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R E P R O D U C T I O N - D E V E L O P M E N T  
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Social position in a dominance hierarchy is often tightly coupled with fertility. Consequently, an animal 
that can recognize and rapidly take advantage of an opportunity to rise in rank will have a reproductive 

advantage. Reproduction in all vertebrates is controlled by the brain-pituitary-gonad axis, and in males 
of the African cichlid fish Astatotilapia burtoni, GnRH1 neurons at the apex of this axis are under social 
control. However, little is known about how quickly social information is transformed into functional 
reproductive change, or about how socially controlled changes in GnRH1 neurons influence down-
stream actions of the brain-pituitary-gonad axis. We created an opportunity for reproductively sup-
pressed males to ascend in status and then measured how quickly the perception of this opportunity 

caused changes in mRNA and protein levels of the pituitary gonadotropins. mRNA levels of the �-sub-
units of LH and FSH rose rapidly in the pituitary 30 min after suppressed males perceived an opportunity 

to ascend. In contrast, mRNA levels of GnRH receptor-1 remained unchanged during social transition 

but were higher in stable dominant compared with subordinate males. In the circulation, levels of both 

LH and FSH were also quickly elevated. There was a positive correlation between mRNA in the pituitary 

and circulating protein levels for LH and FSH, and both gonadotropins were positively correlated with 

plasma 11-ketotestosterone. Our results show that the pituitary is stimulated extremely rapidly after 
perception of social opportunity, probably to allow suppressed males to quickly achieve reproductive 

success in a dynamic social environment. (Endocrinology 152: 281–290, 2011) 

The social environment plays an important role in reg-
ulating reproductive physiology and fitness across 

taxa, but little is known about how changes in social status 
control the reproductive axis at multiple levels within a single 
species.Dominant individuals withina populationoftensup-
press the reproductive function of subordinates through so-
cial interactions, which ultimately represses fertility via ac-
tions on the brain-pituitary-gonad (BPG) axis (1–3). GnRH1 
neurons in the hypothalamus and preoptic area of the brain 
sit at the apex of the BPG axis and stimulate the pituitary to 
synthesize and release the gonadotropin hormones FSH and 
LH to the bloodstream. In males, circulating FSH and LH 
then target their receptors in the testes to promote spermat-
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ogenesis and steroid production. Although several studies 
have examined changes in gonadotropin synthesis, release, 
and action along the BPG axis in seasonally breeding or sex-
changing animals (4–6), plasticity within elements of the 
gonadotropin system in response to a dynamic social envi-
ronment is not well understood. 

In the African cichlid fish Astatotilapia burtoni, repro-
ductive capacity is tightly coupled to social status (7), 
which makes it an excellent model for examining how the 
social environment regulates different components of the 
BPG axis. Males of this species have evolved two distinct, 
reversible phenotypes as an adaptation to their dynamic 
social environment: 1) dominant males are brightly col-

Abbreviations: BPG, Brain-pituitary-gonad; CT, cycle number at threshold; GnRH-R1, 
GnRH receptor type 1; 11-KT, 11-ketotestosterone; qRT-PCR, quantitative RT-PCR; GSI, 
gonadosomatic index; RACE, rapid amplification of cDNA ends. 
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ored, defend a spawning territory, and display aggressive 
and courtship behaviors; and 2) subordinate males have 
cryptic coloration similar to females, lack a spawning ter-
ritory, display submissive behaviors, and do not court fe-
males (8). In addition to these behavioral and coloration 
differences, dominant and subordinate males also differ in 
several key reproductive physiological traits. For example, 
dominant males have larger GnRH1 somata (9, 10), 
higher GnRH1 gene expression in the brain (11), higher 
GnRH receptor type 1 (GnRH-R1) gene expression in the 
pituitary (12), higher circulating androgen levels (13), 
higher steroid receptor expression in the brain (14), and 
larger testes (15) compared with subordinate individuals. 
When a subordinate male perceives an opportunity to as-
cend in social status and become dominant, he displays 
territorial and reproductive behaviors within minutes (16, 
17) and shows rapidly increased immediate early gene 
mRNA expression (egr-1) within the preoptic area and in 
GnRH1 neurons (16). This rapid activation of the GnRH1 
neurons may be an early trigger in the molecular cascade 
that culminates in physiological changes associated 
with reproductive competence, but it is not known 
whether this immediate early gene activation is trans-
formed into functional activation of the pituitary and 
gonadotropin release. 

