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It is well known that the somatotropic and gonadotropic axes are closely related: Both 

underproduction and overproduction of growth hormone (GH) affect reproduction. During aging, the decline 
in GH release and reproductive function appear to occur concurrently. Data from the literature suggest that 
somatostatin (SOM), the inhibiting factor in the bimodal hypothalamic regulation of GH release, is not only 
crucial for GH release patterns, but may also affect reproductive function. The aim of this thesis was to test 
the hypothesis that SOM neurons in the periventricular nucleus (PeVN) may play a central role in the 
interaction between both axes in the female rat. 

GH release patterns are sexually dimorphic, which has been suggested to result mainly from 
differences in SOM release from the median eminence (ME). Our data support the notion that the 
hypothalamic SOM system differs between the sexes. The PeVN in female rats likely possesses more SOM 
cells, but synthesis and, possibly, storage of SOM peptide may be higher in males. Also, the acute GH 
feedback on SOM cells, as monitored by the presence of a cFos-positive nucleus, is different between the 
sexes and, moreover, occurs in different subregions of the PeVN in male and female rats. Gonadal steroids 
may be involved in the regulation of hypothalamic GH feedback in the female, as we found that estrogen 
decreases the sensitivity of SOM cells to GH. Our findings suggest that the organization of SOM cells in the 
PeVN differs between the sexes, which may direct the proposed different SOM release patterns from the 
ME. 

In this thesis we show that SOM decreases the estrogen-induced luteinizing hormone (LH) surge in 
the female rat by, at least in part, decreasing hypothalamic GnRH cell activation. These data suggest that 
SOM may indeed directly affect reproductive function at the level of the hypothalamus and, possibly, the 
pituitary. Also, our data indicate that SOM neurons in the PeVN are regulated by both estrogen and 
progesterone, of which plasma levels increase during the day of proestrus. Hence, our data, combined with 
data from the literature, suggest that hypothalamic SOM neurons may be involved in the regulation of the 
proestrous LH surge in the female rat. Based on our results, we suggest that in the normal female cycle, 
SOM may be involved in the descending phase of the LH surge. 

Interestingly, in female rats of 9 months old that already showed an attenuated proestrous LH surge, 
we found changes in SOM peptide concentrations within the PeVN compared to young animals. The decline 
in GH release with age is suggested to result from increased SOM secretion from the ME. Our findings 
suggest that early aging of the somatotropic axis may be correlated with changes in the hypothalamic SOM 
system. Thus, early reproductive aging and age-related changes in the somatotropic axis occur 
simultaneously in the female rat, suggesting that SOM may also be involved in the age-related changes in 
reproductive function.  

In conclusion, we show that changes in GH release patterns (e.g. between the sexes or with age) 
are associated with altered activity of the PeVN SOM cells. These findings support our notion of the 
proposed central role of the hypothalamic SOM system in the interaction of the somatotropic axis with the 
reproductive system. Therefore, PeVN SOM neurons may indeed provide the “cross-link” between the 
functionality of the somatotropic and gonadotropic axis. 
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CHAPTER 1 
 

General introduction 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Underproduction of growth hormone (GH) 

leads to short-stature in children, while 

overproduction causes gigantism or, when GH 

is secreted excessively in the adult, 

acromegaly. Strikingly, both GH-deficiency 

and -overexpression negatively affect 

reproductive function. 
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1.1. THE SOMATOTROPIC AXIS 
 

Growth hormone 

As its name implies, growth hormone (GH) promotes growth and development of 

the body. GH is a single-chain peptide that consists of 191 amino-acids and is secreted by 

somatotroph cells in the anterior pituitary gland. GH directly affects muscle and bone 

growth, lipid metabolism, milk production, and the release of several hormones. Moreover, 

GH also affects several processes in the body indirectly by stimulating the production and 

release of insulin-like growth factor (IGF-I) from the liver (see Figure 1). Besides the direct 

effects on growth and differentiation, GH also affects the regulation of the reproductive 

system: it is, amongst others, involved in pubertal maturation, in the ovarian cycle, and has 

additional roles in pregnancy and lactation [1]. This thesis will focus on the interaction 

between the GH and the reproductive system in the adult female rat. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Schematic representation of the actions of growth hormone 
(GH). IGF-I: insulin-like growth factor-I; T4: thyroxine; T3: triiodothyronine. 
(Adapted from [2, 3]). 
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Growth hormone secretion patterns 
GH release is pulsatile, which is essential for normal growth, and differs between 

the sexes in many mammalian species, including humans and rats [4]. In humans, mean 

plasma GH concentrations and GH pulse amplitude are greater in adult females than in 

males. In contrast, mean GH concentrations and GH pulse amplitude are greater in adult 

male rats compared to female rats [4]. GH pulse frequency, however, is higher in females 

than in males in both humans and rats [5]. In adult male rats, GH release patterns are 

characterized by regular high amplitude GH pulses occurring at approximately 3 h 

intervals, and low baseline levels. Female rats exhibit lower amplitude GH pulses with a 

higher but irregular frequency, and higher baseline levels compared to males [4, 6, 7]. 

In humans, GH release shows a diurnal rhythm: mean plasma GH levels and pulse 

frequency increase during sleep [8]. Although in male rats GH secretion patterns are 

clearly independent of the time of day, GH release in female rats seems to follow a diurnal 

rhythm: pulse frequency and amplitude were found to be increased during the dark period 

[5, 6]. 

 

Effects of gonadal steroids on growth hormone secretion  
The gonadal steroid milieu during neonatal development is very important to 

establish the sexual dimorphism in GH secretion during adulthood [9]. Testosterone (T) is 

essential for the generation of low GH baseline levels and determines GH pulse height and 

duration, but not pulse frequency [10-12]. On the other hand, estradiol (E2) reduces GH 

peak amplitude and increases GH baseline levels [11, 12]. 

Although the neonatal gonadal steroid milieu is crucial in determining GH release 

patterns, the continuous presence of T and E2 is required to maintain the typical male- and 

female-like GH release patterns during adulthood [10-12]. In castrated (CX) adult male 

rats, GH peak amplitude is decreased and GH pulses are irregular [13]. Treatment with T 

restores the typical male-like GH release pattern in CX animals [10, 11]. Ovariectomized 

(OVX) female rats show increased GH peak amplitude and decreased GH baseline levels 

[14]. Following E2 treatment, GH baseline levels increase and GH peak amplitude 

decreases in these animals (Van Vugt et al., unpublished data). Interestingly, in CX or 

intact male rats treated with E2, GH baseline levels and GH pulse frequency increase [13], 

whereas intact or OVX females treated with T show a male-like GH secretion pattern [14-
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16]. Thus, it is clear that in adult rats circulating gonadal steroids dictate the feminine or 

masculine GH secretion pattern (see also Figure 2). 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Figure 2. Representative examples of growth hormone (GH) secretion patterns in 
adult male and female rats with different gonadal steroid status. Rats were kept 
under light/dark conditions of 12/12 h; lights on at zeitgeber time (ZT) 0. All animals 
received an indwelling jugular vein catheter directed towards the right atrium. On day 
12 and 13 after ovariectomy (OVX) or castration (CX) rats were treated with estradiol 
(E2), testosterone (T), or vehicle. On day 14 after OVX or CX blood samples were 
taken. Intact male rats were sampled randomly, and regularly 4-day cycling female 
rats were sampled on the day of proestrus. Blood samples were taken every 12 
minutes, 2 h before until 2 h after onset of the dark period (ZT 12) (Van Vugt et al., 
unpublished data). Gray bars represent dark period. 

 
Hypothalamic regulation of growth hormone secretion 

GH release from the pituitary is mainly regulated by the interplay of the two 

neurohormones GH-releasing hormone (GHRH) and somatostatin (SOM). GHRH is 

synthesized in neurons located in the arcuate nucleus of the hypothalamus (ARC) that 
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throughout the brain [17], but the SOM cells located in the periventricular nucleus of the 

hypothalamus (PeVN) project to the ME and are responsible for the regulation of pituitary 

GH release [18, 19]. GHRH and SOM released from the ME are subsequently transported 

to the anterior pituitary gland via the hypothalamo-hypophyseal portal blood vessels to, 

respectively, stimulate and inhibit GH release. GHRH stimulates both the synthesis and 

secretion of GH and influences somatotroph cell number, whereas SOM inhibits GH 

secretion but not synthesis [19]. 

Besides projecting directly to the ME, SOM- and GHRH-producing neurons can 

influence each other via intrahypothalamic connections. Also other neuropeptides 

synthesized by neurons in the ARC, like neuropeptide-Y (NPY), are able to modulate the 

synthesis and release of GHRH and SOM [18]. Moreover, SOM regulates its own release 

by “short-loop” negative feedback actions within the PeVN [20]. 

GH is able to regulate its own secretion by feedback actions at the level of the 

pituitary and hypothalamus. As GH-receptors (GH-Rs) were found on SOM cells in the 

male PeVN [21, 22], it is likely that GH stimulates SOM release by a direct feedback action 

on these neurons. GH feedback on GHRH neurons in the ARC, however, has been 

suggested to be indirect. GH likely affects SOM- and/or NPY-containing neurons with  

GH-Rs that in turn send signals to the GHRH neurons resulting in a decrease in GHRH 

release. In addition, IGF-I may also feed back at the level of the pituitary, and possibly the 

hypothalamus, to inhibit GH release from the pituitary (reviewed in [23]) (see Figure 3). 

 
Sexual dimorphism in GHRH and SOM release 

The typical masculine and feminine GH release patterns are the direct result of 

differences in GHRH and SOM release patterns between the sexes. In male rats, both 

GHRH and SOM are released in regular pulses, however exactly out of phase with each 

other: at the time of a GH peak, SOM levels are low whereas GHRH levels are high and 

vice versa during GH trough levels [25]. In the female rat, SOM release is suggested to be 

more continuous at a level in-between the maximal and minimal concentrations found in 

males, whereas GHRH is released in irregular pulses. Whenever GHRH is “high enough” 

to exceed inhibitory SOM concentrations, a GH peak will occur [26] (see Figure 4). 

With respect to the bimodal hypothalamic regulation of GH release, differences in 

SOM release patterns between the sexes are most striking. Sex differences in GH release 

patterns have therefore been suggested to depend mainly on SOM rather than GHRH 
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release in the rat [19, 23, 25]. Consequently, SOM synthesis and release may, like GH 

release, be influenced by gonadal steroids as well. Indeed, male rats that are castrated 

shortly after birth show decreased SOM mRNA concentrations in the PeVN on postnatal 

day 5 compared to intact males of the same age [27]. Interestingly, treatment with T in 

these animals does not affect SOM mRNA, whereas treatment with E2 results in SOM 

mRNA levels similar to that in intact males, indicating that the organizational effects of T 

require aromatization of T to E2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic representation of somatostatin (SOM) and growth 
hormone (GH)-releasing hormone (GHRH) projections within the 
hypothalamus, regulating GH release. PeVN: periventricular nucleus; 
ARC: arcuate nucleus; NPY: neuropeptide-Y; ME: median eminence; 
AP: anterior pituitary; PP: posterior pituitary; IGF-I: insulin-like growth 
factor-I. (Adapted from [18, 24]). 
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in decreased levels of SOM mRNA and peptide in the PeVN. Treatment with E2 may 

restore hypothalamic SOM concentrations, although the precise role of E2 in the regulation 

of hypothalamic SOM activity in the female remains unclear, as contradictory results have 

been reported [28, 29, 32, 33]. Hypothalamic GHRH mRNA concentrations, however, are 
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affected by neither gonadectomy nor steroid treatment in both male and female rats [14, 

34]. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 4. Schematic representation of somatostatin (SOM) and growth 
hormone (GH)-releasing hormone (GHRH) release patterns in the male (left) 
and female (right) rat, which are suggested to result in the typical masculine 
and feminine GH release patterns (adapted from [25, 35]). 

 

Ghrelin 
Besides GHRH and SOM, ghrelin, a recently discovered peptide, is likely involved in 

the regulation of GH release as well. Ghrelin, a 28 amino-acid peptide, was originally 

isolated from the stomach, but was also found to be present in small amounts in the 

intestine and hypothalamus. This peptide is the endogenous ligand for the GH 

secretagogue receptor, which is expressed in the hypothalamus and pituitary. Although 

ghrelin is able to stimulate GH release, its exact role in the regulation of GH secretion 

remains uncertain. Data from studies on the possible role of ghrelin in physiological GH 

regulation suggest a facilitating, rather than a regulatory effect. It was suggested that the 

role of ghrelin may become more prominent during a state of negative energy balance 

(reviewed in [36]). 
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Growth hormone release during life 
Plasma GH levels are low at birth, but increase shortly thereafter [37]. In 22 days 

old rats, GH secretion patterns are already pulsatile, although peaks are still lower 

compared to those found in adult animals. At this age, the GH secretory pattern does not 

yet differ between the sexes. During early puberty, GH secretion patterns become different 

between females and males, but it is not until early adulthood that the typical feminine and 

masculine GH secretory patterns are fully established [7, 38]. 

During adulthood, GH secretion gradually declines with age in both humans and 

rats, which is thought to be responsible for the aging-related metabolic and physiological 

changes (reviewed in [39]). In female rats, mean plasma GH concentrations and peak 

amplitude are already significantly decreased at 11 months of age and are even more 

decreased at the age of 25-29 months [40] (see Figure 5A for an overview). The decline in 

GH concentrations with age is concurrent with decreased GH mRNA concentrations [41, 

42], and the number and size of pituitary GH cells [39], suggesting that the age-related 

changes in pituitary GH levels may occur at the transcription level of GH synthesis. 

However, somatotrophs can be restored to youthful secretory capacity when treated with 

GH-releasing peptides at any age [43]. Therefore, the decrease in GH release with age, 

and the subsequent decreased IGF-I levels, are more likely the result of changes at the 

level of the hypothalamus rather than the pituitary [39, 43]. 

 

GHRH and SOM during life 

Although hypothalamic GHRH mRNA concentrations are increased and become 

different between the sexes after puberty [14], the amount of GHRH released from the 

hypothalamus remains constant during life and does not differ between male and female 

rats [44]. In male rats, SOM release is very low shortly after birth, but reaches secretion 

levels around puberty that are similar to those found in adulthood [44, 45]. In female rats, 

SOM release follows a pattern similar to males until adulthood but continues to increase 

thereafter [45]. Also hypothalamic SOM mRNA concentrations [14, 27] and SOM peptide 

content in the PeVN [45] start to increase immediately after birth and peak around puberty. 

Differences in SOM mRNA, SOM peptide in the PeVN and SOM release from the ME 

between the sexes become evident, respectively, on day 5, 10 and 40 [45]. 
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It has been suggested that the gradual decrease in GH secretion with age may be 

due to increased SOM release [17]. SOM content in the ME is lower, whereas SOM 

immunoreactivity in the anterior pituitary is higher in old (20 months) compared to young 

male rats [46], suggesting that SOM release from the ME increases with age. Indeed, in 14 

month old male and female rats, SOM release from the hypothalamus is increased 

compared to young animals [44]. Although increased secretion of SOM occurs with age, 

decreased hypothalamic gene expression and peptide was found in old rats, suggesting 

an increased efficiency of SOM translation with age [39]. On the other hand, GHRH 

release is found to be unchanged [44] or decreased (reviewed in [17, 39]) with age (see 

Figure 5B for an overview). Hence, changes in GH release patterns during aging are 

mainly the result of changes in SOM release, which further supports the notion of a 

prominent role for SOM to direct GH release patterns. 

                              
Figure 5. Proposed plasma GH levels (A, based on [40-42, 44, 
47]), and SOM and GHRH release (B, based on [14, 27, 39, 44, 
45]) during life in male and female rats. 
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1.2. THE GONADOTROPIC AXIS 
 

Hypothalamus-pituitary-gonadal axis 
In the adult female rat, the estrous cycle lasts for 4-5 days and the regulation of the 

cycle shows, despite differences in cycle length, many similarities with the menstrual cycle 

in humans [48]. 

Gonadotropin-releasing hormone (GnRH)-producing neurons that are located in the 

organum vasculosum of the lamina terminalis (OVLT) and in the preoptic area (POA) 

project to the ME, from where GnRH peptide is transported via the portal blood system to 

the anterior pituitary to stimulate the release of luteinizing hormone (LH) and follicle-

stimulating hormone (FSH). LH and FSH, in turn, affect the ovaries: LH stimulates ovarian 

androgen production, ovulation and corpus luteum (CL) formation, and FSH stimulates the 

development of ovarian follicles. In the follicles, the gonadal steroids are produced: the 

thecal cells synthesize T, which is aromatized to E2 in the granulosa cells. P is synthesized 

in both granulosa cells and in the luteinized cells of the CL. E2 and P are crucial for the 

induction of the preovulatory LH surge. Low concentrations of E2 (during the first phase of 

the estrous cycle) inhibit the secretion of GnRH from the hypothalamus, but when 

adequate levels are present, E2 is able to stimulate GnRH release, leading to the GnRH 

surge on the day of proestrus and, subsequently to an LH and FSH surge. P also plays a 

role in the timing and magnitude of the preovulatory LH surge [48] (see Figure 6). 

E2 and P feed back at the level of both the pituitary and hypothalamus. The 

feedback  action at the level of the hypothalamus, however, has to be indirect, because 

GnRH cells only express very low concentrations of E2-receptor β (ERβ), but in rats no 

ERα and PR [49]. Neurons in the POA that contain ERs and/or PRs, and project to GnRH 

cells, are therefore most likely to mediate the ovarian feedback on the hypothalamus. 

 

Reproductive aging 
Already at a relative early age, around 8-9 months of age (“middle-aged”), activation 

of GnRH cells on the day of proestrus is decreased in female rats compared to young 

females, despite a normal estrous cyclicity [51, 52]. This decreased activation may lead to 

a decline in GnRH synthesis and secretion and may be responsible for the attenuation of 

the preovulatory LH surge that is found in these middle-aged female rats [48, 50]. During 

reproductive aging, decreased GnRH cell activation and LH release is followed by 
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lengthening of the estrous cycle and/or irregular cycles, resulting in acyclicity (persistent 

estrous). Finally, the female rat becomes anovulatory and infertile (around 18 months of 

age, although this varies between strains). Interestingly, infertile females still have a 

considerable number of ovarian oocytes [48], indicating that ovarian failure is not the 

limiting factor in reproductive aging. Also, the early changes in estrous cyclicity occur 

despite the stimulating levels of E2 and P, that are unchanged, or even elevated during the 

early phases of the reproductive aging process [50]. Thus, it seems that changes occurring 

at the level of the hypothalamus and pituitary are the first indications of reproductive aging, 

at least in the female rat. 

 

 

                                                              
                                                 

Figure 6. Schematic representation of the hypothalamus-pituitary-gonadal axis (left), and of 
plasma hormone concentrations during the estrous cycle (right; with permission from [50]) in 
the female rat. OVLT: organum vasculosum of the lamina terminalis; POA: preoptic area; ME: 
median eminence; AP: anterior pituitary; PP: posterior pituitary; LH: luteinizing hormone; FSH: 
follicle-stimulating hormone; E2: estradiol; P: progesterone. 
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overexpressing GH show reduced fertility [55, 56]. So, both reduced and elevated levels of 

plasma GH counteract normal reproductive function, suggesting that the activity of the 

somatotropic axis needs to be in balance for an optimal functioning of the reproductive 

axis. This paragraph will further illustrate how these two axes may interact. 

 

Ovary 
Ovarian dysfunction in women is often associated with an altered GH secretion [38], 

and animals with GH-R deficiency show distinct disturbances in ovarian development 

(reviewed in [57]). In women, GH release increases during the preovulatory phase of the 

ovarian cycle [8, 38], GH is locally produced in the ovaries, and GH-Rs are present on 

ovarian cells (reviewed in [1, 38, 57]), suggesting that GH directly affects ovarian function. 

Indeed, GH stimulates folliculogenesis, prevents atresia of follicles (reviewed in [1, 57, 

58]), and has a facilitatory role in ovulation (reviewed in [1, 38]). Also, GH stimulates E2 

and P synthesis in the ovaries (reviewed in [1, 57]). 

Many of the actions of GH on ovarian function may be induced by a local production 

of IGF-I: both IGF-I and IGF-I-Rs are present in ovarian tissues [1]. Almost all actions of 

FSH on the ovaries are amplified by IGF-I (reviewed in [59]). Moreover, recent 

experiments in GH-R-knock-out mice in our laboratory showed that IGF-I stimulates follicle 

recruitment (Slot et al., manuscript in preparation). 

 

Pituitary 
Circulating plasma GH levels correlate with plasma LH, FSH and E2 concentrations 

during the ovarian cycle in humans [38]. The relevance of GH to normal sexual 

development is reflected by the fact that gonadotrophs are poorly, if at all, developed in 

rats lacking GH during the fetal stage [38]. GH-deficient animals show decreased plasma 

gonadotropin levels [53] and a reduced GnRH-induced gonadotropin release [60]. GH-

overexpression results in a decreased proestrous LH surge [53] and in decreased GnRH-

induced gonadotropin release [54, 61], which is probably caused by reduced LH and FSH 

mRNA levels in the pituitary [38]. In the adult female rat, 40% of the GH cells co-express 

LH mRNA and 60% co-express FSH mRNA. The percentage of somatotroph and 

gonadotroph co-expression peaks on the day of proestrus. Moreover, 30-40% of the GH 

cells bind GnRH [58], implying a very close interaction between the two axes at the level of 

the pituitary. 
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IGF-I also plays a role at the level of the pituitary in the somatotropic and 

gonadotropic interaction. Long-term treatment with IGF-I increases GnRH-stimulated LH 

secretion [62], and incubation with IGF-I increases the release of both LH and FSH from 

cultured anterior pituitary cells [63]. 

 
Hypothalamus 

Possible interactions between the GH and reproductive axis at the level of the 

hypothalamus have been rarely studied. Yet, the hypothalamic changes found in animals 

with an altered GH status may provide information on the possible mechanisms affecting 

reproductive function. In GH-deficient animals, NPY mRNA levels and the number of NPY-

containing neurons in the ARC are reduced [64], indicating possible changes at the 

regulatory level of GH release. The distribution of GnRH neurons in several hypothalamic 

areas is changed in animals overexpressing GH [65], and in vitro GnRH release is 

decreased in transgenic males [53]. 

In GH-deficient animals, the amount of SOM mRNA in the PeVN is decreased [66], 

whereas in animals overexpressing GH, the amount of SOM mRNA and the number of 

SOM neurons in the PeVN is increased. The number of SOM and GHRH neurons in the 

ARC of GH overexpressing mice, however, is decreased [65, 66]. An altered GH status 

hence results in changes at the hypothalamic level of both the somatotropic and 

gonadotropic axis. 

In the POA, the majority of GnRH cell bodies show IGF-I immunoreactivity and in 

the ME GnRH neuroterminals are located close to IGF-I-immunopositive cells. IGF-I is 

able to regulate GnRH gene expression [67] and may affect GnRH release from the ME 

[68]. Thus, also the hypothalamic regulation of GH and LH and FSH release may be 

functionally related. In addition, one study showed that also GnRH may have the 

properties of a GH-releasing factor [69], while on the other hand, SOM may directly inhibit 

LH release and affect both gonadotropic cell numbers and morphology [70, 71]. Figure 7 

shows an overview of the possible interactions between the gonadotropic and 

somatotropic axis. 
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Figure 7. Schematic representation of the reported interactions between 
the somatotropic and gonadotropic axis (depicted by black arrows). Gray 
arrows represent normal regulation of both axes. For more information and 
references: see text. GnRH: gonadotropin-releasing hormone; SOM: 
somatostatin; GHRH: growth hormone (GH)-releasing hormone; LH: 
luteinizing hormone; FSH: follicle-stimulating hormone; IGF-I: insulin-like 
growth factor-I; E2: estradiol; P: progesterone. 

 

Somatotropic and gonadotropic interaction during life 
During puberty, plasma GH levels are elevated in both humans and rats, which is 

the result of increased GH pulse amplitude. This increase in GH pulse amplitude is 

initiated by gonadal steroids and is crucial for the pubertal growth spurt and sexual 

maturation [38]. GH-deficiency delays puberty onset in both male [72, 73] and female [74, 

75] rats, and in women (reviewed in [1]). On the other hand, GH overexpression advances 

puberty in female mice [61], indicating that “normal” plasma GH concentrations are needed 

for a normal sexual maturation. 

Transgenic mice that overexpress GH exhibit various symptoms of early aging 

including reduced reproductive function [61]. On the other hand, GH treatment in aged (18 
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months old) female rats restores plasma LH and E2 levels to those found in young 

females. Moreover, in 60% of these animals, estrous cyclicity could be restored following 

long-term GH treatment [76]. 

The effects of GH on puberty and reproductive aging may, at least in part, be 

mediated by changes in plasma IGF-I concentrations: During puberty, IGF-I mRNA levels 

in the POA and ME increase, whereas they decrease during reproductive aging [68]. In 

reproductively aged women, plasma GH and IGF-I levels decline despite the stimulatory 

effects of E2, which may even be elevated in these women [77]. 

Hence, during all phases of life, the function of the somatotropic and gonadotropic 

axis is closely related. Clearly, an altered GH status leads to changes in reproductive 

function at all levels of the gonadotropic axis. With respect to the regulation of GH release, 

the hypothalamic SOM system may be vital. Moreover, GH-deficiency as well as GH-

overexpression, both correlated with a decreased reproductive function, result in altered 

hypothalamic SOM levels. Changes in reproductive function following changes in GH 

status may therefore be dictated, at least in part, by hypothalamic SOM actions.  

 

1.4. SOMATOSTATIN 
 

Structure 
SOM is synthesized as a prohormone, preproSOM, consisting of 92 amino-acids. 

PreproSOM undergoes tissue-specific processing to produce either a 14 amino acid 

peptide (SOM-14) or a 28 amino acid, N-terminally extended form (SOM-28), which are 

present in the hypothalamus in the ratio of 4:1 (reviewed in [19, 78]). Both are biologically 

active forms with similar potency with respect to GH secretion, and bind to all 5 known 

SOM-receptors with high affinity. The biological significance of the two forms in relation to 

neuroendocrine function, however, remains to be determined [19]. SOM secretion from the 

PeVN may be regulated by pathways originating outside the hypothalamus (cholinergic 

and adrenergic pathways), as well as by intrahypothalamic pathways (gamma-

aminobutyric acid (GABA), glutamate, and possibly dopamine) [19]. 

 

Distribution  
SOM has a widespread distribution in the CNS: high levels can be found in the 

amygdala and brainstem, and lower levels in the limbic system and neocortex [17], as well 
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as in the periphery [19]. Within the hypothalamus, SOM cells are located, besides in the 

PeVN, in the paraventricular nucleus (PVN, which regulates the neuroendocrine stress 

response), the ARC (also containing GHRH neurons that stimulate GH release), the 

suprachiasmatic nucleus (SCN, which plays an important role in the regulation of seasonal 

and circadian hormonal rhythms), and in the ventromedial nucleus (VMN, involved in the 

regulation of reproductive functions). These neurons do not project to the ME, in contrast 

to SOM neurons located in the PeVN, indicating that SOM neurons have several different 

functions within the hypothalamus [19]. 

Besides its involvement in the regulation of GH release, periventricular SOM also 

inhibits the release of thyroid stimulating hormone (TSH) and possibly also 

adrenocorticotropic hormone (ACTH), prolactin [17] and LH, as already mentioned in 

paragraph 1.3 [70]. 

 

SOM receptors 

The transmembrane G-protein-coupled SOM receptor (SSTR) now comprises five 

subtypes (SSTR1-5). All five receptor subtypes bind SOM-14 and SOM-28 with equal 

affinity [78]. SSTR subtypes are very specifically distributed within the hypothalamus and 

pituitary. For instance, in the PeVN and ARC, as well as the anterior hypothalamus, 

containing most GnRH neurons, SSTR1 and SSTR2 are expressed in much higher 

numbers than SSTR3-5 [79-81]. Also, somatotrophs in the pituitary express mainly SSTR4 

and SSTR5, whereas gonadotrophs mainly express SSTR2 [82]. Specific SSTR subtypes 

may hence be involved in specific mechanisms with respect to the regulation of 

somatotropin and gonadotropin release. Moreover, the fact that SSTRs are present in 

hypothalamic areas involved in the regulation of gonadotropin release, and in 

gonadotrophs themselves, supports the hypothesis that hypothalamic SOM may be 

involved in the somatotropic and gonadotropic interaction. 

 

1.5. SUMMARY AND SCOPE OF THE THESIS 
Both GH secretion and reproductive function can be restored in aged animals, 

indicating that neither pituitary capacity, nor ovarian function is crucially changed during 

the early stages of reproductive aging. This strongly suggests that aging of 

neuroendocrine function may start at the level of the hypothalamus. Hence, as the 

somatotropic and gonadotropic axes are closely related, their interaction may also take 
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place, at least in part, at the level of the hypothalamus. With respect to the hypothalamic 

regulation of GH release, SOM plays a crucial role in determining and maintaining the 

sexual differences. In aged animals and in animals with an altered GH status, 

hypothalamic SOM concentrations and release are significantly changed. Also, SOM has 

been shown to affect LH release and gonadotropic cell numbers and morphology directly. 

