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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). 

i s ; A SKSäSS8S45ä%S45äS4%ä 

12-

T 

6- JE* \* 

0 . 
1 <* ^ 

12 

MMMiiimsm 

6 8 10 
ZT (hours) 

12 14 4 6 8 
ZT (hours) 

10 12 14 

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. 