The pituitary gonadotropins are critical components of 
the BPG axis in all vertebrates that relay information from 
the brain and pituitary to the testes and can be used as a 
proxy measurement for GnRH1 functional activation of 
the reproductive axis. This proxy is necessary both be-
cause GnRH1 in fishes is released directly from nerve end-
ings that innervate the pituitary and because GnRH1 
binds quickly to its receptors and is rapidly catabolized 
after activation, often rendering it undetectable. Despite 
the previous studies on social control of reproduction in A. 
burtoni, nothing is known about how social status and the 
ascension to full reproductive capacity influences pituitary 
FSH and LH gene expression and release of mature hor-
mone into the bloodstream. Understanding whether and 
how quickly the gonadotropin system is also influenced by 
social status is critical for interpreting how the entire BPG 
axis, and hence reproductive capacity, is rapidly and re-
versibly switched between dominant and subordinate 
male phenotypes. 

This is the first of two complementary studies designed 
to understand how quickly the reproductive axis is up-
regulated in A. burtoni upon ascent to social dominance. 
Here we examine the temporal expression patterns of 
physiological traits at the pituitary gonadotropin level, 
whereas the companion paper addresses the temporal ex-
pression pattern at the level of the testes (18). The goal of 
this study was to determine the temporal expression pat-

terns of FSH� and LH� mRNA levels in the pituitary as 
well as the circulating gonadotropin levels in the blood at 
different time points after social ascent. Our results show rapid 
up-regulation of the BPG axis at the level of the pituitary go-
nadotropins and demonstrate that this level of the repro-
ductive axis is also influenced by the social environment. 

Materials and Methods 

Animals 
Laboratory-bred male cichlid fish A. burtoni, derived from 

wild-caught stock in Lake Tanganyika, Africa, were maintained 
in aquaria under environmental conditions that mimic their nat-
ural equatorial habitat (28 C, pH 8.0, 12 h light and 12 h dark 
with full spectrum illumination, and constant aeration) and fed 
cichlid pellets and flakes (AquaDine, Healdsburg, CA) each 
morning. Aquaria contained gravel-covered bottoms with half 
terra cotta pots that served as spawning territories. All experi-
mental procedures were approved by the Stanford Administra-
tive Panel for Laboratory Animal Care. 

Social manipulation 
We created an opportunity for social ascent using an exper-

imental paradigm identical to that described previously (17), 
which was modified from that originally described by Burmeister 
et al. (16). Briefly, dominant males (5.5–7.5 cm standard length) 
from community tanks were placed into aquaria for 4–5 wk with 
several larger dominant suppressor males, females, and subor-
dinate males. At the end of the suppression period, subjects were 
moved into the central compartment of an experimental tank 
that contained one larger resident dominant male and four fe-
males. This central compartment was isolated from community 
tanks on either side that contained multiple dominant males, 
subordinate males, and females with transparent acrylic barriers 
so that fish could interact visually but not physically with com-
munity animals. All dominant males in adjacent community 
tanks were smaller in size than the suppressed subject male to 
ensure his ascent upon presentation of social opportunity. 

Subject males remained in the experimental tank for 2 d dur-
ing which time we confirmed with behavioral observations that 
they remained suppressed by the larger resident male. On the 
following morning (day of ascension), the resident suppressor 
male was removed with a net in the dark 1 h before light onset 
using infrared night vision goggles (Bushnell night vision, model 
26-1020). Behavior in the experimental aquarium was recorded 
for 45 min for later quantification beginning at light onset in the 
morning (digital video camera, Sony HDR) on the day before, 
day of, and for each of 5 d after social ascent (data are described 
in Ref. 17). Time of ascent was defined as the time between light 
onset and the time when males performed dominance behaviors 
at a rate of three behaviors per minute (as described in Ref. 17). 

