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1. Introduction 

Hormonal and neural signals participate in regulating the synthesis and release of steroid 
hormones from the adrenals, ovaries and testicles. Hormonal signals arise from the 
hypothalamus, pituitary, thyroid, thymus, adipose tissue, as well as from the adrenals, 
ovaries and testicles. Neural signals originating in the hypothalamus and other regions of 
the central and peripheral nervous system modulate the responses to the hormonal signals 
sent to the adrenals, ovaries and testicles.  
In female, the involvement of the adrenal and ovarian innervations in regulating the 
synthesis and release of steroid hormones have shown that right and left organs have 
different abilities to carry out these functions (Gerendai et al., 2000; Domínguez et al., 2003). 
The asymmetric capacity to release steroid hormones is related to differences in the origin 
and type of innervations received by right and left organs (Tóth et al., 2007; Gerendai et al., 
2009). In addition, the way neuroendocrine signals participate in regulating steroid 
hormones secretion is different for each hormone, and the release of ovarian hormones is 
regulated according to the day of the estrus cycle. 
Scientific reviews on the biochemical steps that take place during the capture and processing 
of cholesterol and synthesis of steroid hormones, as well as in the regulation of the enzymes 
activities have been published in the last decade (Auchus & Miller, 2000; Straus & Hsue, 
2000; Stocco, 2008; Boon et al., 2010; Chung et al., 2011). In such regard, the present chapter 
presents only a summary of those aspects we think are relevant to analyze the 
neuroendocrine regulation of steroid hormones secretion.  

2. Steroid hormones 

Steroid hormones are classified according to the number of carbon (C) atoms in the molecule 
deriving from the pregnane (C-21), androstane (C-19) or estrane (C-18) nucleus. C-21 
hormones include progesterone, cortisol, corticosterone and aldosterone; C-19 testosterone, 
androstenedione (A4) and dihydrotestosterone; and C-18 estradiol, estrone and estriol. 
Based on its functional actions, steroid hormones are classified into five principal classes: 
estrogens (estradiol, estrone, estriol), progestins (progesterone), androgens (testosterone, A4, 
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dihydrotestosterone), glucocorticoid (cortisol, corticosterone), and mineralocorticoids 
(aldosterone, deoxicorticosterone). 
All steroid hormones derive from cholesterol in a process that includes:  
- de novo synthesis of cholesterol from acetate, the cholesterol release from cholesterol esters 

stored in lipid cytoplasmic droplets, and the capture and processing of blood cholesterol   
- the transport of cholesterol to the mitochondria;  
- the conversion of cholesterol to pregnenolone;  
- the transport of pregnenolone to the smooth endoplasmic reticulum;  
- modifications of the pregnenolone molecule and the synthesis of active hormones;  
- the transport of active hormones to the cell membrane and the release of hormones to 

the blood stream;  
- the biosynthesis of new hormones in the peripheral tissues through enzymes acting on 

steroid hormones as precursors;  
- the activation or inactivation of steroid hormones by organs or tissues; the catabolism 

and elimination of catabolites by urine, bilis or feces;  
- the esterification of the steroid hormone molecules and its elimination through the 

urine, bilis or feces. 

3. Capture and processing of cholesterol 

Cells synthesizing steroid hormones (steroidogenic cells) use several pathways that ensure 
the constant supply of cholesterol for steroid hormone synthesis, including:  
1. De novo synthesis from acetate in the endoplasmic reticulum;  
2. The mobilization of cholesterol esters stored in lipid droplets through cholesterol-ester 

hydrolase;  
3. The uptake of blood lipoproteins carrying cholesterol (low-density (LDL) and high-

density lipoproteins (HDL). 
The incorporation of lipoproteins into the cells is mediated by a receptor-endocytic 
mechanism that delivers the lipoproteins to the lysosomes where apolipoproteins are 
degraded. High density lipoproteins (HDL) are incorporated by the scavenger receptor class 
B, type I (SR-BI)-mediated selective uptake. Depending on the cell, the synthesis of 
lipoprotein receptors is stimulated by the adreno-corticotropin-hormone (ACTH) and 
luteinizing hormone (LH). The source of cholesterol for steroidogenesis varies according to 
the animal studied (Azhar et al., 2003; Hu et al., 2011). SR-BI synthesis in adrenal cells is 
stimulated by ACTH and inhibited by glucocorticoids (Mavridou et al., 2010). 
The membrane-bound transcription factor sterol regulatory element binding protein 
(SREBP) is the main regulator for cholesterol synthesis and cellular uptake. In mammalian 
cells, protein Insig, an endoplasmic- reticulum membrane protein, controls the activity of 
SREBP and the sterol-dependent degradation of the biosynthetic enzyme HMG-CoA 
reductase (Espenshade & Hughes 2007).  
The cholesterol side chain cleavage reaction is the first step, and also the rate-limiting 
process in steroid hormone synthesis. The reaction takes place on the inner mitochondrial 
membranes and is catalyzed by the cholesterol-side-chain cleavage enzyme, cytochrome P-
450scc; Cyp11a1 (Straus & Hsue, 2000). The translocator protein (TSPO) and the 
steroidogenic acute regulatory (StAR) protein mediate this transfer. TSPO is a high-affinity 
cholesterol-binding mitochondrial protein and StAR is a hormone-induced mitochondria 
protein that initiates the transfer of cholesterol into the mitochondria (Hu et al., 2010). In 
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vitro studies show that treating Leydig cells with testosterone decreases the expression of 
SR-BI, TSPO, StAR and cytochrome P-450scc (Kostic et al., 2011). In the adrenals, ACTH 
induces StAR synthesis by stimulating the synthesis of cyclic adenosin mono phosphate 
(cAMP), while the early steps in steroidogenic synthesis are mediated by post-
transcriptional and post-translational changes in the StAR protein (Spiga et al., 2011). In the 
gonads, gonadotropic hormones transcriptionally control StAR gene expression via a cAMP 
second messenger (Sugawara et al., 1997). A characteristic feature of steroidogenic cells is 
the presence of numerous cytoplasmic lipid droplets containing cholesterol esters. 
Cholesterol esters in these droplets are synthesized by acyl coenzymeA-cholesterol 
acyltransferase, an endoplasmic reticulum-enzyme. The esters synthesized by cholesterol 
acyltransferase accumulate within the endoplasmic reticulum membranes and bud off as 
lipid droplets. Cholesterol esters in lipid droplets are hydrolyzed by a soluble sterol ester 
hydrolase. Gonadotropins stimulate the activation of cAMP-dependent-protein kinase that 
activates this enzyme by phosphorylating specific serine residues, thus promoting binding 
of the sterol esterase to lipid droplets and the hydrolysis of cholesterol esters. 
Cholesterol is converted into pregnenolone, and the rate of pregnenolone synthesis is 
determined by: 
1. The rate of cholesterol delivery to the mitochondria;  
2. The access of the inner mitochondrial membranes to cholesterol;  
3. The available quantity of cholesterol side chain cleavage enzyme and, secondarily its 

flavoprotein and iron sulfur protein electron transport chain;  
4. The catalytic activity of P-450scc.  
Acute alterations in steroidogenesis generally result from changes in the delivery of 
cholesterol to P-450scc, whereas long-term alterations involve changes in the quantity of 
enzyme proteins, as well as cholesterol delivery (Straus & Hsue, 2000). 