Moreover, SSTRs are present in the hypothalamic area containing GnRH neurons, and on 

gonadotrophs in the pituitary, indeed indicating direct effects of SOM on the hypothalamic-

pituitary regulation of female reproduction. Based on the above, we hypothesize that SOM, 

originating from the PeVN, may play a central role in the interaction between the 

somatotropic and gonadotropic axis. 

To test our hypothesis, adult female rats were studied. In addition, we used male 

rats to compare our data with previous studies from the literature, as most research on the 

hypothalamic regulation of GH release to date has been performed in males. To test the 

hypothesis that periventricular SOM neurons may play a central role in the interaction 

between the GH and reproductive axis in the female, we first studied the hypothalamic 

SOM system of the female rat in more detail. Literature on the specific anatomical 

definition of the PeVN area containing the SOM cells that project to the ME is scarce. 

Therefore, the PeVN area was strictly defined with respect to anatomical boundaries and 

the SOM cell location within the PeVN was determined in more detail in both adult male 

and female rats (chapter 2). 

Next, we aimed to study the hypothalamic regulatory mechanism of GH secretion in 

the adult female rat. To this end, the acute feedback effect of GH on (the activation of) 

SOM cells in the PeVN was studied in intact cycling female (on the day of proestrus), 

ovariectomized (OVX) rats, OVX rats treated with estradiol (E2), and in addition, to 

compare with previous data from the literature, adult male rats (chapter 3). 

Data from literature indicate that E2 is likely to affect SOM cell activity. The reported 

data on the precise role of E2 on SOM cells in the PeVN, however, are somewhat 

contradictory. Our data from chapter 3 suggested that not only E2 but also other ovarian 

factors, e.g. progesterone (P), may affect the feminine hypothalamic SOM system. 

Therefore, the effects of gonadal steroids (E2 and/or P) on the number of SOM peptide-

containing cells in the PeVN were studied in adult OVX female rats, and compared to 

intact male rats (chapter 4). 
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It may be clear from the literature that interactions between the somatotropic and 

gonadotropic axes seem to influence neuroendocrine output. We tested the hypothesis 

that SOM, originating from the PeVN, not only regulates GH release from the pituitary, but 

may also be the central factor in the interaction between the two axes. To this end, the 

effect of a single central injection with a SOM analog, just prior to surge onset, on the E2-

induced LH surge and on the activation of hypothalamic GnRH cells was studied in adult 

OVX female rats (chapter 5). 

During aging, there appears to be a concurrent decline in the activity of the 

somatotropic and gonadotropic axis. A previous study in our laboratory showed that 

already in 9 months old female rats the LH surge was decreased, which appeared to be 

primarily correlated to hypothalamic changes. These changes occurred despite the fact 

that stimulatory levels of E2 were still present [50]. Moreover, evidence exists that 

exposure to high levels of E2 during life may in fact accelerate reproductive aging. Thus, 

we studied the effect of acute E2 feedback on SOM cells in the PeVN of young adult (4 

months old) and middle-aged (9 months old) OVX female rats (chapter 6). To this end, rats 

from two sub-strains were used: the Wistar, displaying predominantly 4-day estrous 

cycles, and a hybrid of two Wistar strains, the (UxRP)F1, displaying predominantly 5-day 

estrous cycles due to diestrous lengthening. The (UxRP)F1 females are hence exposed to 

high plasma E2 levels for one extra day each ovarian cycle. Moreover, from literature it is 

known that female (UxRP)F1 rats become reproductively aged earlier in life than Wistar 

rats. 

Finally, in chapter 7 the main conclusions of this thesis are presented and 

discussed. In addition, we propose a hypothesis for the possible mechanism(s) via which 

SOM may act on both the somatotropic and gonadotropic axis. The possible 

consequences of an altered GH status, in particular during aging, on hypothalamic SOM 

and consequently on reproductive function are discussed. 
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ABSTRACT 
To determine the distribution of somatostatin (SOM) cells within the periventricular 

nucleus of the hypothalamus (PeVN) in the adult rat, we studied the number of SOM cells 

in a strictly defined series of PeVN sections of male and ovariectomized (OVX) female 

rats, following sham or gonadal steroid treatment. 

The distribution of SOM cells within the PeVN showed a very characteristic pattern 

in both male and female rats. Both the rostro-caudal distribution and the total number of 

SOM cells in each PeVN section was different between the sexes. Moreover, our data 

suggest that gonadal steroids may affect the number of SOM cells in specific subregions 

of the PeVN in female rats. 

Based on these observations and data from the literature, we divided the PeVN into 

three subareas. We hypothesize that within the PeVN specific SOM cell sub-populations 

may exist. 

 

INTRODUCTION 
In the adult rat, the growth hormone (GH) secretory pattern is sexually dimorphic. In 

males, GH secretion is characterized by regular high amplitude GH pulses occurring at 

approximately 3-h intervals, and low baseline levels. Females exhibit irregular low 

amplitude GH levels and higher baseline levels than males [4, 6, 7]. GH release from the 

pituitary is mainly regulated by the interplay between the stimulating effects of GH-

releasing hormone (GHRH), synthesized in the arcuate nucleus of the hypothalamus 

(ARC), and the inhibiting effects of somatostatin (SOM), synthesized in the periventricular 

nucleus of the hypothalamus (PeVN) [19, 83-85]. 

The sexual dimorphism in GH secretion has been suggested to be predominantly 

the result of differences in SOM release patterns from the median eminence (ME) between 

the sexes [19, 23, 25]. In males, SOM is released in regular pulses with maximal levels 

during a GH trough and minimal levels during a GH peak [25, 83, 84, 86, 87]. In female 

rats SOM release is thought to be more continuous at a level in-between the maximum 

and minimum levels that are found in males [26, 35], although relatively small SOM peaks 

have been reported in female rats [33]. Thus, SOM release patterns from the ME may 

indeed contribute considerably to the sexual differences in GH release from the pituitary. 

Consequently, SOM synthesis and release may be influenced by gonadal steroids. Indeed, 
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in both male [23, 28-31] and female rats [28, 29, 31, 33, 88, 89] gonadal steroids have 

been shown to affect hypothalamic SOM mRNA and peptide concentrations, although the 

exact role of estradiol (E2) in the female remains unclear. 

It is well known that periventricular SOM cells located in the anterior part of the 

hypothalamus are the neurons that project to the ME to regulate GH release from the 

pituitary [90-94]. However, this periventricular part of the hypothalamus is still extensive 

and not very well defined. Previous studies [20, 24, 95, 96] and personal observations 

suggested that the anterior periventricular area is not homogeneous with respect to SOM 

cell function and distribution. Therefore, we studied the distribution of SOM cells within the 

PeVN in more detail. We compared SOM cell distribution between the sexes and studied 

the possible effects of gonadal steroids on the distribution of SOM cells in adult female 

rats. 

 

MATERIALS AND METHODS 
 

Immunocytochemistry 
For animal treatment and brain collection, see chapter 4 of this thesis. 

One third of the 40 µm coronal brain sections was stained for SOM peptide using 

free-floating immunocytochemical techniques [97]. Sections were pretreated with 3% H2O2 

(Merck) in 0.1 M Tris buffer (TBS; pH 7.4) for 30 min, followed by extensive washing with 

TBS. Subsequently, sections were incubated with the primary polyclonal rabbit antibody 

raised against SOM peptide (Somaar 080289, NIH, Amsterdam, The Netherlands; final 

dilution 1:30,000) [98], diluted in TBS containing 0.5% Triton-X-100 and 0.25% gelatin 

(“Supermix”) for 1 night at 4ºC. This was followed by incubation with biotinylated goat anti-

rabbit IgG (Vector Laboratories; 1:500 in Supermix) for 1.5 h at room temperature, and 

Avidin-Biotin Complex-elite (Vector Laboratories; 1:1500 in Supermix) for 1.5 h at room 

temperature. Between incubation steps, sections were thoroughly washed with TBS. SOM 

immunoreactivity was visualized by incubation with 0.05% 3,3’-diaminobenzidine (Sigma 

Chemical Company) in TBS containing 0.1% imidazole and 0.03% H2O2 for 14.5 min. 

Stained sections were mounted on albumin coated slides, dried, dehydrated and 

coverslipped in DEPEX (BDH Laboratory Supplies, Poole, England). SOM-immunoreactive 

(SOM-ir) neurons in the PeVN were counted using a computer assisted image analysis 

system (SION Image software program) following background correction. 
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Data analysis 
The first section of the PeVN was determined to be the section in which the 

suprachiasmatic nucleus (SCN) first appeared (Plate 22 according to Paxinos and Watson 

[99]). The last section of the PeVN was determined to be the section just before the ventral 

medial nucleus (VMN) first appeared (Plate 26 [99]). The total PeVN, defined as described 

above, consisted of nine 40 µm sections with 80 µm intervals and included all 

periventricular SOM cells that have been shown to project to the ME [90, 94]. 

Images of only the left side of the brain sections containing the PeVN were captured 

using a microscope (10 x 5 magnification) with a digital black-and-white CCD camera 

(Sony, XC-77CE) connected to a computer, as no differences in SOM peptide content 

were anticipated between the left and right side of the hypothalamus (personal 

observations). Next, images were analyzed using an image analysis program (Scion 

Image Beta, version 4.02; Scion Corporation, Maryland, USA) using gray level threshold 

discrimination as previously described [50]. By capturing each image at the same gray 

level (i.e. the average gray level of the entire image), a background correction was made. 

Subsequently, a threshold was determined by background measurements (i.e. the gray 

level in an area that contained SOM-ir fibers, but no SOM-ir cell bodies) in a representative 

selection of the images. Using this threshold, SOM-ir neurons (i.e. cell bodies, without 

fibers, that consisted of a minimal size of 5 pixels) were counted automatically (for more 

details: [50]). 

Data were analyzed using the SPSS statistical analysis system. To compare the 

number of SOM-ir cells between the groups in each PeVN section, a Oneway ANOVA was 

used and in addition separate Bonferroni tests were used as a post-hoc test. Differences 

were considered to be significant when p<0.05. 

For the schematic camera lucida drawings of the PeVN, images were imported into 

Adobe Illustrator (version 8.0), a drawing program in which schematic drawings can be 

made by placing an empty layer over the image file. In this layer, immunoreactive neurons 

were marked and saved. 
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RESULTS AND DISCUSSION 
SOM-ir cell distribution within the PeVN showed a very characteristic pattern with 

respect to the location of the SOM cells in relation to the third ventricle and to total cell 

numbers. In the anterior part of the PeVN a small, dense population of SOM-ir cells was 

located just above the SCN, lined along the ventricle wall. Moving more caudally towards 

the medial part of the PeVN, a dense population of SOM-ir cells covered the whole length 

of the third ventricle side area, with maximum numbers of SOM-ir cells at the mid-level 

(from ventral to dorsal) of the ventricle. Finally, in the posterior part of the PeVN, small 

populations of SOM-ir cells were mainly located along the mid- and dorsal part of the 

ventricle side (Figure 1 and 2). 

The total SOM-ir cell number was higher in male compared to ovariectomized 

(OVX) female rats in each PeVN section (Figure 3). The rostro-caudal distribution within 

the PeVN appeared to be slightly different between the sexes, i.e. maximal SOM-ir cell 

numbers were found in section 7 in males, but consistently in section 6 in the OVX 

females, irrespective of gonadal steroid treatment (Figure 3). Although the general rostro-

caudal distribution of SOM-ir cells was largely unaffected by steroid treatment, the number 

of SOM-ir cells seemed to be different between the treatments in specific PeVN sections. 

Estradiol (E2) or progesterone (P) treatment alone appeared to decrease the number of 

SOM-ir cells mainly in the anterior and medial parts of the PeVN compared to the 

untreated OVX females, whereas combined treatment with E2 and P seemed to increase 

the number of SOM-ir cells in the medial and posterior parts of the PeVN. These data 

suggest that in the female rat gonadal steroids may affect the number of SOM peptide-

containing cells in specific parts of the PeVN. 

Based on the observations described above, we divided the PeVN into three 

subregions: the anterior (containing sections 1-3), medial (sections 4-6), and posterior 

(sections 7-9) PeVN. In line with others who also proposed a possible subdivision of the 

periventricular SOM cells [20, 24, 95], we hypothesize that within the PeVN specific SOM 

cell sub-populations may exist with specific functions with regard to for instance the 

regulation of GH secretion. 

In the next two chapters, we will study the possible functions of the presumed 

different SOM cell subpopulations within the PeVN. 

 
 



Chapter 2 

 34 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1A. Pictures of 9 successive PeVN sections at a 10 x 3.75 magnification of one 
ovariectomized E2-treated female rat. Each PeVN section is 40 µm thick and the distance 
between the sections is 80 µm. III V: third ventricle; o.c.: optic chiasm; SCN: suprachiasmatic 
nucleus. 
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Figure 1B. Pictures of 9 successive PeVN sections at a 10 x 3.75 magnification of one 
male rat. Each PeVN section is 40 µm thick and the distance between the sections is 80 µm. 
III V: third ventricle; o.c.: optic chiasm; SCN: suprachiasmatic nucleus. 
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Figure 2. Camera lucida drawings of somatostatin cells throughout the PeVN of the adult rat. 
Immunoreactive cell bodies at the left (female) and right (male) side of the third ventricle are 
represented with open circles. These are representative drawings of the 9 successive PeVN 
sections of the OVX+E2 female and the male rat as shown in figure 1A and 1B, respectively. III 
V: third ventricle; o.c.: optic chiasm; SCN: suprachiasmatic nucleus. 
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Figure 3. Number of SOM-ir cells (means ± SEM) in the 9 successive PeVN sections of male 
(black bars), OVX (light gray bars), OVX+E2 (white bars), OVX+P (dark gray bars), and 
OVX+E2+P (gray bars) rats (n=8 for all groups). 
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ABSTRACT 
In the adult rat, the sexual dimorphism in growth hormone (GH) secretion has been 

suggested to predominantly result from differences in somatostatin (SOM) release patterns 

from the median eminence (ME). Both GH secretion and the hypothalamic SOM system 

are influenced by gonadal steroids. GH regulates its own secretion mainly by feeding back 

at the level of the hypothalamus. In males, the effects of GH on SOM in the periventricular 

nucleus (PeVN) are likely to be direct, whereas in the female little is known about possible 

direct feedback effects of GH on SOM cells. 

We studied the acute effects of a single GH stimulus on PeVN SOM cells and SOM 

mRNA in both sexes, and we examined the possible role of estradiol on the hypothalamic 

GH feedback in the female rat. 

Intact adult male and female (proestrous) rats, and ovariectomized (OVX) female 

rats, treated with either estradiol benzoate (OVX+EB) or vehicle, were given a single i.v. 

injection with GH or saline and perfused 90 min later. To study the time course effect of 

GH feedback, OVX+EB females were given a single i.v. injection with GH and perfused 

after 15, 30, 60, 120, or 240 min. Brain sections were subsequently double stained for 

SOM and cFos peptide, a nuclear marker for cell activation, or for SOM mRNA. 

We found a significant higher number of SOM cells in the PeVN of proestrous 

female rats compared to males and both OVX groups, but a significant higher number of 

SOM mRNA-containing cells in the males compared to all females, irrespective of GH 

treatment. A single injection with GH resulted in changes in SOM cell numbers in different 

PeVN subregions of male and proestrous female rats. In all female experimental groups, 

GH treatment increased SOM cell activation in the PeVN, albeit only significantly in OVX 

females, but not in male rats. The number of SOM mRNA-containing cells was not 

significantly affected by GH treatment. 

In conclusion, our study confirms previous findings showing that the hypothalamic 

SOM system differs between the sexes. Moreover, we are the first to demonstrate that GH 

acutely affects SOM cell activity in the PeVN of female rats. Our data suggest that gonadal 

steroids may modulate the acute GH feedback on SOM cells in female rats. 
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INTRODUCTION 
In the rat, the growth hormone (GH) secretory pattern is sexually dimorphic. In 

males, GH secretion is characterized by regular high amplitude GH pulses occurring at 

approximately 3-h intervals, and low baseline levels. Females exhibit irregular low 

amplitude GH levels and higher baseline levels than males [4, 6, 7, 26]. 

Gonadal steroids play an important role in the generation of the specific male- and 

female-like GH release patterns. In female rats, ovariectomy (OVX) increased GH peaks 

and lowered GH baseline levels [11] and treatment with testosterone (T) induced a male-

like GH secretory pattern [6, 14, 16]. Estradiol (E2) treatment in OVX rats increased GH 

baseline levels and decreased GH peak amplitude (Van Vugt et al., unpublished data). In 

castrated (CX) male rats, GH peak amplitude was reduced. Exposure of these animals to 

E2 increased basal GH levels and increased GH pulse frequency [13], whereas T 

treatment restored the typical masculine GH secretory pattern [10]. 

GH release from the pituitary is mainly regulated by the interplay between the 

stimulating effects of GH-releasing hormone (GHRH), synthesized in the arcuate nucleus 

of the hypothalamus (ARC), and the inhibiting effects of somatostatin (SOM), synthesized 

in the periventricular nucleus of the hypothalamus (PeVN) [19, 83-85, 91, 92, 100, 101].  

The sexual dimorphism in GH secretion has been suggested to be predominantly 

the result of the differences in SOM release patterns from the median eminence (ME) 

between the sexes [19, 23, 25]. In males, SOM is released in regular pulses with maximal 

levels during a GH trough and minimal levels during a GH peak [83-87, 102], whereas in 

female rats SOM release is thought to be more continuous [26, 35]. One study reported 

small SOM peaks in female rats [33], suggesting that SOM release in females may be 

pulsatile. However, these pulses are irregular and relatively small, and presumably with 

mean levels in-between the maximum and minimum levels that were documented in males 

[26, 35]. GHRH release from the ME is released in pulses in both sexes, albeit regular in 

male rats, with peak levels occurring during the SOM troughs, but irregular in females [25, 

26, 35, 83, 84, 86]. Considering the above, SOM release patterns from the ME may thus 

contribute to a high extent to the sexual differences in GH release from the pituitary, 

suggesting that also SOM synthesis and release may be influenced by gonadal steroids. 

Indeed, in CX male rats both hypothalamic SOM mRNA and peptide content was 

decreased, which could be reversed by treatment with T [28-30, 32]. In female rats E2 

seems to affect both hypothalamic SOM peptide and mRNA, although conflicting results 
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have been reported [14, 28, 29, 31-33]. In cycling female rats, hypothalamic SOM 

concentrations fluctuate: SOM mRNA in the PeVN was found to be minimal on the day of 

diestrus and maximal on the day of proestrus [88], when SOM peptide levels in the 

preoptic area, posterior hypothalamus and ME were demonstrated to be decreased [89]. 

Yet, SOM release from the ME was found to be highest on the day of proestrus [33], 

concurrent with high plasma E2 levels [103]. Hence, in the female rat E2 may influence 

hypothalamic SOM synthesis and release, probably inducing the typical feminine GH 

secretory pattern. However, the exact role of E2 on the hypothalamic SOM system in 

female rats remains to be further elucidated. 

Regulation of GH release from the pituitary by SOM and GHRH involves direct 

feedback actions of GH itself at the level of the hypothalamus [104-107]. In male rats, the 

effects of GH on periventricular SOM neurons are most likely to be direct. Prolonged as 

well as acute administration of GH resulted in increased SOM levels in portal blood [108], 

in increased SOM mRNA levels in the PeVN [109], and in increased cFos gene expression 

in SOM cells in the PeVN of male rats [110-112]. Moreover, in male rats SOM cells in the 

PeVN have been demonstrated to express GH-receptors (GH-R) [21, 22, 113]. Feedback 

of GH at the level of GHRH neurons in the ARC seems to be mainly indirect and may 

involve neuropeptide-Y (NPY) neurons in the ARC, or local SOM neurons projecting to the 

GHRH cells, or both, leading to a decreased GHRH release from the ME [24, 86, 110, 112, 

114-117]. 

Although different from males, also in female rats evidence exists for a direct 

negative feedback loop of GH on its own secretion [107, 118, 119]. Little is known, 

however, about a possible involvement of periventricular SOM cells in GH feedback in the 

female. To our knowledge, no data exist on GH-R colocalization on specific hypothalamic 

SOM cell populations in the female, although GH-R expression has been demonstrated in 

the ARC of female rats [120, 121]. 

The data described above suggest that, at least in male rats, GH regulates its own 

release by directly activating the hypothalamic SOM system. Based on the proposed 

differences in SOM release that may underlie the sexual dimorphic pattern of GH release, 

we hypothesize that also the GH feedback on SOM neurons may be different between 

male and female rats. 

In the present study we compared the acute feedback effects of a single injection 

with GH on the activation of SOM cells and the SOM mRNA content in the PeVN between 
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the sexes, and we examined the role of estradiol in SOM cell activation following acute GH 

feedback in female rats. 

 

MATERIALS AND METHODS 
 
Acute GH feedback on hypothalamic SOM cells: role of gonadal steroids 

Twelve male and 32 female Wistar rats (Harlan, Horst, The Netherlands), 10 weeks 

of age on arrival, were individually housed in a room with controlled lighting (LD 12:12, 

lights on at 04.00 h), temperature (21°C) and humidity (70%). In the same room, 2 naïve 

male rats, 4 months of age on arrival, were housed together in a cage. These males were 

used for the monitoring of receptive behavior. Standard pelleted food and water were 

available ad libitum. All experiments were approved by the Wageningen University Animal 

Ethics Committee. 

Estrous cyclicity was monitored by daily vaginal lavages in all female rats. In 

addition, receptive behavior was monitored daily by introducing a naïve male rat to each 

female rat just prior to dark onset. Twelve female rats that showed regular estrous cycles 

(i.e. at least 3 successive regular cycles) were selected. The remaining twenty female rats 

were bilaterally ovariectomized (OVX) under gas anesthesia with a mixture of Isoflurane 

(Isoflo; Abbott Laboratories Ltd, England) and oxygen (3:1 ratio). After a recovery period of 

10 days the OVX rats received either a subcutaneous (s.c.) injection with estradiol 

benzoate (EB; 12.5 µg/0.1 ml oil; n=12) or with oil (n=12) at 9:00 h on two consecutive 

days before the day of perfusion. On the day of perfusion, all rats were given either an 

intravenous (i.v.) injection with recombinant human growth hormone (rhGH; Zomacton, 

Ferring, Hoofddorp, The Netherlands; 0.2 mg/0.2 ml, dissolved in saline) (n=6 for each 

experimental group) or saline (0.2 ml; n=6 for each experimental group). The rhGH or 

saline injection was given via the tail vein under a short gas anesthesia with a mixture of 

Isoflurane and oxygen (5:1 ratio) 90 min before perfusion (i.e. just before onset of the dark 

phase: between 15:30 and 16:00 h). Cycling female rats were perfused at the same time 

on the afternoon of proestrus. Prior to perfusion animals were given an overdose of 

Nembutal® (CEVA sante animale B.V., Maassluis, The Netherlands) anesthesia 

intraperitoneally (i.p.; 1.5 ml/kg body weight). Female rats were perfused transcardially 

with 200 ml saline followed by 300 ml 4% paraformaldehyde in 0.1 M phosphate buffer 

(4% PFA; pH 7.4), and male rats with 300 ml saline followed by 400 ml 4% PFA. Brains 
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were removed from the skull immediately after perfusion and postfixed in the same fixative 

for 25 h at 4ºC. Prior to sectioning, tissue blocks containing the hypothalamus were 

embedded in 20% gelatin and fixed in 4% PFA for 4 h at 4ºC [122]. Coronal sections of 40 

µm were sliced using a Vibratome (Vibratome Company; series 1500) and were stored in 

0.1 M Tris buffer (TBS; pH 7.4) containing 1% polyvinylpyrrolidone-40 (PVP-40; Sigma), 

30% ethylene glycol (Sigma) and 30% sucrose (Sigma) (“cryprotectant” [123]) at 4ºC until 

further use. 

 

Time course of GH feedback on hypothalamic SOM cells in female rats 
Twenty female Wistar rats (Harlan, Horst, The Netherlands), 10-12 weeks of age on 

arrival, were individually housed in a room with controlled lighting (LD 12:12, lights on at 

04.00 h), temperature (21°C) and humidity (70%). Standard pelleted food and tap water 

were available ad libitum. All experiments were approved by the Wageningen University 

Animal Ethics Committee. 

All animals were bilaterally ovariectomized under gas anesthesia with a mixture of 

Isoflurane and oxygen (3:1 ratio). After a recovery period of 10 days all rats received an 

s.c. injection with EB (12.5 µg/0.1 ml oil) at 9:00 h on two consecutive days. On the day 

following the EB injections, the rats were given an i.v. injection with rhGH (0.2 mg/0.2 ml; 

dissolved in saline) at 15, 30, 60, 120 or 240 min (n=4 for each time point) before 

perfusion. The rhGH injection was given via the tail vein under a brief anesthesia with a 

mixture of Isoflurane and oxygen (5:1 ratio). All animals were perfused just before onset of 

the dark phase, i.e. between 15:30 and 16:00 h, as described above. 

 

Immunocytochemistry 
One third of the brain sections was double stained for SOM and cFos peptide using 

free-floating immunocytochemistry techniques [97]. Sections were pretreated with 3% 

H2O2 in TBS for 30 min, followed by extensive washing with TBS. 

For the cFos staining, sections were incubated with the primary polyclonal rabbit 

antibody raised against cFos peptide (SC-052, Santa Cruz, #C076; final dilution 1:10,000) 

diluted in TBS containing 0.5% Triton-X-100 and 0.25% gelatin (“supermix”) for 1 h at 

room temperature followed by 4 nights at 4ºC. This was followed by incubation with 

biotinylated goat anti-rabbit IgG (GaR-bio; Vector Laboratories; 1:400 in supermix) for 1.5 

h at room temperature, and Avidin-Biotin Complex-elite (ABC; Vector Laboratories; final 
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dilution 1:1200 in supermix) for 1.5 h at room temperature. Between incubation steps, 

sections were thoroughly washed with TBS. cFos Immunoreactivity was visualized by 

incubation with 0.05% 3,3'-diaminobenzidine (DAB; Sigma Chemical Company) in TBS 

containing 0.2% nickelammoniumsulphate and 0.03% H2O2 for 15-20 min. 

For the double staining, cFos-stained sections were washed in graded series of 

methanol, including 100% methanol with 0.3% H2O2 (9 short wash steps of 5 min each). 

After intense washing with TBS, the sections were incubated with the primary polyclonal 

rabbit antibody raised against SOM peptide (Somaar 080289, NIH, Amsterdam, The 

Netherlands; final dilution 1:30,000) [98] for 1 night at 4ºC. This was followed by incubation 

with GaR-bio (Vector Laboratories; 1:500 in supermix) for 1.5 h at room temperature, and 

ABC (Vector Laboratories; final dilution 1:1500 in supermix) for 1.5 h at room temperature. 

Between incubation steps, sections were thoroughly washed with TBS. SOM 

immunoreactivity was visualized by incubation with 0.05% DAB in TBS with 0.1% 

imidazole and 0.03% H2O2 for 12-13 min. 

Stained sections were mounted on albumin coated slides, dried, dehydrated and 

coverslipped in DEPEX (BDH Laboratory Supplies, Poole, England). 

 

In Situ Hybridization 
Riboprobes complementary to the coding region of the preproSOM mRNA, were 

generated by in vitro transcription of the 395-bp cDNA fragment of rat preproSOM cloned 

into pSP65 vector [124, 125]. The DIG-labeled antisense cRNA probes were generated on 

linearized plasmids using SP6 RNA polymerase [126] (kindly provided by dr. M. Fodor, 

VUMC, Amsterdam, The Netherlands). 

One third of the brain sections of the gonadal steroid experiment was used for the 

non-radioactive in situ hybridization (ISH), using free-floating ISH techniques based on 

techniques developed by dr. J. Veening (UMC St. Radboud, Nijmegen, The Netherlands) 

[127]. Sections were thoroughly washed with milliQ at 4ºC to remove all cryoprotectant. 

Next, sections were treated with 0.1 M triethanolamine (TEA), containing 3% 5 M NaCl for 

10 min at 4ºC, and TEA containing 0.25% Acetic Anhydride for 10 min at 4ºC, followed by 

4 x SSC containing 50% formamide for 1 h at 4ºC. 2.5 µl DIG-labeled cRNA (360 ng/µl) 

was added to 0.8 ml TE buffer (10 mM Tris-HCl, 10 mM EDTA, pH 8) and 0.2 ml tRNA and 

heated for 3 min at 80ºC to degrade the probe, and immediately thereafter cooled on ice. 

Hybridization-mix was then prepared by adding this mixture with the probe to 3 ml 
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hybridization buffer (2.5 ml deionized formamide, 1 ml 50% dextransulphate, 300 µl 5 M 

NaCl, 40 µl 1 M Tris-HCl, 8 µl 0.5 M EDTA, 100 µl 50 x Denhardts, 12 µl milliQ, 40 µl 1 M 

dithiothreitol (DTT)). Subsequently, sections were hybridized overnight at 54ºC. 

