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CHAPTER 5 
 

IMMUNOLOCALIZATION OF SEROTONERGIC NEURONS DURING NATURAL 

SEX CHANGE IN THE HERMAPHRODITIC GOBY  LYTHRYPNUS DALLI 

 

Abstract 

The neurotransmitter serotonin (5-HT) has been suggested to be involved in the inhibition of 

socially regulated sex change in fish because of its role in the modulation of both reproductive 

and aggressive behavior. This is the first study looking at the distribution of serotonergic neurons 

by immunohistochemical techniques at different times during sex change. We set up stable social 

groups with a male and three females, and sampled the brain of sex changers 2 hr, 1 day, 3 day, 7 

days and 14 days after male removal. We also compared males and females with different social 

status. Immunoreactive neurons were found in the nucleus posterioris periventricularis (NPPv), 

the nucleus recessus lateralis (NRL), the nucleus recessus posterioris (NRP) and in the raphe 

nucleus. We measured the total area of NPPv, NRL, NRP, and the number of serotonergic 

neurons and mean cell area in the raphe nucleus. There was no significant difference in any of 

the brain regions between males, females or sex changing fish, but there was a slight increase in 

the number of raphe neurons in the brain of sex changers 2 hr after male removal. The results 

show that in L. dalli the serotonergic system does not present any morphological sex and status 

differences, or any dramatic modifications during sex change. These data, together with previous 

results, do not support the hypothesis of a serotonergic inhibition on sex change. 
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Introduction  

Many immunohistochemical studies have examined brain localization and distribution of 

neurons producing monoamines in fish (Adrio et al., 1999; Ekstršm and Van Veen, 1984; Kah 

and Chambolle, 1983; Margolis-Kazan et al., 1985). In the three-spine stickleback, serotonin 

immunoreactive (5-HT-ir) cells have been found in the brainstem, diencephalon and pituitary 

(Ekstršm and Van Veen, 1984). In the brainstem, they distinguished two main groups of neurons 

in the raphe nucleus based on the cell anatomy and localization, and they refer to them as raphe 

dorsalis and raphe medialis. In the sturgeon Acipenser baeri, 5-HT-immunoreactive cells (5-HT-

ir cells) were found in the telencephalon, diencephalon, and the posterior recess nucleus in the 

hypothalamus (Adrio et al., 1999). The authors describe them as cerebrospinal fluid (CSF) 

contacting neurons because of the cell morphology and their proximity to either the brain 

ventricle or the recesses. In the goldfish Carassius auratus, 5-HT-ir cells were found in the 

nucleus dorsolateral thalami and in the pars distalis of the pituitary and serotonergic CSF 

contacting neurons in the nucleus recessus lateralis (NRL) and nucleus recessus posterioris 

(NRP) of the hypothalamus (Kah and Chambolle, 1983). In the platyfish Xiphophorus maculates, 

5-HT-ir cells were localized in the periventricular area, NRL, NRP, valvular portion of the 

cerebellum, raphe nucleus, and pituitary (Margolis-Kazan et al., 1985). These studies show that 

the morphology of the serotonergic system is very conserved across different species. Most of 

these immunohistochemical analyses addressed the anatomy of the system or its evolution, by 

comparing primitive fishes with more recent teleosts and trying to find homologies with other 

vertebrate taxa. These studies are very important in improving our knowledge of the serotonergic 

system, but they did not address the system from a functional perspective nor explore 

intraspecific variation (e.g., sex differences, ontogenetic differences, etc.).   
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 Serotonin is involved in a wide variety of functions (Lucki, 1998), but this work is 

primarily focused on its role in the modulation of reproductive and aggressive behavior. 

Studying the regulation of sex change in the sequential hermaphrodite Lythrypnus dalli allows us 

to investigate how the serotonergic system might link these two different types of behavior. In 

the protogynous bluehead wrasse Thalassoma bifasciatum, injecting males with the SSRI 

fluoxetine decreased their aggression (Perreault et al., 2003) and their mRNA expression of 

arginine vasotocin (AVT) showing that low serotonergic activity might be associated with the 

display of dominant male aggressive behavior through its action on AVT synthesis (Semsar et 

al., 2004). There is a large literature demonstrating that elevated serotonergic activity is typically 

associated with subordinate status in vertebrates (Winberg and Lepage, 1998; Winberg et al., 

1991; Winberg et al., 1997), so I had predicted in Chapter 4 that females being subordinate 

would have higher serotonergic activity, and therefore that high 5-HT would inhibit sex change. 

The results from the pharmacological manipulations (Lorenzi et al., 2009) did not support this 

prediction but rather showed a trend in the opposite direction: although the difference was not 

significant, female L. dalli showed lower levels of 5-HT and its metabolite 5-

hydroxyindoleacetic acid (5-HIAA) than males. We also found no differences in monoamine 

levels between dominant and subordinate animals in size-matched pairs of fish. There is the 

possibility that the difference in monoamine levels between dominant and subordinate animals is 

specific to certain regions of the brain (Summers et al., 2005), and that we missed it because we 

analyzed whole brains. To further elucidate whether 5-HT plays any role in the regulation of sex 

change, I performed an immunohistochemical study on L. dalli brains. I tested whether there are 

differences in the serotonergic system based on sex and/or social status by comparing the number 
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and area of serotonergic neurons across males, dominant females, subordinate females, and sex 

changing individuals.  

To my knowledge, there are no immunohistochemical studies in fish that examined 

differences in serotonergic neurons between the two sexes or between dominant and subordinate 

animals. In the bicolor damselfish Pomacentrus partitus, there is no effect of sex on brain 

serotonergic activity when comparing dominant and subordinate animals (Winberg et al., 1996). 