4. Enzymes participating in the synthesis of steroid hormones 

The synthesis of the numerous enzymes participating in steroid hormones synthesis is 
under the stimulatory effects of hormones secreted by the pituitary ACTH, LH and follicle 
stimulating hormone (FSH). Other pituitary hormones, such as growth hormone (GH) and 
prolactin (PRL), also play a role regulating the synthesis of some of these enzymes. 
Based on the progression of changes occurring to the cholesterol molecule, four enzymes 
seem to be crucial for hormone synthesis: cytochrome P-450scc, 3┚-hydroxysteroid 
dehydrogenase/Δ5-4-isomerases (3┚-HSDs), 17 ┙-Hydroxylase/17,2O-desmolase, and 
aromatase cytochrome P450 

4.1 Cytochrome P-450scc 
The cytochrome P-450scc side chain cleavage is an enzyme present in the inner 
mitochondrial membranes. The enzyme is involved in three catalytic cycles on the 
cholesterol molecule: the introduction of hydroxyl groups at positions C-22 and C-20, and 
the subsequent scission of the side chain between these carbons. ACTH and LH stimulate 
cytochrome P-450scc synthesis in a mechanism that depends on cAMP synthesis as a second 
messenger (Auchus & Miller, 2000; Straus & Hsue, 2000).  

4.2 3β-Hydroxysteroid dehydrogenase/∆5-4-isomerases 

3┚-Hydroxysteroid dehydrogenase/Δ5-4-isomerases (3┚-HSDs) are located at the 
microsomal fraction, and are expressed in the adrenal cortex and in steroidogenic cells of the 
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gonads. The expression of 3┚-HSDs is enhanced by ACTH and LH. These isomerases 
catalyze the formation of Δ4-3-ketosteroids from A5-3┚-hydroxysteroids, an obligate step in 
the biosynthesis of progestins, androgens, estrogens, mineralocorticoids and 
glucocorticoids. 3┚-HSDs catalyze the dehydrogenation of the 3B-equatorial hydroxyl group 
and the subsequent isomerization of the olefinic bond to yield the A4 3-ketone structure; 
converting pregnenolone into progesterone, l7┙-hydroxypregnenolone into 17┙-
hydroxyprogesterone, and dehydroepiandrosterone into A4.  
Protein kinase A signaling activators (forskolin, dibutyrylcAMP) increase the synthesis of 
dehydroepiandrosterone and A4, as well as the levels of 3┚-HSD and P-450c17 mRNA 
transcripts. Activation of the protein kinase C pathway by phorbol ester treatment also 
elevates 3┚-HSD mRNA levels and lowers P-450cl17 mRNA levels (Auchus & Miller. 2000).  

4.3 17 -Hydroxylase/17,2O-Desmolase 

The 17 -Hydroxylase/17,2O-Desmolase (P-45Oc7f or CYP17A1 lTl) is a cytochrome P450 
enzyme with 17-hydroxylase and 17,20-lyase activities that catalyzes two reactions: the 
hydroxylation of pregnenolone and progesterone at carbon 17, and the conversion of 
pregnenolone into C-19 steroids. P-450c17 is a key enzyme in the steroidogenic pathway 
producing all steroid hormones (progestins, mineralocorticoids, glucocorticoids, androgens, 
and estrogens). The theca cells of the follicle and the theca lutein cells of the corpus luteum, 
as well as the ovarian stroma, the adrenal gland, and Leydig cells express P-450c17. (Auchus 
& Miller, 2000; Straus & Hsue, 2000). 

4.4 Aromatase cytochrome P-450c17 

Aromatase cytochrome P-450 c17 is an enzyme found in the endoplasmic reticulum 
membrane that acts on aromatizable androgen. Aromatase P 450 catalyses the biosynthesis 
of all estrogens from androgens by transforming the A-ring of steroids to an aromatic state 
through the oxidation and elimination of the C19 methyl group (Ghosh et al., 2009; Straus & 
Hsueh, 2000). Aromatase expression is present in fetal and immature ovaries, and in 
rodents, aromatase expression/activity is restricted to the gonads and the brain. In humans, 
aromatase activity is expressed by the adrenal medulla (Belgorosky et al., 2008), adipose 
tissue, breast, skin, and bone (Czajka-Oraniec & Simpson, 2010). 
FSH is the main factor inducing aromatase activity in mural granulosa cells located on the 
outer edge of healthy large antral follicles and luteal cells. Aromatase is not expressed in 
cumulus granulosa cells. The stimulatory effects of FSH are modulated in an inhibitory way by 
glucocorticoids, prolactin, progestins, inhibin, triiodothyronine and thyroxine (T3-T4) (Chen et 
al., 2010). Transforming growth factor-┚ (TGF-┚) enhances FSH effects (Stocco, 2008). 
Bone morphogenetic protein 15 (BMP-15) and growth differentiating factor 9 (GDF9) 
produced by the oocytes also stimulate aromatase expression and the stimulatory effects of the 
tumor necrosis factor- (TNF-), epidermal growth factor (EGF), transferrin, nitric oxide 
(NO), and superoxide dismutase (Stocco 2008). Leptin has stimulatory or inhibitory effects on 
aromatase expression depending on the animal studied (Sirotkin & Grossman, 2007).   
Acting as an autocrine signal, estradiol enhances the stimulatory effects of FSH on 
aromatase activity in granulosa cells, and its effects are mediated by the activation of 
estrogen receptor ┚ (Wang et al., 2010).  
Androgens enhance FSH effects on aromatase expression by increasing cAMP levels. 
Aromatizable androgens synthesized by theca-internal cells are the substrate for estrogen 
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synthesis. The stimulating actions of FSH on aromatase are potentiated by insulin-like 
growth factor-1 (IGF-1), because IGF-I stimulates the capacity of granulosa cells to respond 
to FSH (Stocco 2008).  
FSH stimulates the synthesis of cAMP, which in turn acts as an intracellular messenger 
mediating FSH stimulation of aromatase expression, leading to the activation of the cAMP-
dependent protein kinase A (PKA) which is cAMP-dependent (Stocco, 2008).  FSH 
stimulates the mRNA for LH receptor synthesis, explaining why LH is the main aromatase 
inductor before ovulation (Boon et al., 2010).  

5. Hormonal signals 

The regulation of steroid hormones synthesis is mediated by hormones secreted by the 
pituitary, thyroid, adipose tissue, neuropeptides, adrenals, ovaries and testicles. 

5.1 Pituitary hormones 

The pituitary secretes several hormones that stimulate the release of steroid hormones. In 
this process, two key hormones are the ACTH and LH, and their release is pulsating. Higher 
cortisol, progesterone, testosterone, and estradiol levels in serum are observed minutes after 
each ACTH or LH pulse. By acting on the expression of several genes, ACTH and LH 
stimulate the synthesis of enzymes participating in the conversion of cholesterol to steroid 
hormones, a process that can take hours or even days.  The rapid increase in steroid 
hormone concentrations after the injection of ACTH or LH cannot be explained by the 
synthesis of enzymes participating in steroid hormones synthesis and release. Based on 
several studies, it has been proposed that the rapid increase in steroid hormones levels is 
mediated by a c-AMP action resulting in StAR synthesis, one of the proteins carrying the 
cholesterol to the mitochondria, the first step in steroid hormones synthesis (Auchus & 
Miller, 2000). 
The first step in the acute response to hormonal stimulation for steroid biosynthesis is the 
delivery of cholesterol from the outer to the inner mitochondrial membrane; a process that 
depends on de novo StAR protein synthesis and phosphorylation. LH and ACTH stimulate 
the synthesis of StAR by increasing cAMP levels and its phosphorylation rate (Luo et al., 
2010). 
LH plays a dual role in regulating P-450 enzymes participating in the synthesis of steroid 
hormones. Following the initial stimulation synthesis of the enzyme, LH exerts a down 
regulation on the synthesis of granulosa-specific CYP19A1 and theca-specific CYP17A1 
transcripts and lowers the abundance of HSD3B1 transcripts (Nimz et al., 2010). 
In female rabbits, hyperprolactinemia inhibits the peripheral and ovarian venous 
progesterone and 20 alpha-hydroxypregn-4-en-3-one (20 alpha-OHP) levels increase 
stimulated by human chorionic gonadotropin (hCG), without causing changes in the 
estradiol, androstenedione and testosterone levels (Lin et al., 1987). 