Sections were washed with 4 x SSC for 30 min and thereafter incubated with 

RNAse buffer (250 ml milliQ, 50 ml 5 M NaCl, 5 ml 1 M Tris-HCl, and 250 µl 0.5 M EDTA, 

pH 8) containing RNAse (Roche; 10 mg/ml) for 30 min at 37ºC, followed by incubation with 

RNAse buffer without RNAse for 30 min at 37ºC. Sections were subsequently washed with 

2 x SSC for 30 min, 0.1 x SSC for 30 min at 54ºC, and 0.1 x SSC for 5 min, and thereafter 

blocked by incubation with buffer-1 (150 mM NaCl, 0.1 M Tris-HCl, pH 7.5), containing 2 g 

blocking reagent and 600 µl Triton-X (in 200 ml buffer-1). Next, sections were washed with 

buffer-1 for 10 min and incubated with anti-DIG AP antibody (diluted 1:1000 in buffer-1) 

overnight at 4ºC. 

On day three, sections were washed with buffer-1 for 30 min, followed by washing 

with buffer-2 (0.1M Tris-HCl, 0.1 M NaCl, and 50mM MgCl2, pH 9.5) for 10 min. To 

visualize the reaction product, sections were incubated with the freshly prepared staining 

solution (800 µl NBT/BCIP (2%) stock solution (Roche) and 4 ml Levamisole (48 mg/ml) in 

35.2 ml buffer-2) for 2 h. The color reaction was performed in the dark and was stopped by 

adding TE buffer to the sections. Thereafter, sections were stored in 0.1 M phosphate 

buffer comtaining 0.01% sodium azide. Stained sections were mounted on superfrost 

slides, air dried and coverslipped in water-based mounting medium (Kaiser’s gelatin). 

 

Data analysis 
The PeVN was defined as described in detail in chapter 2, and consisted of nine 

sections with 80 µm intervals that included the entire part of the periventricular SOM cells 

that has been shown to project to the ME [94].  

SOM-immunoreactive (-ir) cells (brown) and SOM-ir cells containing a cFos-ir 

nucleus (blue-black) (“activated SOM-ir cells”) in the PeVN were counted consistently at 

the left side of the brain under a light microscope (10 x 10 magnification), assuming that 

SOM peptide content is equal in the left and right side of the hypothalamus (personal 

observations). The total number of SOM-ir cells in the PeVN was determined to be the 

sum of activated and non-activated SOM-ir cells in the left side of the PeVN. Also, the 

percentage of activation (i.e. of the total number of SOM cells) was determined in the left 

part of the PeVN. A SOM-ir cell was defined as a cell body (that could be round, oval or 
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irregular shaped) from which at least one dendrite was clearly emerging. cFos positive 

nuclei appeared from very faint (light gray) to intensely stained (blue-black). 

In addition to analyzing total numbers of SOM-ir cells and activated SOM-ir cells in 

the complete PeVN, the nucleus was divided into three subregions: the anterior 

(containing PeVN sections 1-3), medial (sections 4-6), and posterior (sections 7-9) PeVN 

(for more details: see chapter 2 of this thesis). 

For SOM mRNA analysis, images of the left side of the brain containing the PeVN 

were captured using a microscope (10 x 5 magnification) with a digital black-and-white 

CCD camera (Sony, XC-77CE) connected to a computer. Thereafter, images were 

analyzed using an image analysis program (Scion Image Beta, version 4.02; Scion 

Corporation, Maryland, USA) using gray level threshold discrimination as previously 

described [50]. By capturing each image at the same gray level, i.e. the average gray level 

of the entire image, a background correction was made. Subsequently, the gray level 

threshold was determined by background measurements (i.e. the gray level in an area 

without SOM mRNA-containing cells) in a representative selection of the images. Using 

this threshold, SOM mRNA-containing neurons (i.e. the cell bodies that had a minimal size 

of 5 pixels) were counted automatically (for more details: [50]). Due to chemicals used, not 

all 9 PeVN sections were still present after the ISH in some animals, therefore the average 

number of SOM mRNA-containing cells in the PeVN was used for further analysis. 

Data were analyzed using the SPSS statistical analysis software program. To 

compare the total number of SOM-ir cells and the percentage of activated SOM-ir cells in 

the PeVN at different time points before perfusion (time course experiment), a Dunnett T3 

test and a Bonferroni test were used, respectively. To compare the total number of SOM-ir 

cells in the PeVN between groups and between treatments within the groups (gonadal 

steroid experiment), a Bonferroni test and a MANOVA were used, respectively. The effect 

of GH treatment on the percentage of activated SOM cells within groups was tested with 

separate T-tests. The effect of GH treatment on the total number of SOM-ir cells and the 

percentage of activated SOM cells in the PeVN subregions were analyzed using 

MANOVAs. The average number of SOM mRNA-containing cells in the PeVN was 

compared between treatments and between groups using Oneway ANOVAs and 

Bonferroni tests, respectively. Differences were considered to be significant when p<0.05. 
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RESULTS 
 

Effect of a single i.v. injection with rhGH on SOM cell activation and on the number 
of SOM mRNA cells in the PeVN of male and female rats: role of gonadal steroids 

As previously described in chapter 2, SOM-ir cell distribution within the PeVN 

showed a very characteristic pattern, with highest numbers of SOM-ir cells appearing in 

the medial PeVN. The distribution of SOM-ir cells in the PeVN was similar in all different 

experimental groups, although the absolute number of SOM-ir cells varied between sex 

and treatment. 

The total number of SOM-ir cells was higher in proestrous female rats compared to 

all other groups (Figure 1). In contrast, the average number of SOM mRNA-containing 

cells was higher in males compared to all female groups (Figure 2). In general, a single i.v. 

injection with rhGH did not affect the total number of SOM-ir cells or the average number 

of SOM mRNA-containing cells in the PeVN in any of the groups. In male rats however, 

the number of SOM-ir cells specifically in the medial portion of the PeVN was significantly 

increased after GH treatment (Figure 3A). In proestrous females, the number of SOM-ir 

cells was significantly decreased in the posterior PeVN following GH treatment (Figure 

3B). In both OVX rats and OVX rats treated with EB, no differences were found in the 

number of SOM-ir cells in the different PeVN subregions following GH treatment (data not 

shown). 

SOM-ir cell activation (i.e. SOM-ir cells that contained a cFos-positive nucleus) in 

the PeVN was characterized by high individual variation in almost all groups. Steroid 

status alone induced small differences in basal SOM-ir cell activation, i.e. following 

treatment with saline only, albeit not statistically significant (Figure 4). A single i.v. injection 

with GH increased SOM-ir cell activation in the PeVN in all groups, but only significantly in 

OVX rats (Figure 4). Increased SOM-ir cell activation was most abundant in the posterior 

PeVN in male rats (n.s.; data not shown), whereas in all female groups the increased 

activation of SOM-ir cells was consistent between the PeVN subregions, but reached 

significance in the anterior PeVN of OVX rats only (values were 1.69 ± 0.65 in saline-

treated and 7.64 ± 2.51 in GH-treated OVX females; p=0.045; data not shown). 
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Figure 1. Total number of SOM-ir cells (bars represent mean ± SEM) 
in the PeVN 90 min after a single i.v. injection with either rhGH or saline 
(n=6 for each group). a: significantly different from b (p≤0.01). 
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Figure 2. Average number of SOM mRNA-containing cells (bars 
represent mean ± SEM) after a single i.v. injection with either rhGH or 
saline. a: saline-treated males significantly different from saline-treated 
OVX+E2 (p=0.036) and saline-treated OVX (p=0.046) females. c: males 
significantly different from proestrous females (p=0.040) and OVX 
females (p=0.019). Numbers within bars indicate the number of animals. 
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Figure 3. Total number of SOM-ir cells (bars represent mean ± SEM) in the three subregions of the 
PeVN 90 min after a single i.v. injection with either rhGH or saline in male (A; n=6 for each group) and 
proestrous female (B; n=6 for each group) rats. *: Number of SOM-ir cells in the medial PeVN 
significantly different in GH-treated compared to saline-treated males (figure A; p=0.001), or number 
of SOM-ir cells in the posterior PeVN significantly different in GH-treated compared to saline-treated 
proestrous females (figure B; p=0.02). 
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Figure 4. Percentage of SOM-ir cells containing a cFos-positive 
nucleus (bars represent mean ± SEM) in the PeVN 90 min after a 
single i.v. injection with either rhGH or saline (n=6 for each group). 
*: Percentage of activated SOM-ir cells in GH-treated OVX rats 
significantly different from saline-treated OVX rats (p=0.047). 
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Time course of SOM cell activation in the PeVN after a single i.v. injection with rhGH 
The total number of SOM-ir cells in the PeVN of OVX+EB rats was comparable at 

all time points after GH injection. Only at 90 min the total number of SOM-ir cells was 

slightly, but significantly decreased compared to 30 min and 60 min after GH injection 

(values were 529.5 ± 24.6 at 30 min and 499.8 ± 6.3 at 60 min, compared to 392.2 ± 15.9 

at 90 min after GH injection, p<0.04; data not shown). 

SOM-ir cell activation in the PeVN of OVX+EB rats following a single i.v. rhGH 

injection was significantly increased after 60 and 90 min, and returned back to normal 

levels after 120 min (Figure 5; analysis of the combined data of the gonadal steroid and 

time course experiment). 

Figure 5. Percentage of SOM-ir cells containing a cFos-positive nucleus 
(bars represent mean ± SEM) in the PeVN of OVX+E2 rats (n=4 for each 
group, except for T90: n=6) at different time points after a single i.v. 
injection with rhGH. a: significantly different from b (p≤0.01); c: significantly 
different from d (p=0.03). 
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number of SOM peptide-containing cells in the PeVN is higher in proestrous females 

compared to males, whereas the number of SOM mRNA-containing cells in the PeVN is 

higher in male compared to female rats. These data suggest a higher SOM peptide 

turnover in male compared to female rats. 

We found a consistent increase in SOM-ir cell activation (i.e. cFos-containing SOM-

ir cells) 90 min after a single i.v. GH injection in all female rats, but only significant in OVX 

female rats (Figure 4). These findings are in agreement with previous studies in male rats, 

in which cFos gene expression was found to be induced in periventricular SOM cells after 

repeated GH treatment [110], and a maximum of cFos mRNA levels was found 60 min 

after both repeated and single GH treatment in male rats [110-112]. We showed that also 

in female rats the hypothalamic SOM system is able to respond acutely to a single GH 

injection, suggesting that GH feedback on hypothalamic SOM cells is direct. Moreover, 

these findings suggest that in females SOM cells in the PeVN may also contain GH-Rs. 

GH feedback on periventricular SOM cells in male rats is thought to be direct, as 

GH has been shown to affect SOM cell activation in the PeVN [110-112] and GH-Rs were 

demonstrated on SOM cells [21, 22, 113]. Therefore, we also expected to find an 

increased SOM-ir cell activation after a single GH injection in our male rats. However, in 

these animals SOM-ir cell activation was hardly increased after GH treatment (Figure 4). In 

previous studies injections of GH were given repeatedly to animals that were 

hypophysectomized, whereas we administered GH just once to intact rats, suggesting that 

one single GH injection may not be sufficient to stimulate the hypothalamic SOM system in 

males. The endogenous SOM release in the male is pulsatile and exactly out of phase with 

GH pulses: during a GH peak SOM release is very low and during a GH trough SOM 

release is high [19, 25, 35, 83, 86, 105]. Most researchers reported a synchronization of 

GH peaks with the light-dark cycle in male rats [6, 83, 86, 128, 129], suggesting the 

occurrence of a peak just prior to dark onset [6, 83, 129]. We perfused our rats just prior to 

the onset of the dark period, i.e. during an assumed GH peak when a low activity of the 

endogenous SOM system is anticipated [19, 25, 35, 83, 86, 105]. The persisting low SOM-

ir cell activation level after a single GH injection may be a consequence of the already 

increased plasma GH levels at the time of perfusion. Consequently, an additional single 

injection with rhGH is likely inadequate to activate the SOM-ir cells in the PeVN. 

Alternatively, acute hypothalamic GH feedback in males could have acted at the level of 

the ARC and not the PeVN. Minami et al. [111] found an increase in cFos expression in 
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the PeVN only after repeated GH injections, whereas cFos expression in the ARC was 

already present 20 min after initial GH treatment. Possibly, in male rats acute GH feedback 

at the level of the hypothalamus involves, besides the proposed direct effect on SOM cells 

in the PeVN, an increased activity of local SOM cells projecting to arcuate GHRH cells [25, 

114, 130, 131]. 

The total number of SOM-ir cells following a single GH injection in the OVX+EB 

females was comparable at all time points except for 90 min on which the total number of 

SOM-ir cells was slightly, but significantly decreased compared to the other time points. 

Although this may suggest that in females GH feedback may lead to reduced SOM 

synthesis and/or increased SOM release, the total number of SOM-ir cells in the PeVN 

was not different between GH and saline treatment (Figure 1). This may indicate that not 

GH, but the i.v. injection itself resulted in the small change in SOM-ir cell number in the 

OVX+EB females, which is indeed supported by a study showing that acute stress 

decreases the number of SOM mRNA containing cells in the PeVN in male rats [132]. 

The single GH injection appeared to affect SOM-ir cells in different subregions of 

the PeVN in male and female rats: In male rats the number of SOM-ir cells was increased 

only in the medial PeVN, whereas in proestrous female rats a decreased number of SOM-

ir cells was found only in the posterior PeVN following the single GH injection. The 

increased number of SOM-ir cells as found in male rats is consistent with previous studies, 

reporting an increase in PeVN SOM mRNA levels following bGH treatment, albeit that 

prolonged elevated GH levels were used in this study [109]. To our knowledge, we are the 

first to report that GH given as a single i.v. injection acutely affects the number of SOM-ir 

cells in the PeVN in both male and female rats. Moreover, this effect was PeVN subregion- 

as well as sex-specific, suggesting a sexual dimorphism in the response of the PeVN SOM 

system to acute GH feedback. 

We found a higher total number of SOM-ir cells in the PeVN of female rats on the 

day of proestrus compared to both intact males and the OVX groups, irrespective of the 

treatment (Figure 1). Interestingly, the average number of SOM mRNA-containing cells in 

the PeVN was significantly higher in male rats compared to all female groups (Figure 2). 

This difference between the sexes is in line with previous findings reported in the literature, 

in which both SOM mRNA [23, 30] and SOM peptide [31, 45] content in the PeVN was 

higher in male than in proestrous female rats. In contrast, both stimulated and basal SOM 

release from the PeVN and/or ME have been shown to be higher in female than in male 



Chapter 3 

 54 

rats [31, 45]. Our data, combined with data from literature, suggest that the female rat may 

possess more SOM cells, but that these cells synthesize less SOM peptide compared to 

the male. 

Following ovariectomy, we found a decreased number of SOM-ir cells compared to 

intact females, which could not be restored by treatment with EB (Figure 1). This is in line 

with a study that reported a decrease in total hypothalamic SOM peptide content after 

OVX, which was not affected by E2 treatment [33]. The number of SOM mRNA-containing 

cells in the PeVN was not significantly affected by OVX or EB treatment in our females 

(Figure 2). In contrast, several studies reported a decrease in SOM mRNA concentrations 

in the PeVN after OVX, which was found to be reversed after E2 treatment [28, 29, 32]. 

This discrepancy between our data and data from literature may be attributed to 

differences in period of OVX and/or in length and dose of E2 treatment. The specific effects 

of E2 on hypothalamic SOM levels are thus somewhat controversial. However, the 

fluctuating SOM release levels, concurrent with plasma E2 levels during the estrous cycle 

[33, 88, 89], do suggest that estrogen may play an important role in the synthesis and 

release of SOM peptide in the female. Interestingly, the effect of GH on SOM-ir cell 

activation was only significant in OVX females that were not treated with EB (Figure 4). 

Our data suggest that “basal” SOM-ir activation is higher, but GH-induced SOM-ir cell 

activation is lower in both proestrous and OVX+EB female rats compared to OVX females. 

Based on these data, we hypothesize that estrogen may attenuate the sensitivity of SOM 

neurons in the PeVN to acute GH feedback effects. 

Moreover, based on the fact that EB has no effects on the number of SOM-ir and 

SOM mRNA-containing cells in the PeVN of female rats (Figure 1 and 2), but appears to 

contribute to the female-like response of SOM cells to an acute GH feedback (Figure 4), 

we hypothesize that estrogen alone may not be sufficient to regulate the activity of 

hypothalamic SOM neurons in the female rat and that other ovarian hormones, e.g. 

progesterone may also play a role in this. 

In conclusion, in the present study we clearly demonstrate that GH acutely affects 

periventricular SOM cells in female rats. The effect of GH on SOM cells was PeVN 

subregion- as well as sex-specific, suggesting a sexual dimorphism in the response of the 

PeVN SOM system to acute GH feedback. Gonadal steroids play an important role in this 

acute hypothalamic feedback in the female, although the exact mechanisms need further 

investigation. 



SOM cell activation after a single GH injection 

 55

ACKNOWLEDGEMENTS 
The rhGH was kindly donated by dr. H. Koets (Ferring B.V., Hoofddorp, The Netherlands). 

We thank dr. J. Veening (UMC St. Radboud, Nijmegen, The Netherlands) for his advice on 

ISH protocols for free-floating sections. 

The authors would like to thank Hans J.M. Swarts and Jan Kastelijn (Animal Sciences 

Group, Wageningen University, Wageningen) for their practical assistance. 

 

 



 

 



 

 

 

CHAPTER 4 

 

Gonadal steroids regulate somatostatin peptide content 
in the periventricular nucleus of adult female rats 

 

 

Harmke H. Van Vugt, Mireille Baart, Bert J.M. Van de Heijning, and  

Eline M. Van der Beek 

 

 



Chapter 4 

 58 

ABSTRACT 
In the rat, growth hormone (GH) release patterns are sexually dimorphic, which is 

suggested to be the result of differences in somatostatin (SOM) release patterns from the 

median eminence (ME). SOM synthesis and release may therefore be influenced by 

gonadal steroids. Indeed, estradiol (E2) seems to affect hypothalamic SOM content, but no 

data exist on the possible role of progesterone (P) in the female rat. In the present study 

we examined the effects of E2, or P, or both on the number of SOM peptide-containing 

cells in the PeVN of female rats, and compared these data with male rats. 

Adult female rats were treated with E2, P, both E2 and P, or vehicle 3 months (long-

term), or with E2 2 weeks (short-term) after ovariectomy (OVX). Perfusion-fixed brains 

were sliced and stained for SOM peptide. The number of SOM-immunoreactive (-ir) cells 

and total SOM-ir area (in µm2) were analyzed using a computer assisted analysis system. 

Both the total number of SOM-ir cells and SOM-ir area in the PeVN was 

significantly higher in males compared to all female groups. E2 or P treatment alone did 

not affect either the number of SOM-ir cells or SOM-ir area in the PeVN, but treatment with 

the combination of E2 and P significantly increased SOM-ir area compared to treatment 

with P alone. These effects appeared to result mainly from differences in the medial and 

posterior PeVN. The total number of SOM-ir cells in the PeVN was lower in long-term 

compared to short-term OVX after E2-treatment, but only significantly in the anterior and 

medial PeVN. 

The present study clearly shows that the amount of SOM peptide in the PeVN is 

higher in male compared to female rats. Moreover, we found that in the female rat E2 and 

P may act synergistically to affect SOM cells in the PeVN, suggesting that not only E2, but 

both gonadal steroids may play a role in the generation of the typical feminine SOM 

release patterns. 
 

INTRODUCTION 
Growth hormone (GH) release from the pituitary is mainly regulated by the interplay 

between the stimulating effects of GH-releasing hormone (GHRH), synthesized in the 

arcuate nucleus of the hypothalamus (ARC), and the inhibiting effects of somatostatin 

(SOM), synthesized in the periventricular nucleus of the hypothalamus (PeVN) [19, 25, 83-

85, 91, 92, 100, 101]. 
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In the rat, GH release patterns are sexually dimorphic [4, 6, 7], which has been 

suggested to result from differences in SOM release patterns from the median eminence 

(ME) [19, 23, 25]. In males, SOM is released in regular pulses with maximal levels during a 

GH trough and minimal levels during a GH peak [25, 83, 84, 86, 87, 102]. In females, SOM 

release is thought to be more constant at a level in-between the maximum and minimum 

levels that are observed in males [26, 35], although relatively small and irregular SOM 

peaks have been reported [33]. GHRH release from the ME on the other hand, appears to 

be pulsatile in both sexes, albeit regular in male rats, with peak levels occurring during the 

SOM troughs, but irregular in females [25, 26, 35, 83, 84, 86, 105]. The differences in 

SOM release from the ME between the sexes might thus contribute considerably to the 

sexual dimorphism in GH release from the pituitary, implicating that SOM synthesis and 

release itself may be affected by gonadal steroids. 

Indeed, castration of male rats decreased both hypothalamic SOM mRNA and 

peptide content, which could be restored by treatment with testosterone (T) [28-32]. In 

female rats estradiol (E2) also affects both hypothalamic SOM mRNA and peptide levels, 

although conflicting results have been reported [28, 29, 31-33] (chapter 3). Both the 

number of SOM cells in the PeVN (chapter 3) and total hypothalamic SOM content [33] 

were not affected by E2 in ovariectomized (OVX) rats. However, the decrease in SOM 

mRNA levels in the PeVN following OVX was found to be reversed by treatment with E2 

[28, 29, 32]. In addition, in the cycling female rat hypothalamic SOM concentrations and 

SOM release from the ME seem to fluctuate during the estrous cycle concurrently with 

plasma E2 levels [33, 88, 89, 103], suggesting that E2 may indeed affect hypothalamic 

SOM synthesis and release. The exact role of E2 on the hypothalamic SOM system in the 

female rat, however, remains to be further elucidated. In addition, data from our previous 

study (chapter 3) suggested that also progesterone (P) may play a role in the regulation of 

the typical feminine SOM release pattern. 

In the present study we examined the role of E2 or P, alone or combined, on the 

number of SOM peptide-containing cells in the PeVN of female rats, and compared these 

data with males. 
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MATERIALS AND METHODS 
 

Animals  
Eight adult male and 38 adult female Wistar rats (Harlan, Horst, The Netherlands) 

were housed two per cage in a room with controlled lighting (LD 12:12, lights on at 04.00 

h), temperature (23°C) and humidity (70%), with standard pelleted food and tap water 

available ad libitum. Dim red light was left on constantly, including the dark period. Males 

were 4 months of age and females were 11-12 weeks (group 1, n=32) or 16 weeks (group 

2, n=6) of age on arrival. All experiments were approved by the Wageningen University 

Animal Ethics Committee. 

 

Experimental design 
All female rats were bilaterally ovariectomized (OVX) at the age of 12 weeks (group 

1) or at the age of 18 weeks (group 2) under gas anesthesia with a mixture of Isoflurane 

(Isoflo; Abbott Laboratories Ltd, England) and oxygen (3:1 ratio). Three months (3mo) after 

OVX, the females of group 1 received a subcutaneous (s.c.) injection with estradiol 

benzoate (EB; 12.5 µg/0.1 ml cottonseed oil; n=16) or with 0.1 ml cottonseed oil (n=16) 

between 8:30 and 9:00 h on two consecutive days (day 1 and 2). The day following the EB 

or control injections (day 3), rats received an s.c. injection with either progesterone (P; 

0.25 mg/0.1 ml cottonseed oil) (OVX+P, n=8 and OVX+EB+P, n=8) or with 0.1 ml 

cottonseed oil (OVX, n=8 and OVX+EB, n=8) at 11:00 h. The female rats of group 2 

received the two s.c. injections with EB and the s.c. injection with oil on the next day, 2 

weeks after OVX. Group 2 was included in this experiment to compare the effects of short-

term and long-term OVX on hypothalamic SOM peptide following EB treatment, because 

results obtained from previous studies in our laboratory suggested that the period of OVX 

might change the sensitivity of SOM cells to E2 (Van Vugt et al., unpublished data). 

On day 3, all female rats were perfused just prior to dark onset, i.e. between 15:30 

and 16:00 h. Male rats were randomly perfused between 15:30 and 16:00 h. Prior to 

perfusion, animals were given an overdose of Nembutal (CEVA sante animale B.V., 

Maassluis, The Netherlands) anesthesia intraperitoneally (i.p.; 1.5 ml/kg body weight). 

Rats were perfused transcardially with 200 ml (females) or 300 ml (males) saline followed 

by 300 ml (females) or 400 ml (males) Somogyi fixative (2% paraformaldehyde in 0.1 M 
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phosphate buffer pH 7.4 with 0.1% glutaraldehyde and 0.2% saturated picric acid) [133]. 

Brains were removed from the skull immediately after perfusion and postfixed in the same 

fixative for 25 h at 4ºC. The part of the brain that contains the hypothalamus was sliced 

into coronal sections of 40 µm using a Vibratome (Vibratome Company, St. Louis, USA; 

series 1500) after which the sections were stored in Tris-buffered saline (TBS, pH 7.4) at 

4ºC until immunocytochemistry. 

 

Immunocytochemistry 
One third of the sections was stained for SOM peptide using free-floating 

immunocytochemistry [97]. Sections were pretreated with 3% H2O2 (Merck) in TBS for 30 

min, followed by extensive washing with TBS. Subsequently, sections were incubated with 

the primary polyclonal rabbit antibody raised against SOM peptide (Somaar 080289, NIH, 

Amsterdam, The Netherlands; final dilution 1:30,000) [98], diluted in TBS containing 0.5% 

Triton-X-100 and 0.25% gelatin (“Supermix”) for 1 night at 4ºC. This was followed by 

incubation with biotinylated goat anti-rabbit IgG (Vector Laboratories; 1:500 in Supermix) 

for 1.5 h at room temperature, and Avidin-Biotin Complex-elite (Vector Laboratories; 

1:1500 in Supermix) for 1.5 h at room temperature. Between incubation steps, sections 

were thoroughly washed with TBS. SOM immunoreactivity was visualized by incubation 

with 0.05% 3,3’-diaminobenzidine (Sigma Chemical Company) in TBS containing 0.1% 

imidazole and 0.03% H2O2 for 14.5 min. Stained sections were mounted on albumin 

coated slides, dried, dehydrated and coverslipped in DEPEX (BDH Laboratory Supplies, 

Poole, England). SOM-immunoreactive (SOM-ir) neurons in the PeVN were counted using 

computer assisted image analysis (Scion Image software program) using background 

correction. 

 

Data analysis 
Images of the left side of the brain only containing the PeVN, covering 9 

consecutive sections taken at 80 µm intervals (for details: see chapter 2), were captured 

using a microscope (10 x 5 magnification) with a digital black-and-white CCD camera 

(Sony, XC-77CE) connected to a computer. No differences in SOM peptide content were 

found between the left and right side of the hypothalamus (personal observations). 

Thereafter, images were analyzed using an image analysis program (Scion Image Beta, 

version 4.02; Scion Corporation, Maryland, USA) applying gray level threshold 
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discrimination as previously described [50]. By capturing each image at the same gray 

level, i.e. the average gray level of the entire image, a background correction was made. 

Subsequently, the gray level threshold was determined by true background measurements 

(i.e. the gray level in an area that contained SOM-ir fibers, but no SOM-ir cell bodies) in a 

representative selection of the images. Using this threshold, SOM-ir neurons (i.e. the cell 

bodies without fibers that had a minimal size of 5 pixels) were counted automatically (for 

more details: [50]). In addition to cell counts, also the total area of SOM peptide, i.e. all 

gray levels that were above the theshold, was determined. 

The total number of SOM-ir cells and total SOM-ir area, i.e. the sum of the 9 PeVN 

sections, was analyzed. In addition to this, we also analyzed the number of SOM-ir cells 

and SOM-ir area in the subregions of the PeVN, as previously described in chapter 2. 

Data were analyzed using the SPSS statistical analysis system. To compare both 

the number of SOM-ir cells and SOM-ir area between the males and all female groups, 

and between the 4 different gonadal steroid treatments in OVX female rats (total PeVN as 

well as within the different PeVN subregions), Oneway ANOVAs were used. In addition, 

Bonferroni tests were used for post-hoc testing to compare both the number of SOM-ir 

cells and SOM-ir area between the 4 different gonadal steroid treatments in female rats. 

To compare the effect of short-term versus long-term ovariectomy on both the number of 

SOM-ir cells and SOM-ir area (total PeVN as well as within the different PeVN 

subregions), separate T-tests were used. Differences were considered to be significant 

when p<0.05. 

 

RESULTS 
The rostro-caudal distribution of SOM-ir cells in the PeVN of the male and OVX 

female rats was previously described in chapter 2. Maximal numbers of SOM-ir cells were 

found in PeVN section 7 (posterior PeVN) in male rats, whereas maximal numbers of 

SOM-ir cells in OVX females were found in the medial PeVN: PeVN section 5 in 

OVX(2wk)+E2 and PeVN section 6 in all OVX(3mo) groups. 

Both the total number of SOM-ir cells and the amount of SOM-ir peptide (as 

reflected by the SOM-ir area) in the PeVN was significantly higher in males compared to 

all different OVX female groups (Figure 1A and B). 
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Figure 1. Total number of SOM-ir cells (A) and total amount of SOM-ir peptide, 
as reflected by SOM-ir area (B) (bars represent mean ± SEM) in the PeVN of 
males and 3-months ovariectomized (OVX3mo) females with different gonadal 
steroid treatments. a: significantly different from b (p=0.000; ANOVA); c: 
significantly different from d (p=0.033; Bonferroni). 