Stable dominant and stable subordinate males were also used 
as control comparisons to males ascending in social status. Stable 
subordinate males were suppressed in community tanks for 4–5 
wk and transferred to the experimental tank as described above. 
On the day of ascension, removal of the suppressor dominant 
male was simulated by dipping a net into the tank before light 
onset. The dominant resident was not removed, however, which 
kept the subject male in subordinate status. Stable dominants 
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were dominant males that maintained their status in community 
tanks for 4–5 wk and were then placed in the experimental tank 
with four females but no larger resident male, which maintains 
their dominance status. On the stimulus day, a net was dipped 
into the water before light onset to simulate resident male re-
moval. Stable dominant animals were all killed on the simulated 
stimulus day at 30 min after they displayed dominance behaviors 
as described above, whereas stable subordinates were killed at a 
time point after light onset that was equivalent to the kill time of 
stable dominants. 

Sequencing of LH� and FSH� 
At the start of the study, the sequences for LH� and FSH� in 

A. burtoni were unknown. To identify a partial cDNA sequence 
for these transcripts, a combination of PCR and rapid amplifi-
cation of cDNA ends (RACE) PCR (Clontech Laboratories, Inc., 
Mountain View, CA) were used. The hormone-specific �-sub-
units of the heterodimeric glycoprotein gonadotropins were cho-
sen for measurement rather than the common �-subunit because 
they confer the biological activity of each hormone (19). 

cDNA for PCR was prepared by first isolating RNA from the 
pituitary (RNeasy micro kit; QIAGEN, Valencia, CA) of a dom-
inant male, followed by first-strand cDNA synthesis for prepa-
ration of 5�- and 3�-RACE-ready cDNA according to the man-
ufacturer’s instructions (SMART-RACE protocol; Clontech). 
PCR primers were designed based on the sequences of tilapia 
(Oreochromis niloticus) LH� and FSH�. A fragment from each 
gene was amplified on a thermal cycler using a touchdown pro-
tocol: 1 min at 95 C, 10 cycles of decreasing annealing temper-
atures (1 C increments from 65 to 55 C) for 30 sec and 72 C 
extensions for 3 min, followed by 28 cycles of 1 min at 95 C, 30 
sec at 55 C, and 3 min at 72 C, with a final extension for 5 min 
at 72 C. The reaction products were then visualized and purified 
by running on a 0.8% agarose Sybr Green CloneWell gel (In-
vitrogen, Carlsbad, CA), and the bands were collected and 
sequenced (Sequetech, Mountain View, CA.). BLAST analysis 
confirmed each sequence had high similarity (�93%) to its re-
spective transcript in other perciform fishes, including closely 
related cichlids (E values � e�100 for O. mossambicus and O. 
niloticus). The sequences were then used to generate A. burtoni-
specific primers for RACE reactions to isolate the 3� and 5� ends 
of the cDNA and to design primers for quantitative RT-PCR 
(qRT-PCR). To verify sequence identity, phylogenetic and mo-
lecular evolutionary analyses were conducted on the translated 
amino acid sequence using MEGA version 4.1 (20). The per-
centage of replicate trees in which A. burtoni clustered together 
with O. niloticus in the bootstrap test (1000 replicates; neighbor-
joining method) was 100% for FSH� and 88% for LH�. 