There is some evidence of serotonergic sex differences in rodents; in fact, in vivo telencephalic 

5-HT metabolism rates are significantly higher in females than males in two different strains of 

rats (Rosecrans and Schechter, 1972). There is also an area of the hypothalamus that is sexually 

dimorphic in rats: the medial (MPNm) and the central part of the medial preoptic nucleus 

(MPNc) are larger in males than females, and have very low density of serotonergic fibers, while 

the lateral part of the medial preoptic nucleus (MPNl) is larger in females, and has high 5-HT-ir 

fiber density, so there is a sex dimorphism with females having a larger area of high serotonergic 

fiber density corresponding to that brain region (Simerly et al., 1984). It is hard to predict for L. 

dalli what the sex and status differences in 5-HT-ir neurons will be because, based on my 

original hypothesis, I expected females and subordinate animals to have higher serotonergic 

function, and therefore either larger or more 5-HT-ir cells. Based on the results of Chapter 4 

instead, I expect the opposite to be true, with males showing a trend for larger or more 

serotonergic neurons. 
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Materials and Methods 

Experimental conditions 

The fish used in the study were collected off the coast of Santa Catalina Island, CA and shipped 

to Georgia State University, Atlanta, where they were housed at a temperature of 19-20o C, and a 

12 h light: 12 h dark photoperiod. The fish were fed brine shrimp twice daily. Fish were removed 

from the communal tank and slightly anesthetized with tricaine methanesulfonate (MS222; 

Sigma). The sexes were distinguished based on genital papilla shape (Carlisle et al., 2000; St 

Mary, 1993; Wiley, 1976), and all fish that had ambiguous papilla shape were excluded from the 

study to avoid including fish in transitional states between the two sexes. Social groups of one 

large male and three females were established in individual 38 l tanks. Males were at least 3 mm 

larger than the largest female in the tank to ensure their dominance. In each tank, the focal 

female (alpha) was at least 3 mm larger than the other two females in her tank (beta and gamma), 

to ensure that she would become the dominant female and therefore the sex changer (Reavis and 

Grober, 1999). A total of 50 social groups were set up, and after 5 days the male was removed 

from 40 of these tanks. Experimental groups were terminated at different times after male 

removal to sample them at different stages of sex change. Ten groups were terminated for each 

of the following time points: 2 hr, 1 day, 3 days, 7 days, and 14 days after male removal. As 

controls, we had 10 stable groups where we did not remove the male. Animals were euthanized 

with a lethal concentration of MS222 (Sigma). We collected the brain of dominant alpha females 

at all time points during sex change and in stable groups with male present. We also collected 

tissues from 10 beta and gamma females and from 10 males. We also collected gonads and 

recorded the genital papillae shape to assess the final sex of the animal. Brains were fixed in 4% 

paraformaldehyde in 0.1 M phosphate buffer (PB) for two days, cryoprotected overnight in 30% 
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sucrose solution, fast frozen on dry ice and embedded in HistoPrep media (Fisher Scientific), and 

stored at -80¡C. The tissue was sectioned at the cryostat at a thickness of 20 ! m in two parallel 

series, and the slides were stored at -80¡C until processing.  

Immunohistochemical analysis 

One series of slides was analyzed for each animal. After thawing the tissue and rinsing it twice 

for 10 minutes each in a solution of 0.1 M PB and 0.2% TritonX, the slides were incubated in 

blocking solution containing normal goat serum (KPL, Gaithersburg, MD) for 1 hour. A rabbit 

primary antibody anti-serotonin (Incstar) was applied at a dilution of 1:3000 in the blocking 

solution, and the tissue was left incubating overnight at room temperature in a moist chamber. 

After rinsing the slides twice for 10 minutes each with a solution of 0.1 M PB and 0.2% TritonX, 

a fluorescein (FITC)-conjugated AffiniPure Fab Fragment goat anti-rabbit secondary antibody 

(Jackson ImmunoResearch Laboratories, Inc.) was applied at a 1:50 dilution in PB for two hours 

at room temperature in the dark. After rinsing twice for 10 minutes each with a solution of 0.1 M 

phosphate buffer, the slides were coverslipped in the dark with anti-fading mounting medium 

(Vector Laboratories, Inc.) and stored at 4¡C. To test for the specificity of the reaction, two 

brains were processed following the same immunohistochemical protocol but omitting the 

primary antibody, and three brains were processed using primary antibody that was preadsorbed 

with serotonin (Acros Organics) overnight (1 mg of 5-HT/ml of antibody). The negative controls 

did not present any labeling of cells or fibers (omission of primary antibody: Fig. 5.1.F and Fig. 

5.2.B; preadsorption control: Fig. 5.3.B, D-E).  

The number of green fluorescent 5-HT-ir neurons was counted and the areas of whole 

brain nuclei or individual cells were measured by capturing images and tracing the outside 
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margin using AxioVision imaging software (Zeiss Inc.). After calibrating for magnification, the 

imaging program provided a measure of the area delimited in the picture. 

Data analysis 

One-way analysis of variance (ANOVA) was used to compare number of cells or areas between 

fish classes. Two separate analyses were performed: one comparing animals in stable groups and 

one comparing alpha females in stable groups with sex changing alphas. The statistical analyses 

were performed on the data obtained from quantifying one of the two parallel series of slides, but 

cell numbers presented in Table 5.2 and Fig. 5.5 are obtained after multiplying by two the 

number to account for the cells present in the second series (Grober and Bass, 1991). Normality 

(Shapiro Wilk test) and homogeneity of variance (LeveneÕs test) were achieved for all the 

variables except for the variance of the dorsal raphe mean cell area in the sex change analysis, 

but the deviation was small (LeveneÕs test p=0.04) so we included it in the ANOVA.  

 

Results 

Immunoreactive cell bodies were localized in two main brain regions: the diencephalon and the 

brainstem. In the diencephalon, they were found in three distinct brain nuclei, and based on the 

literature (Batten et al., 1993; Ekstršm and Van Veen, 1984; Peter et al., 1975; Rodr’guez-

G—mez et al., 2000), I identified them as: the nucleus posterioris periventricularis (NPPv), the 

nucleus recessus lateralis (NRL), and the nucleus recessus posterioris (NRP). These three regions 

collectively are also known as the paraventricular organ (PVO) (Batten et al., 1993; Fryer et al., 

1985). The NPPv extends ventro-dorsally on both sides of the third ventricle (Fig. 5.1.B-C, 

5.1.E); the NRL extends ventral to the NPPv and surrounds the lumen of the recesses on both 

sides, the anterior part of the NRL is closer to the brain midline, and it moves laterally in more 
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posterior sections (Fig. 5.1.A-C); the NRP extends ventral to both the NPPv and the NRL, and it 

is adjacent to the midline (Fig. 5.1.A-B, 5.1.D). The ir neurons in all three of these regions have 

very similar morphology: they are very small and tightly clustered together and form parallel 

sheets of ir cells (Fig. 5.1.D-E). 

The 5-HT-ir neurons present in the raphe region of the brainstem have a very distinct 

shape with a large soma and long axons (Fig. 5.2.A). In particular, according to a study on the 

teleost Gasterosteus aculeatus (Ekstršm and Van Veen, 1984), I classified the neurons as 

belonging to the raphe dorsalis (RD) when they were more dorsal and surrounding the two 

fasciculi longitudinalis medialis (Fig. 5.2.A, 5.2.C), and to the raphe medialis (RM) when they 

were more ventral and distributed along the brain midline (Fig. 5.2.A, 5.2.D). In L. dalli, as 

described in G. aculeatus (Ekstršm and Van Veen, 1984), the ir cells in the RD send projections 

mainly in a lateral direction (Fig. 5.2.C), while those in the RM project mainly in a vertical 

direction (Fig. 5.2.D). 