 

 

E2 or P treatment alone did not affect either the number of SOM-ir cells or the 

amount of SOM-ir peptide in the PeVN (Figure 1A and B). Treatment with both E2 and P 

increased the amount of SOM-ir peptide, but only significantly compared to treatment with 

P alone (Figure 1B). The effect of combined E2 and P was greatest on the number of 

SOM cells in the PeVN
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SOM-ir cells and was even more pronounced on the amount of SOM-ir peptide in the 

medial and posterior PeVN only, although these differences per subregion did not reach 

statistical significance (Figure 2A and B). 
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The total number of SOM-ir cells in the PeVN was significantly lower in long-term (3 

months) compared to short-term (2 weeks) ovariectomized females after E2-treatment 

(Figure 3, insert). The effect of E2 on long-term OVX on the number of SOM-ir cells was 

only significant in the anterior and medial PeVN (Figure 3). Although the total amount of 

SOM-ir peptide in the PeVN was not significantly different between long-term and short-

term OVX, the amount of SOM-ir peptide in the anterior PeVN was found to differ 

significantly between the two groups (data not shown; values were 5628 ± 810 µm2 for 

short-term and 2467 ± 368 µm2 for long-term OVX). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Effect of short-term (OVX2wk+E2) versus long-term (OVX3mo+E2) 
ovariectomy on the number of SOM-ir cells in the PeVN subregions and on the total 
number of SOM-ir cells (insert) (bars represent mean ± SEM). *: OVX2wk+E2 
significantly different from OVX3mo+E2 (p<0.003; T-test). 

 

 
← 
Figure 2. Effects of gonadal steroids in 3-months ovariectomized (OVX3mo) female rats on the number of 
SOM-ir cells (A) and on the amount of SOM-ir peptide (B) (bars represent mean ± SEM) in the three different 
PeVN subregions. 
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DISCUSSION 
In the present study, we clearly show that a sex difference exists in SOM peptide 

content of the PeVN: males showed significantly more SOM-ir cells and a higher amount 

of SOM-ir compared to OVX females. Also, in the female rat gonadal steroids slightly 

modulate the number of cells as well as the amount of SOM peptide stored in the PeVN 

(albeit not always significantly). Moreover, we found that the effect of E2 treatment on both 

the number of SOM cells and the amount of SOM peptide in the PeVN is affected by the 

period of ovariectomy. 

Males showed more SOM peptide-containing (SOM-ir) cells and a higher amount of 

SOM peptide (SOM-ir area) compared to female rats. These findings are supported by our 

previous study (chapter 3), in which we found that the number of SOM mRNA-containing 

cells in the PeVN was significantly higher in adult male rats compared to females, and by 

previous studies also showing higher SOM mRNA levels [23, 30] and a higher SOM 

peptide content [31, 45, 134] in the PeVN of male rats compared to female rats. In 

contrast, in the same study (chapter 3) we found that the total number of SOM cells in the 

PeVN of proestrus female rats was significantly higher compared to that in males. 

Interestingly, the discrepancy in SOM peptide-containing cell numbers between the 

present study and the data from chapter 3 may very well result from the different methods 

that were used to quantify the cells. In our previous study, we double-stained the brain 

sections for SOM and cFos peptide and therefore had to count the SOM cells manually. 

Consequently, we were not able to distinguish between light and dark stained cells, but 

counted all cells that showed SOM immunoreactivity. In the present study however, we 

counted the SOM cells automatically using a threshold level and therefore included only 

cells that showed immunoreactivity above the threshold, i.e. the medium- to dark-stained 

SOM cells. Based on the results of these two studies, it appears that female rats may have 

more cells containing low levels of SOM peptide that are missed using an automated 

counting procedure. Indeed, based on personal observations, we found that male rats 

possess much more intensely stained SOM cells than female rats (compare Figure 1A and 

1B in chapter 2). Thus, combining our own data with the data from the literature, we 

hypothesize that female rats may possess more SOM-producing cells than male rats, but 

that in males these cells may be able to synthesize and store more SOM peptide. 

We found no effects of E2- or P-treatment alone on either the total number of SOM-

ir cells or on the amount of SOM-ir peptide in the PeVN of long-term OVX females. The 
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fact that E2 did not have any effect on periventricular SOM peptide is in line with previous 

reports that also failed to observe effects of E2 on total hypothalamic SOM peptide [33], or 

on the number of SOM cells in the PeVN (chapter 3). However several other studies 

showed that the effects of OVX on SOM mRNA levels in the PeVN could be reversed by 

E2 alone [28, 29, 32]. These data may indicate that the possible effects of E2 on 

hypothalamic SOM could be different concerning synthesis versus peptide storage and/or 

release. 

To our knowledge, no data exist on possible effects of P on hypothalamic SOM 

mRNA or peptide in the female rat. P was found to have no effects on SOM-suppressed 

GH release from rat anterior pituitary cells [135], suggesting that P does not affect SOM 

receptor sensitivity or its expression on somatotrophs. Yet, studies in dogs showed that 

supraphysiological levels of plasma P resulted in increased plasma GH levels [136, 137], 

suggesting that P is somehow involved in the somatotropic axis. In the present study we 

found that treatment with the combination of E2 and P increased both the number of SOM 

cells (n.s.) and the amount of SOM peptide in the PeVN compared to treatment with E2 

(n.s.) or P alone (Figure 1), indicating that gonadal steroids indeed affect hypothalamic 

SOM peptide content in the female rat. 

Although the precise role of gonadal steroids on the periventricular SOM system 

remains unclear, SOM synthesis in the hypothalamus and release from the ME has been 

shown to fluctuate during the estrous cycle: SOM mRNA in the PeVN was found to be 

minimal on the day of diestrus and maximal on the day of proestrus [88], when SOM 

peptide levels in the preoptic area, posterior hypothalamus and ME were shown to be low 

[89]. Yet, SOM release from the ME was found to be highest on the day of proestrus [33], 

concurrent with high plasma E2 and P levels [103]. These data suggest that E2 or P, and 

more likely the combination of the two, affects SOM synthesis or release, or both, in the 

female rat. E2 and P may hence act synergistically to affect SOM peptide in the PeVN and 

the effects of the combination of the two steroids may be essential for the generation of the 

typical feminine hypothalamic SOM release pattern. 

The possible effects of E2 and P on periventricular SOM cells are likely to be 

indirect. First, SOM neurons in the PeVN do not contain E2-receptors α (ERα) [138]. 

Possibly, E2 indirectly influences SOM neurons in the PeVN via SOM cells located in 

nearby hypothalamic areas that contain ERα [139], or via GABA-containing neurons that 

have been shown to be E2-receptive [140] and were found to project to SOM cells in the 
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PeVN [141, 142]. Next, to our knowledge, no data exist on possible colocalization of the 

progesterone-receptor (PR) in SOM cells in the hypothalamus. Although studies in the 

guinea pig showed that SOM cells do contain PR [143, 144], no colocalization in the PeVN 

was found, suggesting that also the possible effect of P on SOM cells in the PeVN is likely 

to be indirect. 

We found that the number of SOM cells in the PeVN was significantly lower in long-

term (3 months) compared to short-term (2 weeks) OVX females that were treated with E2, 

suggesting that the sensitivity of the SOM cells to E2 treatment is dependent on OVX 

length. The effect of long-term OVX was only significant in the anterior and medial parts of 

the PeVN (Figure 3), whereas the effects of gonadal steroids were most pronounced in the 

posterior PeVN (Figure 2). 

Interestingly, in our previous study (chapter 3) we found that the acute feedback 

effect of GH on the number of SOM cells was only significant in the posterior PeVN of 

proestrous female rats. These results suggest that both GH and gonadal steroids appear 

to predominantly affect SOM cells located in the posterior part of the PeVN in female rats. 

In conclusion, the present study shows that the amount of SOM peptide in the 

PeVN is higher in male compared to female rats, although previous results from our 

laboratory suggest more SOM-producing neurons in proestrous females. We found that 

the sensitivity of hypothalamic SOM cells to steroid feedback is dependent on OVX length. 

Finally, our data suggest that in the female rat E2 and P act synergistically to affect SOM 

cell activity in the PeVN of the female rat. 
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ABSTRACT 
Overexpression of growth hormone (GH) as well as GH-deficiency dramatically 

impairs reproductive function. Decreased reproductive function as a result of altered GH 

release is, at least partially, due to changes at the hypothalamic-pituitary level. We 

hypothesize that hypothalamic somatostatin (SOM), the inhibiting factor of GH release 

from the pituitary, may play a central role in the “crosstalk” between the somatotropic and 

gonadotropic axis. 

In the present study we investigated the possible effects of a centrally applied SOM 

analog on the luteinizing hormone (LH) surge and the concurrent activation of 

hypothalamic gonadotropin-reasing hormone (GnRH) neurons in female rats. 

To this end, female rats were treated with estradiol 2 weeks after ovariectomy and 

were given a single central injection with either the SOM analog octreotide or saline just 

prior to surge onset, after which hourly blood samples were taken to measure LH. Two 

weeks later, the experimental setup was randomly repeated to collect brains during the 

anticipated ascending phase of the LH surge. Vibratome sections were subsequently 

double stained for GnRH and cFos peptide. 

Following octreotide treatment, LH surges were significantly attenuated compared 

to those in saline-treated control females. Also, octreotide treatment significantly 

decreased the activation of hypothalamic GnRH neurons. These results clearly 

demonstrate that SOM is able to inhibit LH release, at least in part by decreasing the 

activation of GnRH neurons. Based on these results, we hypothesize that hypothalamic 

SOM may be critically involved in the physiological regulation of the proestrous LH surge. 

 

INTRODUCTION  
Growth hormone (GH) secretion from the pituitary is regulated by the inhibitory 

neurohormone somatostatin (SOM), released from neurons located in the periventricular 

nucleus of the hypothalamus (PeVN), and by the stimulating effects of GH-releasing 

hormone (GHRH), released from neurons located in the arcuate nucleus of the 

hypothalamus (ARC) [23, 25]. It is well known that the functionality of the somatotropic and 

gonadotropic axis are closely related. Overexpression of GH as well as GH-deficiency 

causes dramatic changes in reproductive function, i.e. a reduced fertility in animals that 

overexpress GH [54, 55, 61] and complete infertility in GH-deficient animals [53, 54]. At the 
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level of the ovaries, GH overexpression results in only primary, secondary and atretic 

follicles and no corpora lutea [65], whereas GH-deficient animals are hypogonadal [53]. 

Apart from effects on gonadal function, GH also appears to affect reproduction at 

the hypothalamic and pituitary level. 

Steroid hormone (i.e. estradiol and progesterone) production in the gonads is 

regulated by the gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone 

(FSH), which are secreted from the pituitary, and in turn are stimulated by gonadotropin-

releasing hormone (GnRH) released from the hypothalamus. Both LH and FSH stimulate 

several processes in the gonads [103]. In male Ames dwarf mice lacking GH, plasma 

gonadotropin levels are reduced [53] and the GnRH-stimulated LH synthesis and secretion 

in vitro is decreased [60]. On the other hand, also overexpression of GH in male 

transgenic mice results in decreased LH and FSH mRNA levels in the pituitary, in a 

decreased GnRH secretion from the hypothalamus in vitro, and in attenuated GnRH-

induced LH and FSH responses in vitro [53, 145]. Also in male GH-receptor knockout 

mice, in which GH levels are consistently elevated, the LH response to a GnRH stimulus is 

attenuated [53, 61]. In female transgenic mice overexpressing GH, the proestrous LH 

surge is decreased [53] and the distribution of GnRH-containing neurons in the 

hypothalamus is altered [65]. These data show that decreased reproductive function as a 

result of altered GH release is, at least partially, characterized by changes at the 

hypothalamic-pituitary level. 

PreproSOM mRNA levels in the PeVN are decreased in GH-deficient animals [66], 

whereas the number of SOM cells in the PeVN is elevated in animals overexpressing GH 

[65]. As SOM, originating from the PeVN, inhibits GH secretion from the pituitary, and as 

changes in the somatotropic axis clearly result in changes in the gonadotropic axis, at 

least partially evoked at the hypothalamic-pituitary level, we hypothesize that SOM may 

play a central role in the “crosstalk” between these two axes. 

Indeed, SOM has been shown to affect the reproductive axis at the level of the 

pituitary: In male rats, SOM inhibits the GnRH-induced release of LH in vitro [70] and 

decreases plasma LH in vivo [146]. Moreover, multiple central injections with SOM or a 

SOM analog resulted in smaller and pycnotic gonadotropic cells and in decreased 

gonadotropic cell numbers in the pituitary of both male and female rats [71, 146-148]. 

These studies show that chronic high concentrations of SOM can inhibit LH release, 

probably by affecting the gonadotropic cells in the pituitary. However, based on the data 
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from animals that overexpress or lack GH, we hypothesize that SOM may also affect the 

reproductive axis within the hypothalamus. 

In the present study, we aimed to obtain more insight in the possible direct effects 

of somatostatin at the level of the hypothalamus on the regulation of the LH surge in 

female rats. To this end, we studied the LH release from the pituitary as well as the 

activation of hypothalamic GnRH cells, following a single central injection with the SOM 

analog octreotide just prior to surge onset in ovariectomized estrogen-treated rats. 

 

MATERIALS AND METHODS 
 

Animals 
Seventeen female Wistar rats (Harlan, Horst, The Netherlands), 10 weeks of age on 

arrival, were individually housed in a room with controlled lighting (LD 12:12, lights on at 

02:00 h, Zeitgebertime (ZT) 0), temperature (21°C) and humidity (70%), with standard 

pelleted food and tap water available ad libitum. Dim red light was left on constantly, 

including the dark period. All experiments were approved by the Wageningen University 

Animal Ethics Committee. 

 

Experimental design 
Prior to surgery, rats were anaesthetized by an intraperitoneal (i.p.) injection with a 

mixture of Ketamine (Kombivet, Etten-Leur, The Netherlands) and Rompun (Bayer AG, 

Leverkusen, Germany) (respectively 16.7% and 60% diluted in saline; 1 ml/kg body 

weight). All animals were bilaterally ovariectomized (OVX; day 1) and received an 

indwelling jugular vein catheter directed towards the right atrium for the stress-free 

collection of blood samples. In addition, an intracerebroventricular (i.c.v.) guide cannula 

was placed in the right lateral ventricle of the brain.  

On day 12 and 13 after OVX, all rats received a subcutaneous (s.c.) injection with 

estradiol benzoate (EB; 12.5 µg/0.1 ml oil) at 08:00 h (ZT 6) to induce an LH surge on day 

14. 

On day 14, rats received an i.c.v. injection with either the somatostatin analog 

octreotide (Sandostatine®, Novartis Pharma B.V., Arnhem, The Netherlands; 1.0 µg/2 µl; 

n=10) or saline (control; 2 µl; n=7) at 08:00 h (ZT 6). Octreotide is a synthetic octapeptide 

derivative of the natural somatostatin. The pharmaceutical effects of octreotide are similar 
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to those of somatostatin, but the effects last longer. Octreotide is used as treatment of 

patients with acromegaly and patients with symptoms associated with functional gastro-

entero-pancreatic endocrine tumors, and clearly inhibits GH secretion [149]. Blood 

samples were collected every hour from 08:30 h (ZT 6.5) to 17:30 h (ZT 15.5) for 

determination of plasma LH concentrations. In addition, from 10:30 h (ZT 8.5) to 11:30 h 

(ZT 9.5) samples were drawn every 12 minutes for GH determination. Samples were 

centrifuged and the plasma was diluted in 0.02 M phosphate buffer (pH 7.4; 1:4 dilution for 

LH and 1:5 dilution for GH) and stored at –20ºC until assay. 

After a recovery period of 3 weeks, all rats again received an s.c. injection with EB 

at 08:00 h (ZT 6) on two consecutive days. On the following day, the animals were 

randomly given an i.c.v. injection with either octreotide (n=8) or saline (n=9) at 08:00 h (ZT 

6), after which all animals were perfused between 13:30 and 14:00 h (ZT 11.5 and 12), just 

prior to the onset of the dark period. 

Prior to perfusion, animals were given an overdose of Nembutal (CEVA sante 

animale B.V., Maassluis, The Netherlands) anesthesia (1.5 ml/kg body weight; i.p.), after 

which a blood sample was taken directly from the heart for plasma LH determination. 

Subsequently, each rat was perfused transcardially with 200 ml saline followed by 300 ml 

4% paraformaldehyde in 0.1 M phosphate buffer (4% PFA; pH 7.4). Brains were removed 

from the skull immediately after perfusion and postfixed in the same fixative for 25 h at 

4ºC. Prior to sectioning, tissue blocks containing the hypothalamus were embedded in 

20% gelatin and fixed with 4% PFA for 4 h at 4ºC [122]. Sections of 40 µm were sliced 

using a Vibratome (Leica) and were stored in 0.1 M Tris buffer containing 0.9% NaCl 

(TBS; pH 7.4) at 4ºC until further use. 

 

Immunocytochemistry 
One third of the coronal brain sections of each animal was double stained for GnRH 

and cFos peptide, using free-floating immunocytochemistry techniques (see also [97]). 

Sections were pretreated with 3% H2O2 (Merck) in TBS for 30 min, followed by extensive 

washing with TBS. 

For the cFos staining, sections were incubated with the primary polyclonal rabbit 

antibody against cFos (SC-052, Santa Cruz Biotechnology, California, U.S.A.; #C076; final 

dilution 1:10,000), diluted in TBS containing 0.5% Triton-X-100 and 0.25% gelatin 

(Supermix) for 1 h at room temperature followed by 4 nights at 4ºC. This was followed by 
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incubation with biotinylated goat anti-rabbit IgG (GaR-bio; Vector Laboratories, 

Burlingame, U.S.A.; 1:400 in Supermix) for 1.5 h at room temperature, and Avidin-Biotin 

Complex-elite (ABC; Vector Laboratories; final dilution 1:1200 in Supermix) for 2 h at room 

temperature. Between incubation steps, sections were thoroughly washed with TBS. cFos 

immunoreactivity was visualized by incubation with 0.05% 3,3'-Diaminobenzidine (DAB; 

Sigma Chemical Company, St. Louis MO, U.S.A.) in TBS containing 0.2% 

nickelammoniumsulphate and 0.03% H2O2 for 20 min. 

For the double staining, cFos-stained sections were washed in graded series of 

methanol, including 100% methanol with 0.3% H2O2 (short wash steps, each lasting 5 min; 

45 min in total). After extensive washing with TBS, the sections were incubated with the 

primary polyclonal rabbit antibody against GnRH (#PLR 005, Eurodiagnostics, Apeldoorn, 

The Netherlands; final dilution 1:10,000 in Supermix) for 1 night at room temperature. This 

was followed by incubation with GaR-bio (1:400 in Supermix) for 1.5 h at room 

temperature, and ABC (final dilution 1:1200 in Supermix) for 2 h at room temperature. 

Between incubation steps, sections were thoroughly washed with TBS. GnRH 

immunoreactivity was visualized by incubation with 0.05% DAB in TBS containing 0.1% 

imidazole and 0.03% H2O2 for 8 min. 

Stained sections were mounted on albumin coated slides, dried, dehydrated and 

coverslipped in DEPEX (BDH Laboratory Supplies, Poole, England). Activated (cFos-

immunoreactivity-containing) and non-activated GnRH-immunoreactive (GnRH-ir) neurons 

were counted in different areas of the hypothalamus using a light microscope. 

 

Radioimmunoassay 
LH and GH were determined in a double-antibody radioimmunoassay for rat-LH 

(see also [150]) or rat-GH using materials supplied by NIDDK (for LH: rLH-I-9 as label and 

anti-rLH-s-11 as antiserum; for GH: rGH-I-6 as label and anti-rGH-S-5 as antiserum), and 

using Sac-cel® (donkey anti-rabbit, Welcome Reagents, Beckenham, U.K.) as a second 

antibody. The levels of LH and GH are expressed in terms of NIDDK-rLH-RP-2 and 

NIDDK-rGH-RP-2, respectively. The assay sensitivity was 0.2 ng/tube for LH and 0.9 

ng/tube for GH at the 90% B/B0 level. The intra-assay variation was determined using 

pooled rat serum and was 8.5% for both LH and GH. 
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Data analysis 
To determine the effects of the somatostatin analog octreotide on LH release, surge 

characteristics of each saline- or octreotide-treated rat were compared. These included: 

(1) baseline levels as determined in blood samples collected at 08:30 h (ZT 6.5); (2) the 

time of peak onset defined as the time at which plasma LH levels had increased to twice 

the baseline level and remained at this level or higher; (3) the time of peak LH levels, i.e. 

the time at which the highest hormone levels were determined; (4) the magnitude of the 

peak LH release (ng/ml plasma at peak time); (5) the number of animals that showed an 

LH peak (incidence of peak), and (6) the total amount of LH released, determined as the 

cumulative value of hormone levels during the entire sampling period (area under the 

curve; AUC). To include data from animals that did not show samples with values higher 

than twice the baseline level (i.e. n=1 in the saline group and n=7 in the octreotide group), 

for statistical analysis the parameters peak onset, peak time and peak height were chosen 

to be the value of the last sample. Three animals (n=1 in the saline and n=2 in the 

octreotide group) showed several samples, however not successive, in which LH was 

increased to higher than twice the baseline level. From these animals, the sample with the 

highest value was decided to be the peak onset, as well as peak time and peak height. 

To determine the effect of the somatostatin analog on GH release, the total amount 

of GH released, i.e. the cumulative value of hormone levels during the complete sampling 

period (AUC), was compared between saline- and octreotide-treated animals. 

Brain sections were divided into three separate areas, based on the distribution of 

GnRH cells [97, 151], i.e. the diagonal band of broca (DBB) (area B, 2-6 sections), the 

organum vasculosum of the lamina terminalis (OVLT) (area C, 3-6 sections), and the 

medial preoptic area (MPO) (area D, 3-5 sections). These are the areas containing the 

GnRH neurons that are predominantly responsible for the generation of the GnRH surge, 

inducing the preovulatory LH surge [152]. In these areas, the total number of GnRH-ir cells 

as well as the number of activated GnRH-ir cells (i.e. GnRH cells containing a cFos-

positive nucleus) was determined. 

Data were analyzed using the SPSS statistical analysis system. To compare basal 

LH levels, peak LH value, both LH and GH AUC, and perfusion LH values between saline- 

and octreotide-treated rats, separate Oneway ANOVA’s were used. To compare LH surge 

onset time and LH peak time between treatments, Mann-Whitney U tests were used, and 

for the incidence of an LH peak, a Fisher Exact test was used. Furthermore, to compare 
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both the total number of GnRH-ir cells and the number of activated GnRH-ir cells between 

the two treatments, Oneway ANOVA’s were used. Differences were considered to be 

significant when p<0.05. 

 

RESULTS 
 

Effect of octreotide treatment on LH and GH release 
Repeated estradiol benzoate (EB) treatment induced small but significant LH surges 

in 6 out of 7 OVX animals that were i.c.v. injected with saline. LH levels started to rise at 

ZT 11.5 ± 0.8 and peaked at ZT 12.3 ± 0.7 with an average LH peak height of 3.24 ± 0.66 

ng/ml (Table 1). Variations in peak onset as well as peak time and height were comparable 

to previous studies using this animal model [150, 153]. 

A single i.c.v. injection with the somatostatin analog octreotide significantly 

suppressed the EB-induced LH surge (Figure 1). Octreotide had no effect on basal plasma 

LH levels, but significantly decreased LH peak height, AUC and the incidence of an LH 

peak. Also, the onset time of the LH peak and the LH peak time were significantly delayed 

after treatment with the SOM analog (Table 1). Moreover, plasma LH values at the time of 

perfusion (ZT 11.5-12.0) were significantly lower in octreotide-treated rats than in saline-

treated rats (data not shown; values were 2.7 ± 0.6 and 5.5 ± 0.9 respectively; p=0.02), 

demonstrating that the effect of the central octreotide treatment on LH release was similar 

in both experimental parts. 

 

Table 1. LH surge characteristics in E2-treated OVX female rats 

 

 

 

 
* Means ± SEM expressed as plasma LH levels in ng/ml. 
+ Means ± SEM expressed as the ZT. 
# Number of animals out of the total in that group showing an LH surge. 
a p=0.003 (Mann-Whitney U-test). 
b p=0.002 (Mann-Whitney U-test). 
c p=0.001 (one-way ANOVA). 
d p=0.02 (Fischer Exact test). 

Basal levels* Peak onset+ Peak time+ Peak height* Incidence of 
Peak# 

AUC*

saline 0.82 ±  0.06 11.5 ±  0.8 a 12.3 ± 0.7b 3.24 ± 0.66c 6/7 d 17.11 ± 2.56c

octreotide 1.00 ±  0.09 14.5 ±  0.5 14.7 ± 0.3 1.24 ± 0.28 3/10 9.14 ± 0.97
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Figure 1. Mean ± SEM plasma LH concentrations in OVX+EB rats that received a single 
i.c.v. injection with saline (open circles; n=7) or the SOM analog octreotide (closed circles; 
n=10). 

 

 

To test the physiological significance of octreotide, we also measured plasma GH 

levels. GH secretion patterns showed high individual variations in the saline-treated rats. 

Not all control rats showed a clear GH peak in this short period of sampling. However, we 

found an overall lowering of plasma GH levels after octreotide treatment, i.e. the GH AUC 

was significantly lower in octreotide-treated animals compared to saline-treated animals 

(Figure 2). 

 

Effect of octreotide treatment on hypothalamic GnRH cells 
The total number of GnRH-ir cells in the brain areas DBB (area B), OVLT (area C) 

and MPO (area D) of OVX+EB rats was slightly increased in octreotide-treated rats 

compared to saline-treated rats (data not shown; values were 168 ± 12 and 146 ± 12 

respectively), albeit not significant. 
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Figure 2. Plasma GH concentrations of all individual OVX+EB rats that received either a 
single i.c.v. injection with saline (open squares; n=7) or the SOM analog octreotide (closed 
squares; n=10) and the total amount of GH released during the complete sampling period 
(AUC; insert; white bar: saline-treated, black bar: octreotide-treated). AUC (mean ± SEM) was 
significantly decreased in octreotide-treated rats compared to saline-treated rats (p=0.000). 

 

 

The total percentage of activated (cFos-ir containing) GnRH-ir neurons was significantly 

lower in octreotide-treated OVX+EB rats than in saline-treated OVX+EB rats (Figure 3). 

Although the percentage of activated GnRH-ir neurons after octreotide treatment was 

reduced in all areas (B-D), when evaluated per area, the difference compared to saline-

treated rats was only statistically significant in area C. Percentages in saline- and 

octreotide-treated rats were respectively 2.7 ± 1.6 and 0.56 ± 0.37 for area B (p=0.25), 

40.6 ± 8.0 and 15.8 ± 4.3 for area C (p=0.02), and 41.3 ± 9.3 and 22.9 ± 5.6 for area D 

(p=0.12). 
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Figure 3. Mean ± SEM percentage of activated (cFos-ir 
containing) GnRH-ir neurons in brain areas B-D of OVX+EB 
rats. The percentage of activated GnRH-ir neurons was 
significantly decreased in octreotide-treated (n=8) rats 
compared to saline-treated rats (n=9) (p=0.042). 

 

 

DISCUSSION 
The present study clearly demonstrates that a single central injection with a 

somatostatin (SOM) analog (octreotide) just prior to surge onset significantly decreased 

the estradiol (E2)-induced LH surge in ovariectomized female rats. Moreover, 7 out of the 

10 animals that were treated with octreotide showed no apparent LH surge at all. These 

findings are in agreement with both in vitro and in vivo studies showing that SOM is able to 

decrease LH secretion in male rats [70, 146]. However, in these studies prolonged 

treatment, inducing high levels of SOM were used, whereas we applied the SOM analog 

only once within the so-called “critical period” [153, 154]. Moreover, in previous studies 

male rats, which do normally not express an LH surge were used. The present results 

suggest that SOM, apart from possible effects on basal LH release, may also affect 

episodic preovulatory LH release during the reproductive cycle in the female. 

In female rats, both hypothalamic SOM peptide and preproSOM mRNA levels 

fluctuate during the estrous cycle [33, 89, 155]. Hypothalamic preproSOM mRNA levels 

[155] as well as SOM release from the median eminence (ME) [33] are maximal at 
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proestrous afternoon, whereas SOM peptide levels in the pre-optic area (POA), posterior 

hypothalamus and ME are decreased on the day of proestrus compared to all other days 

of the estrous cycle [89]. These data may suggest that in cycling female rats SOM release 

from the hypothalamus peaks on proestrous afternoon. In addition, our present data 

clearly show that centrally applied SOM decreases LH release, suggesting that SOM may 

be involved in the regulation of the preovulatory LH surge in female rats. 

We injected the SOM analog in the lateral ventricle of the brain, assuming that the 

inhibiting effect on LH release is caused by direct effects of SOM at the hypothalamic level 

leading to changes in the activity of hypothalamic GnRH cells and/or GnRH release from 

the ME. Indeed, we found a significant decrease in the percentage of activated GnRH 

neurons (i.e. the neurons containing a cFos-positive nucleus) after octreotide treatment. 