5.2 Adipose tissue hormones 

The adipose tissue secretes several adipose-derived polypeptidic hormones. Together, 
adipose-derived polypeptidic hormones receive the name of adipokines. Adipokines act 
locally and distally through autocrine, paracrine and endocrine effects (Ronti et al., 2006), and 
participate in the regulation of appetite and metabolic processes. Experimental studies show 
that some adipokines play a role regulating steroid hormones secretion by different organs. 
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5.2.1 Leptin   

Leptin is a hormone secreted by the adipose tissue, and its participation in the regulation 
of steroid hormones is controversial. In vitro studies show that the participation of leptin 
in the regulation of steroid hormones release depends on the species studied. In avian 
ovarian cells leptin stimulates the release of progesterone and estradiol, blocks 
testosterone secretion, and does not affect arginine-vasotocin secretion (Sirotkin & 
Grossmann 2007). In granulosa cells from rats, high leptin concentrations inhibits the 
stimulatory effects of insulin-like growth factor I (IGF-I) on FSH-stimulated estradiol 
secretion, but does not affect progesterone secretion (Zachow and Magoffin, 1997; Duggal 
et al., 2002; Ricci et al., 2006). In cultured granulosa cells leptin also suppresses the 
stimulating effect of the transforming growth factor ┚ (TGF-┚) on FSH-dependent estrone 
and estradiol secretion, as well as in aromatase mRNA expression and aromatase activity 
(Zachow et al., 1999).  
Leptin inhibits insulin-induced estradiol secretion by granulosa cells and decreases the 
insulin-induced increases of progesterone production in bovine granulosa cells (Spicer & 
Francisco, 1997). Co-stimulated by FSH and dexamethasone, leptin blocks steroid hormone 
synthesis by the ovaries and the synthesis of pregnenolone, progesterone, and 20alpha-
hydroxy-4-pregnen-3-one. Leptin also reduces the expression of adrenodoxin, an enzyme in 
the P50scc electron transport system (Barkan et al., 1999), and inhibits the synthesis of 
insulin-stimulated progesterone production from human luteinized granulosa cells 
(Brannian et al., 1999). The synthesis of functional leptin receptors depends on pituitary 
hormones, since hypophysectomized rat theca cells do not have such receptors (Zachow et 
al., 1999).  
Studies in human granulosa cells suggest that in vitro the effects of leptin on the secretion of 
estradiol and progesterone depend on the doses used; with low doses of leptin having a 
stimulatory effect and high doses an inhibitory effect (Karamouti et al., 2009). Leptin and 
leptin fragments enhance the secretory activity of aldosterone and corticosterone by the 
adrenal cortex of rats (Malendowicz et al., 2003; Markowska et al., 2004). However, later 
studies by Malendowicz et al., (2007) reported that leptin inhibits steroid-hormone secretion 
from the adrenal cortex by lowering the response to stress of the hypothalamic-pituitary-
adrenal (HPA) axis and by increasing the release of catecholamines from the adrenal 
medulla. Because leptin Ob-receptor is expressed in the adrenal gland, it seems that leptin 
modulates adrenal hormones secretion by acting as a circulating hormone (Malendowicz et 
al., 2007). Leptin blocks the ovarian steroid synthesis co-stimulated by FSH and 
dexamethasone. In vitro studies show that leptin inhibited the secretion of pregnenolone, 
progesterone, and 20alpha-hydroxy-4-pregnen-3-one, as well as the secretion of 
progesterone induced by the co-stimulation by forskolin and dexametasene; without 
modifying the forskolin induction of cAMP (Barkan et al., 1999). 

5.2.2 Adiponectin 

Adiponectin is an adipocyte hormone participating in lipid metabolism and glucose 
homeostasis. Adiponectine receptors and its mRNA are expressed in the ovaries and 
testicles. Pituitary gonadotropins have low effects on adiponectin mRNA testicular levels. 
Metabolic signals, such as glucocorticoids, thyroxine, and peroxisome proliferator-activated 
receptor-gamma modulate the expression of adiponectin mRNA. In vitro studies show that 
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recombinant adiponectin inhibits basal and human chorio-gonadotropin-stimulated 
testosterone secretion by adult rat testicles (Caminos et al., 2008). 

5.3 Gut hormones 

The gut secretes several polypeptidic hormones that participate in regulating the brain-gut 
relationship with different organs in the digestive system. Experimental studies show that 
some gut hormones also play a role regulating the secretion of steroid hormone. 

5.3.1 Secretin and gastric inhibitory polypeptide 

Secretin and gastric inhibitory polypeptide (GIP), together with glucagon, parathyroid 
hormone (PTH), vasoactive intestinal peptide (VIP) and pituitary adenylate cyclase-
activating polypeptide, belong to the VIP-secretin-glucagon super family.  
Secreted by the duodenum, secretin is a hormone that selectively depresses the 
glucocorticoid response to ACTH of dispersed zona fasciculata-reticularis cells. By 
inhibiting the cascade of AC/protein kinase A, glucagon, and glucagon-like peptide-1 
secretin depresses the response of cells in the zona fasciculata-reticularis to ACTH. PTH and 
PTH-related protein stimulate aldosterone and glucocorticoid secretion of dispersed zone 
glomerulosa and zone fasciculata-reticularis cells (Nussdorfer, 2000). 
The intra-peritoneal injection of GIP increases corticosterone plasma concentrations in a 
dose-dependent manner, without affecting aldosterone levels. GIP did not affect aldosterone 
and cyclic-AMP release by dispersed zone glomerulosa cells, but increased basal 
corticosterone secretion and cyclic-AMP release by dispersed inner adrenocortical cells. In 
rats, GIP stimulates the basal secretion of glucocorticoids by acting through specific 
receptors coupled with the adenylatecyclase/PKA-dependent signaling pathway 
(Mazzocchi et al 1999). 

5.3.2 Obestatin 

Produced in the stomach and other tissues, obestatin is one of the metabolic hormones that 
has effects on systems other than the digestive system. In in vitro porcine granulosa cells, 
obestatin increases the secretion of progesterone, without modifying testosterone or 
estradiol secretion (Mészárosová et al., 2008). Thus, it is possible that obestatin stimulates 
StAR phosphorylation without affecting the activity of the enzymes participating in 
androgen synthesis. 

5.4 Neuropeptides 

The term neuropeptide refers to polypeptidic molecules synthesized and released by 
neurons that can act neurotransmitters and/or hormones. Common neuropeptides include 
orexins (A & B) and galanin. 

5.4.1 Orexins 

Orexin-A and orexin-B (hypocretin-1 and -2) are two neuropeptides produced by neurones 
located in the lateral hypothalamus. Orexins A and B bind to two different receptors that are 
coupled to G proteins.  Both neuropeptides raise basal corticosterone secretion by dispersed 
cells obtained from the rat’s fasciculate-reticular zone, and do not affect either maximally 
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ACTH stimulated corticosterone production by cells of the fasciculate-reticular zone or the 
basal and agonist-stimulated aldosterone secretion of dispersed cells from the glomerulosa 
zone. The ACTH-receptor antagonist corticotropin-inhibiting peptide blocks the secretion of 
corticosterone induced by ACTH to cells from the fasciculate-reticular zone, but does not 
modify orexins effects. Both orexins enhance cyclic-AMP release by cells in the fasciculate-
reticular zone. The selective inhibitor capacity of protein-kinase A (PKA) H-89 decreased 
corticosterone responses to both ACTH and orexins. A subcutaneous injection of orexin A 
and B evokes a clear-cut increase in the plasma concentration of corticosterone, but not of 
aldosterone. The effect of orexin-A on corticosterone release is higher than the effect of 
orexin-B. Based on these results the authors suggest that orexins exert a selective and direct 
glucocorticoid secretagogue action on the adrenals of the rat, acting through a receptor-
mediated activation of the adenylate cyclase/PKA-dependent signaling pathway 
(Malendowicz et al., 1999). 
Stimulating orexin receptors results in higher ACTH secretion by the pituitary and has a 
direct stimulatory effect on adrenocortical cells (Malendowicz et al., 1999; Spinazzi et al., 
2006; Kagerer & Jöhren 2010).  

