke rol te spelen. Uit andere studies blijkt dat bij veroudering het klokje minder 
goed tikt, waardoor er een disbalans ontstaat tussen de verschillende voortplantingsprocessen 
met als gevolg een vermindering van de vruchtbaarheid. Dit is eigenlijk wat men bedoelt met 

likkende klok van de vrouw. Er zijn veel overeenkomsten tussen de variatie in 
lormoonspiegels tijdens de oestrus cyclus van de rat en de menstruatie cyclus van de mens. 

/ens lijkt de organisatie van de SCN en HHG-as van de mens zeer veel op die van de rat. 
Meer kennis over de temporele organizatie van vrouwelijke voortplanting zoals nu bestudeerd 
in de rat kan nuttig zijn voor het begrijpen en behandelen van voortplantingsstoornissen in de 
mens, o.a. zoals die optreden bij veroudering. 
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En dan eindelijk...het dankwoord. Natuurlijk heb ik het niet alleen gedaan. De begeleiding, 
vsistentie, vriendschap, warmte en gezelligheid die de promotietijd maken tot wat ie is, komt 
an al die mensen, die ik familie, vrienden, collega's en 'bazen' mag noemen. Ik wil al deze 

nsen bedanken voor teveel om op te noemen. Toch ook een paar persoonlijke bedankjes.... 
Ruud, dank voor je brede visie op het onderzoek en je rappe tempo van nakijken van stukken, 
i! had ik alle ontcijferkunde nodig voor het commentaar wat je in de kantlijn kriebelde. 
\ ictor, jij was meer op afstand betrokken. Maar onze afspraken in Utrecht en je correcties van 
mijn stukken waren goede momenten om vanuit een andere invalshoek nog eens de data te 
inkijken. Je positieve mailtjes waren zeer stimulerend voor me. Dries, jouw bereidheid tot 

iscussie en advies en je meesterlijke 'tekensessies' zijn van onschatbare waarde geweest. Als 
k weer eens kwam met een stapel figuren en een verwarde uitdrukking op mijn gezicht, 
konden we zoet samen een hele middag tekeningen en schema's maken om alle resultaten, 
ideeën en hypothesen weer op een rijtje te krijgen. Dat heb ik van je overgenomen. Eline, jij 

: ik zijn de beste eetcafé-brainstormers. Vaak hebben we wegens tijdgebrek tussen 
Amsterdam, Den Bosch en Wageningen afgesproken om bij een lekker etentje bij te praten. 

de (lekkere) voeding is dus toch goed voor het denkvermogen. 
Het NIH was een leerzame plek om te werken. Een paar bijzondere collega's wil ik toe-
chrijven: Jan, 't is geen A4-tje, maar wel zo bedoeld. Jij weet als geen ander op het NIH hoe 
fijn' dames zijn om mee te werken, en jij hebt dan ook regelmatig geholpen bij opereren, 

strijken, dames in boxen bestuderen enz. Dank voor je inzet en vriendschap. Joke, op jou 
in ik altijd rekenen. Spuiten is nog steeds niet mijn grootste liefhebberij, en jou hulp (spuiten 

van grote dikke mannen!) blijft een bron van bewondering. Dank voor al je assistentie en de 
eilige uitstapjes en etentjes. Veel succes in de US of A. Joop, 't is weer tijd om te 
;sebessen onder een ('t liefst een palm-) boom. Bedankt voor alles. En dan mijn andere 

maatjes: Susanne, Alwin, Marcel, Wilson, Frank, dank voor alle gezelligheid, peppraat en 
vriendschap. Ik mis jullie en dus moeten we volgend jaar toch maar weer een zeilweekendje 

ganiseren! 
FMD is mijn andere thuishaven, en daar heb ik veel geleerd over RIA's, vooral hoe je mensen 
met koekjes paait om ze te laten helpen pipetteren. Hans, dank voor je niet aflatende inzet, en 

m, jij pipetteert het beste! Natuurlijk heb ik ook hier genoten van de gezelligheid van alle 
medewerkers en collega's. En ondanks mijn AIO-af zijn mag ik nog steeds mee op de AIO-
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Inge Palm werd op 5 oktober 1970 geboren in Leidschendam. In 1989 behaalde zij het VWO 
diploma aan het Maerlant Lyceum in Den Haag. In september van dat jaar startte zij met de 
studie Biologie aan de Rijksuniversiteit Groningen. Na vele marien biologische vakken te 
hebben gevolgd werd besloten toch richting de dierfysiologie te gaan, middels het doen van 3 

ages in deze richting. De eerste stage betrof effecten van anxiogène en anxiolytische peptide 
toedinieng in de locus coeruleus van de rat op stress-gerelateerde hormoonafgifte en gedrag. 
Dit gedragsfysiologisch onderzoek werd uitgevoerd aan de faculteit Biologie van de 

jksuniversiteit Groningen, bij de vakgroep dierfysiologie onder begeleiding van dr S.F. de 
Boer en prof. dr. J. Koolhaas. De tweede stage omvatte onderzoek aan de presynaptische 

ulatie van noradrenaline afgifte door sympathische zenuwen in de poortader van de rat. Dit 
.,zologische project werd uitgevoerd aan de faculteit Farmacie van de Rijksuniversiteit 

Groningen onder begeleiding van dr. J. Smit en prof. dr. J. Zaagsma. Een onderdeel van deze 
stage is uitgevoerd in samenwerking met prof. dr. J. Koolhaas. Tenslotte werd een reis 
ondernomen naar de Medical School van de Northwestern University in Chicago, om daar 
tnatomisch onderzoek te doen aan de rol van calcium-afhankelijke enzymen in de 
•ippocampus en cerebellum bij veroudering en leergedrag van konijnen. Deze stage werd 
>egeleid door prof. dr. J. Disterhoft en dr. E.A. Van der Zee, waarna ze bij terugkomst in 

Jerland afstudeerde op 31 augustus 1995. Tussen 1 oktober 1995 en 31 september 1999 
was Inge werkzaam als Onderzoeker in Opleiding op een NWo-gesubsidieerd project, 
uitgevoerd op het Nederlands Instituut voor Hersenonderzoek en de vakgroep Fysiologie van 
Mens en Dier aan de Universiteit van Wageningen. Dit onderzoek werd verricht onder 

•leiding van dr E.M. Van der Beek, dr A. Kalsbeek, prof dr. V. M. Wiegant en prof dr. 
R.M. Buijs, en de resultaten zijn beschreven in dit proefschrift. Sinds 1 september 2000 is 

iverkzaam als onderzoeker bij Numico Research B.V. te Wageningen. 