We studied the activity of GnRH neurons during the ascending phase of the LH surge, as it 

is well known that at that phase a positive correlation exists between the percentage of 

activated GnRH cells and plasma LH concentrations [97, 156-158]. We particularly 

evaluated the GnRH cells in the areas that are known to become activated during the 

preovulatory LH surge, i.e. the DBB, OVLT and MPO [51, 97, 152, 158]. Interestingly, the 

decrease in activated GnRH neurons following octreotide treatment was most prominent at 

the level of the OVLT, the region in which the first activation of GnRH neurons during LH 

surge onset occurs [51, 97, 152]. Our data strongly suggest that the decreased LH release 

we found after a single central injection with the SOM analog octreotide is, at least 

partially, the result of a direct effect on hypothalamic GnRH neuron activation, most likely 

resulting in a reduction in GnRH release, leading to the observed decrease in LH release 

from the pituitary.  

On the day of proestrus, rising levels of E2 together with the feedback of 

progesterone (P) lead to an increase in GnRH release, evoking the LH surge. In the rat, 

the descending phase of the LH surge is most likely the direct result of a decrease in 

GnRH release from the hypothalamus [159, 160]. We hypothesize that the increasing 

levels of hypothalamic SOM on proestrous afternoon may be involved in this process. In 

view of the fact that in the present study the LH surge was completely abolished in 7 out of 

10 animals after octreotide administration in the “critical period”, we suggest that 

somatostatin may be involved in the descending rather than the ascending phase of the 

LH surge. However, the exact physiological role and mechanism of action of SOM in the 

regulation of the preovulatory LH surge remains to be determined. 
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Apart from a decrease in LH release, we also found a decrease in GH release from 

the pituitary within 2.5 hours after the central administration of octreotide. Physiological 

regulation of GH release involves, besides direct projections of periventricular SOM cells 

to the ME [90, 93, 94, 101, 161], projections of hypothalamic SOM cells to the GHRH cells 

in the arcuate nucleus of the hypothalamus (ARC). Via these projections, SOM can 

decrease GHRH release from the ME leading to a decrease in GH release from the 

pituitary [100, 114, 130, 131, 162, 163]. Possibly, also the octreotide we injected into the 

lateral ventricle may have affected the GHRH cells located very close to the third ventricle 

in the ARC [164], resulting in a decreased GH release. However, we can not exclude the 

possibility that the centrally injected SOM analog also reached the pituitary by passing the 

blood-brain barrier (BBB), and directly affected both pituitary gonadotrophs and 

somatotrophs via the portal vessel system. It has been shown that several SOM analogs 

can pass the BBB by a saturable transport mechanism [165]. Moreover, several in vivo 

studies have shown that SOM may directly affect the gonadotropic cells in the pituitary [71, 

147, 148]. Anterior pituitary cells express all five SOM receptors (SSTR1-5), but LH cells 

predominantly express SSTR2, whereas GH cells mainly express SSTR4 and SSTR5 [82]. 

E2 is able to upregulate SSTR2 and SSTR3 [78, 166, 167], suggesting that these SSTRs 

on the pituitary LH cells may be upregulated by the increasing E2 levels on the day of 

proestrus. Octreotide has a high binding affinity for both SSTR2 and SSTR5 and moderate 

for SSTR3, but has only a low binding affinity for SSTR1 and SSTR4 [78, 80]. 

Consequently, a direct effect of octreotide on LH and GH release from the pituitary can not 

be excluded in the present experimental setup. In addition, several studies showed that a 

subset of somatotrophs is multipotential and does not only produce GH, but also LH and 

FSH mRNA. Moreover, these cells express both GHRH and GnRH receptors [58, 168-

170], indicating that also effects at the level of the pituitary may have played an additional 

role. However, the fact that we found an effect of centrally injected octreotide at the level of 

the hypothalamus, i.e. a significant decrease in activated GnRH cells, supports the idea 

that octreotide, at least partially, may have also affected the control of LH and GH release 

at the level of the hypothalamus. 

In the hypothalamus, SSTR1 and SSTR2 are present in high numbers, expression of 

SSTR3 is moderate, and SSTR4 and SSTR5 expression is very low [171]. SOM cells are 

widely distributed in the rat brain [80], but only SOM cells in the rostral part of the 

periventricular nucleus of the hypothalamus (PeVN) are responsible for SOM release from 
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the ME that is involved in the regulation of GH release from the pituitary [90, 93, 94, 161]. 

In the PeVN SSTR1 and SSTR2 mRNA, colocalized with SOM cells, has been 

demonstrated [79, 80, 172], whereas in the ARC SSTR1-4 have been found [79, 80, 173-

175]. GHRH neurons were found to be predominantly co-expressed with SSTR1 and 

SSTR2, hardly with SSTR3 and SSTR4 and not with SSTR5 [172, 176]. Also in the 

hypothalamic areas that contain GnRH neurons SSTR expression has been 

demonstrated: SSTR1-3 expression has been found in the anterior hypothalamus [81, 173], 

SSTR1+2 in the MPO [80, 81] and SSTR1 in the OVLT [79]. As octreotide shows highest 

affinity for SSTR2, SSTR3 and SSTR5, which are found in or near areas that contain GnRH 

and GHRH neurons, the changes in LH and GH release as found in the present study 

could very well be the result of a direct action of this SOM analog at the level of the 

hypothalamus leading to changes in the activity of GnRH and GHRH neurons. The 

hypothalamic circuitry involved in these effects, however, remains to be established. 

To our knowledge, no published data exist on possible direct innervation of GnRH 

by SOM cells, or on the presence of specific SSTRs on GnRH cells in the OVLT and/or 

MPO. Although studies in the ewe proved evidence for a direct input from the ventromedial 

nucleus (VMN) to GnRH neurons [177], in the rat, fibers that arose from the VMN were 

found to project to the periventricular POA (pePOA) [178]. The pePOA itself does not 

contain GnRH neurons [151, 157], but was found to contain neurons that become 

activated concurrent with the activation of GnRH neurons surrounding the OVLT at the 

time of the preovulatory LH surge, and project to these GnRH neurons at this time [152, 

157, 178-180]. Possibly, the neurons projecting from the pePOA to GnRH cells at the time 

of the preovulatory LH surge are gamma-aminobutyric acid (GABA)-, neurotensin- and/or 

glutamate-containing neurons, as these neurons are located in the POA and were found to 

innervate GnRH neurons in the OVLT and POA [181]. Thus, if SOM is involved in the 

regulation of the LH surge by affecting the activity of GnRH cells, its effect in the female rat 

is more likely to be indirect. As SSTR1 is located in both the POA [80] and in the OVLT 

[79], SOM may very well directly affect the activity of neurons in these areas. Indeed, 

lesions of the anterior hypothalamic area (AHA) resulted in reduced SOM levels in the 

POA [93], suggesting that SOM cells from the AHA, i.e. the hypothalamic region that 

contains SOM cells projecting to the ME to regulate GH release, project also to the POA to 

send signals to GnRH cells in this region. 
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In conclusion, a single i.c.v. injection of a somatostatin analog during the so-called 

“critical period” resulted in a significant attenuation of the E2-induced LH surge in OVX 

rats. Our results strongly suggest that this was the direct result of, at least partially, a 

significant inhibition of the activation of GnRH cells in the hypothalamus. These results, 

together with the observed changes in hypothalamic SOM activity and release over the 

estrous cycle, as previously described in the literature, led us to propose the hypothesis 

that SOM may be involved in the normal physiological regulation of the descending phase 

of the proestrous LH surge. 
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ABSTRACT 
The growth hormone (GH) and reproductive axis are known to be functionally 

related. For instance, the decline in GH axis activity with age is correlated with changes in 

the reproductive axis with age. It is hypothesized that somatostatin (SOM), the 

neurohormone originating from the periventricular nucleus (PeVN) that inhibits GH release, 

may play a central role in this interaction. We studied the effect of a single physiological 

dose of estradiol benzoate (EB) on hypothalamic SOM peptide content in young (4.5 

months old) and middle-aged (9 months old) female rats, already showing early signs of 

reproductive aging. 

Female rats of the Wistar and (UxRP)F1 strain were ovariectomized (OVX) at the 

age of 4.5 or 9 months and were treated with EB 13 days later. Brains were collected 2 

and 8 h (respectively at ZT 5 and ZT 11 on day 1), and 26 and 32 h (respectively at ZT 5 

and ZT 11 on day 2) after EB treatment. Brains were sliced and sections containing the 

PeVN were stained for SOM peptide. Subsequently, the number of SOM cells and SOM 

fiber immunoreactivity (-ir) were counted automatically using a computer assisted analysis 

system. 

EB treatment neither affected total SOM cell numbers nor the characteristic 

distribution of SOM cells within the PeVN in young animals of both sub-strains. In young 

Wistar, but not in (UxRP)F1 females, SOM cell distribution within the PeVN was different 

between ZT 5 and 11 on both days. SOM fiber-ir within the PeVN itself was significantly 

decreased at 32 h compared to 2 h after EB treatment in young Wistars. Interestingly, total 

hypothalamic SOM fiber-ir, including the fibers outside the PeVN that project to the median 

eminence, was consistently higher at ZT 5 compared to ZT 11 on both days in these 

females. In middle-aged Wistar rats, the number of SOM cells was significantly increased 

at 26 h compared to 2 h after EB treatment. Also, the number of SOM cells at 2 h after EB 

treatment was significantly higher in middle-aged (UxRP)F1 compared to Wistar rats. SOM 

cell distribution within the PeVN was completely different in the middle-aged Wistar 

compared to the young females only at 2 h after EB treatment. In contrast, SOM cell 

distribution in the PeVN in middle-aged (UxRP)F1 rats was different from the young 

animals at all time points following EB treatment. 

The present study shows that in adult female rats, the effects of estrogen on SOM 

cell distribution, SOM cell numbers and SOM fiber-ir in the PeVN are both age and strain 

dependent. Moreover, our data demonstrate that already during the early stage of 
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reproductive aging, significant changes occur in SOM neurons in the PeVN of these 

female rats. 

 

INTRODUCTION 
The growth hormone (GH) and reproductive axis are known to be closely related: 

Both GH overexpression and GH-deficiency cause dramatic changes in reproductive 

function, i.e. reduced fertility in animals that overexpress GH [54, 55, 61] and complete 

infertility in animals that lack GH [53, 54]. Also, changes with age occur concurrently in 

both axes, indicating that the functionality of these two axes may be closely related. 

In the rat, GH secretion patterns are clearly sexually dimorphic [4, 6, 7]. This has 

been suggested to result mainly from differences in somatostatin (SOM) release patterns 

from the median eminence (ME) [19, 23, 25]. SOM is synthesized in the periventricular 

nucleus of the hypothalamus (PeVN) and acts together with GH-releasing hormone 

(GHRH), synthesized in the arcuate nucleus of the hypothalamus (ARC), to regulate GH 

release from the pituitary: SOM inhibits and GHRH stimulates GH secretion [19, 83-85]. 

In addition to well described effects of altered GH status on reproduction at the level 

of the ovaries [53, 54, 56, 61, 65] and the pituitary [38, 53, 54, 60, 61], there are several 

indications that changes also occur at the level of the hypothalamus. In transgenic mice 

overexpressing GH, decreased gonadotropin-releasing hormone (GnRH) secretion from 

the hypothalamus in vitro in males [53], and an altered distribution of GnRH-containing 

neurons in the hypothalamus of females were reported [65]. Also, in GH-deficient animals 

preproSOM mRNA levels in the PeVN were decreased [66], whereas preproSOM mRNA 

levels [66] and the number of SOM cells [65] in the PeVN were elevated in animals that 

overexpress GH. An altered endogenous GH status is thus correlated with changes at the 

hypothalamic level. 

Interestingly, SOM may affect reproductive function at the level of the pituitary: in 

male rats, SOM was found to inhibit the GnRH-induced release of LH in vitro [70] and to 

decrease plasma LH in vivo [146]. In addition, multiple central injections with SOM or a 

SOM analog resulted in smaller and pycnotic gonadotropic cells and in decreased 

gonadotropic cell numbers in the pituitary of both male and female rats [71, 146-148]. 

Moreover, we recently reported that a single central injection with a SOM analog 

significantly attenuated the estrogen-induced LH surge and significantly decreased the 

activation of GnRH cells in the hypothalamus of female rats [182]. Altogether, these data 
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suggest that hypothalamic SOM neurons may play a role in the changes that occur in the 

reproductive axis following changes in the GH axis. 

During adulthood the decline in reproductive function in the female, despite normal 

or even elevated levels of plasma estradiol (E2), is correlated with a decline in 

somatotropic axis activity [48, 77, 183]. In 14 months old rats, hypothalamic SOM peptide 

content and both basal and KCl-stimulated SOM release from the hypothalamus were 

higher in both sexes compared to younger animals [44]. Moreover, the SOM concentration 

in the ME was lower in 25-29 months old than in young female rats [40], suggesting 

increased SOM release from the ME with age. 

Evidence exists that exposure to chronically elevated levels of circulating E2 during 

life advances the decline in fertility with age [184, 185]. Moreover, it is known that E2 

affects hypothalamic SOM content and release, although the literature is somewhat 

controversial on the precise role of E2 on SOM [28, 29, 31-33] (chapter 3 and 4). Recently, 

it was found in our laboratory that the LH surge was significantly decreased in cycling 

female rats already at 9 months of age [50]. In the light of the data described above, we 

studied the effects of acute E2 feedback on hypothalamic SOM peptide levels in the very 

same animals during early reproductive aging. Therefore, we compared the effect of a 

physiological dose of E2 on SOM peptide-containing cells in the PeVN of young (4.5 

months) and middle-aged (9 months) short-term ovariectomized female rats. We used two 

different rat sub-strains: Wistar rats, predominantly displaying 4-day estrous cycles, and 

(UxRP)F1 rats that predominantly display 5-day estrous cycles by lengthening of 

diestrous. The (UxRP)F1 rats are hence exposed to elevated plasma E2 levels 

approximately one extra day each estrous cycle, and, in addition, were shown to exhibit 

impaired fertility and fecundity at an earlier age than the Wistar strain [48, 186]. Using this 

approach, we aimed to gain more insight in the mechanism underlying the interaction 

between the somatotropic and gonadotropic axis, i.e. a possible role for the hypothalamic 

SOM system. 

 

MATERIALS AND METHODS 
 
Experimental design 

Forty-three regularly (4-day) cycling female Wistar rats (Harlan, Horst, The 

Netherlands) aged 4.5 (n=20) or 9 (n=23) months and 42 regularly (5-day) cycling female 
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(UxRP)F1 rats (a locally bred hybrid of two Wistar sub-strains) of 4.5 (n=20) or 9 (n=22) 

months old were individually housed in a room with controlled lighting (LD 12:12; lights on 

at 5:00 h (zeitgeber time (ZT) 0)), temperature (21°C) and humidity (70%). Standard 

pelleted food and water were available ad libitum. All experiments were approved by the 

Wageningen University Animal Ethics Committee. 

All females were bilaterally ovariectomized (OVX) under Ketamine/Rompun® (60 

mg/kg and 3.3 mg/kg body weight, respectively) anesthesia that was given 

intraperitoneally (i.p.). On day 13 after OVX, each rat was given a single subcutaneous 

(s.c.) injection with estradiol benzoate (EB; 6.25 µg in 0.2 ml cottonseed oil) at ZT 3, and 

was perfused 2, 8, 26 or 32 hours later. 

Prior to perfusion animals were given an overdose of Nembutal® (CEVA sante 

animale B.V., Maassluis, The Netherlands) anesthesia (i.p.; 1.5 ml/kg body weight). The 

rats were perfused transcardially with 250 ml saline followed by 300 ml 4% 

paraformaldehyde in 0.1 M phosphate buffer (4% PFA; pH 7.4). Brains were removed from 

the skull immediately after perfusion and postfixed in the same fixative for 25 h at 4ºC. 

Prior to sectioning, tissue blocks containing the hypothalamus were embedded in 20% 

gelatin and fixed in 4% PFA for 4 h at 4ºC [122]. Coronal sections of 40 µm were sliced 

using a Vibratome (series 1000 clasic; Vibratome Company, St. Louis, MO, USA) and 

were stored in 0.1 M Tris buffer (TBS; pH 7.4) containing 1% polyvinylpyrrolidone-40 

(PVP-40; Sigma), 30% ethylene glycol (Sigma) and 30% sucrose (Sigma) (“cryprotectant” 

[123]) at 4ºC until immunocytochemistry. 

Young (4.5 months old) and middle-aged (9 months old) females were obtained 

from the same batch to reduce variation between animals. As a consequence, the 

experiments with young and middle-aged animals were performed in two separate runs. 

Therefore, two extra groups of young (4.5 months old; perfused at 2 (n=6) and 32 (n=6) h 

after EB treatment) female Wistar rats were added to the second experiment (i.e. middle-

aged females), to be able to compare stainings. 

 

Immunocytochemistry 
One third of the brain sections containing the PeVN was stained for SOM peptide 

using free-floating immunocytochemistry techniques [97]. Sections were pretreated with 

TBS containing 0.1% sodiumborohydride for 20 min, followed by extensive washing with 

TBS. Thereafter sections were incubated in TBS containing 3% H2O2 for 30 min, followed 
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by extensive washing with TBS. For the staining, sections were incubated with the primary 

polyclonal rabbit antibody raised against SOM peptide (Somaar 080289, NIH, Amsterdam, 

The Netherlands; final dilution 1:30,000) [98] diluted in TBS containing 0.5% Triton-X-100 

and 0.25% gelatin (“supermix”) for 1 night at 4ºC. This was followed by incubation with 

biotinylated goat anti-rabbit IgG (GaR-bio; Vector Laboratories; 1:400 in supermix) for 1.5 

h at room temperature, and Avidin-Biotin Complex-elite (ABC; Vector Laboratories; final 

dilution 1:1500 in supermix) for 1.5 h at room temperature. Between incubation steps, 

sections were thoroughly washed with TBS. SOM immunoreactivity was visualized by 

incubation with 0.05% DAB in TBS with 0.1% imidazole and 0.03% H2O2 for 10 min. 

Stained sections were mounted on albumin coated slides, dried, dehydrated and 

coverslipped in DEPEX (BDH Laboratory Supplies, Poole, England). 

 

Image analysis 
Images of the left side of the brain only containing the PeVN were captured using a 

microscope (5x10 magnification) with a digital black-and-white CCD camera (Sony, XC-

77CE) connected to a computer. No differences in SOM peptide content were found 

between the left and right side of the hypothalamus (personal observations). The PeVN as 

we selected it consisted of 6 consecutive sections at 80 µm intervals. The first section of 

the PeVN was decided to be the second-last section in which the suprachiasmatic nucleus 

(SCN) was still visible (plate 24 according to Paxinos and Watson [99]). The last section of 

the PeVN was the last section before the ventral medial nucleus (VMN) first appeared 

(plate 25 according to [99]) (these selected sections correspond with PeVN sections 4-9 as 

described in chapter 2 of this thesis). 

A background correction was made by capturing each image at the same gray level 

(i.e. the average gray level of the entire image), after which images were analyzed using 

an image analysis program (Scion Image Beta, version 3B; Scion Corporation, Maryland, 

USA) using gray level threshold discrimination as previously described [50]. The threshold 

for the analysis of the number of SOM cells was determined in a representative selection 

of the images by measuring the mean gray level in an area that contained SOM fibers, but 

no SOM cell bodies. Using these background measurements, the threshold was 

determined to be the mean maximal gray level. SOM-immunoreactive (-ir) neurons, i.e. the 
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cell bodies without fibers that consisted of a minimal size of 5 pixels, could subsequently 

be counted automatically. 

In addition to counting SOM-ir cells, we also measured SOM fiber-immunoreactivity 

(-ir) in these images. To this end, both the fibers that were located closely to the SOM cells 

(the “PeVN region”: measured in an area with absolute distance from the third ventricle of 

approximately 200 µm) and all fibers that originated from SOM cells in the PeVN, including 

those projecting to the ME (“total fibers”: measured in an area with absolute distance from 

the third ventricle of approximately 560 µm) were counted. The threshold for the analysis 

of SOM fibers was determined in a representative selection of the images by measuring 

the mean gray level in an area that contained neither SOM cell bodies nor SOM fibers. For 

the SOM fiber-ir measurements, an upper and a lower threshold were determined, as 

calculated by the mean gray level + 3x S.D. and the mean maximal gray level – 3x S.D., 

respectively. Using these upper and lower thresholds, both SOM-ir cells (from very light to 

very dark stained) and very light SOM fibers were excluded, hence only true SOM fibers 

(expressed in µm2) were taken into account. 

 

Statistical analysis 
Data were analyzed using the SPSS statistical analysis software program. To 

compare the total number of SOM-ir cells between the different time points after EB 

treatment within one group (same strain and age), or between different groups (different 

strain or age) at the same time point, Oneway ANOVAs were used. For posthoc tests, a 

Bonferroni or Tukey HSD test was used. Differences were considered to be significant 

when p<0.05. 

PeVN section 9 was not present in several animals. Therefore we decided to use 

only sections 4-8 for statistical analysis. As described above, brains of young and middle-

aged animals were stained in two separate runs. After testing, it appeared that brain 

sections of the first run (young females) were more intensely stained compared to the 

second run (middle-aged and young control females). Although this difference in staining 

intensity that was detected had no consequences for the number of SOM-ir cells (the sum 

of SOM-ir cells in PeVN sections 4-8 in young Wistar rats was not significantly different 

between the first and second run), SOM fiber-ir could not be identified in the sections that 

were stained in the second run, i.e. the middle-aged females. Therefore, only in the young 

females, SOM fiber-ir was analyzed as described above. 
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RESULTS 
 

SOM-ir cells in the PeVN 
Total numbers (i.e. the sum of PeVN sections 4-8) of SOM-ir cells did not change in 

time upon EB treatment in the young animals of either sub-strain, although total numbers 

of SOM-ir cells were consistently lower at ZT 5 compared to ZT 11 in the young Wistars 

(n.s.; Figure 1). 

 

 

 

 

 

 

 

 

 

 

Figure 1. Total number of SOM-ir cells (sum of PeVN sections 4-8) in young (4.5 months old) 
Wistar (A) and (UxRP)F1 (B) OVX females at 2, 8, 26, or 32 h after EB treatment. Bars represent 
mean ± SEM. n=5 for each group. 

 

 

SOM-ir cells within the selected PeVN area (PeVN sections 4-9) showed a clear 

rostral to caudal distribution, with maximal numbers of cells appearing in the more caudal 

part of the PeVN (Figure 2A-D). In the young (UxRP)F1 rats, the numbers of SOM-ir cells 

were more comparable between sections compared to the young Wistar rats, showing a 

clear “peak” in SOM cell localization. Distribution patterns of SOM-ir cells within the PeVN 

in young Wistar rats varied slightly between the different time points after EB treatment: 

maximal numbers of SOM-ir cells were found consistently in PeVN section 8 at ZT 5 (i.e. 

at t=2 and t=26 after EB), but in PeVN section 7 at ZT 11 (i.e. at t=8 and t=32 after EB) 

(Figure 2A and B). Maximal numbers of SOM-ir cells in young (UxRP)F1 rats were found 

in PeVN section 7 at all time points after EB treatment (Figure 2C and D). 

Wistar young

0

100

200

300

400

ZT 5 ZT 11 ZT 5 ZT 11

to
ta

l S
O

M
-ir

 c
el

ls
 

(P
eV

N
 s

ec
tio

ns
 4

-8
)

A
day 1 day 2

t=2 t=32t=26t=8

F1 young

0

100

200

300

400

ZT 5 ZT 11 ZT 5 ZT 11

B
day 1 day 2

t=32t=26t=8t=2



SOM peptide in the PeVN during aging 

 95

WISTAR YOUNG    (UxRP)F1 YOUNG 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Rostral to caudal distribution of SOM-ir cells in the PeVN of young (4.5 months old) 
Wistar (A and B) and (UxRP)F1 (C and D) OVX females at different time points after EB 
treatment. Bars represent mean ± SEM. Numbers within bars indicate the number of animals. 

 

 

In the middle-aged Wistar rats, the total number of SOM-ir cells was significantly 

lower at ZT 5 on day 1 (i.e. at t=2) compared to day 2 (i.e. at t=26) (Figure 3A). The 

distinct rostro-caudal distribution of SOM-ir cells in the PeVN was not present at ZT 5 on 

day 1 (t=2) in the middle-aged females: the number of SOM-ir cells was comparable 

between all PeVN sections. This in contrast to the peak in SOM-ir cell number in section 8 

found in young Wistar rats at the same time point after EB treatment. Distribution patterns 

at the other time points after EB treatment were largely comparable with those found in 

young Wistar rats, i.e. maximal numbers of SOM-ir cells in PeVN section 7 at ZT 11 (t=8 

and t=32 after EB) and in PeVN section 8 at ZT 5 on day 2 (t=26 after EB) (Figure 4A and 

B). 

In middle-aged (UxRP)F1, the total number of SOM-ir cells at ZT 5 on day 1 (t=2) 
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cell distribution in the PeVN of the middle-aged (UxRP)F1 rats, however, was completely 

different from young F1 rats at ZT 5 on day 1 (t=2) and at ZT 11 on day 1(t=8) and day 2 

(t=32): maximal numbers of SOM-ir cells were found in PeVN section 6 at t=2, and in 

section 5 at t=32 compared to section 7 found in the young animals (Figure 4 C and D). 

 

 

 

 

 

 

 

 

 

 

Figure 3. Total number of SOM-ir cells (sum of PeVN sections 4-8) in middle-aged (9 months 
old) Wistar (A) and (UxRP)F1 (B) OVX females at different time points after EB treatment. a 
significantly different from b (p=0.026; ANOVA); c significantly different from d (p=0.01; 
Bonferroni). Bars represent mean ± SEM. Numbers within bars indicate the number of animals. 

 

 

SOM fiber-ir in the PeVN 
SOM fiber-ir in the PeVN region itself was significantly lower at t=32 than at t=2 

after EB treatment in young Wistar rats (Figure 5A). Also, total SOM fiber-ir (i.e. SOM 

fibers within the PeVN as well as fiber bundles projecting to the ME) was significantly 

higher at t=2 than at t=8 and t=32 after EB treatment in the young Wistar females (Figure 

5B). 

In young (UxRP)F1 female rats, neither SOM fiber-ir in the PeVN nor total SOM 

fiber-ir was changed significantly following EB treatment (data not shown). Total SOM fiber-

ir at t=2 after EB treatment was significantly higher in young Wistar than in young (UxRP)F1 

female rats (data not shown; values were 224886 ± 16027 µm2 for Wistar and 162455 ± 

7921 µm2 for (UxRP)F1; p=0.008; ANOVA). 
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  WISTAR MIDDLE-AGED   (UxRP)F1 MIDDLE-AGED 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Rostral to caudal distribution of SOM-ir cells in the PeVN of middle-aged (9 months old) 
Wistar (A and B) and (UxRP)F1 (C and D) OVX females at different time point after EB treatment. 
Bars represent mean ± SEM. Numbers within bars indicate the number of animals. 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. SOM fiber-ir in the PeVN region (A) or total SOM fiber-ir (B) in young (4.5 months old) 
OVX female Wistar rats at different time points after EB treatment. a significantly different from b 
(p=0.047; Bonferroni); c significantly different from d (p ≤ 0.05; Tukey HSD). Bars represent mean ± 
SEM. n=5 for each group. 
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DISCUSSION 
In the present study we show that in adult short-term OVX female rats, the effects of 

estrogen on SOM-ir cell distribution, SOM-ir cell numbers and SOM fiber-ir in the PeVN 

are both age and strain dependent. 

EB did not affect the total number of SOM-ir cells in the PeVN of young female rats, 

which is in line with our previous studies (chapter 3 and 4 of this thesis) and a paper that 

also reported no effects of E2 on both hypothalamic SOM content and release [33]. Other 

reports showed that a decrease in SOM mRNA content in the PeVN after OVX can be 

reversed by E2 [28, 29]. The discrepancy with our data may be due to the fact that in the 

latter studies animals were treated with E2 for a prolonged period of time, whereas we 

studied the effect of a single physiological dose of EB on SOM-ir. Interestingly, SOM fiber-

ir within the PeVN region itself in young female Wistars was gradually, but significantly 

decreased 32 h compared to 2 h after a single physiological dose of EB, suggesting 

changes in release or transport of SOM peptide from the PeVN following EB treatment, 

however, without affecting the amount of SOM peptide synthesized and/or stored in the 

PeVN cells themselves. 

In young Wistar rats, the rostro-caudal distribution of SOM-ir cells within the PeVN 

appeared to be similar at 2 and 26 h, and at 8 and 32 h after EB treatment. Both t=2 and 

t=26 correspond to ZT 5, whereas t=8 and t=32 correspond to ZT 11, on two consecutive 

days. Also, total SOM fiber-ir, i.e. all fibers originating from SOM cells in the PeVN 

including those projecting to the ME, was consistently higher at ZT 5 compared to ZT 11 in 

these animals. These findings suggest that SOM peptide synthesized in the PeVN and 

released in the ME may show a diurnal rhythm, rather than be directly affected by 

circulating E2 concentrations. These observations are supported by the reported diurnal 

rhythm in SOM peptide content in the ME [46]. 