5.4.2 Galanin 

Galanin is a 29- or 30- amino acid long neuropeptide expressed in the brain, spinal cord, and 
gut that acts via three subtypes of G protein-coupled receptors. Galanin increases the basal 
secretion of cortisol from dispersed inner adrenocortical cells, without affecting the effects of 
ACTH (Belloni et al., 2007). Galanin stimulates the release of corticotrophin releasing 
hormone (CRH) and ACTH, enhances glucocorticoid secretion by the adrenal cortex, and 
directly stimulates corticosterone secretion from the adrenals through GAL-R1 and GAL-R2 
receptors and the release of noradrenaline from the adrenal medulla. Other results suggest 
that galanin increases corticosterone release via an indirect paracrine mechanism involving 
the local release of catecholamines, which in turn activates beta-adrenoceptors located on 
adrenocortical cells (Tortorella et al., 2007). 

5.4.3 Vasoactive intestinal peptide and neuropeptide Y  

The VIP and neuropeptide Y (NPY) are the most abundant transmitter-peptides in the 
adrenal gland (Whitworth et al., 2003). These peptides act as neurotransmitters and exert 
endocrine, paracrine or autocrine effects in numerous cell types, particularly in the adrenals 
and ovaries. In vitro, the adrenal responsiveness to VIP depends on the model used: in rats, 
VIP stimulates aldosterone production by the adrenal capsular tissue (Cunningham & 
Holzwarth, 1988) and by intact perfused adrenal glands (Hinson et al., 1992), but not by 
dispersed zona glomerulosa cells (Enyedi et al., 1983; Hinson et al., 1992). There is evidence 
that VIP acts on chromaffin cells present beneath the adrenal capsule, stimulating the release 
of catecholamines, which in turn stimulate aldosterone secretion (Whitworth et al., 2003). It 
seems that the mechanisms used by NPY in the adrenals are the same as those used by VIP 
(Renshaw et al., 2000). 

5.4.4 Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) 

The pituitary adenylate-cyclase activating polypeptide (PACAP) and its receptors are 
present in the central nervous system (CNS), the testicles, adrenals, and ovaries. LH 
increases PACAP mRNA levels in pre-ovulatory follicles, and stimulates estrogen and 
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progesterone secretion by granulosa cells stimulated with hCG (Lee et al. 1999). In the 
adrenals, PACAP stimulates VIP synthesis, which in turn stimulates hormones release (Ait-
Ali et al., 2010). 

5.5 Adrenal hormones 

The adrenals secrete steroid hormones, catecholamines and peptidergic hormones. 
Evidence suggests that almost all the adrenal hormones play a role on their own 
regulatory process. 

5.5.1 Endothelins 

Endothelins (ETs) are a family of vasoactive peptides secreted by vascular endothelium. ETs 
play autocrine/paracrine regulatory functions, acting via two subtypes of receptors, ET-A 
and ET-B. The endocrine cells in the glomerulosa cells of the adrenal cortex express both ET-
A and ET-B. The cells of the zone fasciculata/reticularis mainly express ET-B. ETs stimulate 
the secretion of mineralocorticoids by glomerulosa cells. Its effects on glucocorticoid 
secretion are lower (Nussdorfer et al., 1997). The effects of ETs on steroidogenic cells are 
mediated through the activation of various signaling mechanisms, including the stimulation 
of phospholipase C, phospholipase A2 and adenyl cyclase activity, as well as calcium influx 
through plasma channels (Delarue et al., 2004). 

5.5.2 Noradrenaline 

Noradrenaline (NA) is a cathecolamine secreted by neurons in the adrenal medulla and by 
chromaffin cells present in the adrenal cortex. In luteal bovine cells NA stimulates 
progesterone secretion through the beta 1- and beta 2-adrenoceptors. NA also increases 
cytochrome P-450scc and 3 beta-HSD activity. Prostaglandin F (PGF) inhibits the luteotropic 
effect of NA on the luteal tissue (Miszkiel&, Kotwica, 2001).  

5.5.3 Dopamine 

Human granulosa cells (GCs) express 4 out of 5 dopamine (DA) receptors (D1 and D5 
coupled and linked to cAMP increase, D2 and D4; Gi/Gq coupled and linked to IP3/DAG. 
In vitro, the stimulation of human granulosa cells with hCG did not increase mRNA or 
protein levels of DA receptors. D1 and D2 receptors are also present in the ovaries of rats 
(Rey-Ares et al., 2007). 

5.6 Thyroid hormones 

The thyroid mainly secretes triyodo tyrosine (T3), tiroxine (T4) and calcitonin. T3 and T4 
play several roles in regulating all the mammalian organs and systems. 
Rats with hypothyroidism present high progesterone and low testosterone levels, without 
apparent changes in basal estradiol levels (Hatsuta et al., 2004). Acute experiments with 
murine Leydig cells, T3 induced StAR expression and progesterone production (Manna et 
al., 1999). In contrast, chronically stimulating mice Leydig tumor cells with T3 inhibits StAR 
expression and progesterone production, mainly by decreasing the delivery of cholesterol to 
the inner mitochondrial membrane (Manna et al., 2001). In cultivated Leydig cells, T3 
treatment increased testosterone and estradiol secretions in a dose dependent manner 
(Maran et al., 2000). 
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5.7 Protein kinases and cAMP 

Protein kinases (PKs) are a group of enzymes that modify other enzymes by adding 
phosphate groups (phosphorylation), which changes the enzyme’s activity.  
PKs participate in regulating the release of steroid hormones. Ovarian cells produce a 
number of PKs whose expression depends on the type of cell, their state and the action of 
hormones and other PKs (Sirotkin et al., 2011). In mammalian ovarian cells, PK-A stimulates 
the release of progesterone and estradiol (Makarevich et al., 2004); while others affirm that 
PKA inhibits progesterone, testosterone and estradiol release by mammalian ovarian 
follicular cells (Dupont et al., 2008). In chickens, PK-A either stimulates or suppresses the 
release of progesterone, testosterone and estradiol (Sirotkin & Grossmann, 2006, 2007b). In 
corpus luteum, PK-A promotes the release of progesterone by large luteal cells, while PK-C 
inhibits the release of progesterone and maintains luteal prostaglandin 2 alpha release (Diaz 
et al., 2002; Niswender, 2002). According to Makarevich (2004) PK-A type II is more 
important for the control of ovarian steroidogenesis than PK-A type I.  
Rabbit ovaries treated in vitro with dbcAMP secrete less progesterone and testosterone, but 
basal estradiol release remained unchanged. Adding FSH, IGF-I, and ghrelin reduced 
progesterone release, and adding only ghrelin increased the release of testosterone without 
modifying estradiol output. Previous treatment with dbcAMP inverted the inhibitory to 
stimulatory action of FSH, IGF-I and ghrelin on progesterone release (Chrenek et al., 2010).   

5.8 Ovarian signals 

Like the adrenal glands, the ovaries secrete steroid and polypeptidic hormones that regulate 
/modulate the synthesis and release of ovarian hormones.  
Estradiol regulates the synthesis of androgens by the follicular theca interna in an inhibitory 
way. Estrogens and androgens inhibit progesterone secretion by the human corpus luteum. 
The effects of testosterone and androstenedione are mediated by their conversion to 
estrogens (Tropea et al., 2010). Androgens stimulate cytochrome P450 aromatase mRNA 
concentrations in granulosa cells. The effects depend on the androgen studied, suggesting 
that the expression of the aromatase gene has differential regulation in the developing 
follicle (Hamel et al., 2005). GnRH-like peptides in the testicle and ovary play an inhibitory 
regulation on steroidogenesis (Franchimont, 1983).  