Because of the high cell density, it was not possible to count the neurons in the NPPv, 

NRL and NRP individually, so I quantified the total area of each immunoreactive brain nucleus, 

and I also calculated the area of the whole PVO as total of the three regions. When the nuclei 

extended in multiple sections, I quantified the area as the sum of all sections containing that 

region within one animal. For the raphe nucleus, I counted the specific number of ir cells in the 

RD and RM, and measured each ir cell area and calculated the average for each individual. There 

were some neurons in the raphe that I could not determine with confidence to which of the two 

nuclei they belonged, so I put them in the category Òraphe unidentifiedÓ (RUn), and I used them 

to calculate the total number of cells and total mean cell area by adding them to the RD and RM 

values (RTot). Because of the very small size of the brain analyzed, during the 
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immunohistochemical procedures some of the sections or pieces of it happen to come off the 

slides. I only quantified the brains of the individuals that presented on the slide all the 

consecutive sections containing a specific brain region so this explains why the final sample size 

for each class of animals is less than ten.  

Strong immunoreactive staining was also present in the pituitary (Fig. 5.2.E) but since 

this tissue was not always present in the sections, it was not included in a quantitative analysis.  

Serotonergic fibers 

Telencephalon 

Diffuse 5-HT-ir fibers were present throughout the rostral forebrain, but their density is 

particularly high in the medial rostral telencephalon. Serotonergic projections run dorsoventrally 

between the medial rostral telencephalon and the ventral telencephalon/rostral diencephalic 

hypothalamus. In the posterior part of the telencephalon, fibers are clustered at very high density 

in the dorsomedial telencephalon.  

Diencephalon and midbrain 

Many varicose ir fibers are present across the entire hypothalamus including the inferior lobes, 

and are particularly dense around the PVO (Fig. 5.3.A-B). In the hypothalamus, we also found 

very thick serotonergic fibers that run in a dorsoventral direction (Fig. 5.3.C).  

In the midbrain, two layers of fibers are clearly visible in the tectum of the 

mesencephalon (Fig. 5.3.D-E), corresponding to the stratum fibrosum et griseum superficiale 

(outer layer) and stratum album centrale (inner layer) of the optic tectum (based on the work on 

sticklebacks of Ekstršm and Van Veen, 1984). In the mesencephalic tegmentum, fibers are 

present at quite high density in the torus semicircularis while fibers are rare or absent in the 

dorsoperiventricular tegmentum and in the nucleus tuberis. The valvula cerebelli is completely 
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devoid of ir fibers while some are present in the corpus cerebelli projecting towards the ventral 

hindbrain. The nucleus glomerulosus lacks any serotonergic fiber but they are present in the area 

surrounding it. 

Hindbrain 

Punctuate fibers are present all around the raphe region, and in the brain stem they are 

concentrated in the ventromedial and ventrolateral areas. 

Nucleus posterioris periventricularis  

There was no significant difference in mean total area of the NPPv (Table 5.1 and Fig. 5.4.A) 

neither between males and females (ANOVA: F3,17= 1.343; p=0.294) nor between alpha females 

and sex changers (ANOVA: F5,25= 0.624; p=0.294). Beta and gamma females showed the lowest 

values. 

Nucleus recessus lateralis 

The mean total area of the NRL (Table 5.1 and Fig. 5.4.A) was not significantly different 

between males and females (ANOVA: F3,17= 2.757; p=0.074) nor between alpha females and sex 

changers (ANOVA: F5,25= 2.411; p=0.648). Males and sex changing females at 1 day after male 

removal presented the highest values and alpha and beta females the lowest. 

Nucleus recessus posterioris 

Neither males and females (ANOVA: F3,17= 1.226; p=0.331) nor alpha females and sex changers 

(ANOVA: F5,25= 0.591; p=0.707) were significantly different in terms of mean total area of the 

NRP (Table 5.1 and Fig. 5.4.A). Alpha females had the lowest values. 

Paraventricular organ 

There was no significant difference in the total area of the PVO (Table 5.1 and Fig. 5.4.B) 

neither between males and females (ANOVA: F3,17= 1.454; p=0.262) nor between sex changers 
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(ANOVA: F5,25= 1.479; p=0.232). Alpha females presented the lowest values while males and 

sex changing females at 1 day after male removal the highest ones. 

Raphe nucleus 

There was no significant difference between males and females in the number of cells (Table 5.2 

and Fig. 5.5.A) in the RD (ANOVA: F3,20= 0.158; p=0.923) or in the RM (ANOVA: F3,20= 

0.100; p=0.959), nor in the average cell size (Table 5.2 and Fig. 5.5.B) in the RD (ANOVA: 

F3,20= 1.967; p=0.151) or RM  (ANOVA: F3,20= 0.694; p=0.566). There was also no sex 

difference when counting the total number of 5-HT-ir neurons (Table 5.2 and Fig. 5.5.A) from 

all raphe areas (ANOVA: F3,20= 0.134; p=0.939) or the total mean cell area (Table 5.2 and Fig. 

5.5.B) (ANOVA: F3,20= 0.258; p=0.855).  

Alpha females in stable groups and sex changers did not significantly differ in the 

number of cells (Table 5.2 and Fig. 5.5.A) in the RD (ANOVA: F5,24= 1.639; p=0.188) or in the 

RM (ANOVA: F5,24= 0.194; p=0.962), nor in the average cell size (Table 5.2 and Fig. 5.5.B) in 

the RD (ANOVA: F5,24= 0.311; p=0.902) or RM  (ANOVA: F5,24= 0.377; p=0.860), nor in the 

total number of 5-HT-ir neurons (Table 5.2 and Fig. 5.5.A) (ANOVA: F5,24= 1.029; p=0.423) or 

the total mean cell area (Table 5.2 and Fig. 5.5.B) (ANOVA: F5,24= 0.477; p=0.790). Sex 

changers at 2 hrs, 1 day and 3 days had higher total number of cells in the raphe and in the DR. 

 

Discussion 

This is the first study localizing serotonergic neurons in a sex changing fish. I could clearly 

recognize two distinct brain regions that presented immunoreactive cells. In the diencephalon, 

the ir cells were located around the medial ventricle and around the lateral and posterior recesses. 