The rostro-caudal distribution of SOM-ir cells in the PeVN was different in middle-

aged, compared to young Wistar rats, at 2 h but not at 8, 26 and 32 h after EB treatment. 

These findings suggest that during (early) aging, estrogen may become more crucial for 

the synthesis and/or storage of SOM peptide in the PeVN of the Wistar female. 

Interestingly, the diurnal change in SOM cell distribution, as found in young Wistars, was 

only evident on day 2 after EB treatment in the middle-aged Wistar females. Estrogen may 

hence become important for the maintenance of the diurnal change in SOM levels within 

the PeVN during (early) aging. 
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The function of such a diurnal change in SOM levels in the PeVN remains 

speculative. A few studies reported more pronounced GH secretory bursts in cycling 

female rats after the onset of darkness [5, 6], suggesting that the shift in the rostro-caudal 

SOM cell distribution at ZT 11, i.e. just before dark onset, may reflect the reported shift in 

GH secretion pattern. Although to our knowledge no data exist on light/dark-related GH 

secretory patterns during aging, mean plasma GH levels and mean peak GH levels were 

found to be decreased already in 11 month old female rats compared to the young females 

[40]. Taking these findings into consideration, we suggest that the changes in SOM-ir 

levels within the PeVN may affect GH release patterns during aging in female rats. 

Interestingly, SOM cells in the PeVN of young (UxRP)F1 rats did not show this 

diurnal change in immunoreactivity. Moreover, the SOM cells in the (UxRP)F1 were more 

evenly distributed from rostral to caudal within the PeVN compared to the young Wistar 

rats. Furthermore, in the middle-aged (UxRP)F1 rats the rostro-caudal SOM-ir cell 

distribution within the PeVN was completely different from that found in the young rats and 

EB treatment appeared to have no effect on this, or on the total number of SOM-ir cells in 

the PeVN. These observations suggest that even between rat sub-strains the 

hypothalamic SOM system, regulating GH release, may be very differently organized. 

Characteristics of hypothalamic regulation of reproduction and changes with age in 

female Wistar and (UxRP)F1 rats were studied extensively in our laboratory. Studies in the 

very same animals that were used in the present study showed that in 9 months old 

females of both sub-strains the preovulatory LH surge was attenuated, which is illustrative 

of reproductive aging. Interestingly, the results indicated that hypothalamic regulation of 

reproduction differs between the sub-strains. Analysis of plasma E2 and progesterone (P) 

levels, and hypothalamic P receptor concentrations in these animals supported the notion 

that the (UxRP)F1 females may become reproductively aged at an earlier age than the 

Wistar rats [50]. Although we did not study plasma GH levels in these 4.5 and 9 months 

old females, our present data suggest that changes in hypothalamic regulation of GH 

release occur already at a relative early age. Moreover, our data indicate that changes in 

hypothalamic regulation of both GH and LH release occur simultaneously in the female rat.  

We found an increased number of SOM-ir cells in middle-aged (UxRP)F1 females 

compared to female Wistars of the same age. Elevated SOM peptide concentrations and 

release are associated with aging [17, 46], suggesting that the (UxRP)F1 female rats may 

indeed show signs of aging earlier in life than Wistar rats, as previously suggested [48, 50, 



Chapter 6 

 100 

186]. Our results may imply that the absence of any rostro-caudal change in SOM-ir levels 

in the PeVN, which are not affected by ZT and/or a physiological EB stimulus, may be one 

of the characteristics of aging in the (UxRP)F1 sub-strain. In view of the fact that we 

previously demonstrated that SOM decreases the EB-induced LH surge and hypothalamic 

GnRH cell activation in young Wistar females [182], our present data suggest that age-

related changes in the hypothalamic SOM system may directly affect reproductive function 

in the female rat. 
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The somatotropic and gonadotropic axis are clearly closely related, as described in 

detail in chapter 1. Interestingly, both elevated and decreased concentrations of plasma 

GH lead to a dramatic decline in reproductive function [53, 55, 56], suggesting that GH 

release, and consequently its hypothalamic regulatory mechanisms, need to be in balance 

for optimal reproductive function. The aim of this thesis was to test the hypothesis that 

somatostatin plays a central role in the interaction between the somatotropic and 

gonadotropic axis in the female rat. In this chapter we will summarize and discuss the sex 

differences in the hypothalamic SOM system and the actions of SOM on the reproductive 

axis. Based on our findings as described in this thesis, and on data from the literature, we 

will propose a possible mechanism via which SOM may act on both the somatotropic and 

gonadotropic axis. Finally, we will discuss the consequences of an altered GH status on 

reproductive function in general, and during reproductive aging in particular. 

 

7.1. SUMMARY OF FINDINGS 
To discuss the implications of the possible effects of hypothalamic SOM on 

reproductive axis activity, detailed information on the functioning of the hypothalamic SOM 

system itself is required. As most studies to date were performed in male rats, we first 

aimed to study the hypothalamic SOM system in the female rat in more detail. To this end, 

we described the highly characteristic location and distribution of SOM cells within a strictly 

defined PeVN area (chapter 2). We concluded that in the female rat SOM cells are 

affected by the gonadal steroids E2 and P in specific subregions of the PeVN, and the 

SOM cells may hence have specific functions concerning the sexual dimorphic regulation 

of GH release. 
Next, we studied the acute effect of a single GH injection on SOM cells in the PeVN 

of female rats. Our findings suggest that SOM cells in the female PeVN may contain GH-

receptors (GH-Rs), like in male rats, as we demonstrated that GH acutely induces SOM 

cell activation in the female rat. Gonadal steroids clearly play a role in the hypothalamic 

feedback actions of GH in the female: E2 may modulate the sensitivity of SOM cells to GH. 

However, our data also indicate that other ovarian factors may be involved; we suggested 

an additional role for progesterone (P) (chapter 3). 

Based on these findings, we focused on the effect of the ovarian steroids E2 and P 

on SOM neurons in the PeVN of female rats. We found that E2 and P act synergistically, 
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rather than alone, to affect SOM peptide synthesis and/or storage in cells in the female 

PeVN (chapter 4). 

We tested the hypothesis that hypothalamic SOM neurons may play a central role in 

the somatotropic and gonadotropic interaction by examining the effect of a central injection 

with a SOM analog on hypothalamic GnRH neurons and LH release. We demonstrated 

that SOM inhibits the E2-induced LH surge by, at least in part, decreasing GnRH cell 

activation, suggesting that indeed also at the level of the hypothalamus the two axes 

interact (chapter 5). 

Given the fact that the decrease in GH axis activity is correlated with the decline in 

reproductive function with age, despite similar or elevated plasma E2 concentrations, we 

studied the acute effects of a single physiological dose of E2 on hypothalamic SOM cells in 

young and reproductively aging (“middle-aged”) female rats. Middle-aged female rats in 

which the preovulatory LH surge was already attenuated [50], also showed changes in 

hypothalamic SOM levels. Moreover, our data suggest that during the early stages of 

aging the somatotropic axis may be characterized by an altered distribution of SOM cells 

and elevated SOM peptide levels within the PeVN, despite the presence of physiological 

concentrations of E2 (chapter 6). 

 

7.2. SEXUAL DIFFERENCES IN THE HYPOTHALAMIC SOM SYSTEM  
 

Synthesis, storage and release 
Based on our findings described in chapter 3 and 4 in this thesis and on data from 

the literature, we can conclude that adult female rats possess more SOM-producing 

neurons (chapter 3), but that the synthesis, and possibly also the storage, of SOM peptide 

is higher in adult male rats (chapter 3 and 4)[23, 30, 31]. Interestingly, both basal and K+-

stimulated SOM release from the ME was demonstrated to be higher in female compared 

to male rats [31, 45]. These data support the proposed differences between the sexes in 

SOM release with respect to the regulation of GH release [25, 35]: In the female rat, many 

SOM neurons in the PeVN may constantly synthesize and secrete small amounts of SOM 

to maintain the suggested relatively low and tonic release of SOM into the portal blood 

vessel system. In male rats, high levels of SOM peptide are secreted from the ME in a 

burst approximately every 3 h. This requires a hypothalamic SOM system that is able to 

release a very high amount of SOM peptide at once. Therefore, synthesis and storage of 
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SOM peptide may be constantly high in a specific group of SOM neurons in the male 

PeVN. The synthesis, storage and release of SOM peptide hence differs between adult 

male and female rats. This supports the previously proposed central role of the 

hypothalamic SOM system in the establishment of the sexual dimorphism of GH release 

from the pituitary [19, 23, 25]. 

 

Subregions of the PeVN 
We found that the acute effects of GH on SOM cells in the PeVN were distinctly 

different between the sexes: In male rats the number of SOM cells was increased 

specifically in the medial part of the PeVN, while in female rats, the number of SOM cells 

was decreased specifically in the posterior part of the PeVN. Interestingly, increased SOM 

cell activation following a single GH injection was most abundant in the anterior PeVN in 

male rats, whereas in females, increased SOM cell activation was comparable between all 

PeVN subregions (chapter 3). Thus, not only the acute feedback effects of GH on the 

number of periventricular SOM cells, but also the site of impingement differs between adult 

male and female rats. Moreover, these observations may imply that the negative “short-

loop” feedback of SOM on its own release [20] may occur in different PeVN subregions in 

male and female rats. The organization of SOM neurons within the PeVN may therefore 

differ between the sexes, which may result in the different SOM release patterns from the 

ME, and consequently, in the sexually dimorphic GH release patterns. 

 

Effects of gonadal steroids 
A role for gonadal steroids in the regulation of SOM synthesis and/or release seems 

reasonable, as concentrations of SOM mRNA, peptide and release fluctuate during the 

estrous cycle [33, 88, 89], concurrent with plasma E2 and P levels [103]. Although many 

studies have focused on the possible effects of E2 on hypothalamic SOM mRNA, SOM 

peptide and SOM release levels, the precise role of E2 on the hypothalamic SOM system 

with respect to the regulation of GH release in the female rat remains unclear. Our data 

suggest that in the female rat E2 may decrease the sensitivity of SOM neurons in the 

PeVN to acute GH feedback (chapter 3). Absence of E2 may hence result in a more “male-

like” hypothalamic SOM system, and consequently a “male-like” GH release pattern 

(chapter 1). In the female rat, estrogen may thus dictate, at least in part, the regulation of 

GH release at the level of the hypothalamic SOM system. 
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Yet, the conflicting data from the literature as well as our own data (chapter 3) 

provide evidence for the fact that E2 may not be the only gonadal factor that influences the 

hypothalamic SOM system in the female. Indeed, our data show that E2 and P act 

synergistically, rather than alone, to alter the activity of SOM cells leading to changes in 

SOM peptide concentrations in the female PeVN (chapter 4). Interestingly, the 

collaborating effects of E2 and P on SOM cell number and SOM peptide concentrations 

were most abundant in the medial and posterior PeVN, suggesting that the gonadal 

steroids together dictate SOM synthesis, storage and release in specific PeVN subregions 

in the female rat. The effects of E2 and P on SOM synthesis and release as reported in 

literature and found in our own studies are summarized in Table 1. 

Surprisingly, the decreased SOM release following OVX could not be restored by E2 

treatment [31, 33], which is remarkable as SOM release from the ME was found to be 

maximal on the day of proestrus [33]. Thus, the elevated plasma E2 levels on this day of 

the estrous cycle are not likely to be responsible for the increased SOM release. Hence, 

given the facts that E2 and P act synergistically to affect SOM cells in the PeVN (chapter 

4), and that peak levels of P occur on proestrous afternoon, we suggest that SOM release 

from the ME may be directed by the cooperative effects of E2 and P, rather than the rising 

levels of plasma E2 alone. 

 

 

Effect of: OVX E2 P E2 and P 

SOM mRNA  
in PeVN 

# cells 

≡  
(ch. 3) 

 

content 

≡  
[31] 

↓ 
[28, 29+, 

32+] 

# cells 

≡  
(ch. 3) 

content

↑  
[28*, 29*, 

32] 

# cells 
n.d. 

content 

n.d. 

# cells 

n.d. 

content

n.d. 

SOM peptide  
in PeVN 

↓ 
(ch. 3) 

≡  
[31] 

≡ 
(ch. 3+4) 

≡ 
(ch. 4) 

≡ 
(ch. 4) 

≡ 
(ch. 4) 

↑ (n.s.) 
(ch. 4) 

↑ 
(ch. 4) 

SOM release ↓ [31, 33] ≡ [33] n.d. n.d. 

Table 1. Overview of the effects on the hypothalamic SOM system in the female rat following 
OVX, or gonadal steroid treatment following OVX. +: OVX period of 3 weeks or longer; *: long-term 
E2 treatment; n.d.: no data; n.s.: not significant. 
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7.3. EFFECTS OF SOM ON THE REPRODUCTIVE AXIS 
This thesis provides further evidence for the proposed central role of hypothalamic 

SOM neurons in the functional interaction between the somatotropic and gonadotropic 

axes. A SOM analog, given during the “critical period” (i.e. just prior to surge onset), 

completely abolished the E2-induced LH surge and decreased GnRH cell activation 

(chapter 5). Based on this, and the fact that SOM release may increase on proestrous 

afternoon [33, 88, 89], we hypothesize that in the cycling female rat, SOM release during a 

normal cycle increases only after the “critical period”, i.e. during the LH surge. Thus, we 

suggest that the elevated levels of SOM on proestrous afternoon may be involved in the 

descending, rather than the ascending phase of the preovulatory LH surge. 

Our data described in chapter 5, strongly suggest that SOM decreases LH release, 

at least in part, by decreasing hypothalamic GnRH neuron activation. However, the 

mechanism behind this action remains speculative. Moreover, indirect effects of SOM 

cannot be excluded, as SOM was demonstrated to directly affect gonadotropic cell number 

and morphology [71]. We propose three possible pathways via which SOM, originating 

from the PeVN, may affect hypothalamic GnRH neurons, resulting in a decreased LH 

release (see Figure 1II-IV). 

The interactions between neurons in the hypothalamic areas involved in the 

regulation of LH (OVLT/POA) and GH (PeVN and ARC) release are schematically 

depicted in figure 1-I. GnRH neurons in the OVLT/POA are innervated by gamma-

aminobutyric acid (GABA)-ergic cells, which are thought to be involved in the negative 

feedback of E2 on the LH surge [181, 187]. The GABA-ergic cells, originating from the 

OVLT/POA, also innervate SOM neurons in the PeVN and may therefore also be involved 

in the regulation of GH release from the pituitary [141, 142, 188, 189]. Also, within the 

PeVN, a small number of SOM neurons co-express GABA [190]. GHRH neurons in the 

ARC are inhibited by SOM neurons originating from either the PeVN or the ARC [114, 162, 

163, 191]. Neuropeptide-Y (NPY) terminals originating in the ARC project to the preoptic 

region and ME, where some of the axons make synaptic contacts with GnRH cell bodies 

or processes [181]. NPY cells located within the PeVN may project to SOM cells in this 

hypothalamic nucleus. NPY may hence also be involved in the regulation of both LH and 

GH release from the pituitary. 
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Pathway 1: directly on neurons in the OVLT/POA 
We showed that a centrally injected SOM analog decreased hypothalamic GnRH 

cell activation (chapter 5), suggesting that SOM directly affects cells in the OVLT/POA. 

The fact that SSTRs were demonstrated in the OVLT/POA [79-81], and that lesions of the 

anterior hypothalamic area (including the PeVN) resulted in decreased SOM peptide levels 

in the POA [93], suggests that SOM cells originating from the PeVN project to the 

OVLT/POA. Possibly, GnRH neurons themselves express SSTRs: SSTR2 gene 

expression was found in GnRH neurons in adult male and female mice (Prof. A. Herbison, 

personal communication). Hence, SOM may directly inhibit GnRH cell activation, leading 

to the supposed decrease in GnRH release, and hence to decreased LH release from the 

pituitary (pathway A in Figure 1-II). Indeed, SOM-immunoreactive fibers were found in 

close apposition to GnRH cells in adult female rats (Van der Beek et al., unpublished 

data). Moreover, SOM was found to acutely inhibit GnRH neuron electrical excitability 

(Prof. A. Herbison, personal communication). These data suggest that SOM cells may 

indeed directly project to GnRH neurons and inhibit GnRH cell activity. 

Alternatively, cells in the OVLT/POA, other than GnRH neurons, may contain 

SSTRs. Neurons in the periventricular POA that project to GnRH neurons at the time of 

the preovulatory LH surge [157, 179, 180] are likely candidates. Although not proven yet, 

GABA-ergic cells may be among those neurons containing SSTRs and projecting to the 

GnRH neurons (pathway B in Figure 1-II). 

 

Pathway 2: indirectly via NPY 
NPY is very likely to positively affect the preovulatory LH surge: NPY synthesis and 

release are elevated just before the proestrous LH surge, and immunoneutralization of 

NPY severely attenuates the steroid-induced LH surge. The effects of NPY on LH release 

may, at least in part, take place at the hypothalamic level, as NPY terminals synapse on 

GnRH cell bodies and processes [181, 192]. As SSTRs were demonstrated on NPY cells 

in both the PeVN and ARC [191], SOM may inhibit NPY neuronal activity, resulting in a 

decreased stimulating signal to GnRH cells, which in turn decreases GnRH cell activation 

and release, leading to the observed decreased LH surge (Figure 1-III). 
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Pathway 3: indirectly via the pituitary 
Besides the decreased LH surge, we also found decreased plasma GH 

concentrations following the central injection of the SOM analog (chapter 5). SOM was 

shown to directly decrease LH release [70] and to affect gonadotroph cell number and 

morphology [71]. In addition, both gonadotrophs and somatotrophs express SSTRs. 

Hence, SOM may directly decrease both LH and GH release from the pituitary. The 

decrease in GH release leads to decreased IGF-I release, which may subsequently result 

in a decreased GnRH release from the ME [67, 68] (pathway C in Figure 1-IV). 

Alternatively, elevated SOM levels may inhibit GHRH neurons in the ARC [114, 162, 

163, 191], resulting in decreased GH release from the pituitary. As somatotroph and 

gonadotroph cell co-expression in the pituitary is maximal on the day of proestrus [58, 168, 

169], a decreased activation of GH cells may lead to decreased activity of LH cells, 

resulting in a decreased LH release. In addition, decreased IGF-I levels, due to decreased 

plasma GH concentrations, may lead to both decreased GnRH release from the ME [67, 

68] and decreased LH release from the pituitary [63] (pathway D in Figure 1-IV). 

 
Physiological role of SOM in the regulation of reproduction 
Although (in)direct effects of SOM at the pituitary level in the regulation of the LH surge 

(pathway 3) cannot be excluded, in the cycling female rat this pathway seems very unlikely 

to be the primary one with respect to hypothalamic regulation of the preovulatory LH 

surge. We suggest that the possible effects of SOM at the level of the pituitary may be 

additional to the direct effects at the level of the hypothalamus with respect to the 

interaction with the reproductive axis. Altered hypothalamic SOM concentrations causing 

changes at the pituitary level that in turn affect hypothalamic GnRH neurons, probably take 

place at a different time scale compared to the intrahypothalamic interactions and may 

therefore be involved in long-term, rather than short-term effects (i.e. in the regulation of 

the preovulatory LH surge) on reproductive function. 
Also, the suggested role for NPY in the hypothalamic regulation of the LH surge in 

the female rat (pathway 2) is probably one of the factors in a complex regulatory 

mechanism. NPY may play a facilitating, rather than a crucial role in the normal regulation 

of the preovulatory LH surge. In view of our own data and data from the literature, we 

propose that the role of SOM in the regulation of the descending phase of the LH surge, 
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Figure 1. Schematic drawings of possible pathways via which SOM, originating from the PeVN, may 
decrease GnRH cell activation and the LH surge. I: Interactions between neurons in the OVLT/POA, PeVN 
and ARC as described in the literature. II: Direct effect of SOM on neurons in the OVLT/POA; A: directly on 
GnRH neurons; B: indirectly via cells projecting to GnRH neurons. III: Indirect effect of SOM on GnRH 
neurons via NPY cells in the ARC. IV: Indirect effect of SOM on GnRH neurons via the pituitary; C: direct 
effect of SOM on LH and GH cells; D: indirect effect of SOM on pituitary cells via GHRH neurons in the ARC. 
For more details: see text. ●: presence of SSTRs. 
 
 
may involve, at least, a combination of pathways 1 and 2. In the cycling female rat, 

elevated plasma concentrations of E2 and P on the day of proestrus may increase NPY 

levels in the ARC that, together with the removed inhibitory GABA-ergic tone [50, 181], 

stimulate GnRH cell firing, leading to the GnRH surge and, subsequently, the preovulatory 

LH surge. Secondly, the increased levels of gonadal steroids [33](chapter 2, 3, and 4), and 

in addition, elevated levels of NPY [117] may increase SOM release from the ME. 

Elevated concentrations of SOM, in turn, inhibit either neuron activity in the OVLT/POA, or 
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NPY and its stimulating effects on GnRH neurons, or both, leading to decreased GnRH 

cell activation and subsequently release, finally resulting in a decrease in plasma LH levels 

(see Figure 2). 

In this model, however, the stimulating effects of elevated plasma E2 and P levels 

on SOM release are assumed to be delayed compared to the effects of these gonadal 

steroids on GABA and NPY neurons. We found that E2 reduces the sensitivity of SOM 

cells to GH feedback (chapter 3). The rising levels of E2 on the day of proestrus may thus 

decrease SOM cell activity, leading to a decreased SOM release but, increased storage of 

SOM peptide. On proestrous afternoon, plasma E2 concentrations already start to 

decrease, which may permit an increase in the release of the stored SOM peptide, 

resulting in the increased SOM release on proestrous afternoon. 

Apart from steroid feedback, SOM synthesis and release show a diurnal rhythm, 

which is likely directed by the suprachiasmatic nucleus (SCN, the so called “biological 

clock”): Interestingly, the distribution of SOM cells within the PeVN as well as SOM fiber-

immunoreactivity (including SOM fibers projecting to the ME) differs between morning (ZT 

5) and afternoon (ZT 11) in young female Wistar rats (chapter 6). Also, SOM peptide 

concentrations in the anterior hypothalamus, SCN [193], in the ME [46], and SOM release 

from the hypothalamus [194] show circadian rhythmicity. Altogether, these data support 

the suggested increased SOM release during the afternoon. 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 2. Proposed mechanism via which hypothalamic SOM may be involved in the regulation of the 
descending phase of the preovulatory LH surge in the adult female rat. See text for details. 
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7.4. CONSEQUENCES OF ALTERED GH STATUS ON FEMALE 
REPRODUCTION 

Both GH-deficiency and excessive GH release are correlated with changes in 

hypothalamic SOM concentrations in rodents [65, 66]. Based on our proposed role of SOM 

in the regulation of LH release, the decreased proestrous and GnRH-induced LH surge in 

animals with an altered GH status [53, 54, 65] could very well be caused by changes at the 

level of the hypothalamic SOM system. 

The gradual decline in plasma GH levels with age may be due to increased SOM 

release [17, 44]. Moreover, the decline in somatotropic activity is concurrent with (early) 

reproductive aging. Female rats that show an attenuated preovulatory LH surge already at 

the age of 9 months [50], also show changes in the specific SOM cell distribution within the 

PeVN (chapter 6). The above suggests that also during aging SOM may impinge on both 

axes and affect both GH release and reproductive function. During early reproductive 

aging, changes at the level of the hypothalamic SOM level may hence, at least in part, 

contribute to the decreased GnRH cell activation and LH surge [51, 52]. 

During aging, changes may also occur in the diurnal rhythm of SOM synthesis and 

release. Already at the age of 9 months, the observed diurnal change in SOM cell 

distribution in the PeVN of Wistar females disappears (chapter 6). Also, peak levels of 

SOM peptide content in the ME are shifted in time in 18-20 months old male rats [46], 

indicating that age-related changes in hypothalamic SOM content and release may be 

related to changes in the SCN. Age-related changes in the SCN may thus contribute to 

changes in SOM synthesis and release, resulting in the decline in GH release with aging. 

Fertility problems are common in women with altered plasma GH levels, caused by 

e.g. acromegaly (characterized by excessive GH release, in most cases caused by GH-

secreting adenomas) or Polycystic Ovarian Syndrome (PCOS, also associated with a 

disturbed GH status). To our knowledge, no data exist on possible changes in 

hypothalamic SOM concentrations in these women. However, our data presented in this 

thesis and data from the experimental literature indicate that in these women an altered 

hypothalamic SOM neuron activity may underlie, at least in part, the fertility problems that 

are correlated with an altered GH status. 

The age at which fertility ends is characterized by large individual differences in 

both humans and rats. Our laboratory previously reported significant differences in both 
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the regulatory aspects of the reproductive axis as well as in the changes with age in 

reproductive function between two rat sub-strains. The fact that we found differences in 

SOM cell activity in these very same animals may further stress the importance of the 

SOM system to these individual and age-related changes in reproductive function. 

Consequently, also in women, individual variation in the activity of the GH axis, as a result 

of differences in the hypothalamic SOM system activity, may underlie individual 

characteristics of reproductive function in general. 

 

 

In summary, structural changes in GH release, either caused by genetic changes, 

tumors, or age, result in, or are likely caused by, changes in the hypothalamic SOM 

system. We showed that SOM is able to decrease the LH surge in female rats and 

demonstrated that age-related changes in reproductive function occur concurrently with 

age-related changes in the hypothalamic SOM system, suggesting that decreased 

reproductive function in females with an altered GH status may be due to the direct 

inhibiting effects of a highly activated hypothalamic SOM system. Hence, we conclude 
that hypothalamic SOM neurons may indeed be the “cross-link” between the 
somatotropic and gonadotropic axis.  



 

 

 

 
 

References 
 

 

 

 



References 

 114 

1. Hull KL, Harvey S. Growth hormone: roles in female reproduction. J.Endocrinol. 2001; 168: 1-23. 

2. Brook C, Marshall N. Essential Endocrinology. Oxford: Blackwell Science Ltd; 1996: 30-53. 

3. Lawrence TLJ, Fowler VR. Growth of Farm Animals. Oxon: Cab International; 1997:102-149. 

4. Gatford KL, Egan AR, Clarke IJ, Owens PC. Sexual dimorphism of the somatotrophic axis. 

J.Endocrinol. 1998; 157: 373-389. 

5. Pincus SM, Gevers EF, Robinson IC, van den Berg G, Roelfsema F, Hartman ML, Veldhuis JD. 

Females secrete growth hormone with more process irregularity than males in both humans and 

rats. Am. J. Physiol. 1996; 270: E107-E115. 

6. Clark RG, Carlsson LM, Robinson IC. Growth hormone secretory profiles in conscious female rats. 

J.Endocrinol. 1987; 114: 399-407. 

7. Eden S. Age- and sex-related differences in episodic growth hormone secretion in the rat. 

Endocrinology 1979; 105: 555-560. 

8. Veldhuis JD, Roemmich JN, Rogol AD. Gender and sexual maturation-dependent contrasts in the 

neuroregulation of growth hormone secretion in prepubertal and late adolescent males and females--

a general clinical research center-based study. J.Clin.Endocrinol.Metab. 2003; 85: 2385-2394. 

9. Wehrenberg WB, Giustina A. Basic counterpoint: mechanisms and pathways of gonadal steroid 

modulation of growth hormone secretion. Endocr.Rev. 1992; 13: 299-308. 

10. Jansson JO, Frohman LA. Differential effects of neonatal and adult androgen exposure on the 

growth hormone secretory pattern in male rats. Endocrinology 1987; 120: 1551-1557. 

11. Jansson JO, Ekberg S, Isaksson OG, Eden S. Influence of gonadal steroids on age- and sex-

related secretory patterns of growth hormone in the rat. Endocrinology 1984; 114: 1287-1294. 

12. Jansson JO, Frohman LA. Inhibitory effect of the ovaries on neonatal androgen imprinting of 

growth hormone secretion in female rats. Endocrinology 1987; 121: 1417-1423. 

13. Painson JC, Thorner MO, Krieg RJ, Tannenbaum GS. Short-term adult exposure to estradiol 

feminizes the male pattern of spontaneous and growth hormone-releasing factor- stimulated growth 

hormone secretion in the rat. Endocrinology 1992; 130: 511-519. 

14. Hasegawa O, Sugihara H, Minami S, Wakabayashi I. Masculinization of growth hormone (GH) 

secretory pattern by dihydrotestosterone is associated with augmentation of hypothalamic 

somatostatin and GH-releasing hormone mRNA levels in ovariectomized adult rats. Peptides 1992; 

13: 475-481. 

15. Painson JC, Veldhuis JD, Tannenbaum GS. Single exposure to testosterone in adulthood rapidly 

induces regularity in the growth hormone release process. Am.J.Physiol.Endocrinol.Metab. 2000; 

278: E933-940. 

16. Tokita R, Kasagi Y, Nakata T, Sakae K, Imaki T, Minami S. Microinjection of dihydrotestosterone 

into the medial preoptic area produces male-like pattern of growth hormone secretion in 

ovariectomized female rats. Neuroendocrinology 2002; 75: 384-391. 

