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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 
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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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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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