These nuclei are collectively called the paraventricular organ (PVO) and many other studies on 
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fish have shown 5-HT-ir cells in these areas (Adrio et al., 1999; Kah and Chambolle, 1983; 

Margolis-Kazan et al., 1985; Peter et al., 1975; Rodr’guez-G—mez et al., 2000), but the function 

of these nuclei remains unclear. Periventricular 5-HT-ir perikarya have been described to have 

protrusions that contact the cerebrospinal fluid (CSF) of the third ventricle but it is not clear 

whether they secrete or pick up 5-HT from the CSF because there is no evidence that these cells 

contain the enzymes to produce 5-HT (Ekstršm and Van Veen, 1984; Kah and Chambolle, 

1983). In fish, some cells of the PVO also contain dopamine (Batten et al., 1993; Fryer et al., 

1985) and noradrenaline (Meek et al., 1993), and a lesion study on goldfish has shown that cells 

of the PVO send innervations to the pituitary so they could be involved in modulating some 

aspects of reproductive function (Fryer et al., 1985). 

The other region containing ir perikarya was the raphe nucleus in the brain stem. This 

was expected because the raphe is the major brain area containing serotonergic neurons, and the 

main source of serotonergic projections to many other brain areas in a variety of taxa including 

humans (Hornung, 2003). The medial, and not the dorsal, raphe seems to be the main source of 

innervation to the preoptic area based on injection of a neurotoxin that destroys serotonergic 

terminals (Azmitia and Segal, 1978). Since the preoptic area is known to regulate sexual function 

through the HPG axis, if 5-HT were indeed involved in the regulation of sex change, then you 

would expect the most dramatic effect in the raphe medialis. 

I did not find any significant difference in 5-HT-ir cell number or area in any of the brain 

regions analyzed neither between males and females nor between animals with different social 

status. While there are not many studies examining sex differences in the serotonergic system in 

fish, in the bicolor damselfish (Pomacentrus partitus) there was no effect of sex on serotonergic 

activity when comparing dominant and subordinate animals (Winberg et al., 1996). My previous 
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work (Lorenzi et al., 2009) has shown no significant sex difference in serotonin and its 

metabolite levels in L. dalli, but there was a trend for higher levels in males. The present results 

are in agreement with the lack of significant differences found in monoamine levels. The males 

showed slightly higher values than females only in the total area of the PVO and it was mainly 

due to higher area of the NRL, while in the raphe ir cell numbers and areas were very similar 

between the sexes. Therefore, the higher serotonergic activity of the NRL rather than of the 

raphe might be driving the small sex differences found in Chapter 4.  

There are no significant differences between alpha females in stable groups and sex 

changing females at different times after male removal. The area of the PVO and its components 

remains quite constant over time, while the total number of cells in the raphe shows a slight 

increase at 2 hours after male removal. When we examine dorsal and medial raphe separately, 

we find that mainly the number of cells in the dorsal raphe increases after male removal. Since 

the rise in raphe ir cell number happens within 2 hours, it is unlikely that neurogenesis of new 

cells is responsible for this rapid increase, but most likely synthesis of 5-HT is activated in 

preexisting but quiescent serotonergic cells. Maybe a rapid increase in serotonin activity 

modulates the initiation of sex change but it rises only for a short time after male removal, and 

therefore no serotonergic differences are visible in stable groups. In the experiments described in 

Chapter 4, we did not sample brains shortly after male removal so we could have missed the 

increased 5-HT levels. In the protogynous fish Thalassoma duperrey, the serotonergic activity 

measured as 5-HIAA/5-HT ratio is high in the raphe region one week after male removal, and 

then it drops in the following weeks (Larson et al., 2003b). The authors did not measure levels in 

stable groups so we cannot tell whether the very high levels at week 1 represented an increase 
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from low baseline levels or that females in that species just have high levels. In L. dalli, the mean 

cell area of the raphe neurons was not affected at all during the course of sex change. 

On the other hand, we might not see dramatic effects on the size or number of neurons 

because the serotonergic neurons could be modulating the expression of their 5-HT receptors or 

their re-uptake rate. Changes might also be occurring on the subtype of receptor expressed in the 

postsynaptic cell rather than at the level of the serotonergic neurons. No studies are available 

linking sex change and 5-HT receptor expression but estrogen and androgen can alter 5-HT 

receptor density and different brain nuclei show a sex difference in their response to steroids 

(Fischette et al. 1983). It is also known that aggression correlates with 5-HT1A receptors mRNA 

in certain brain areas of male mice (Popova et al. 2007), and aggressive hamsters treated with 

anabolic steroids had more 5-HT1B immunopositive cell bodies in the anterior hypothalamus than 

the non-aggressive untreated animals (Grimes and Melloni 2005). Also, in hamsters, losers of 

aggressive encounters show a marked decrease in 5-HT1A receptors in the dorsal raphe relative to 

winners suggesting that stress due to social interactions can reduce message for 5-HT1A 

inhibitory autoreceptors in the raphe and therefore increase its activity (Cooper et al., 2009). 

 The present immunohistochemical study, like the previous pharmacological 

manipulations we performed, shows that in L. dalli the serotonergic system does not present any 

obvious sex and status differences in stable social situations, or any dramatic modifications 

during sex change. Our results open the possibility that a transient increase in serotonergic cell 

number in the dorsal raphe occurs within hours after male removal, but further studies will be 

needed to confirm this finding and to test for changes at the level of receptor expression. In terms 

of localization of serotonergic neurons, our results are similar to those of others suggesting that 

the anatomy of this system is well conserved in many fish species. 
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Table 5.1: Area of 5-HT-ir nuclei in the diencephalon.  
 

 NPPv NRL NRP PVO 

Male 
(5) 

8646.7 
±1195.2 

16966.4 
±2161.4 

19663.3 
±3396.8 

45276.3 
±4879.4 

Alpha 
(5) 

7464.7 
±1195.2 

9562.0 
±2161.4 

14079.6 
±3396.8 

31106.3 
±4879.4 

Beta 
(7) 

5761.1 
±1010.1 

9998.3 
±1826.7 

22442.1 
±2870.8 

38201.6 
±4123.9 

Gamma 
(4) 

6056.3 
±1336.2 

13859.7 
±2416.5 

20580.5 
±3797.8 

40496.5 
±5455.4 

2 hrs 
(4) 

7569.1 
±1247.4 

13682.7 
±1917.0 

19693.6 
±3498.3 

40945.4 
±4329.4 

1 day 
(6) 

8827.8 
±1018.5 

17521.7 
±1565.2 

17671.3 
±2856.4 

44020.8 
±3534.9 

3 day 
(4) 

7355.5 
±1247.4 

13693.3 
±1917.0 

21556.8 
±3498.3 

42605.6 
±4329.4 

7 day 
(5) 

6601.0 
±1115.7 

12788.2 
±1714.6 

18362.2 
±3129.0 

37751.5 
±3872.3 

14 day 
(7) 

8591.0 
±942.9 

13578.4 
±1449.1 

18954.3 
±2644.5 

41123.7 
±3272.7 

 
Area (in ! m2) of the nucleus posterioris periventricularis (NPPv), the nucleus recessus lateralis 
(NRL), the nucleus recessus posterioris (NRP) and the paraventricular organ (PVO) measured as 
the total of the three nuclei. The values are expressed as mean±standard error. The first column 
refers to the sex and the social status of females (alpha, beta and gamma), or the time after male 
removal for sex changing fish. The number in parenthesis is the sample size.  
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Table 5.2: Quantification of 5-HT-ir neurons in the brain stem.  
 