Tissue preparation 
All stable dominant, subordinate, and ascending males were 

anesthetized in an ice-cold tank water, measured for standard 
length (�1 mm) and weighed (�0.001 g), and blood samples 
were collected by caudal severance within 2 min of capture into 
100-�l capillary tubes. Ascending males were sampled at 30 min 
and 6, 24, 72, and 120 h after social ascent. These time points 
were chosen to encompass the rapid behavioral and brain acti-
vation changes (16, 17) as well as the longer-term morphological 
changes in GnRH1 neuron size and testis mass that occur within 
approximately 4–7 d (7, 11). Blood was centrifuged for 10 min 
at 8000 rpm, and the plasma was removed and stored at �80 C. 

All fish used in this study were the same as those used in a pre-
vious study to examine the temporal changes in behavior and 
circulating 11-ketotestosterone levels during social ascent (17). 

Pituitaries were rapidly removed, flash frozen, and stored at 
�80 C until use. Testes were also removed and weighed to cal-
culate the gonadosomatic index [GSI � (gonad mass/body 
mass) � 100]. A 2- to 5-mg portion of the central right testis was 
removed for qRT-PCR, and the remainder of the testis was fixed 
in 4% buffered formalin for histological processing [see com-
panion paper (18) for these data]. 

Pituitary tissue was homogenized and RNA extracted follow-
ing standard kit protocols (RNeasy micro kit; QIAGEN). RNA 
was treated with deoxyribonuclease (ribonuclease-free deoxyri-
bonuclease set; QIAGEN) during the isolation procedure ac-
cording to kit instructions to remove contaminating genomic 
DNA. RNA quality and concentration was estimated from spec-
trophotometric absorbance (260 and 280 nm) for all samples. 
Approximately 0.5 �g of total RNA was reverse transcribed to 
cDNA (iScript cDNA synthesis kit; Bio-Rad, Hercules, CA) and 
diluted before use as a template for qRT-PCR. 

Quantitative RT PCR 
Quantitative RT-PCR was used to measure mRNA expres-

sion of LH�, FSH�, and GnRH-R1 from the pituitary. The 
GnRH receptor subtype GnRH-R1 was chosen for two reasons. 
First, previous studies in A. burtoni showed that GnRH-R1 was 
expressed in the ventral-anterior and posterior pituitary region 
where the gonadotrope cells are located, suggesting it may be 
important for LH and FSH synthesis and release (21, 22). Sec-
ond, pituitary mRNA levels of GnRH-R1, but not GnRH-R2, 
were higher in dominant compared with subordinate males (12). 
Thus, GnRH-R1 may be an important regulatory component for 
socially induced reproductive plasticity. The iQ Sybr Green su-
permix (Bio-Rad) was used for qRT-PCR with gene-specific 
primers. Primers for LH� and FSH� were designed with Prim-
erQuest (IDT Technologies, Inc., San Diego, CA) from the se-
quences for each cDNA obtained from RACE reactions de-
scribed above and synthesized commercially as follows: LH� 
forward 5�-TGT CAG CTC ATC AAC CAG ACA GTG-3� and 
reverse 5�-GCA CAC ATG CTG GTA CAC ATT GCT-3� (147-bp 
product) (GenBank HQ147565) and FSH� forward 5�-CGA 
CAC CAC CAT TTG TGA AGG ACA-3� and reverse 5�-CCC 
GTG GAC ATT GCT CTG TGT ATT-3� (134-bp product) 
(GenBank HQ147566). Primers for GnRH-R1 and the reference 
genes, 18s rRNA, and glyceraldehyde 3-phosphodehydrogenase 
(G3PDH), were also commercially synthesized and identical to 
those used in previous studies (12, 14, 23). Each primer pair 
produced a single melting curve peak in the presence of cDNA 
template and showed no amplification when water was used as a 
template in the reactionmix orwhen reversetranscriptase was omit-
ted from the cDNA synthesis reaction (negative controls). PCR was 
performed on an iCycler (Bio-Rad), and the reaction progress in 
30-�l volumes was monitored by fluorescence detection at 490 nm 
during each annealing step. Reaction parameters were 3 min at 95 
C followed by 45 cycles of 95 C, 60 C, and 72 C for 30 sec each and 
followed by a melting curve analysis over the temperature range of 
95–55 C (decrease by 0.5 C increments each cycle). All reactions 
were performed in duplicate, and several reaction products per gene 
were verified by DNA sequencing (Sequetech). 