17. Sadow TF, Rubin RT. Effects of hypothalamic peptides on the aging brain. 

Psychoneuroendocrinology 1992; 17: 293-314. 



References 

 115

18. Bluet-Pajot MT, Epelbaum J, Gourdji D, Hammond C, Kordon C. Hypothalamic and hypophyseal 

regulation of growth hormone secretion. Cell. Mol. Neurobiol. 1998; 18: 101-123. 

19. Gillies G. Somatostatin: the neuroendocrine story. Trends.Pharmacol.Sci. 1997; 18: 87-95. 

20. Epelbaum J, Tapia-Arancibia L, Alonso G, Astier H, Kordon C. The anterior periventricular 

hypothalamus is the site of somatostatin inhibition of its own release: an in vitro and 

immunocytochemical study. Neuroendocrinology 1986; 44: 255-259. 

21. Pellegrini E, Bluet-Pajot MT, Mounier F, Bennett P, Kordon C, Epelbaum J. Central 

administration of a growth hormone (GH) receptor mRNA antisense increases GH pulsatility and 

decreases hypothalamic somatostatin expression in rats. J.Neurosci. 1996; 16: 8140-8148. 

22. Burton KA, Kabigting EB, Clifton DK, Steiner RA. Growth hormone receptor messenger 

ribonucleic acid distribution in the adult male rat brain and its colocalization in hypothalamic 

somatostatin neurons. Endocrinology 1992; 131: 958-963. 

23. Muller EE, Locatelli V, Cocchi D. Neuroendocrine control of growth hormone secretion. 

Physiol.Rev. 1999; 79: 511-607. 

24. Willoughby JO, Brogan M, Kapoor R. Intrahypothalamic actions of somatostatin and growth 

hormone releasing factor on growth hormone secretion. Neuroendocrinology 1989; 50: 592-596. 

25. Tannenbaum GS, Painson JC, Lapointe M, Gurd W, McCarthy GF. Interplay of somatostatin and 

growth hormone-releasing hormone in genesis of episodic growth hormone secretion. Metabolism 

1990; 39: 35-39. 

26. Clark RG, Robinson IC. Growth hormone responses to multiple injections of a fragment of human 

growth hormone-releasing factor in conscious male and female rats. J.Endocrinol. 1985; 106: 281-

289. 

27. Simonian SX, Murray HE, Gillies GE, Herbison AE. Estrogen-dependent ontogeny of sex 

differences in somatostatin neurons of the hypothalamic periventricular nucleus. Endocrinology 

1998; 139: 1420-1428. 

28. Zorrilla R, Simard J, Rheaume E, Labrie F, Pelletier G. Multihormonal control of pre-pro-

somatostatin mRNA levels in the periventricular nucleus of the male and female rat hypothalamus. 

Neuroendocrinology 1990; 52: 527-536. 

29. Baldino F, Jr., Fitzpatrick-McElligott S, O'Kane TM, Gozes I. Hormonal regulation of somatostatin 

messenger RNA. Synapse 1988; 2: 317-325. 

30. Chowen-Breed JA, Steiner RA, Clifton DK. Sexual dimorphism and testosterone-dependent 

regulation of somatostatin gene expression in the periventricular nucleus of the rat brain. 

Endocrinology 1989; 125: 357-362. 

31. Murray HE, Simonian SX, Herbison AE, Gillies GE. Correlation of hypothalamic somatostatin 

mRNA expression and peptide content with secretion: sexual dimorphism and differential regulation 

by gonadal factors. J.Neuroendocrinol. 1999; 11: 27-33. 

32. Werner H, Koch Y, Baldino F, Jr., Gozes I. Steroid regulation of somatostatin mRNA in the rat 

hypothalamus. J.Biol.Chem. 1988; 263: 7666-7671. 



References 

 116 

33. Estupina C, Pinter A, Belmar J, Astier H, Arancibia S. Variations in hypothalamic somatostatin 

release and content during the estrous cycle in the rat. Effects of ovariectomy and estrogen 

supplementation. Neuroendocrinology 1996; 63: 181-187. 

34. Maiter D, Koenig JI, Kaplan LM. Sexually dimorphic expression of the growth hormone-releasing 

hormone gene is not mediated by circulating gonadal hormones in the adult rat. Endocrinology 1991; 

128: 1709-1716. 

35. Painson JC, Tannenbaum GS. Sexual dimorphism of somatostatin and growth hormone-releasing 

factor signaling in the control of pulsatile growth hormone secretion in the rat. Endocrinology 1991; 

128: 2858-2866. 

36. Korbonits M, Goldstone AP, Gueorguiev M, Grossman AB. Ghrelin--a hormone with multiple 

functions. Front. Neuroendocrinol. 2004; 25: 27-68. 

37. Hung W. Growth and development: normal and variants. In: Diagnostic Endocrinology, Moore WT, 

Eastman RC (eds.), 2nd ed. Washington D.C.: Mosby; 1996: 35-63. 

38. Hull KL, Harvey S. GH as a co-gonadotropin: the relevance of correlative changes in GH secretion 

and reproductive state. J.Endocrinol. 2002; 172: 1-19. 

39. Muller EE, Rigamonti AE, Colonna Vde G, Locatelli V, Berti F, Cella SG. GH-related and extra-

endocrine actions of GH secretagogues in aging. Neurobiol. Aging 2002; 23: 907-919. 

40. Takahashi S, Gottschall PE, Quigley KL, Goya RG, Meites J. Growth hormone secretory patterns 

in young, middle-aged and old female rats. Neuroendocrinology 1987; 46: 137-142. 

41. Takahashi S, Kawashima S, Seo H, Matsui N. Age-related changes in growth hormone and 

prolactin messenger RNA levels in the rat. Endocrinol.Jpn. 1990; 37: 827-840. 

42. Kappeler L, Gourdji D, Zizzari P, Bluet-Pajot MT, Epelbaum J. Age-associated changes in 

hypothalamic and pituitary neuroendocrine gene expression in the rat. J.Neuroendocrinol. 2003; 15: 

592-601. 

43. Lamberts SW, Van den Beld AW, Van der Lely AJ. The endocrinology of aging. Science 1997; 

278: 419-424. 

44. Ge F, Tsagarakis S, Rees LH, Besser GM, Grossman A. Relationship between growth hormone-

releasing hormone and somatostatin in the rat: effects of age and sex on content and in- vitro 

release from hypothalamic explants. J.Endocrinol. 1989; 123: 53-58. 

45. Murray HE, Simonian SX, Herbison AE, Gillies GE. Ontogeny and sexual differentiation of 

somatostatin biosynthesis and secretion in the hypothalamic periventricular-median eminence 

pathway. J.Neuroendocrinol. 1999; 11: 35-42. 

46. Esquifino AI, Cano P, Jimenez V, Reyes Toso CF, Cardinali DP. Changes of prolactin regulatory 

mechanisms in aging: 24-h rhythms of serum prolactin and median eminence and adenohypophysial 

concentration of dopamine, serotonin, gamma-aminobutyric acid, taurine and somatostatin in young 

and aged rats. Exp. Gerontol. 2004; 39: 45-52. 

47. Velasco B, Cacicedo L, Escalada J, Lopez-Fernandez J, Sanchez-Franco F. Growth hormone 

gene expression and secretion in aging rats is age dependent and not age-associated weight 

increase related. Endocrinology 1998; 139: 1314-1320. 



References 

 117

48. Vom Saal FS, Finch CE, Nelson JF. Natural history and mechanisms of reproductive aging in 

humans, laboratory rodents, and other selected vertebrates. In: Knobil E, Neill JD (eds.), The 

Physiology of Reproduction, vol. 2, 2nd ed. New York: Raven Press; 1994: 1213-1314. 

49. Herbison AE, Pape JR. New evidence for estrogen receptors in gonadotropin-releasing hormone 

neurons. Front. Neuroendocrinol. 2001; 22: 292-308. 

50. Franke AN. Fertility, aging and the brain--neuroendocrinological studies in female rats. Wageningen: 

PhD thesis Wageningen University; 2003. 

51. Rubin BS, Mitchell S, Lee CE, King JC. Reconstructions of populations of luteinizing hormone 

releasing hormone neurons in young and middle-aged rats reveal progressive increases in 

subgroups expressing Fos protein on proestrus and age-related deficits. Endocrinology 1995; 136: 

3823-3830. 

52. Rubin BS, Lee CE, King JC. A reduced proportion of luteinizing hormone (LH)-releasing hormone 

neurons express Fos protein during the preovulatory or steroid-induced LH surge in middle-aged 

rats. Biol.Reprod. 1994; 51: 1264-1272. 

53. Bartke A, Chandrashekar V, Turyn D, Steger RW, Debeljuk L, Winters TA, Mattison JA, 
Danilovich NA, Croson W, Wernsing DR, Kopchick JJ. Effects of growth hormone 

overexpression and growth hormone resistance on neuroendocrine and reproductive functions in 

transgenic and knock-out mice. Proc.Soc.Exp.Biol.Med. 1999; 222: 113-123. 

54. Bartke A. Role of growth hormone and prolactin in the control of reproduction: what are we learning 

from transgenic and knock-out animals? Steroids 1999; 64: 598-604. 

55. Naar EM, Bartke A, Majumdar SS, Buonomo FC, Yun JS, Wagner TE. Fertility of transgenic 

female mice expressing bovine growth hormone or human growth hormone variant genes. 

Biol.Reprod. 1991; 45: 178-187. 

56. Thomas AD, Murray JD, Famula TR, Oberbauer AM. Growth hormone and fertility in oMt1a-oGH 

transgenic mice. Reproduction 2001; 122: 537-544. 

57. Kaiser GG, Sinowatz F, Palma GA. Effects of growth hormone on female reproductive organs. 

Anat.Histol.Embryol. 2002; 30: 265-271. 

58. Childs GV. Growth hormone cells as co-gonadotropes: partners in the regulation of the reproductive 

system. Trends.Endocrinol.Metab. 2000; 11: 168-175. 

59. Homburg R. Growth hormone and fertility--clinical studies. Horm.Res. 1996; 45: 81-85. 

60. Tang K, Bartke A, Gardiner CS, Wagner TE, Yun JS. Gonadotropin secretion, synthesis, and gene 

expression in human growth hormone transgenic mice and in Ames dwarf mice. Endocrinology 

1993; 132: 2518-2524. 

61. Bartke A, Chandrashekar V, Bailey B, Zaczek D, Turyn D. Consequences of growth hormone 

(GH) overexpression and GH resistance. Neuropeptides 2002; 36: 201-208. 

62. Xia YX, Weiss JM, Polack S, Diedrich K, Ortmann O. Interactions of insulin-like growth factor-I, 

insulin and estradiol with GnRH-stimulated luteinizing hormone release from female rat 

gonadotrophs. Eur.J.Endocrinol. 2001; 144: 73-79. 



References 

 118 

63. Kanematsu T, Irahara M, Miyake T, Shitsukawa K, Aono T. Effect of insulin-like growth factor I on 

gonadotropin release from the hypothalamus-pituitary axis in vitro. Acta.Endocrinol. 1991; 125: 227-

233. 

64. Hurley DL, Birch DV, Almond MC, Estrada IJ, Phelps CJ. Reduced hypothalamic neuropeptide Y 

expression in growth hormone- and prolactin-deficient Ames and Snell dwarf mice. Endocrinology 

2003; 144: 4783-4789. 

65. Sasaki F, Tojo H, Iwama Y, Miki N, Maeda K, Ono M, Kiso Y, Okada T, Matsumoto Y, Tachi C. 

Growth hormone-releasing hormone (GHRH)-GH-somatic growth and luteinizing hormone (LH)RH-

LH-ovarian axes in adult female transgenic mice expressing human GH gene. J.Neuroendocrinol. 

1997; 9: 615-626. 

66. Hurley DL, Phelps CJ. Hypothalamic preprosomatostatin messenger ribonucleic acid expression in 

mice transgenic for excess or deficient endogenous growth hormone. Endocrinology 1992; 130: 

1809-1815. 

67. Zhen S, Zakaria M, Wolfe A, Radovick S. Regulation of gonadotropin-releasing hormone (GnRH) 

gene expression by insulin-like growth factor I in a cultured GnRH- expressing neuronal cell line. 

Mol.Endocrinol. 1997; 11: 1145-1155. 

68. Miller BH, Gore AC. Alterations in hypothalamic insulin-like growth factor-I and its associations with 

gonadotropin releasing hormone neurones during reproductive development and ageing. 

J.Neuroendocrinol. 2001; 13: 728-736. 

69. Penzias AS, Goodman SR, Rossi G, Shamma FN, Aten RF, Behrman HR, Jones EE. Preliminary 

evidence that GnRH has the properties of a growth hormone-releasing factor in vivo in the rat. 

J.Soc.Gynecol.Investig. 1995; 2: 623-629. 

70. Yu WH, Kimura M, McCann SM. Effect of somatostatin on the release of gonadotropins in male 

rats. Proc.Soc.Exp.Biol.Med. 1997; 214: 83-86. 

71. Lovren M, Sekulic M, Milosevic V, Radulovic N. Effects of somatostatins on gonadotrophic cells in 

female rats. Acta.Histochem. 1998; 100: 329-335. 

72. Bartlett JM, Charlton HM, Robinson IC, Nieschlag E. Pubertal development and testicular 

function in the male growth hormone-deficient rat. J.Endocrinol. 1990; 126: 193-201. 

73. Arsenijevic Y, Wehrenberg WB, Conz A, Eshkol A, Sizonenko PC, Aubert ML. Growth hormone 

(GH) deprivation induced by passive immunization against rat GH-releasing factor delays sexual 

maturation in the male rat. Endocrinology 1989; 124: 3050-3059. 

74. Bronson FH. Puberty in female mice is not associated with increases in either body fat or leptin. 

Endocrinology 2001; 142: 4758-4761. 

75. Ramaley JA, Phares CK. Delay of puberty onset in females due to suppression of growth hormone. 

Endocrinology 1980; 106: 1989-1993. 

76. Drago F, Di Leo F, Ikonomou S, Anzallo C, Busa L, LoPresti L. Behavioral and endocrine effects 

of growth hormone administration in aged female rats. Psychoneuroendocrinology 1996; 21: 401-

410. 



References 

 119

77. Wilshire GB, Loughlin JS, Brown JR, Adel TE, Santoro N. Diminished function of the 

somatotropic axis in older reproductive-aged women. J.Clin.Endocrinol.Metab. 1995; 80: 608-613. 

78. Patel YC. Somatostatin and its receptor family. Front.Neuroendocrinol. 1999; 20: 157-198. 

79. Helboe L, Stidsen CE, Moller M. Immunohistochemical and cytochemical localization of the 

somatostatin receptor subtype sst1 in the somatostatinergic parvocellular neuronal system of the rat 

hypothalamus. J.Neurosci. 1998; 18: 4938-4945. 

80. Schindler M, Humphrey PP, Emson PC. Somatostatin receptors in the central nervous system. 

Prog.Neurobiol. 1996; 50: 9-47. 

81. Beaudet A, Greenspun D, Raelson J, Tannenbaum GS. Patterns of expression of SSTR1 and 

SSTR2 somatostatin receptor subtypes in the hypothalamus of the adult rat: relationship to 

neuroendocrine function. Neuroscience 1995; 65: 551-561. 

82. O'Carroll AM, Krempels K. Widespread distribution of somatostatin receptor messenger ribonucleic 

acids in rat pituitary. Endocrinology 1995; 136: 5224-5227. 

83. Tannenbaum GS, Ling N. The interrelationship of growth hormone (GH)-releasing factor and 

somatostatin in generation of the ultradian rhythm of GH secretion. Endocrinology 1984; 115: 1952-

1957. 

84. Zeitler P, Tannenbaum GS, Clifton DK, Steiner RA. Ultradian oscillations in somatostatin and 

growth hormone- releasing hormone mRNAs in the brains of adult male rats. 

Proc.Natl.Acad.Sci.U.S.A. 1991; 88: 8920-8924. 

85. Terry LC, Martin JB. The effects of lateral hypothalamic-medial forebrain stimulation and 

somatostatin antiserum on pulsatile growth hormone secretion in freely behaving rats: evidence for a 

dual regulatory mechanism. Endocrinology 1981; 109: 622-627. 

86. Plotsky PM, Vale W. Patterns of growth hormone-releasing factor and somatostatin secretion into 

the hypophysial-portal circulation of the rat. Science 1985; 230: 461-463. 

87. Kasting NW, Martin JB, Arnold MA. Pulsatile somatostatin release from the median eminence of 

the unanesthetized rat and its relationship to plasma growth hormone levels. Endocrinology 1981; 

109: 1739-1745. 

88. Zorilla R, Simard J, Labrie F, Pelletier G. Variations of Pre-prosomatostatin mRNA Levels in the 

Hypothalamic periventricular Nucleus during the Rat Estrous Cycle. Mol.and Cel.Neurosciences 

1991; 2: 294-298. 

89. Knuth UA, Sikand GS, Casanueva FF, Friesen HG. Changes in somatostatin-like activity in 

discrete areas of the rat hypothalamus during different stages of proestrus and diestrus and their 

relation to serum gonadotropin, prolactin, and growth hormone levels. Endocrinology 1983; 112: 

1506-1511. 

90. Ishikawa K, Taniguchi Y, Kurosumi K, Suzuki M, Shinoda M. Immunohistochemical identification 

of somatostatin-containing neurons projecting to the median eminence of the rat. Endocrinology 

1987; 121: 94-97. 

91. Urman S, Kaler L, Critchlow V. Effects of hypothalamic periventricular lesions on pulsatile growth 

hormone secretion. Neuroendocrinology 1985; 41: 357-362. 



References 

 120 

92. Critchlow V, Abe K, Urman S, Vale W. Effects of lesions in the periventricular nucleus of the 

preoptic-anterior hypothalamus on growth hormone and thyrotropin secretion and brain 

somatostatin. Brain Res. 1981; 222: 267-276. 

93. Epelbaum J, Willoughby JO, Brazeau P, Martin JB. Effects of brain lesions and hypothalamic 

deafferentation on somatostatin distribution in the rat brain. Endocrinology 1977; 101: 1495-1502. 

94. Merchenthaler I, Setalo G, Csontos C, Petrusz P, Flerko B, Negro-Vilar A. Combined retrograde 

tracing and immunocytochemical identification of luteinizing hormone-releasing hormone- and 

somatostatin-containing neurons projecting to the median eminence of the rat. Endocrinology 1989; 

125: 2812-2821. 

95. Argente J, Chowen-Breed JA, Steiner RA, Clifton DK. Somatostatin messenger RNA in 

hypothalamic neurons is increased by testosterone through activation of androgen receptors and not 

by aromatization to estradiol. Neuroendocrinology 1990; 52: 342-349. 

96. Busiguina S, Argente J, Garcia-Segura LM, Chowen JA. Anatomically specific changes in the 

expression of somatostatin, growth hormone-releasing hormone and growth hormone receptor 

mRNA in diabetic rats. J.Neuroendocrinol. 2000; 12: 29-39. 

97. Van der Beek EM, Van Oudheusden HJ, Buijs RM, Van der Donk HA, Van den Hurk R, Wiegant 

VM. Preferential induction of c-fos immunoreactivity in vasoactive intestinal polypeptide-innervated 

gonadotropin-releasing hormone neurons during a steroid-induced luteinizing hormone surge in the 

female rat. Endocrinology 1994; 134: 2636-2644. 

98. Buijs RM, Pool CW, Van Heerikhuize JJ, Sluiter AA, Van der Sluis PJ, Ramkema M, Van der 

Woude TP, Van der Beek E. Antibodies to small transmitter molecules and peptides: production 

and application of antibodies to dopamine, seretonin, GABA, vasopressin, vasoactive intestinal 

peptide, neuropeptide Y, somatostatin and substance P. Biomedical Research 1989; 10: 213-221. 

99. Paxinos G, Watson C. The rat brain in stereotactic coordinates. San Diego: Academic Press INC.; 

1986. 

100. Katakami H, Downs TR, Frohman LA. Inhibitory effect of hypothalamic medial preoptic area 

somatostatin on growth hormone-releasing factor in the rat. Endocrinology 1988; 123: 1103-1109. 

101. Praputpittaya C, Arita J, Kimura F. Growth hormone secretion after hypothalamic periventricular 

lesions in the rat. Neuroendocrinology 1987; 46: 104-109. 

102. Tannenbaum GS, Farhadi-Jou F, Beaudet A. Ultradian oscillation in somatostatin binding in the 

arcuate nucleus of adult male rats. Endocrinology 1993; 133: 1029-1034. 

103. Freeman ME. The neuroendocrine control of the ovarian cycle of the rat. In: Knobil E, Neill JD 

(eds.), The Physiology of Reproduction, vol. 2, second ed. new york: raven press; 1994: 613-658. 

104. Minami S, Suzuki N, Sugihara H, Tamura H, Emoto N, Wakabayashi I. Microinjection of rat GH 

but not human IGF-I into a defined area of the hypothalamus inhibits endogenous GH secretion in 

rats. J.Endocrinol. 1997; 153: 283-290. 

105. Jansson JO, Eden S, Isaksson O. Sexual dimorphism in the control of growth hormone secretion. 

Endocr.Rev. 1985; 6: 128-150. 



References 

 121

106. Kraicer J, Lussier B, Moor BC, Cowan JS. Failure of growth hormone (GH) to feed back at the 

level of the pituitary to alter the response of the somatotrophs to GH- releasing factor. Endocrinology 

1988; 122: 1511-1514. 

107. Maiter DM, Gabriel SM, Koenig JI, Russell WE, Martin JB. Sexual differentiation of growth 

hormone feedback effects on hypothalamic growth hormone-releasing hormone and somatostatin. 

Neuroendocrinology 1990; 51: 174-180. 

108. Chihara K, Minamitani N, Kaji H, Arimura A, Fujita T. Intraventricularly injected growth hormone 

stimulates somatostatin release into rat hypophysial portal blood. Endocrinology 1981; 109: 2279-

2281. 

109. Rogers KV, Vician L, Steiner RA, Clifton DK. The effect of hypophysectomy and growth hormone 

administration on pre-prosomatostatin messenger ribonucleic acid in the periventricular nucleus of 

the rat hypothalamus. Endocrinology 1988; 122: 586-591. 

110. Minami S, Kamegai J, Sugihara H, Suzuki N, Wakabayashi I. Growth hormone inhibits its own 

secretion by acting on the hypothalamus through its receptors on neuropeptide Y neurons in the 

arcuate nucleus and somatostatin neurons in the periventricular nucleus. Endocr.J. 1998; 45 

Suppl:S19-26: S19-26. 

111. Minami S, Kamegai J, Sugihara H, Hasegawa O, Wakabayashi I. Systemic administration of 

recombinant human growth hormone induces expression of the c-fos gene in the hypothalamic 

arcuate and periventricular nuclei in hypophysectomized rats. Endocrinology 1992; 131: 247-253. 

112. Kamegai J, Minami S, Sugihara H, Higuchi H, Wakabayashi I. Growth hormone induces 

expression of the c-fos gene on hypothalamic neuropeptide-Y and somatostatin neurons in 

hypophysectomized rats. Endocrinology 1994; 135: 2765-2771. 

113. Minami S, Kamegai J, Hasegawa O, Sugihara H, Okada K, Wakabayashi I. Expression of growth 

hormone receptor gene in rat hypothalamus. J.Neuroendocrinol. 1993; 5: 691-696. 

114. Willoughby JO, Brogan M, Kapoor R. Hypothalamic interconnections of somatostatin and growth 

hormone releasing factor neurons. Neuroendocrinology 1989; 50: 584-591. 

115. Kamegai J, Unterman TG, Frohman LA, Kineman RD. Hypothalamic/pituitary-axis of the 

spontaneous dwarf rat: autofeedback regulation of growth hormone (GH) includes suppression of 

GH releasing-hormone receptor messenger ribonucleic acid. Endocrinology 1998; 139: 3554-3560. 

116. Hisano S, Tsuruo Y, Kagotani Y, Daikoku S, Chihara K. Immunohistochemical evidence for 

synaptic connections between neuropeptide Y-containing axons and periventricular somatostatin 

neurons in the anterior hypothalamus in rats. Brain Res. 1990; 520: 170-177. 

117. Rettori V, Milenkovic L, Aguila MC, McCann SM. Physiologically significant effect of neuropeptide 

Y to suppress growth hormone release by stimulating somatostatin discharge. Endocrinology 1990; 

126: 2296-2301. 

118. Clark RG, Carlsson LM, Robinson IC. Growth hormone (GH) secretion in the conscious rat: 

negative feedback of GH on its own release. J.Endocrinol. 1988; 119: 201-209. 

119. Richman RA, Weiss JP, Hochberg Z, Florini JR. Regulation of growth hormone release: evidence 

against negative feedback in rat pituitary cells. Endocrinology 1981; 108: 2287-2292. 



References 

 122 

120. Bennett PA, Levy A, Carmignac DF, Robinson IC, Lightman SL. Differential regulation of the 

growth hormone receptor gene: effects of dexamethasone and estradiol. Endocrinology 1996; 137: 

3891-3896. 

121. Bennett PA, Levy A, Sophokleous S, Robinson IC, Lightman SL. Hypothalamic GH receptor 

gene expression in the rat: effects of altered GH status. J.Endocrinol. 1995; 147: 225-234. 

122. Griffioen HA, Van der Beek E, Boer GJ. Gelatin embedding to preserve lesion-damaged 

hypothalami and intracerebroventricular grafts for vibratome slicing and immunocytochemistry. 

J.Neurosci.Methods 1992; 43: 43-47. 

123. Watson RE, Jr., Wiegand SJ, Clough RW, Hoffman GE. Use of cryoprotectant to maintain long-

term peptide immunoreactivity and tissue morphology. Peptides 1986; 7: 155-159. 

124. Rogers KV, Vician L, Steiner RA, Clifton DK. Reduced preprosomatostatin messenger ribonucleic 

acid in the periventricular nucleus of hypophysectomized rats determined by quantitative in situ 

hybridization. Endocrinology 1987; 121: 90-93. 

125. Huizinga CT. Central regulation of growth in the growth retarded rat after perinatal malnutrition. 

Amsterdam: PhD thesis Vrije Universiteit Amsterdam; 2001. 

126. Huizinga CT, Oudejans CB, Steiner RA, Clifton DK, Delemarre-van de Waal HA. Effects of 

intrauterine and early postnatal growth restriction on hypothalamic somatostatin gene expression in 

the rat. Pediatr. Res. 2000; 48: 815-820. 

127. Dirks A, Groenink L, Bouwknecht JA, Hijzen TH, Van Der Gugten J, Ronken E, Verbeek JS, 
Veening JG, Dederen PJ, Korosi A, Schoolderman LF, Roubos EW, Olivier B. Overexpression 

of corticotropin-releasing hormone in transgenic mice and chronic stress-like autonomic and 

physiological alterations. Eur. J. Neurosci. 2002; 16: 1751-1760. 

128. Willoughby JO, Martin JB. The suprachiasmatic nucleus synchronizes growth hormone secretory 

rhythms with the light-dark cycle. Brain Res. 1978; 151: 413-417. 

129. Tannenbaum GS, Painson JC, Lengyel AM, Brazeau P. Paradoxical enhancement of pituitary 

growth hormone (GH) responsiveness to GH-releasing factor in the face of high somatostatin tone. 

Endocrinology 1989; 124: 1380-1388. 

130. Bluet-Pajot MT, Epelbaum J, Gourdji D, Hammond C, Kordon C. Hypothalamic and hypophyseal 

regulation of growth hormone secretion. Cell Mol.Neurobiol. 1998; 18: 101-123. 

131. Giustina A, Veldhuis JD. Pathophysiology of the neuroregulation of growth hormone secretion in 

experimental animals and the human. Endocr.Rev. 1998; 19: 717-797. 

132. Arancibia S, Rage F, Grauges P, Gomez F, Tapia-Arancibia L, Armario A. Rapid modifications of 

somatostatin neuron activity in the periventricular nucleus after acute stress. Exp.Brain Res. 2000; 

134: 261-267. 

133. Somogyi P, Takagi H. A note on the use of picric acid-paraformaldehyde-glutaraldehyde fixative for 

correlated light and electron microscopic immunocytochemistry. Neuroscience 1982; 7: 1779-1783. 

134. Nurhidayat, Tsukamoto Y, Sasaki F. Role of the gonads in sex differentiation of growth hormone- 

releasing hormone and somatostatin neurons in the mouse hypothalamus during postnatal 

development. Brain Res. 2001; 890: 154-161. 



References 

 123

135. Fukata J, Martin JB. Influence of sex steroid hormones on rat growth hormone-releasing factor and 

somatostatin in dispersed pituitary cells. Endocrinology 1986; 119: 2256-2261. 

136. Selman PJ, Mol JA, Rutteman GR, Rijnberk A. Progestins and growth hormone excess in the dog. 

Acta. Endocrinol. 1991; 125: 42-47. 

137. Selman PJ, Mol JA, Rutteman GR, Rijnberk A. Progestin treatment in the dog. I. Effects on growth 

hormone, insulin-like growth factor I and glucose homeostasis. Eur. J. Endocrinol. 1994; 131: 413-

421. 