 RD # RM # RTot # RD area RM area RTot area 

Male 
(6) 

33.33 
±10.00 

28.67 
±6.83 

63.67 
±15.62 

154.11 
±9.37 

109.39 
±7.84 

120.69 
±9.17 

Alpha  
(6) 

32.0 
±4.98 

33.00 
±4.52 

68.67 
±10.21 

142.15 
±9.37 

99.17 
±7.84 

116.82 
±9.17 

Beta 
(7) 

38.57 
±3.64 

30.86 
±5.16 

69.43 
±7.86 

125.78 
±8.67 

95.64 
±7.26 

110.71 
±8.49 

Gamma 
(5) 

33.60 
±10.87 

29.60 
±7.14 

75.20 
±16.05 

128.99 
±10.26 

95.46 
±8.59 

111.92 
±10.04 

2 hrs 
(5) 

60.40 
±11.96 

36.8 
±4.67 

100.00 
±10.97 

130.53 
±14.19 

100.95 
±9.96 

99.94 
±12.37 

1 day 
(5) 

43.60 
±7.78 

31.6 
±6.91 

82.80 
±12.63 

133.36 
±14.19 

84.39 
±9.96 

103.25 
±12.37 

3 day 
(6) 

47.33 
±8.86 

31.67 
±6.23 

90.33 
±10.32 

142.33 
±12.96 

90.89 
±9.09 

116.94 
±11.29 

7 day 
(4) 

30.50 
±9.18 

29.50 
±4.50 

68.50 
±12.97 

154.33 
±15.87 

92.25 
±11.13 

114.39 
±13.83 

14 day 
(4) 

36.50 
±9.00 

37.00 
±11.68 

75.50 
±19.81 

142.12 
±15.87 

92.83 
±11.13 

99.17 
±13.83 

 
Number and area of 5-HT-ir cells in the raphe dorsalis (DR), raphe medialis (RM) and total 
(RTot) calculated as sum of RD, RM and other raphe neurons not assigned for sure to any of the 
two areas. The values are expressed as mean±standard error. The area is measured in ! m2. The 
first column refers to the sex and the social status of females (alpha, beta and gamma), or the 
time after male removal for sex changing fish. The number in parenthesis is the sample size. 
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                                                            NRP                                        NRL 
 
 
 
 
 
D)           E)                                                F)  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1: Localization of 5-HT-ir cells in the diencephalon.  A-C) Anterior to posterior 

sections of the paraventricular organ (PVO) showing how the nucleus recessus lateralis (NRL) 

moves from a medial (A) to a more lateral (C) location, while the nucleus recessus posterioris 

(NRP) and the nucleus posterioris periventricularis (NPPv) remain close to the brain midline. 

Magnifications are 20X for (A) and (C) and 10X for (B).  D) NRP under high magnification 

(40X).  E) NPPv under high magnification (40X).  F) Same section as in (E) but omitting the 

primary antibody as negative control showing only background staining.   
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       D)               E) 
 
 
 
 
 
 

 

Figure 5.2: Localization of 5-HT-ir cells in the brain stem and pituitary.  A) Section showing the 

localization of the raphe nucleus dorsalis (RD) and medialis (RM) under low (10X) and higher 

(20X) magnification. B) Same section as in (A) but omitting the primary antibody as negative 

control.  C) Examples of neurons in the RD with large cell bodies and thick lateral projections 

under high magnification (40X).  D) Examples of neurons in the RM distributed along the 

midline in a ventro-dorsal direction (40X).  E) Labeled neurons in the pituitary under high 

magnification (40X). 
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Figure 5.3: Localization of 5-HT-ir fibers.  A-B) Examples of high density of ir fibers in the 

region close to the PVO (20X).  C) Thick ir fibers running in the diencephalon in a dorsoventral 

direction.  B, D-E) Examples of the specificity of the staining by comparing sections with ir 

fibers with the same area treated with antibody preadsorbed with an excess of 5-HT in the 

diencephalon (B), and in the optic tectum (white arrows) at higher 20X (D) and lower 10X (E) 

magnifications. 

 



167 

 

A) 

 

 

  

 

 

 

 

 

B)  

 

 

 

 

 

 

 

 

Figure 5.4: Area of the paraventricular organ and its components.  A) Mean total area of the 

nucleus posterioris periventricularis (NPPv), nucleus recessus lateralis (NRL), and nucleus 

recessus posterioris (NRP).  B) Mean total area of the paraventricular organ (PVO) calculated as 

a sum of NPPv, NRL and NRP. Error bars represent standard errors. 
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Figure 5.5: Number of cells and cell area of the raphe nuclei.  A) Mean total number of 5-HT-ir 

cells in the raphe dorsalis (DR), raphe medialis (RM), unidentified 5-HT-ir cells in the raphe 

(RUn) not clearly assigned to RD or RM, and total number of cells in the raphe  (RTot) including 

the three categories.  B) Mean cell area of ir neurons in the RD, the RM, and total average cell 

area (RTot) including RD, RM and RUn. Error bars represent standard errors. 
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GENERAL DISCUSSION 

 

The series of experiments presented in this dissertation have focused on some of the proximate 

mechanisms underlying sex change and, in particular, the neuroendocrine changes that might 

translate social information into the physiological processes that initiate sex change in fish. In the 

following discussion, I will first present a summary of my results, then summarize the current 

knowledge about the neuroendocrinology of fish sex change, and explain how my results fit into 

that model and into the more general framework of vertebrate sexual differentiation. 

 

Summary of Results 

It is known in L. dalli that the removal of a male from haremic social groups initiates the sex 

change process (Reavis and Grober, 1999; St Mary, 1994), and it is dominant social status that 

determines which female will replace the male (Reavis and Grober, 1999; Rodgers et al., 2007). 