6. Neuroendocrine signals 

At present there is no doubt that in addition to pituitary and non-pituiraty hormone control, 
ovarian functions, hormone synthesis and ovulation, as well as adrenal cortex secretions, 
and perhaps the secretion of hormones by the testicles and even spermatogenesis, are under 
direct local neural modulation. 
Kawakami et al. (1979, 1981) obtained the first unequivocal results indicating that the 
regulation of ovarian functions is accomplished by hormonal signals that are modulated by 
neural signals. Applying electric stimulation to the ventromedial hypothalamus and the 
medio-basal prechiasmathic area in hypophysectomized and adrenalectomized rats 
provoked the release of progesterone and estradiol without modifying ovarian blood flow.  
The synthesis and secretion of steroids from the adrenal cortex and ovaries are also under 
direct modulation by local neurons. Without making synaptic contact, many noradrenergic 
nerve endings are in close proximity to zona-glomerulosa cells. NA acts as a direct 
modulator of local steroid secretion. Catecholamines and adenosine triphosphate (ATP) 
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diffuse into zone glomerulosa cells and modulate the synthesis of aldosterone in a paracrine 
way. The enzymes that may terminate the effect of ATP are present in the nerve endings, 
suggesting that ATP and its metabolites influence the production of aldosterone. Thus, 
catecholamines and ATP play a paracrine non-synaptic modulator role of in the regulation 
of adrenocortical steroid secretion (Szalay et al., 1998).  
Stimulation of beta-adrenoreceptors, VIP receptors or the forskolin-induced activation of 
cAMP formation of 2-day-old rat ovaries increases the steady state levels of the mRNAs 
encoding P-450aromatase and FSH receptors. Based on these results it was suggested that 
ovarian nerves, acting via neurotransmitters coupled to the cAMP generating system, 
contribute to the differentiation process by which newly formed primary follicles acquire 
FSH receptors and responsiveness to FSH. Follicles that grow in more densely innervated 
ovarian regions may have a selective advantage over those not exposed to neurotransmitter-
activated, cAMP-dependent signals; and thus may become more rapidly subjected to 
gonadotropin control (Mayerhofer et al., 1997). 
The intra-cerebro-ventricular injection (icv-i) of isoproterenol (beta-adrenergic agonist) to 
rats in diestrus 2 lowers progesterone levels in the ovarian vein blood. However, no 
apparent effects are observed when both superior ovarian nerves (SON) are sectioned before 
the icv-i treatment.  Blocking the beta-adrenergic receptors with propranolol icv-i increased 
progesterone levels, an effect that was not observed when both SONs were sectioned (De 
Bortoli et al., 1998, 2002). According to De Bortoli et al. (2000), the neural signals arriving to 
the ovary through the SON antagonize the ovarian LH regulation of progesterone and 
androstenedione. 

7. Ovarian and adrenal innervations 

The adrenal gland and the ovaries receive innervation from several nerve fibers of extrinsic 
and intrinsic origin. Most of the extrinsic innervations in the adrenal derive from the 
sympathetic nervous system, including cholinergic fibers containing nitric oxide synthase 
(Holgert et al., 1995), thyrosine hydroxylase- and neuropeptide Y-positive postganglionic 
sympathetic fibers (Holgert et al., 1998; Kondo, 1985). Encephalin was exclusively found in 
choline-acethyl-transferase positive fibers among adrenaline chromaffin cells (Holgert et al., 
1995). Intrinsic innervation originates from two different types of medullary ganglion cells: 
Type I and Type II cells. Type I cells are NPY-positive noradrenergic, while type II ganglion 
cells synthesize VIP and nitric oxide synthase (Holgertet al., 1998; Ulrich-Lai et. al., 2006).  
The adrenals have efferent fibers connecting to the dorsal motor nucleus of the vagus nerve, 
while other fibers of vagal origin reach the gland via the celiac or suprarenal ganglion 
(Berthoud and Powley, 1993; Coupland et al., 1989). In the rat, the motor and sensory vagal 
innervations of the adrenal gland originate from bilaterally situated cell bodies that have 
slight ipsi-lateral predominance (Coupland et al., 1989). Nerve fibers that go to and from the 
adrenal gland also possess afferent viscero-sensory fibers. According to Tóth et al. (2007), 
the steroid feedback mechanism affects the cerebral structures that send descending input to 
the sympathetic preganglionic neurons innervating the adrenal gland.  
The bilateral sectioning of the thoracic splanchnic nerve resulted in lower corticosterone 
plasma levels measured in the afternoon seven days after treatment, without apparent changes 
in ACTH levels; results that suggest that the splanchnic adrenal innervation modulates the 
response to ACTH. The effects are related to functional changes in the adrenal medulla and do 
not depend on the sensitive of the afferent fibers (Ulrich-Lai et al., 2006).  
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The ovaries receive motor innervations from the sympathetic and the parasympathetic 
system via the vagus nerve, and possess afferent fibers travelling sympathetic and vagal 
routes (Burden et al 1983; Klein and Burden, 1988, Gerendai et al., 2000, 2009).  The vagus 
nerve connects the ovaries with the area postrema, the nucleus of the solitary tract, the 
dorsal vagal complex, the parapyramidal nucleus, A1, A5, and A7 -cell groups, the caudal 
raphe nuclei, the hypothalamic paraventricular nucleus, the lateral hypothalamus, the 
Barrington’s nucleus, the locus coeruleus, the periaqueductal gray, and the dorsal 
hypothalamus. All of these areas form a neural circuit that directly participates in the neural 
communication between the CNS and the ovaries (Gerendai et al., 2000; Tóth et al., 2007). 
As in the adrenals, the ovaries have micro-ganglia with tyrosine hidroxilase positive 
neurons (D’Albora & Barcia, 1996; Dees et al., 1995; D’Albora et al., 2002), and along some 
capillaries there are neurons resting on the basal (D’Albora & Barcia, 1996). 

8. Methodologies used to analyze the participation of neural signals 

The participation of the peripheral nervous system in the regulation of adrenal, ovarian and 
testicular functions is studied using two main experimental approaches: in vitro and in vivo 
methods. Studies in vitro allow for the understanding of the isolated participation of one, 
two or even three neurotransmitters in the regulation of hormones secretion by one type of 
cell, or even an organ tissue. Studies in vitro have certain advantages, such as the possibility 
of analyzing the cellular mechanisms regulated by neurotransmitters, identifying the 
receptors participating in the regulation, and the molecular changes that occur. In vitro 
methods also have disadvantages, since in many studies the amount of neurotransmitters 
added to the culture medium is much higher than the normal concentration measured in the 
organ. Another problem of in vitro studies is the loss of the interplay occurring between 
different kinds of cells.  
In vivo methods include the analysis of nerve stimulation and/or sectioning, the extirpation 
of one or both organs, the denervation of the in situ organ, as well as the local or systemic 
injection of neurotransmitters or blocking agents. The information obtained from in vivo 

studies gives an idea about the animal’s response to such manipulations (changes in 
hormone levels; metabolic modifications, etc.). In general, the cellular mechanisms 
participating in the modifications resulting from such manipulations are not clearly evident. 

