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ABSTRACT 
Male and female rats differ in their ability to produce a surge in gonadotropin-releasing 
hormone (GnRH) and subsequently in luteinizing hormone (LH) in response to estradiol 
feedback. The LH surge, responsible for ovulation in the female, requires a circadian signal 
from the suprachiasmatic nucleus (SCN). Vasopressin (AVP), a neurotransmitter of the SCN, 
has been suggested to act as such a stimulatory, circadian signal. In the present study, we 
investigated the presence of interactions between AVP-containing fibers and GnRH neurons 
in male and female rats, and the contribution of the SCN to these interactions. Double 
immunocytochemistry for AVP and GnRH was performed in animals with an intact, 
unilaterally or bilaterally lesioned SCN. A small subpopulation of GnRH neurons located in 
the preoptic area received AVP-input in both sexes. In males, a significantly larger proportion 
of GnRH neurons was contacted by AVP fibers compared to females (15.8 ± 0.5 vs 12.1 ± 0.7 
%). Unilateral SCN-lesions reduced AVP-GnRH connectivity significantly on the lesioned 
side in both sexes, and also on the intact side in males. Bilateral lesions significantly reduced 
AVP-GnRH connectivity in both sexes, and eliminated the sex differences in AVP-GnRH 
interactions as observed in intact animals. These data indicate that AVP-containing 
projections of the SCN to GnRH neurons are more abundant in males compared to females. In 
addition. SCN-derived AVP projections to contralaterally localized GnRH neurons seem to be 
more numerous in males. The functional significance of these sex differences with respect to 
reproductive functioning in males and females are discussed. 
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INTRODUCTION 
The regulation of luteinizing hormone (LH) secretion is a sexually differentiated 
neuroendocrine function in mammals. In both sexes, the gonadotropin-releasing hormone 
(GnRH) neurons are the principal neurons responsible for the secretion of LH. Only females 
possess the ability to generate a surge in GnRH by positive feedback actions of estradiol (E2), 
leading to the proestrus LH surge. In male rats, the GnRH neurons are tonically inhibited by 
testosterone (T) (206), and ET administration is unable to induce (fos)-activation of GnRH 
neurons and an LH surge (60,127,135). This sex difference is most likely the result of 
organizational effects of sex steroids during perinatal development. Castration of males 
shortly after birth results in a female-like brain development, such that E? can induce LH 
surges in adulthood. Females that are androgenized shortly after birth develop a male-like 
hypothalamus, which is unresponsive to E2 treatment (72). The number of GnRH neurons, 
their distribution and their morphology are remarkably similar between male and female 
animals (313). Thus far, only sex differences in the amount of synaptic input to GnRH 
neurons have been reported, i.e. a higher input has been found in females (52). 
The suprachiasmatic nucleus (SCN) is indispensable for the initiation and occurrence of LH 
surges and expression of estrus cyclicity. Complete ablation of the SCN results in persistent 
estrus and abolishes LH surges in cycling female rats (27,171,211). The SCN provides 
temporal signals that ensure reproductive events to occur at the proper time of day or season, 
likely via extensive axonal projections throughout the hypothalamus (157,165). The SCN 
provides direct input to GnRH neurons (355) as well as to estrogen-receptive neurons in the 
MPO (369). The direct connection between the SCN and GnRH neurons has been shown to 
contain vasoactive intestinal polypeptide (VIP) (358). In female rats, more GnRH neurons are 
innervated by VIP fibers, and the number of VIP boutons contacting a GnRH cell is higher 
than in males (133). These morphological data together with the demonstration of a 
physiological role for VIP in the regulation of the LH surge (25,356) indicate that the sex-
specific connectivity between the SCN and GnRH system may underlie the lack of LH surges 
in male rats. 

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

MATERIALS AND METHODS 

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

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

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

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

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

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

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

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

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

m 

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

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

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

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

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