One thing we did not know was how the female realizes that the male is gone. In Chapter 1, I 

partitioned the sensory cues coming from the male and demonstrated that direct physical 

interactions between the male and females inhibit protogynous sex change in L. dalli. In fact, 

most dominant females changed sex when a physical barrier prevented direct behavioral 

interactions with the male. I also showed that these animals integrate a variety of different 

environmental cues into this process. Other factors, such as seasonal rhythms and visual and/or 

olfactory cues emitted by the male, can modulate the timing and behavioral profile of sex 

change. The finding that direct physical interactions are the main cues to inhibit sex change is 

consistent with the fact that social status, subordination in particular, inhibits sex change 

(Rodgers et al., 2007). The mere visual and olfactory presence of the male is not sufficient to 
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convey information on the status if not accompanied by physical aggression. The same probably 

applies to the interactions between females because L. dalli forms a social hierarchy and, at the 

beginning, direct aggressive interactions determine the position of each female in the hierarchy.  

 Among the hormones, the most obvious candidates for a role in the regulation of sex 

change are the sex steroids (Frisch, 2004). To be able to perform studies of hormone-behavior 

relationships, it is essential that we understand diurnal changes in hormone levels, and properly 

account for it when designing our experiments. In Chapter 2, I have demonstrated robust diurnal 

patterns of sex steroids: E2 showed marked increase in the evening, while broader temporal 

trends were revealed for T and KT concentrations, both of which were elevated in the morning. 

Males and females showed similar diurnal patterns for all the hormones, but females had 

significantly higher water-borne E2 levels than males. In Chapter 3, I have analyzed steroid 

concentrations in different tissues during sex change and, based on the results of Chapter 2, I 

chose to sample the animals in the afternoon when hormone levels show the least daily variation. 

The results show that the gonad in L. dalli is the main source of E2 and suggest that the brain 

could be an important source of androgens. During the first 6 days of sex change, E2 levels did 

not change in any of the tissues, T decreased dramatically in brain and muscle, and KT increased 

in the brain demonstrating that different tissues can respond differently to the same social 

manipulation. We did not find any correlation between hormones and behavior generally 

applicable across treatments. There was a strong correlation between T and KT levels in gonad 

and in muscle while most of the other correlations were specific to only one social status or 

treatment. Local KT synthesis in gonad and muscle might be modulated by the availability of its 

precursor T, but there is no evidence of KT production in muscle so further studies will have to 

test this possibility.  
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 Since the direct physical interactions establishing the social status of the animal are critical 

to control sex change (Chapter 1), I chose to analyze the role of serotonin (5-HT) in the 

inhibition of sex change because of the large amount of literature claiming a relationship 

between 5-HT and social status (Blanchard et al., 1993; Edwards and Kravitz, 1997; Larson and 

Summers, 2001; Winberg et al., 2001; Winberg et al., 1997). In Chapter 4, I performed a series 

of pharmacological manipulations by means of implants and injections to either increase or 

decrease serotonergic activity. None of these manipulations could overcome the input from the 

social environment in affecting the outcome of sex change. There was no significant difference 

in monoamine levels between males and females or between dominant and subordinate females 

but there was a trend for higher levels in males. In Chapter 5, I localized serotonergic cells in the 

brain to assess if any local changes in specific brain areas would take place that could not be 

detected by measuring whole brain monoamine levels. I did not find any significant difference 

between males and females or sex changers in the area of 5-HT immunoreactive brain nuclei in 

the diencephalon or in the number of cells in the raphe. 

 Socially regulated sex change is a very complex phenomenon, and we cannot, of course, 

expect that any one molecule alone can control the process, but it is rather the product of an 

interaction of many different hormones and neurotransmitters.  For this reason, it is hard to 

expect dramatic effects and evaluate results when manipulating only one variable at a time. The 

following discussion will describe a brief overview of the current knowledge about 

neuroendocrine correlates of sex change, and how the results of the previous chapters might fit 

into it.  Figure 6.1 presents a visual summary of how the different components mentioned below 

might interact. 
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The Neuroendocrinology of Sex Change 

As mentioned in the introduction, the brain (Francis, 1992) and not the gonad (Godwin et al., 

1996) are considered responsible for the initiation of sex change. Many studies have investigated 

the neuroendocrine changes that take place in the brain of various hermaphroditic species, and 

the Hypothalamus-Pituitary-Gonads (HPG) axis has been an obvious focus of the attention 

(Grober et al., 1991; Grober and Bass, 1991; Koulish and Kramer, 1989). A role of the pituitary 

was confirmed by the fact that administering human Chorionic Gonadotropin (hCG) to females 

of the protogynous bluehead wrasse Thalassoma bifasciatum induced complete sex change 

(Koulish and Kramer, 1989). Since synthesis of gonadotropins in the pituitary is under control of 

Gonadotropin Releasing Hormone (GnRH) produced by the hypothalamus, several studies 

examined the possible role of GnRH in regulating sex change. For example, in T. bifasciatum, 

TP males had 2-3 fold more Luteinizing Hormone Releasing Hormone (LHRH, the primary 

GnRH in mammals) immunoreactive cells than IP males and females in the preoptic area (POA), 

but there was no difference in other brain regions (Grober and Bass, 1991). KT implants can 

increase LHRH cell number in females and IP males (Grober et al., 1991), so the system can be 

modulated by sex steroids.  

 

Steroids and Sex Change 

Many studies have analyzed changes in steroid levels during sex change (reviewed by Frisch, 

2004) and found that in protogynous species typically E2 decreases while KT increases, and 

there are often no changes in T levels. Since the gonads have been considered for a long time the 

main source of steroids (Devlin and Nagahama, 2002), and because sex change can take place 

even in the absence of the gonad (Godwin et al., 1996), then changes in steroid levels have been 
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considered an outcome rather than the cause of sex change. In addition, the reproductive 

behavior of the sex changing fish changes much quicker than the time taken by the testis to 

develop and produce steroids. Previous work on L. dalli has shown that aromatase activity 

decreases in the brain but not in the gonads of sex changing females within hours after male 

removal (Black et al., 2005a). In light of that and the present work (Chapter 3), when studying 

the effect of steroids in modulating a reproductive function, we should not consider them as a 

general entity applicable to the whole body but rather in terms of their local actions in specific 

tissues.  Thus, while increased steroids may be a consequence of sex change for the gonads, this 

is not necessarily the case for the brain. In fact, I showed in Chapter 3 that in females E2 is 

higher in the gonads, while androgens are higher in the brain. During sex change, T levels 