8.1 In vitro methods 

Taken together, the results of in vitro and in vivo studies give an idea about the participation of 
neurotransmitters in regulating steroid hormone secretion. Studies on the participation of 
different systems regulating the secretion of steroid hormones analyze the effects of directly 
injecting neurotransmitters or substances known to block its receptors. Incubating steroid-
hormones producing cells, with or without specific neurotransmitters, or in neurotransmitters 
“cocktails”, is the main methodology used for studying the participation of neural signals 
regulating the secretion of steroid hormones.  
Serotonin inhibits testosterone, dihydrotestosterone, and androstane-3alpha, 17beta-diol 
production from testicles of peripubertal and adult hamsters maintained in long or short 
photoperiods. Serotonin also inhibits the stimulation induced by hCG, cAMP and 
testosterone production, by its union to 5-HT1A and 5-HT2A receptors subtypes. The 
testicular activity of the serotoninergic system is mediated by the corticotrophin releasing 
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hormone (CRH) and by the noradrenergic system. CRH has an inhibitory modulation of 
testosterone, dihydro-testosterone, and androstane-3alpha, 17beta-diol secretion, while 
epinephrine and norepinephrine have a stimulatory effect through alpha1/beta1-adrenergic 
receptors (Frungeri et al., 2002). 
Stress induced by sleep deprivation results in lower testosterone levels in serum and lower 
testicular StAR protein expression, while serotonin and corticosterone serum levels are 
elevated (Wu et al., 2011). These results suggest that serotonin regulation of steroid 
hormones release depends on the cells where such sterols originate. 
Acting through -1 and -2 receptors, NA stimulates progesterone secretion from luteal 
slices of heifers, and increases cytochrome P-450scc and 3 beta-HSD activity (Miszkiel & 
Kotwica, 2001). Nitric oxide (NO) inhibits the activity of cytochrome P450 aromatase and the 
secretion of estradiol by granulosa cells in culture (Ishimaru et al., 2001). In vitro studies 
show that in the rat, the participation of neurotransmitters regulating the secretion of 
ovarian progesterone varies throughout the day of the estrous cycle. In diestrus-1, NPY, NA, 
and VIP inhibit progesterone secretion by the ovaries, while on diestrus-2 these 
neurotransmitters stimulate progesterone secretion. In diestrus 1 and 2, NA+VIP or 
NA+NPY had a synergic effect on progesterone secretion, since measured concentrations 
were higher than VIP or NPY treatment alone (Aguado, 2002). In the rat, ovarian 
denervation reduces the synthesis and secretion of progesterone by inhibiting 3-betaHSD 
activity (Burden & Lawrence, 1977). Sectioning the plexus nerve and the SON of pigs led to 
lower LH, progesterone, androstenedione (A4), testosterone, estrone and estradiol-17beta 
plasma levels. In addition, a significant increase in the immune-expression of cholesterol 
side-chain cleavage cytochrome P450 occurs in follicles, as well as a decrease in 3-betaHSD 
activity, and in LH, progesterone, androstenedione (A4), testosterone, estrone and estrogen 
plasma levels (Jana et al., 2007). 
Using an ex vivo celiac ganglion (CG)-SON-ovary (CG-SON-O) system, Aguado’s research 
group has contributed to the understanding of the participation of the SON, the plexus 
ovarian nerve and the vagus nerve in regulating the secretion of ovarian hormones. In in 

vitro studies, the release of ovarian hormones is modulated by the stimulation/inhibition of 
neurons present in the CG.  
According to Morán et al., (2005), the CG form a bilateral structure with the superior 
mesenteric ganglia in the rat, receiving the name of celiac-superior mesenteric ganglion 
(CSMG) which is composed of noradrenergic neurons called principal neurons, small 
intensely fluorescent cells, and peptidergic interneurons.  
In in vitro studies, adding NPY, VIP or substance P (SP) to the ovaries obtained from rats in 
diestrus 1 resulted in lower release of progesterone, while the same treatment to ovaries 
obtained from rats in diestrus 2 increased it. Adding these three neuropeptides to the CG 
from rats in diestrus 2 resulted in higher progesterone secretion (Garraza et al., 2004). These 
results suggest that the way neural signals participate in the regulation of steroid secretions 
depends on the day of the estrous cycle and the type of cells receiving the signal.  
Adding NA to the CG obtained from rats on diestrus 1 resulted in ovarian dopaminergic 
and noradrenergic activity increases, while adding NA to the CG system from rats on 
diestrus 2 only increased noradrenergic activity. Such changes in dopaminergic and 
noradrenergic ovarian activities resulted in lower release of androstenedione in systems 
obtained from rats on diestrus 1, and higher release of androstenedione in systems obtained 
from rats on diestrus 2 (Bronzi et al., 2011).  
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The results presented above suggest that the adrenergic activation of the CG plays a role in 
regulating ovarian androgen secretion, and that this role varies along the estrous cycle. 
Therefore, steroidogenesis appears to be controlled by a balance between the stimulatory 
effects of hormones secreted by the pituitary, the inhibitory effects of other hormones, and 
the modulating participation of the ovarian innervations. 
Pituitary hormones and innervations, including sympathetic and sensory nerves, also regulate 
the adrenal cortex secretion of hormones. The nerves innervating the adrenal cortex include  
heterogeneous populations containing various different neuropeptides (Kondo, 1985). The 
sympathetic innervation is composed of cholinergic preganglionic fibers and 
catecholaminergic postganglionic fibers that are positive for tyrosine hydroxylase (TH) and 
NPY (Kondo, 1985; Holgert et al., 1998). Sensory innervations consist of primary afferent fibers 
that are positive for calcitonin gene–related peptide (CGRP) and SP (Kuramoto et al. 1987). 
Intrinsic innervations on the adrenal cortex arise from two types of medullar ganglion cells: 
Type I cells are noradrenergic and NPY-positive, whereas Type II cells produce neuronal nitric 
oxide synthase and VIP (Holgert et al., 1998). Preganglionic sympathetic and primary afferent 
fibers are carried in the thoracic splanchnic nerve (Ulrich-Lai & Engeland 2000).  

9. Experimental methods in vivo  

Figure 1 shows the innervations received by the ovaries and adrenals originating in the 
CMSG and the centers originating in the vagus nerve (Vagus centers). The CMSG and the 
 

 
Fig. 1. The diagram shows the neural pathways connecting the adrenals and ovaries with 
the celiac-superior mesenteric ganglia (CSMG). The interconnections between the right and 
left CSMG, as well as the innervations to the vagus nerves are also represented. 
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vagus centers seem to be the place where information from other regions of the CNS 
converges. Both centers send and receive neural information that modulates the reactivity of 
the endocrine cells to hormonal signals from the ovaries and adrenals. The existence of 
neural communication between the right and left CMSG implies the existence of neural 
communication between the ovaries. The modulation exerted by the neural signals over the 
ovaries and the adrenals varies during the estrous cycle (ovaries) and along the day 
(adrenals and ovaries). Such modulation is asymmetric, and the asymmetry varies during 
the estrous cycle and the hour of the day.  
Extirpating one ovary or one adrenal result in acute neural stimulation of the in situ ovary 
and/or adrenal, that modifies the response of endocrine cells to the hormonal signals. 
Sectioning one nerve also results in an acute neural stimulation of the denervated organ, 

though such stimulation is more restricted. For the ovaries and adrenals, the partially 
denervated organ still has neural pathways regulating its functions and, in theory, the 
innervated organ received only one different neural signal. 
To study the role played by the ovarian innervations in regulating progesterone, 
testosterone and estradiol levels in serum we have used five experimental models. The 
experimental models were performed on cyclic rats and our studies analyzed the influence 
of the day of the estrous cycle on treatment results.  
1. The effects of dorsal and ventral surgery to reach the ovaries and their innervation.  
2. The effects of bilateral ovariectomy or adrenalectomy  
3. The effects of unilateral ovariectomy 
4. The effects of unilateral or bilateral section of the SON 
5. The effects of unilateral adrenalectomy. 