Fluorescence thresholds for each sample were automatically 
measured (MyiQ software; Bio-Rad), and then PCR Miner soft-
ware (23) was used to calculate reaction efficiencies and cycle 
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FIG. 1. Levels of LH�, FSH�, and GnRH-R1 mRNA in the pituitary of male 
African cichlid fish A. burtoni during social ascent. A, Levels of LH� (bars) 
were rapidly elevated above stable subordinate levels at 30 min after 
perception of social opportunity and further increased to reach stable 
dominant levels by 72 h. Serum 11-KT levels (F) (data from Ref. 17) 
showed a similar pattern of increase at 30 min, were relatively stable 
through 24 h, and then further increased to stable dominant levels by 
72 h. B, Levels of FSH� were also rapidly elevated at 30 min after ascent 
and reached a maximum at 120 h after perception of social opportunity. 
C, GnRH-R1 levels did not change during social transition but were 
approximately 2-fold higher in stable dominant males compared with 
stable subordinates. Data are plotted as relative mRNA levels (mean � SE) 
referenced to the geometric mean of two housekeeping genes (18s and 
G3PDH). Bars with different letters represent significant differences (P   
0.05), and sample sizes are indicated within each bar on the bottom 
graph. 
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thresholds from the fluorescence readings of individual wells during 
the reaction. This curve-fitting real-time PCR algorithm objectively 
calculates reaction efficiency and the fractional cycle number at 
threshold (CT) of the amplification curve for more accurate com-
putation of mRNA levels. By using the kinetics of individual reac-
tions, estimates of efficiency and CT are independent of the specific 
equipment used to perform PCR, and data can be more reliably 
compared across plates. The relative amount of target gene mRNA 
was then normalized to the geometric mean of two housekeeping 
genes (18s and G3PDH) that were also measured in each sample, 
as previously described (12, 14, 24). Normalization to multiple 
reference genes, rather than a single gene, provides a more accurate 
quantification of mRNA levels (25, 26). Mean CT values for 18s 
and G3PDH did not differ among subordinate, ascending, and 
dominant pituitary samples (P � 0.05), demonstrating they are 
appropriate reference genes for this study. 

LH and FSH plasma assays 
Frozen plasma samples (50 �l) were lyophilized and shipped 

to Prof. B. Levavi-Sivan (The Hebrew University of Jerusalem, 
Jerusalem, Israel) for measurement of circulating levels of LH 
and FSH. The large volume of plasma required for these LH and 
FSH assays precluded measurement of circulating steroids in the 
same samples, with the exception of 11-ketotestosterone (11-
KT), which was reported previously (17) and in Fig. 1. A specific 
and homologous ELISA was developed for the related cichlid O. 
niloticus (27) and validated for use in A. burtoni (see below). 
Competitive ELISAs were performed using specific primary an-
tibodies against tilapia LH or tilapia FSH� and recombinant 
tilapia LH�� (28) or recombinant tilapia FSH�� (29) for the 
standard curves. The wells were coated with recombinant tilapia 
LH� or FSH�, and the antibodies were used at a final concen-
tration of 1:5000 (LH) or 1:50,000 (FSH). The intraassay and 
interassay coefficients of variation, respectively, were 7.2 and 
14.8% for LH and 8.0 and 12.5% for FSH. The sensitivities of 
the assays were 0.65 ng ml�1 for LH and 0.55 ng ml�1 for FSH 
(see Ref. 27 for further details on the ELISA procedure). 