138. Herbison AE, Theodosis DT. Absence of estrogen receptor immunoreactivity in somatostatin 

(SRIF) neurons of the periventricular nucleus but sexually dimorphic colocalization of estrogen 

receptor and SRIF immunoreactivities in neurons of the bed nucleus of the stria terminalis. 

Endocrinology 1993; 132: 1707-1714. 

139. Herbison AE. Somatostatin-immunoreactive neurones in the hypothalamic ventromedial nucleus 

possess oestrogen receptors in the male and female rat. J.Neuroendocrinol. 1994; 6: 323-328. 

140. Flugge G, Oertel WH, Wuttke W. Evidence for estrogen-receptive GABAergic neurons in the 

preoptic/anterior hypothalamic area of the rat brain. Neuroendocrinology 1986; 43: 1-5. 

141. Willoughby JO, Beroukas D, Blessing WW. Ultrastructural evidence for gamma aminobutyric acid- 

immunoreactive synapses on somatostatin-immunoreactive perikarya in the periventricular anterior 

hypothalamus. Neuroendocrinology 1987; 46: 268-272. 

142. Herbison AE, Augood SJ. Expression of GABAA receptor alpha 2 sub-unit mRNA by 

periventricular somatostatin neurones in the rat hypothalamus. Neurosci.Lett. 1994; 173: 9-13. 

143. Dufourny L, Warembourg M. colocalization of progesterone receptor and somatostatin 

immunoreactivities in the hypothalamus of the male and female guinea pig. Neuroendocrinology 

1996; 64: 215-224. 

144. Dufourny L, Warembourg M, Jolivet A. Multiple peptides infrequently coexist in progesterone 

receptor- containing neurons in the ventrolateral hypothalamic nucleus of the guinea-pig: an 

immunocytochemical triple-label analysis of somatostatin, neurotensin and substance P. 

J.Neuroendocrinol. 1998; 10: 165-173. 

145. Bartke A, Cecim M, Tang K, Steger RW, Chandrashekar V, Turyn D. Neuroendocrine and 

reproductive consequences of overexpression of growth hormone in transgenic mice. 

Proc.Soc.Exp.Biol.Med. 1994; 206: 345-359. 

146. Starcevic V, Milosevic V, Brkic B, Severs WB. Somatostatin affects morphology and secretion of 

pituitary luteinizing hormone (LH) cells in male rats. Life Sci. 2003; 70: 3019-3027. 

147. Nestorovic N, Lovren M, Sekulic M, Sosic-Jurjevic B, Negic N, Milosevic V. Effects of centrally 

applied octreotide on pituitary gonadotrophic cells in rat females. ENEA 2002 2002: PB-335. 

148. Nestorovic N, Lovren M, Sekulic M, Filipovic B, Milosevic V. Effects of multiple somatostatin 

treatment on rat gonadotrophic cells and ovaries. Histochem.J. 2003; 33: 695-702. 

149. Biermasz NR, Pereira AM, Frolich M, Romijn JA, Veldhuis JD, Roelfsema F. Octreotide 

represses secretory-burst mass and nonpulsatile secretion but does not restore event frequency or 

orderly GH secretion in acromegaly. Am. J. Physiol. Endocrinol. Metab. 2004; 286: E25-30. 



References 

 124 

150. Palm IF, Van der Beek EM, Wiegant VM, Buijs RM, Kalsbeek A. The stimulatory effect of 

vasopressin on the luteinizing hormone surge in ovariectomized, estradiol-treated rats is time-

dependent. Brain Res. 2001; 901: 109-116. 

151. Hoffman GE, Lee WS, Attardi B, Yann V, Fitzsimmons MD. Luteinizing hormone-releasing 

hormone neurons express c-fos antigen after steroid activation. Endocrinology 1990; 126: 1736-

1741. 

152. Lee WS, Smith MS, Hoffman GE. Luteinizing hormone-releasing hormone neurons express Fos 

protein during the proestrous surge of luteinizing hormone. Proc.Natl.Acad.Sci.U.S.A. 1990; 87: 

5163-5167. 

153. Van der Beek EM, Swarts HJ, Wiegant VM. Central administration of antiserum to vasoactive 

intestinal peptide delays and reduces luteinizing hormone and prolactin surges in ovariectomized, 

estrogen-treated rats. Neuroendocrinology 1999; 69: 227-237. 

154. Harris TG, Dye S, Robinson JE, Skinner DC, Evans NP. Progesterone can block transmission of 

the estradiol-induced signal for luteinizing hormone surge generation during a specific period of time 

immediately after activation of the gonadotropin- releasing hormone surge-generating system. 

Endocrinology 1999; 140: 827-834. 

155. Zorilla R, Simard J, Labrie F, Pelletier G. Variations of pre-prosomatostatin mRNA levels in the 

hypothalamic periventricular nucleus during the rat estrous cycle. Mol. Cell. Neurosci. 1991; 2: 294-

298. 

156. Lee WS, Smith S, Hoffman GE. cFos activity identifies recruitment of luteinizing hormone-releasing 

hormone neurons during the ascending phase of the proestrous luteinizing hormone surge. 

J.Neuroendocrinol. 1992; 4: 161-166. 

157. Le WW, Berghorn KA, Rassnick S, Hoffman GE. Periventricular preoptic area neurons 

coactivated with luteinizing hormone (LH)-releasing hormone (LHRH) neurons at the time of the LH 

surge are LHRH afferents. Endocrinology 1999; 140: 510-519. 

158. Wang HJ, Hoffman GE, Smith MS. Increased GnRH mRNA in the GnRH neurons expressing cFos 

during the proestrous LH surge. Endocrinology 1995; 136: 3673-3676. 

159. Levine JE, Ramirez VD. In vivo release of luteinizing hormone-releasing hormone estimated with 

push-pull cannulae from the mediobasal hypothalami of ovariectomized, steroid-primed rats. 

Endocrinology 1980; 107: 1782-1790. 

160. Levine JE, Ramirez VD. Luteinizing hormone-releasing hormone release during the rat estrous 

cycle and after ovariectomy, as estimated with push-pull cannulae. Endocrinology 1982; 111: 1439-

1448. 

161. Kawano H, Daikoku S. Somatostatin-containing neuron systems in the rat hypothalamus: 

retrograde tracing and immunohistochemical studies. J.Comp.Neurol. 1988; 271: 293-299. 

162. McCarthy GF, Beaudet A, Tannenbaum GS. Colocalization of somatostatin receptors and growth 

hormone- releasing factor immunoreactivity in neurons of the rat arcuate nucleus. 

Neuroendocrinology 1992; 56: 18-24. 



References 

 125

163. Tannenbaum GS, McCarthy GF, Zeitler P, Beaudet A. Cysteamine-induced enhancement of 

growth hormone-releasing factor (GRF) immunoreactivity in arcuate neurons: morphological 

evidence for putative somatostatin/GRF interactions within hypothalamus. Endocrinology 1990; 127: 

2551-2560. 

164. Gardi J, Szentirmai E, Hajdu I, Obal F, Jr., Krueger JM. The somatostatin analog, octreotide, 

causes accumulation of growth hormone-releasing hormone and depletion of angiotensin in the rat 

hypothalamus. Neurosci. Lett. 2001; 315: 37-40. 

165. Banks WA, Schally AV, Barrera CM, Fasold MB, Durham DA, Csernus VJ, Groot K, Kastin AJ. 

Permeability of the murine blood-brain barrier to some octapeptide analogs of somatostatin. 

Proc.Natl.Acad.Sci.U.S.A. 1990; 87: 6762-6766. 

166. Kimura N, Hayafuji C. Characterization of 17-beta-estradiol-dependent and -independent 

somatostatin receptor subtypes in rat anterior pituitary. J.Biol.Chem. 1989; 264: 7033-7040. 

167. Djordjijevic D, Zhang J, Priam M, Viollet C, Gourdji D, Kordon C, Epelbaum J. Effect of 17beta-

estradiol on somatostatin receptor expression and inhibitory effects on growth hormone and prolactin 

release in rat pituitary cell cultures. Endocrinology 1998; 139: 2272-2277. 

168. Childs GV, Unabia G, Wu P. Differential expression of growth hormone messenger ribonucleic acid 

by somatotropes and gonadotropes in male and cycling female rats. Endocrinology 2000; 141: 1560-

1570. 

169. Childs GV, Unabia G, Rougeau D. Cells that express luteinizing hormone (LH) and follicle- 

stimulating hormone (FSH) beta-subunit messenger ribonucleic acids during the estrous cycle: the 

major contributors contain LH beta, FSH beta, and/or growth hormone. Endocrinology 1994; 134: 

990-997. 

170. Childs GV, Unabia G, Miller BT. Cytochemical detection of gonadotropin-releasing hormone-

binding sites on rat pituitary cells with luteinizing hormone, follicle- stimulating hormone, and growth 

hormone antigens during diestrous up-regulation. Endocrinology 1994; 134: 1943-1951. 

171. Bruno JF, Xu Y, Song J, Berelowitz M. Tissue distribution of somatostatin receptor subtype 

messenger ribonucleic acid in the rat. Endocrinology 1993; 133: 2561-2567. 

172. Lanneau C, Bluet-Pajot MT, Zizzari P, Csaba Z, Dournaud P, Helboe L, Hoyer D, Pellegrini E, 

Tannenbaum GS, Epelbaum J, Gardette R. Involvement of the Sst1 somatostatin receptor subtype 

in the intrahypothalamic neuronal network regulating growth hormone secretion: an in vitro and in 

vivo antisense study. Endocrinology 2001; 141: 967-979. 

173. Hervieu G, Emson PC. Visualisation of somatostatin receptor sst(3) in the rat central nervous 

system. Brain Res.Mol.Brain Res. 1999; 71: 290-303. 

174. Selmer IS, Schindler M, Humphrey PP, Emson PC. Immunohistochemical localization of the 

somatostatin sst(4) receptor in rat brain. Neuroscience 2001; 98: 523-533. 

175. Zhang WH, Beaudet A, Tannenbaum GS. Sexually dimorphic expression of sst1 and sst2 

somatostatin receptor subtypes in the arcuate nucleus and anterior pituitary of adult rats. 

J.Neuroendocrinol. 1999; 11: 129-136. 



References 

 126 

176. Tannenbaum GS, Zhang WH, Lapointe M, Zeitler P, Beaudet A. Growth hormone-releasing 

hormone neurons in the arcuate nucleus express both Sst1 and Sst2 somatostatin receptor genes. 

Endocrinology 1998; 139: 1450-1453. 

177. Goubillon ML, Caraty A, Herbison AE. Evidence in favour of a direct input from the ventromedial 

nucleus to gonadotropin-releasing hormone neurones in the ewe: an anterograde tracing study. J. 

Neuroendocrinol. 2002; 14: 95-100. 

178. Hoffman GE, Dohanics J, Watson RE, Jr., Wiegand SJ. The hypothalamic ventromedial nucleus 

sends a met-enkephalin projection to the preoptic area's periventricular zone in the female rat. Brain 

Res. Mol. Brain. Res. 1996; 36: 201-210. 

179. Le WW, Attardi B, Berghorn KA, Blaustein J, Hoffman GE. Progesterone blockade of a 

luteinizing hormone surge blocks luteinizing hormone-releasing hormone Fos activation and 

activation of its preoptic area afferents. Brain Res. 1997; 778: 272-280. 

180. Le WW, Wise PM, Murphy AZ, Coolen LM, Hoffman GE. Parallel declines in Fos activation of the 

medial anteroventral periventricular nucleus and LHRH neurons in middle-aged rats. Endocrinology 

2001; 142: 4976-4982. 

181. Smith MJ, Jennes L. Neural signals that regulate GnRH neurones directly during the oestrous 

cycle. Reproduction 2003; 122: 1-10. 

182. Van Vugt HH, Swarts HJM, Van de Heijning BJM, Van der Beek EM. Centrally applied 

somatostatin inhibits the estrogen-induced luteinizing hormone surge via hypothalamic 

gonadotropin-releasing hormone cell activation in female rats. Biol. Reprod. 2004; 71: 813-819. 

183. Chandrashekar V, Bartke A. Effects of age and endogenously secreted human growth hormone on 

the regulation of gonadotropin secretion in female and male transgenic mice expressing the human 

growth hormone gene. Endocrinology 1993; 132: 1482-1488. 

184. Lu JK, Gilman DP, Meldrum DR, Judd HL, Sawyer CH. Relationship between circulating 

estrogens and the central mechanisms by which ovarian steroids stimulate luteinizing hormone 

secretion in aged and young female rats. Endocrinology 1981; 108: 836-841. 

185. Rodriguez P, Fernandez-Galaz C, Tejero A. Controlled neonatal exposure to estrogens: a suitable 

tool for reproductive aging studies in the female rat. Biol. Reprod. 1993; 49: 387-392. 

186. Mattheij JA, Swarts JJ. Quantification and classification of pregnancy wastage in 5-day cyclic 

young through middle-aged rats. Lab. Anim. 1991; 25: 30-34. 

187. Herbison AE, Heavens RP, Dye S, Dyer RG. Acute action of oestrogen on medial preoptic gamma-

aminobutyric acid neuronscorrelation with oestrogen negative feedback on luteinizing hormone 

secretion. J.Neuroendocrinol. 1991; 3: 101-106. 

188. Rage F, Jalaguier S, Rougeot C, Tapia-Arancibia L. GABA inhibition of somatostatin gene 

expression in cultured hypothalamic neurones. Neuroreport. 1993; 4: 320-322. 

189. Murray HE, Rantle CM, Simonian SX, DonCarlos LL, Herbison AE, Gillies GE. Sexually 

dimorphic ontogeny of GABAergic influences on periventricular somatostatin neurons. 

Neuroendocrinology 1999; 70: 384-391. 



References 

 127

190. Tanaka M, Matsuda T, Shigeyoshi Y, Ibata Y, Okamura H. Peptide expression in GABAergic 

neurons in rat suprachiasmatic nucleus in comparison with other forebrain structures: a double 

labeling in situ hybridization study. J.Histochem.Cytochem. 1997; 45: 1231-1237. 

191. Lanneau C, Peineau S, Petit F, Epelbaum J, Gardette R. Somatostatin modulation of excitatory 

synaptic transmission between periventricular and arcuate hypothalamic nuclei in vitro. 

J.Neurophysiol. 2000; 84: 1464-1474. 

192. Kalra SP, Horvath T, Naftolin F, Xu B, Pu S, Kalra PS. The interactive language of the 

hypothalamus for the gonadotropin releasing hormone (GNRH) system. J.Neuroendocrinol. 1997; 9: 

569-576. 

193. Fukuhara C, Shinohara K, Tominaga K, Otori Y, Inouye ST. Endogenous circadian rhythmicity of 

somatostatin like- immunoreactivity in the rat suprachiasmatic nucleus. Brain Res. 1993; 606: 28-35. 

194. Berelowitz M, Dudlak D, Frohman LA. Diurnal variation in release of somatostatin-like 

immunoreactivity from incubated, rat hypothalamus and cerebral cortex. Endocrinology 1982; 110: 

2195-2197. 
 

 



 

 



 

 

 

 
 

Nederlandse samenvatting 
 



Nederlandse samenvatting 

 130 

Groeihormoon is, zoals de naam al zegt, nauw betrokken bij allerlei processen in het 

lichaam die de groei van een dier regelen. Opmerkelijk is echter dat dieren die extreem 

veel, of juist heel weinig tot geen groeihormoon produceren, kampen met ernstige 

voortplantingsproblemen. Dit wijst erop dat groeihormoon, naast het sturen van groei, ook 

bij de regulatie van andere systemen betrokken is, zoals de voortplanting. In dit 

proefschrift wordt beschreven hoe groeihormoon de voortplanting mogelijk kan 

beïnvloeden door interactie tussen de regulatoire circuits in de hersenen van de 

vrouwelijke rat. 

 

De hersenen 
De hersenen bestaan uit een groot aantal gebieden waarin zenuwcellen, neuronen, 

liggen. Deze neuronen bestaan uit een cellichaam, waarin de celkern zich bevindt, en 

meerdere uitlopers. Via deze uitlopers kan een neuron in contact staan met bijvoorbeeld 

andere neuronen. Elk neuron is gespecialiseerd in het maken van één of meerdere 

zogenaamde transmitters of neuro-hormonen, chemische stoffen die een reactie teweeg 

kunnen brengen bij bijvoorbeeld andere neuronen. Via de uitlopers worden deze neuro-

hormonen naar hun ‘doel’ getransporteerd. 

De hypothalamus, een gebied aan de onderkant van de hersenen, is belangrijk voor 

de regulatie van veel lichaamsfuncties. Het gebied, dat zelf weer uit meerdere 

deelgebieden bestaat, staat in nauw contact met de hypofyse, een klein kliertje dat 

onderaan de hersenen ‘hangt’ waarin een aantal hormonen wordt gemaakt en/of 

opgeslagen. Deze hormonen kunnen in de bloedbaan worden afgegeven en zo de werking 

van andere organen en weefsels in het lichaam beïnvloeden. Neuro-hormonen uit de 

hypothalamus bereiken, via de uitlopers van de neuronen waarin ze gemaakt zijn, de 

hypofyse via speciale bloedvaten (de portale vaten) en kunnen de afgifte van hormonen uit 

de hypofyse aan het bloed remmen of stimuleren. 

 

Groeihormoon 
Groeihormoon (GH) is één van de hormonen die in de hypofyse gemaakt wordt. De 

afgifte van GH wordt voornamelijk gereguleerd door twee neuro-hormonen uit de

hypothalamus: somatostatine (SOM) en groeihormoon-releasing hormoon (GHRH). SOM, 

dat de afgifte van GH remt, wordt gemaakt door neuronen die in de periventriculaire 

nucleus (PeVN) liggen, één van de deelgebieden in de hypothalamus. GHRH stimuleert 
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de afgifte van GH en wordt gemaakt door neuronen in de nucleus arcuatus (ARC), 

eveneens gelegen in de hypothalamus. 

De afgifte van veel hormonen, zo ook GH, aan het bloed door de hypofyse is niet 

constant, maar pulsgewijs. Deze pulsgewijze afgifte van GH is het gevolg van de 

pulsgewijze afgifte van SOM en GHRH in de portale vaten. Deze regelmatige pulsen van 

SOM en GHRH zijn compleet uit fase met elkaar, dus tijdens een piekafgifte van SOM, is 

de afgifte van GHRH zeer laag, en andersom. Dit resulteert in een hoge afgifte van GH 

tijdens een GHRH puls terwijl de afgifte van GH vrijwel geheel onderdrukt wordt tijdens 

een SOM puls. Echter, het hier geschetste afgiftepatroon wordt zo gereguleerd in de 

mannelijke rat. In de vrouwelijke rat is veel minder onderzoek gedaan naar de 

hypothalame regulatie van GH, maar aangenomen wordt dat in de vrouwelijke rat de 

afgifte van SOM meer constant is, terwijl GHRH in onregelmatige pulsen afgegeven wordt. 

Hierdoor zou het typische ‘vrouwelijke’ GH afgifte patroon ontstaan, namelijk met GH 

pulsen die lager en onregelmatiger zijn dan in de mannelijke rat. Het feit dat het verschil in 

SOM afgifte het meest opvallend is tussen beide seksen, suggereert dat SOM zeer 

bepalend is voor de regulatie van het specifieke afgifte patroon van GH uit de hypofyse. 

 

Het vrouwelijke voortplantingssysteem 
Het voortplantingssysteem is een samenspel tussen de hypothalamus, de hypofyse 

en de geslachtsorganen (gonaden), in de vrouwelijke rat de ovaria. Bepaalde neuronen in 

de hypothalamus maken het gonadotropin-releasing hormoon (GnRH), dat de hypofyse 

aanzet tot het maken en afgeven van het luteïnizerend hormoon (LH) en het follikel-

stimulerend hormoon (FSH). Deze ‘gonadotropine’ hormonen stimuleren de ovaria. In de 

ovaria beginnen er dagelijks één of meerdere eicellen met hun omringende cellen (de 

follikel) te groeien onder invloed van onder andere LH en FSH. Deze groeiende follikels 

gaan zelf ook hormonen produceren: oestradiol (E2) en progesteron (P) (de gonadale 

hormonen), welke vervolgens zowel de hypothalamus als de hypofyse kunnen 

beïnvloeden via een terugkoppelings (‘feedback’) mechanisme. Op deze manier zijn E2 en 

P in staat de afgifte van hormonen door de hypothalamus en hypofyse te reguleren, en 

indirect dus ook hun eigen afgifte. Lage concentraties van E2 remmen op deze manier de 

afgifte van GnRH vanuit de hypothalamus en dus de afgifte van LH en FSH vanuit de 

hypofyse. Echter, op het moment dat de follikel volgroeid is, is door toename in het aantal 

hormoon producerende cellen de hoeveelheid E2 en P in het bloed inmiddels zeer hoog, 
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waardoor de afgifte van GnRH, en als gevolg daarvan de afgifte van LH en FSH, juist 

wordt gestimuleerd. De grote hoeveelheid LH die nu in één keer wordt afgescheiden, 

wordt de ‘LH piek’ genoemd. Follikels die volgroeid zijn exact op het moment dat deze LH 

piek plaatsvindt, ovuleren (ook wel ‘eisprong’ of ‘ovulatie’ genoemd) vervolgens, waarna 

de vrijgekomen eicel bevrucht kan worden. 
 
Groeihormoon en voortplanting 

Het feit dat uit eerdere wetenschappelijke studies is gebleken dat zowel een 

overmaat als een tekort aan GH afgifte nadelige gevolgen heeft voor de voortplanting, 

geeft aan dat het groeihormoonsysteem en het voortplantingssysteem nauw verbonden 

zijn. Bekend is dat GH invloed heeft op bepaalde processen in de ovaria, zoals het 

stimuleren van de follikelgroei, en op de hypofyse cellen die LH en FSH maken. Er zijn 

echter aanwijzingen dat ook binnen de hypothalamus de twee systemen op elkaar 

inspelen. Dit wil zeggen dat het groeihormoonsysteem het voortplantingssysteem zou 

kunnen beïnvloeden op het niveau van de hypothalamus, dus via SOM en/of GHRH. 

Gezien de bepalende rol van SOM in de hypothalame regulatie van GH afgifte, zou het 

goed mogelijk kunnen zijn dat SOM ook de factor is die, vanuit de hypothalamus, zowel de 

GH afgifte als het voortplantingssysteem reguleert. Op deze manier zouden veranderingen 

in het GH systeem, via veranderingen in SOM afgifte, kunnen leiden tot veranderingen in 

het functioneren van het voortplantingssysteem. Het onderzoek zoals beschreven in dit 

proefschrift, richt zich op de vraag of en hoe SOM betrokken is in de regulatie van de 

voortplanting in de volwassen vrouwelijke rat. 

 

Hypothalame regulatie van GH afgifte in de vrouwelijke rat 
Om de mogelijke rol van SOM in de vrouwelijke voortplanting te kunnen 

onderzoeken, is het noodzakelijk om voldoende kennis te hebben van het hypothalame 

SOM systeem zelf. Aangezien dit tot nog toe voornamelijk in de mannelijke rat is 

onderzocht, is het eerste deel van dit proefschrift gewijd aan het ‘in kaart brengen’ van het 

hypothalame SOM systeem in de volwassen vrouwelijke rat. 

In hoofdstuk 2 wordt het PeVN gebied, met daarin de SOM-producerende 

neuronen, voor zowel de mannelijke als vrouwelijke rat gedetailleerd beschreven. De SOM 

neuronen blijken zeer specifiek gelokaliseerd te zijn binnen de PeVN. 
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SOM remt en GHRH stimuleert de afgifte van GH vanuit de hypofyse, maar ook GH 

kan via een feedback mechanisme zijn eigen afgifte regelen, door in de hypothalamus de 

betreffende neuronen te stimuleren dan wel af te remmen. In de mannelijke rat heeft GH 

een direct feedback effect op SOM neuronen, dit wil zeggen dat SOM neuronen gevoelig 

zijn voor GH zelf. Of en hoe SOM neuronen ‘reageren’ op GH zegt dus iets over de 

hypothalame regulatie van GH afgifte. Daarom hebben we in vrouwelijke ratten gekeken 

naar het effect van één enkele GH injectie op SOM neuronen in de PeVN (hoofdstuk 3). 

Een deel van de SOM neuronen bleek al zeer snel na de injectie ‘geactiveerd’ te zijn, wat 

wil zeggen dat het GH een reactie teweeg heeft gebracht in deze neuronen. Deze 

resultaten suggereren dat ook in de vrouwelijke rat GH een direct terugkoppelingseffect 

heeft op SOM neuronen in de PeVN. Opvallend was dat E2 dit terugkoppelingseffect 

enigzins lijkt te remmen, wat aangeeft dat de gonadale hormonen mogelijk een 

modulerende rol hebben in de specifieke hypothalame regulatie van GH afgifte in de 

vrouwelijke rat. 

Uit eerdere wetenschappelijke studies en uit onze resultaten is gebleken dat de 

gonadale hormonen een rol spelen in het hypothalame SOM systeem in de vrouwelijke rat. 

Echter, welke rol E2 en P precies hebben, is tot op heden niet geheel duidelijk aangezien 

de resultaten elkaar in enkele gevallen tegenspreken. In hoofdstuk 4 hebben we daarom 

de effecten van E2, P, of beide op de SOM neuronen in de PeVN beschreven. Onze 

resultaten laten zien dat de gonadale hormonen E2 en P alleen samen een effect hebben 

op de hoeveelheid SOM die aangemaakt en/of opgeslagen wordt door de neuronen. 

 

Het effect van SOM op het voortplantingssysteem 
Nu we meer inzicht hadden in het hypothalame SOM systeem in de vrouwelijke rat, 

konden we ons richten op de vraag of SOM uit de PeVN inderdaad direct effect kan 

hebben op het voortplantingssysteem in de vrouwelijke rat. In hoofdstuk 5 beschrijven we 

het effect van SOM, dat in de hypothalamus geïnjecteerd wordt, op de GnRH neuronen in 

de hypothalamus en op de hoeveelheid LH die afgegeven wordt door de hypofyse. SOM 

blijkt zowel de activatie van GnRH neuronen als de afgifte van LH af te remmen. Deze 

resultaten wijzen er sterk op dat het groeihormoonsysteem inderdaad het 

voortplantingssysteem kan beïnvloeden vanuit de hypothalamus, oftewel via SOM afgifte. 

Naast de rol die het groeihormoonsysteem speelt in het vrouwelijke 

voortplantingssysteem, is bekend dat ook tijdens veroudering deze twee systemen nauw 
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bij elkaar betrokken zijn. In hoofdstuk 6 hebben we het hypothalame SOM systeem 

bestudeerd in vrouwelijke ratten van 9 maanden oud. Al op deze leeftijd vinden er namelijk 

veranderingen plaats in het voortplantingssysteem, zoals een verlaging van de LH piek. 

Wij vonden in deze dieren ook veranderingen in het hypothalame SOM systeem, wat 

suggereert dat ook tijdens veroudering de hypothalame regulatie van GH afgifte en van de 

voortplanting in de vrouwelijke rat nauw met elkaar verbonden zijn. 

 

Conclusies 
Het onderzoek dat beschreven is in dit proefschrift ondersteunt de veronderstelling 

dat het hypothalame SOM systeem verschilt tussen de mannelijke en vrouwelijke rat. Kort 

samengevat suggereren onze resultaten dat in het PeVN gebied van vrouwelijke ratten 

meer SOM-producerende neuronen liggen dan in mannelijke ratten. Opvallend is echter 

dat in mannelijke ratten juist meer SOM wordt aangemaakt en afgegeven; door minder 

neuronen dus. Deze resultaten ondersteunen de hypothese dat de verschillen in GH 

afgifte tussen mannelijke en vrouwelijke ratten veroorzaakt worden door verschillen in het 

hypothalame SOM systeem. 

De in dit proefschrift beschreven resultaten leveren verder bewijs voor het feit dat 

het hypothalame SOM systeem het vrouwelijke voortplantingssysteem direct kan 

beïnvloeden. Veranderingen in het voortplantingssysteem die geassocieerd worden met 

veranderingen in GH afgifte patronen, zoals dwerggroei en gigantisme, zouden dus het 

directe gevolg kunnen zijn van veranderingen in SOM afgifte. Ook subtielere 

veranderingen in het GH afgifte patroon, en dus in het hypothalame SOM systeem, 

zouden zo het voortplantingssysteem kunnen beïnvloeden. 

 
SOM neuronen in de PeVN kunnen dus inderdaad een centrale rol spelen in de 

wisselwerking tussen het groeihormoon- en voortplantingssysteem. 
 

Ook vrouwen met (onverklaarde) vruchtbaarheidsproblemen hebben vaak een 

verstoord GH afgifte patroon. Terwijl de oplossing nu in eerste instantie vooral op ovarium 

niveau gezocht wordt, wijzen onze resultaten erop dat de oorzaak van deze 

vruchtbaarheidsproblemen mogelijk op hypothalamus niveau ligt. Een verschuiving van de 

aandacht naar de hersenen zou wellicht kunnen leiden tot een effectievere behandeling 

van vrouwen met dit soort vruchtbaarheidsproblemen. 
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