9.1 The effects of dorsal and ventral surgical approaches 

The unilateral perforation of the dorsal or ventral abdominal wall results in different 
changes in progesterone, testosterone and estradiol serum levels. Irrespective of the day of 
the estrous cycle surgery was performed, rats with a ventral sectioning of the abdominal 
wall showed higher progesterone and testosterone levels in serum than control rats and rats 
with dorsal sectioning of the abdominal wall (Figure 2). The increase in hormone release 
could be explained by an increase in StAR protein phosphorylation and/or synthesis 
stimulated by the neurotransmitters released by the neural terminals arriving to the ovaries 
and adrenals. Changes in ACTH, LH and FSH serum levels induced by sectioning the 
abdominal wall cannot be ruled out. Since estradiol levels were not modified, we presume 
that P-450 aromatase activity is not influenced by the neural information arising from the 
abdominal wall.  
Uchida et al. (2005) showed the existence of asymmetry in the neural reflexes arising 
from the abdominal skin that arrive to the ovaries and affect the ovarian blood flow and 
the activity of the SON. Stimulating the left abdomen produced a much stronger effect 
on the activity of the left ovarian sympathetic nerve than stimulating the right abdomen. 
The magnitude of the changes in hormone levels induced by ventral or dorsal surgery 
depend on both, the dorsal or ventral side (left or right) of the surgery and the day of the 
estrous cycle when surgery is performed. These results suggest the existence of a multi-
synaptic neural pathway between the abdominal wall, the adrenals and the ovaries, a 
pathway that is mediated through the innervations of the adrenals and ovaries (Flores et 
al., 2008). 
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Fig. 2. Comparative effects of ventral or dorsal sectioning the abdominal wall on 
progesterone, testosterone, and estradiol serum levels. Based in data published by Flores et 
al., (2008) * p<0.05 vs. control (MANOVA followed by Tukey’s test) 

9.2 The effects of bilateral ovariectomy or adrenalectomy performed using a dorsal or 
ventral approach 

Compared to animals with a ventral abdominal wall surgery, the effects of ventral bilateral 
ovariectomy one hour after surgery include lower testosterone and estradiol levels; while 
ventral bilateral adrenalectomy resulted in lower the progesterone levels (Figure 3). Similar 
effects were observed when surgeries were performed using the dorsal approach.  
The effects of bilateral ovariectomy depend on the day of the cycle when surgery is 
performed (Flores et al., 2008). For instance, ventral bilateral ovariectomy on diestrus 1 
resulted in lower progesterone levels than in animals with ventral wall surgery. These 
effects were not observed when the treatment was performed on diestrus 2, proestrus or 
estrus. In turn, dorsal bilateral ovariectomy on proestrus or estrus resulted in higher 
progesterone levels in serum than in rats with ventral abdominal wall surgery. The effects of 
bilateral adrenalectomy on progesterone were not impacted by the day of the cycle when 
surgery was performed or by the surgical approach (Flores et al., 2008). These results 
suggest that the neural information arriving to the adrenals and ovaries play different roles 
in regulating progesterone secretion by both organs.  
Compared to ventral approach wall surgery treatment, animals with ventral bilateral 
ovariectomy had lower testosterone serum levels on each day of the estrous cycle. Similarly, 
ventral bilateral adrenalectomy performed on estrus resulted in lower hormone levels. 
Testosterone levels were not modified when the adrenals were removed on diestrus 1, 
diestrus 2 or proestrus. Compared to animals with dorsal wall surgery treatment, 
testosterone serum levels were lower in rats with dorsal bilateral ovariectomy performed on 
diestrus 2 or proestrus and higher when treatment was performed on estrus (Flores et al., 
2008).  
Compared to ventral or dorsal abdominal wall surgery treatment, ventral or dorsal bilateral 
ovariectomy performed on proestrus resulted in lower estradiol serum levels. Ventral 
bilateral adrenalectomy performed on diestrus 1 or 2 resulted in higher hormone levels, and 
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lower when surgery was performed using a dorsal approach; and an inverse result occurred 
when the animals were treated on estrus (Flores et al., 2008).  
Bilateral ovariectomy and adrenalectomy modify progesterone, testosterone and estradiol 
serum levels depending on the day of the cycle and the surgical approach. Analyzing the 
effects of dorsal or ventral bilateral ovariectomy or adrenalectomy on progesterone, 
testosterone and estradiol levels, suggest that the stimulatory/inhibitory signals arising 
from the dorsal or ventral abdominal wall modifies the sensitivity of the theca interna and 
granulosa cells to the hormonal signals regulating their functions.  
The results obtained from rats with bilateral ovariectomy or adrenalectomy suggests that the 
ovaries mainly produce testosterone and estradiol, while the adrenals are the main producer 
of progesterone. The effects of bilateral adrenalectomy performed on different days of the 
estrous cycle on testosterone and estradiol serum levels (Flores et al., 2008) suggest that 
endocrine signals arising from the adrenals (corticosterone and progesterone) play a role 
regulating ovarian steroids release. It is possible that at the CSMG level, bilateral 
adrenalectomy modified the functions of the neurons originating in the SON and the nerve 
of the ovarian plexus that innervate the ovaries. 
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Fig. 3. Comparative effects of ventral bilateral ovariectomy or ventral adrenalectomy on 
progesterone, testosterone and estradiol serum levels. Based on data published by Flores et 
al., (2008) * p<0.05 vs. abdominal wall surgery (MANOVA followed by Tukey’s test) 

9.3 The effects of unilateral ovariectomy 

The acute effects of hemiovariectomy on progesterone, testosterone, estradiol, and LH 
concentrations in serum depends on the surgical approach and the day of the cycle when 
surgery is performed (Barco et al., 2003; Flores et al., 2005, 2006, 2011; Cruz et al., 2006).  
Figure 4 shows the comparative effects of ventral unilateral mechanical stimulation of the 
SON and unilateral ventral ovariectomy, performed on each day of the estrous cycle, on 
progesterone, testosterone and estradiol serum levels analyzed one hour after treatment. 
The ventral mechanical stimulation of the left or right SON of rats in estrus resulted in 
higher progesterone levels. While extirpating the left ovary eliminated the progesterone 
levels increase, extirpating the right ovary did not.  Regardless of the day of the estrus cycle 
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Fig. 4. Comparative effects of ventral unilateral mechanical stimulation of the SON and 
ventral unilateral ovariectomy performed each day of the estrous cycle on: progesterone 
(ng/mL), testosterone and estradiol (pg/mL) one hour after surgery. * p<0.05 vs. surgery. 

 Ventral surgery; mechanical stimulation of the SON;  unilateral ovariectomy (ULO) 

rats were treated on, stimulating the left SON resulted in higher testosterone levels, while  
stimulating the right SON did not have an apparent effect on testosterone. Higher 
testosterone levels in serum resulting from the stimulation of the left SON were eliminated 
when the right ovary was subsequently removed.  In rats on estrus, stimulating the left or 
right SON increased estradiol levels, and ventral ovariectomy eliminated it. 
These results suggest that mechanically stimulating the SON on estrus day stimulates the 
transport of cholesterol to the mitochondria, and the performance of the enzymes 
participating in the synthesis of progesterone and estradiol in both ovaries. Effects on 
testosterone levels were observed only when the left ovary was manipulated, suggesting an 
asymmetric participation of the ovarian innervation in regulating testosterone, and that such 
asymmetry depends on the day of the estrous cycle. 
In other studies, the acute  and non-acute effects of dorsal unilateral ovariectomy on 
progesterone, testosterone and estradiol serum levels vary according to the time elapsed 
between surgery and autopsy (Morales et al., 2011). 
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9.4 The effects of unilateral or bilateral ovarian denervation 