It was shown previously that the ELISA used in the current study 
can be used to measure both LH and FSH of other cichlid species like 
Tilapia zillii and the Malawi cichlid Electric blue Hap (Haplochro-
mis ahli) (27). To validate the ELISA for A. burtoni, serial dilutions 
of A. burtoni plasma were measured in the same assay together with 
the standards. These dilution curves were found to be parallel to 
that of the tilapia LH and FSH standards, indicating that A. burtoni 
LH and FSH are immunologically similar to that of tilapia and can 
be measured by the same ELISA. When the data of the standard 
curves were transformed (LOGIT) to a linear plot, the correlation 
coefficients of the lines were 0.977 � 0.002 and 0.976 � 0.005 for 
A. burtoni plasma LH and FSH, respectively (n � 3 for each curve). 
ANOVA of the slopes for the different regression lines showed that 
the slopes did not differ (P � 0.05). 

Statistical analyses 
Data sets that were normally distributed (Shapiro-Wilk test) 

with equal variances (Levene median test) were analyzed with 
one-way ANOVA with post hoc Student Newman Keuls tests for 
multiple comparisons, whereas data that did not meet the as-
sumptions of parametric statistics were compared with Kruskal-
Wallis tests with post hoc Dunn’s tests. Correlations were as-
sessed with either Pearson product moment tests (parametric) or 

Spearman rank tests (nonparametric). For consistency, however, 
all data are plotted as mean � SE with appropriate statistical test 
values reported in the text. Statistical comparisons were per-
formed with SigmaPlot version 11.0 (Systat Software, Inc., San 
Jose, CA). 
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Results 

Temporal expression of pituitary mRNA levels 
Pituitary LH� mRNA levels were rapidly elevated in 

fish sampled 30 min after ascent, remained relatively sta-
ble for 24 h, and then increased to stable dominant male 
levels by 72 h [ANOVA, F(6,72) � 5.89, P   0.001; Stu-
dent-Newman-Keuls, P   0.05] (Fig. 1A). Pituitary FSH� 
levels were also rapidly elevated at 30 min after ascent to 
a level that was equivalent to that of stable dominant males 
[ANOVA, F(6,72) � 4.35, P   0.001; Student-Newman-
Keuls, P   0.05] and then showed a further increase at 
120 h after ascent (Fig. 1B). Pituitary GnRH-R1 mRNA 
levels were 2-fold higher in stable dominant compared 
with stable subordinate males [ANOVA, F(6,72) � 
4.216, P � 0.001; Student-Newman-Keuls, P   0.05], 
and although there appeared to be higher levels at 120 h 
after ascent, the high variation among individuals at this 
time point precluded detection of statistical significance 
(Fig. 1C). 

Temporal expression of circulating gonadotropin 
levels 

Circulating levels of LH ranged from 14–116 ng ml�1 

in stable subordinate males and 100–350 ng ml�1 in stable 
dominant males. Plasma LH levels were rapidly elevated in 
fish sampled 30 min after ascent to a level that was equiv-
alent to stable dominant males [ANOVA, F(6,72) � 4.420, 
P   0.001; Student-Newman-Keuls, P   0.05] (Fig. 2). 
LH levels were then lower from 6 h through 72 h and then 
showed a 2-fold increase at 120 h to a level similar to that 
of stable dominant males (Fig. 2). 

Circulating levels of FSH were on average much lower 
than serum LH levels and ranged from 1–29 ng ml�1 in 
stable subordinate males and 19–44 ng ml�1 in stable 
dominant males (Fig. 2). Similar to LH, plasma FSH levels 
were also rapidly elevated by 30 min after ascent to a level 
that was similar to stable dominant males [ANOVA, 
F(6,72) � 6.658, P   0.001; Student-Newman-Keuls, P   
0.05]. FSH levels were relatively stable in fish sampled 
from 6 h through 120 h, and stable dominant males had 
higher levels than ascending males only at the 6- and 24-h 
time points. 

