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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 
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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. 