The ovaries receive innervations arriving through the SON, the ovarian plexus nerve, and 
the vagus nerve. Since each nerve carries different neural information, we postulate that the 
unilateral or bilateral sectioning of each nerve will produce different effects on the secretion 
of steroid hormones by the ovaries.  
The SON and the ovarian plexus nerve carry catecholaminergic fibers that innervate 
endocrine ovarian cells. These fibers are distributed in the peri-follicular theca layer and are 
closely related to the theca internal cells. According to Burden (1978) and Aguado (2002), 
most neurons originating in the SON fibers are located in the CSMG. Aside from the 
catecholaminergic innervation, the SON provides VIP (Garraza et al., 2004) and NO (Casais 
et al., 2007) innervations to the ovaries. 24 and 72 hrs after unilateral or bilateral sectioning 
of the SON of pre-pubertal rats, NA levels in the denervated ovary were lower than in 
untouched (control) or laparotomized animals (Chávez et al., 1994). 
Aguado & Ojeda (1984) observed that after sectioning both SON on proestrus the secretion 
of progesterone and estradiol from both ovaries dropped immediately (four minutes). 
Progesterone secretion was recovered 15 minutes later, but estradiol levels kept low. 
Sectioning the SON on estrus did not modify hormone secretion. The effects of denervation 
depended on the hour of the day when surgery was performed. According to the authors, 
their results support the idea that the CNS controls directly the hormone release by the 
ovaries.  
In gilts, sectioning the plexus and the SON during the middle luteal phase of the estrous 
cycle lowered the number of dopamine-beta-hydroxylase- and/or neuropeptide tyrosine-
immunereactive nerve terminals. The treatment also lowered the levels of progesterone, 
androstenedione, and testosterone in the fluid and the wall of follicles. Neurectomy 
increased the immune expression of cholesterol side-chain cleavage cytochrome P450, 
lowered the expression of 33-hydroxysteroid dehydrogenase, and lowered the plasma levels 
of LH, progesterone, androstenedione, testosterone, estrone and estradiol-17beta. The 
results suggest that ovarian innervations play a role regulating the steroidogenic activity of 
the ovary (Jana et al., 2007).  
Figure 5 shows the comparative effects of ventral unilateral mechanical stimulation of the 
SON on ovarian hormone secretion. From the graph, it is apparent that progesterone and 
testosterone levels in serum were modified by mechanically manipulating the SON, while 
changes in estradiol serum levels are not significant.  
As with unilateral ovariectomy, the acute effects of ventral unilateral sectioning of the SON 
on progesterone, testosterone and estradiol serum levels presents asymmetry and vary 
according the day of the cycle when surgery was performed (Flores et al., 2011). 
Ovarian denervation performed by unilaterally sectioning the vagus nerve, by a ventral 
approach, has different effects on normal cyclic rats and ULO rats. Sectioning the left vagus 
nerve resulted in lower ovulation rates than in sham operated animals; while sectioning the 
right vagus nerve did not modify ovulation rates. Sectioning the right or left vagus nerves to 
right-ULO rats (left ovary in-situ) reduced compensatory ovarian hypertrophy. Sectioning 
the left vagus nerve to ULO rats induced different effects depending on which ovary 
remained in-situ. Left-side vagotomy performed to right ULO rats (left ovary in-situ) 
resulted in higher ovulation rates, compensatory ovarian hypertrophy, and number of ova 
shed; while the same procedure to left ULO rats (right ovary in-situ) resulted in a decrease 
of the same parameters.  
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Fig. 5. Comparative effects of ventral abdominal wall surgery, unilateral stimulation or 
sectioning of the superior ovarian nerve on progesterone (ng/mL, testosterone and estradiol 
serum levels (pg/mL).  

Sectioning the right or left vagus nerves to right-ULO rats (left ovary in-situ) reduces 
compensatory ovarian hypertrophy, while the effects of sectioning the left vagus nerve 
depended on which ovary remained in-situ. Left-side vagotomy performed to right ULO rats 
(left ovary in-situ) resulted in higher ovulation rates, higher compensatory ovarian 
hypertrophy, and higher number of ova shed; while the same procedure to left ULO rats (right 
ovary in-situ) resulted in lower levels of the same parameters (Chávez et al.1987, 1989).  
Sensorial innervations also play a role in regulating ovarian functions. Sensorial denervation 
induced by injecting capsaicin subcutaneously or into the ovarian bursa lowered 
spontaneous ovulation and secretion of progesterone and estradiol. Capsaicin treatment to 
ULO rats affected ovulation and the secretion of ovarian steroids, and these effects 
depended on which ovary remained in situ and the day of the cycle when treatment was 
performed (Trujillo et al., 2001, 2004).  

9.5 The effects of unilateral adrenalectomy 
Figure 6 shows the acute effects (one hour after surgery) of unilateral adrenalectomy, 
conducted on each day of the estrous cycle, on progesterone, testosterone and estradiol 
serum levels. The results show that the lack of one adrenal modified in different ways the 
concentration of the three hormones. The results  suggest that the acute diminution and 
recovery of adrenal hormones affects the transportation of cholesterol to the ovaries in 
different ways, and the hormone secretion by the in situ ovary is only affected in diestrus 1, 
when unilateral adrenalectomy resulted in lower progesterone levels.  
The effects of unilateral ovariectomy on testosterone and estradiol serum levels are 
asymmetric, mostly when surgery was performed on diestrus 2 (testosterone) or proestrus 
(testosterone and estradiol). The results suggest that the activity of enzymes participating in 
the synthesis of testosterone and estradiol are regulated by the levels of adrenal hormones 
and are not related to the synthesis of progesterone, since progesterone levels were not 
modify when the surgery was performed on diestrus 2 or proestrus. 
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Fig. 6. Comparative effects of ventral unilateral adrenalectomy and ventral unilateral 
adrenalectomy followed by sectioning the SON ipsilateral to the extirpated adrenal, 
performed on each day of the estrous cycle on: progesterone (ng/mL), testosterone and 
estradiol (pg/mL) one hour after surgery.  *p<0.05 vs. surgery.  Ventral surgery;  
unilateral adrenalectomy;  unilateral ovariectomy followed by the SON section. 

www.intechopen.com



 
Steroids – Basic Science 24

Some of the effects of unilateral adrenalectomy seem to be related to the SON ovarian 
innervation since the unilateral section of the SON modified some of the changes in 
testosterone and estradiol serum levels induced by unilateral adrenalectomy. Thus, the 
extirpation of one adrenal could modify the activity of the neurons in the CSMG originating 
SON fibers. 

10. Ovarian and adrenal asymmetries  

The supra-spinal innervations of the adrenals and ovaries show left side predominance, 
and some neurons exclusively innervate a given organ (Gerendai et al., 2009). Each 
adrenal gland is innervated both by side-specific neurons and by neurons that project to 
both organs (Tóth et al., 2007). The left and right ovaries have different abilities to 
spontaneously release oocytes. Such differences appear to be related to the ovarian 
innervations, and the left ovary appears to be more competent to spontaneously release 
oocytes (Domínguez et al., 1989).  
According to Klein and Burden (1988), the number of neural fibers received by the right 
ovary is higher than in the left; while Toth et al., (2007) showed that the left ovary sends 
more neural information to the CNS than the right ovary. The right and left ovaries show 
different ovulatory responses to surgical denervation, and these responses vary according 
to the day of the estrous cycle when surgery is performed (Chávez et al., 1987, 1989; 
Chávez & Domínguez, 1994). These results suggest that the endocrine performances by 
the ovaries and adrenals present asymmetries, which are related to the innervations 
received by the organs. 

11. Conclusions  

Taken together the results obtained by different experimental approaches show that the 
synthesis and release of hormone by the adrenals and ovaries are under multiple 
controls. The hormonal signals arise from different sources, including the adrenals and 
ovaries. The adrenal and ovarian innervations modulate the effects of the hormonal 
signals, possibly by differences in the frequency and amplitude release of different 
neurotransmitters.  
Because the mechanisms regulating the release of steroid hormones changes during the 
estrous cycle and throughout the day, it is possible that circadian signals arising from the 
suprachiasmatic nucleus exert a fine modulation of adrenal and ovarian cells to hormone 
and neural signals (Buijs et al.,2006). 
Currently we do not have a clear hypothesis to explain why the organs secreting steroid 
hormones are asymmetric, or why such asymmetry varies during the estrous cycle and the 
hour of the day. Questions arising in the intent to present a hypothesis include: 
1. Is the expression of hormones and/or neurotransmitters receptors secreted by 

endocrine cells under the control of proteins synthesized under the directions of the 
clock genes present in the cells?  

2. Do the release characteristics (frequency and amplitude) of neurotransmitters by the 
axons arriving to the endocrine cells vary during the day, and do they present 
differences between one organ and the other? 

3. What are the functions of the micro-ganglia in the adrenals, testicles and ovaries? 
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