Relationships between pituitary mRNA levels, 
circulating gonadotropin levels, and GSI 

Pituitary mRNA levels were positively correlated with 
circulating plasma levels for both LH and FSH (Fig. 3). GSI 
was also positively correlated with plasma levels of LH 
and FSH (Fig. 4). Pituitary mRNA levels of FSH� and LH� 
were positively correlated with GSI (Fig. 4). Plasma levels 
of the fish androgen 11-KT (measured in these same an-
imals as part of a previous study) (17) were also positively 

FIG. 2. Circulating plasma levels of LH and FSH in male A. burtoni 
during social ascent. Plasma levels of both LH and FSH were 2-fold 
higher in stable dominant males compared with stable subordinate 
males. Furthermore, LH and FSH were rapidly elevated at 30 min after 
a suppressed subordinate male was given an opportunity to ascend in 
social status. Data are plotted as mean � SE. Bars with different letters 
represent significant differences (P   0.05), and sample sizes are 
indicated within each bar on the bottom graph. 

correlated with mRNA levels of both LH� (r � 0.38; P � 
0.002) and FSH� (r � 0.39; P � 0.002). 

Discussion 

Our results show rapid up-regulation of pituitary gonad-
otropin hormones during social ascent in an African cich-
lid fish (Fig. 5). The lower but measurable levels of both 
LH and FSH in stable subordinate males suggests that the 
BPG axis is not arrested in these socially suppressed indi-
viduals but, rather, maintained at a subthreshold level in 
anticipation of the chance to gain a territory and become 
reproductively active. We also show that the reproductive 
axis is stimulated extremely quickly after perception of 
social opportunity, presumably as an adaptation for sup-
pressed males to rapidly achieve higher reproductive suc-
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FIG. 3. Pituitary gonadotropin mRNA levels are correlated with 
circulating plasma concentrations in male A. burtoni. There was a 
positive correlation between pituitary mRNA levels of LH� and FSH� 
and circulating plasma levels of LH and FSH. Transcript expression is 
plotted as relative mRNA levels referenced to the geometric mean of 
two housekeeping genes (18s and G3PDH). Correlation coefficients (r) 
and P values are shown. 

cess in a dynamic social environment. Thus, the ascension 
to dominance can be viewed as a reactivation of the BPG 
axis akin to puberty in other vertebrates (30). 

In ascending male A. burtoni, LH and FSH were rapidly 
elevated at the mRNA level within the pituitary as well as 
at the functional protein level in the circulation. One pos-
sible explanation is that perception of social opportunity 
triggers rapid GnRH1 release from its terminals within the 
proximal pars distalis of the pituitary, which then has the 
dual effect of simultaneously releasing stored LH and FSH 
to the bloodstream as well as increasing transcription or 
mRNA stability of LH� and FSH� within the gonado-
trope cells. Because both of these effects require GnRH 
ligand binding to its receptor, the apparent slower change 
in GnRH-R1 mRNA expression during social transition 
suggests that receptors are kept at a sufficient level in sub-
ordinate animals to accommodate the transient ligand-
receptor binding interactions required for activation. 

Thus, up-regulation of GnRH receptor mRNA may not be 
necessary during initial stages of transition. 

In mammals, GnRH pulsatility is required for maximal 
GnRH receptor mRNA expression (31), whereas in tila-
pia, a single GnRH analog injection was enough to in-
crease GnRH-R1 mRNA expression (32). Because 
GnRH-R1 has relatively low affinity for GnRH1 peptide, 
it was previously suggested that high concentrations of 
GnRH1 would be required in the pituitary or that another 
yet undiscovered GnRH receptor with higher GnRH1 af-
finity exists in A. burtoni (22). Other possibilities are that 
changes in cell surface receptor concentrations, posttran-
scriptional or posttranslational modifications of GnRH 
receptors, or changes in signal transduction pathways, 
rather than changes in GnRH-R1 mRNA levels, are more 
important regulatory mechanisms during early stages of 
social ascent. 