dropped while KT increased, and E2 levels did not change in the brain of dominant females.  In 

their gonads, T and E2 levels did not change while KT showed a trend for an increase. The 

results show that steroid levels are responsive to changes in the social environment, and that 

these responses vary in complex ways in different tissues. Also, rapid changes in brain androgen 

levels might be implicated in inducing behavioral and/or morphological changes associated with 

sex reversal. I suggested that the drop in T levels might be a physiological cue that the animal 

uses to translate the absence of a mate (in this case the male, but it could also be used to signal 

the absence of females, since L. dalli females do not change sex in isolation). The rise in KT in 

both brain and gonad might be the hormonal cue that initiates the behavioral and morphological 

changes. However, it might have to be concurrent with a drop in T, since both androgens share 

the same receptor, and T has much higher affinity (Olsson et al., 2005) and is present at much 

higher concentrations. KT implants may be effective to induce sex change (Bhandari et al., 2006; 
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Kobayashi et al., 1991; Kroon and Liley, 2000) because at very high non-physiological levels 

KT might be able to bind to androgen receptors even in the presence of T.  

Other studies have shown a decrease in E2 during sex change (Bhandari et al., 2003; 

Cardwell and Liley, 1991a; Nakamura et al., 1989), but our findings suggest that E2 decreases 

more as a consequence rather than the cause of sex change. In fact, alpha females 6 days after 

male removal still have the high brain and gonadal E2 level typical of females, but they are 

performing male typical behavior. This suggests that E2 is more important for anatomical 

changes in the gonad rather than behavioral ones. High E2 levels are necessary for the presence 

of a functioning ovary (Devlin and Nagahama, 2002), and when sex change takes place and the 

ovary breaks down, then E2 synthesis decreases. In addition, high E2 levels may inhibit the 

development of male function in the gonad, such that anatomical sex change cannot take place 

until this inhibition is removed (Morrey et al., 2002) by the rise in KT. It is very interesting that 

we found no sex differences in KT levels in stable groups because KT has been considered the 

primary male hormone in fish and is typically higher in males (Borg, 1994). These and the 

results of Chapter 2 confirm previous reports from our laboratory (Rodgers et al., 2006) 

demonstrating a lack of sex differences in water-borne KT concentrations. Maybe in 

gonochoristic fish and in protogynous species that present sexual dimorphism, high KT levels are 

needed to maintain morphologically distinct male phenotypes and/or secondary male sexual 

characters and to suppress oocyte development rather than maintain spermatogenesis.   

Removal of the male and consequent acquisition of dominant status induced changes in 

steroid levels in the brain of alpha females (Chapter 3), and this phenomenon is in agreement 

with the modulation of steroid levels based on social interactions documented in other species 

(Oliveira et al., 2002; Remage-Healey and Bass, 2007; Wingfield, 1984). To go back to the 
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original model including the HPG axis (Fig. 6.1), these brain changes in steroid levels due to 

social interactions might be responsible of affecting GnRH production by acting on the steroid 

receptors present in the POA (Fabre-Nys, 1998), and of inducing the production of 

gonadotropins that will regulate steroid synthesis in the gonads. Therefore, steroids in the brain 

could be responsible of modulating steroid production in the gonad. In addition, it is well 

established that gonadal steroids can feedback to the hypothalamus to modulate their own 

synthesis (Devlin and Nagahama, 2002).   

 

Serotonin and Sex Change 

There is evidence also that serotonin can act at different levels within the HPG axis to affect 

reproductive behavior. In fact, 5-HT can facilitate the release of gonadotropins from the pituitary 

in the Atlantic croaker Micropogonias undulates (Khan and Thomas, 1992), sailfin molly 

Poecilia latipinna (Groves and Batten, 1986), and goldfish Carassius auratus (Somoza and 

Peter, 1991; Somoza et al., 1988). Consistent with other species (Ekstršm and Van Veen, 1984; 

Margolis-Kazan et al., 1985), we found that in L. dalli the main brain area containing 

serotonergic cell bodies is the raphe nucleus in the brainstem and we also found 5-HT staining in 

the pituitary (Chapter 5). Our experiment does not allow us to assess where the projections from 

the raphe are directed to, but in rodents some brain regions such as the POA that have steroid 

receptors receive serotonergic projections (Fabre-Nys, 1998). Administration of 5-HT directly in 

the POA (Verma et al., 1989) decreases copulation rate in male rats and lordosis in females 

(Fabre-Nys, 1998). So it seems like 5-HT can have an inhibitory action on sexual behavior by 

acting in the POA, but a facilitatory role on gonadotropin release by acting on the pituitary. This 
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dual action could explain why our systemic manipulation of serotonergic activity did not have 

any effect on sex change.  

It is not very clear what the mechanisms are that utilize 5-HT to regulate aggression and 

social status. One possibility is that it acts by altering the synthesis or release of arginine 

vasotocin (AVT). AVT is a peptide also produced in the POA that plays an important role in the 

control of both sexual (Moore, 1992) and aggressive behavior (Ferris and Delville, 1994). In 

hamsters, serotonergic fibers synapse with neurons producing arginine vasopressin (AVP, the 

AVT homologue in mammals), and in rats AVP microinjections in the anterior hypothalamus 

causes an increase in aggressive behavior, but this effect can be blocked by the SSRI fluoxetine 

(Ferris et al., 1997). In the bluehead wrasse, territorial aggressive TP males have more AVT 

mRNA producing cells than females and IP males, and AVT mRNA levels increase during sex 

change (Godwin et al., 2000). Moreover, treating male bluehead wrasses with fluoxetine 

decreased their aggression (Perreault et al., 2003), and AVT mRNA expression in the POA 

(Semsar et al., 2004). In L. dalli, males and sex changing females have more AVT cells than 

females (Reavis and Grober, 1999). In Chapter 4, I did not find any significant correlation 

between aggression and serotonergic activity nor any sex or status differences, therefore the 

higher number of AVT cells in L. dalli males is not due to elevated 5-HT levels. Maybe 

increased 5-HT can inhibit AVT production but a different mechanisms (such as a rise in KT) 

acts to stimulate its synthesis. While there is no evidence of sex differences in 5-HT levels in 

fish, our results contrast with studies showing lower serotonergic function in subordinate fish 

(Winberg et al., 1997). It may be hard to generalize the relationship between 5-HT and social 

status because the achievement of a certain status is the product of a complex interaction of many 

factors (such as previous fighting experience, physical conditions, fighting abilities of the 
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opponent, etc.), and also the social system of the species studied and the experimental paradigm 

need to be taken into consideration. For example, while in fish reduced serotonergic activity has 

been associated with dominant status (Winberg et al., 1997), in primates, lower serotonergic 

activity is associated with lower social status, because these animals initiate aggression more 

often and present less affiliative behavior and worse social skills (Raleigh et al., 1991). These 

and other studies suggest that we should not assume that aggression and dominance always go 

together (Edwards and Kravitz, 1997). Serotonin is also involved in initiating the stress response 

(Winberg and Nilsson, 1993a), so increased aggression during a fight might require activating 

the stress response, and therefore serotonergic activity could increase as a consequence rather 

than a cause of aggression. L. dalli is a very social species and once the social hierarchy is 

established, they exhibit low rates of ritualized aggression, so being subordinate is not 

necessarily more stressful than being dominant. In fact, there is no difference between alpha, 

beta and gamma females in water-born cortisol levels in L. dalli (Earley, unpublished data). In 

addition, dominant males are not more aggressive than females (Rodgers et al., 2007) so it might 

not be surprising that in this species there is not a clear dichotomy in serotonergic activity 

between dominant and subordinate individuals.  

 

Vertebrate Sexual Differentiation and Neurobiological Sex Differences 

In mammals and birds, sexual differentiation is typically controlled by the presence of sex 

chromosomes that induce the development of sex specific reproductive organs, and the steroids 

produced by the gonads are thought to masculinize or feminize the brain and the rest of the body 

during a critical sensitive period of development (Phoenix et al., 1959; Gorski et al., 1980). In 

the brain, estradiol is the masculinizing hormone (Grisham and Arnold, 1995), and brain slices of 
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juvenile male zebra finches produce more estradiol than those of females (Holloway and 

Clayton, 2001). One of the current hypotheses on the development of brain sex differences is that 

testosterone coming from the gonads is aromatized into estradiol in the brain to masculinize it 

(reviewed by Wade, 2001). In L. dalli, we found that androgen levels were much higher in the 

brain than in the gonad, supporting the hypothesis that local steroidogenesis might play an 

important role in the brain sexual differentiation, and that not only estrogen but also androgens 

are produced directly in the brain. In the parthenogenetic unisexual whiptail lizard 

Cnemidophorus uniparens, postovulatory females present male-like mounting, and this behavior 

is also stimulated by exogenous testosterone (Crews, 2005). Since no androgens are detected in 

the circulatory system of these females, and mRNA levels of CYP17, the enzyme required for 

androgen synthesis, are higher in the POA of postovulatory lizards (Dias et al., 2009), the 

steroids synthesized directly within the brain seem to be responsible for this sexual behavior.  

Sex differences in behavior should be the product of sex differences in the nervous 

system, and there are many examples of sexually dimorphic brain nuclei (Nelson, 1995). For a 

few sexually dimorphic brain nuclei, we have a solid, functional understanding of the 

dimorphism (e.g., the sexually dimorphic nucleus of the hypothalamus  (SDN) in rats (Gorski et 

al., 1980) and song nuclei in birds (Nottebohm and Arnold, 1976)). Socially regulated sex 

change is a fascinating phenomenon because a female is capable of producing male typical 

reproductive behavior within minutes and building functional male reproductive structures 

within two weeks (Reavis and Grober, 1999; Rodgers et al., 2007), and this ability is not limited 

to any critical developmental period, like it is in most vertebrates (Godwin et al., 2003; Rodgers 

et al., 2007). The fact that a sex-changing female can quickly switch to male typical behavior 

indicates that the brain has the potential to express the behavior of either sex without the need for 
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structural reorganization. While most mammals are more fixed in their ability to express sexual 

behavior in adulthood, giving testosterone early in life to female rats can induce male typical 

behavior in adulthood, showing that the brain sexual differentiation is under hormonal control, 

and all individuals have the intrinsic potential to develop in both directions. In L. dalli, we found 

that females have higher levels of E2 in brain, gonad and muscle compared to males (Chapter 3) 

showing how sex differences are present even at the tissue level, and support the fact that we 

should be studying sex differences in hormonal milieu and/or receptor expression rather than 

purely structural dimorphisms. At the same time, our results show the lack of sex difference in 

androgen and serotonin levels in stable social conditions suggesting that chronic differences in 

these chemicals are not necessary for the maintenance of sexually dimorphic behavior and 

physiology.  

The transitory increase in KT and decrease in T that we observed in L. dalli during sex 

change could function to masculinize the brain by altering receptor expression or enzyme 

activity, and allowing the development of sexually dimorphic traits. Many epidemiological 

studies show that there are sex differences in the incidence of certain human pathologies of the 

nervous system such as depression, Parkinson's and Alzheimer's diseases (reviewed by Melcangi 

and Garcia-Segura, 2009), supporting the existence of sex differences in the brain, and the need 

for further research to understand how, where and why these differences arise. 

 

Conclusions 

To summarize, it is probably the confluence of a combination of transitory rather than long-term 

changes in multiple endocrine and neural systems that produce the right neuroendocrine milieu 

conducive to sex change, and this explains the lack of sex or status differences in 5-HT within 
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stable groups. Future studies will need to examine multiple components simultaneously and 

within a very short time frame to understand the subtle interactions among them. We have shown 

that serotonin manipulations are not sufficient to control sex change but we cannot exclude that 

serotonin acts synergistically with other neurotransmitters or peptides to regulate sex change. We 

have also demonstrated that different tissues can have very different steroid levels and therefore 

caution is required when using plasma or whole body values to predict local levels. We propose 

that an increase in KT in the brain with an associated drop in T is the steroidal milieu that 

initiates sex change and might have an inhibitory effect on the synthesis of E2. In the future, it 

will be interesting to determine which mechanisms allow for compartmentalization of steroids in 

different tissues. The HPG axis is very conserved across all vertebrates and understanding how 

the social environment can act on it to affect reproductive behavior and physiology provides 

information useful to many fields of research especially animal welfare and reproduction. In fact, 

dominance influences reproductive physiology of many species (Ellis, 1995), not only the 

hermaphrodites (Desjardins and Fernald, 2008), so this and future studies of socially regulated 

sex change can provide important insights into how an organism can modulate its reproductive 

system in response to social stimuli. In addition, sex change provides an invaluable model to 

understand the interaction between steroids and other hormones, and the neuroendocrine bases of 

sexually dimorphic behaviors. 
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Figure 6.1: Model of the interaction of serotonin, sex steroids, neuropeptides, gonadotropins, 

and behavior in the regulation of sex change. Dotted lines represent feedback action and a line 

with a circle represents inhibitory action. 
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