In A. burtoni, circulating LH and FSH levels were ele-
vated by 30 min after social ascent, suggesting that the 
perception of social opportunity rapidly signals GnRH 
neurons to release peptide to the pituitary gonadotropes. 
There is evidence that GnRH acts as a secretagogue for 
both LH and FSH from the pituitary in mammals (33, 34) 
as well as in fishes (27, 35–38). In the tilapia O. niloticus, 
injections of GnRH analog increased plasma LH and FSH 
levels within 6 h (29), and in the catfish Clarias gariepinus, 
ip injections of GnRH2 increased plasma levels of LH 
within 30 min (the earliest time point measured) (36). Ir-
vine and Alexander (34) also measured levels of GnRH, 
LH, and FSH in pituitary venous blood of female mares in 
vivo and showed mean delays between GnRH maxima 
and gonadotropin peaks to be less than 1 min (FSH, 0.18 
min; LH, 0.62 min), which highlights the rapidity with 
which the pituitary gonadotropes can be activated by the 
GnRH signal. Given that teleosts lack a hypothalamo-
hypophyseal blood portal system but instead have 
GnRH1 neurons that directly innervate the pituitary, it is 
possible that the delay between GnRH action and gonad-
otropin release is negligible in fishes. We also know that 
the immediate early gene, egr-1, is expressed in GnRH1 
neurons and up-regulated in the preoptic area of A. bur-
toni by 20 min after social opportunity (16), which sup-
ports the rapid timeline of the gonadotropin response seen 
here. Although the BPG axis of subordinate male A. bur-
toni is suppressed, they still possess a functional GnRH1-
gonadotrope system to serve as a substrate for rapid phe-
notypic change during social transition. 

In addition to rapid elevations of circulating gonado-
tropins, ascending A. burtoni also showed increased 
mRNA levels of both LH� and FSH� in the pituitary at 30 
min after ascent. In mammals, variations in LH� and 
FSH� gene expression are regulated by changes in the fre-
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FIG. 4. GSI is correlated with pituitary mRNA and circulating plasma levels of LH and FSH in male A. burtoni. GSI was positively correlated with 
both circulating LH and FSH and pituitary mRNA levels of LH� and FSH�. Correlation coefficients (r) and P values are shown. 

quency of pulsatile GnRH delivery to the gonadotropes, 
which allows selective regulation of different gonadotro-
pin subunits by the same ligand. For example, increasing 
GnRH pulse frequency stimulates LH� gene expression, 
and lowering it results in a decrease in LH� but an increase 
in FSH� mRNA expression (39). Importantly, increased 
transcription rates of LH� and FSH� are detected within 
1 h of GnRH exposure and often decline by 4 –6 h later 
(39). This timeline is similar to that observed here in A. 
burtoni. Experiments in goldfish Carassius auratus also 
demonstrate increased LH� mRNA at 6 h after GnRH 
application (the earliest time point measured) (40, 41). 
Although pulsatile secretion of GnRH is thought to be 
present in all vertebrates (42), there is no direct evidence 
for this pulsatility in fishes. Pulsatile administration of 
GnRH, however, is more effective at stimulating LH� 
gene expression from the goldfish pituitary than is con-
tinuous application (40), providing at least some indirect 
evidence for GnRH pulsatility in fishes. The desensitiza-
tion of gonadotropes after continuous GnRH exposure 
that occurs in mammals is evident in some fishes (40) but 
absent in others (43–45). The discrepancy, however, may 

be due in part to the change in GnRH sensitivity of the 
gonadotropes with sex and reproductive stage of the fish 
(41, 44). It is also important to recognize that the rapidly 
increased mRNA levels of LH� and FSH� observed here 
in A. burtoni may not be due to changes in transcription 
rate but, rather, due to posttranscriptional mechanisms 
such as changes in mRNA stability or regulation by small 
RNAs (46). Puberty in mammals is characterized by struc-
tural, molecular, and functional changes in the GnRH1 
neurons themselves (30, 47), and the next step is to test for 
similar plasticity in the GnRH1 cells of A. burtoni during 
social transition. 

In A. burtoni, there was a positive correlation between 
mRNA levels of each �-subunit in the pituitary and cir-
culating levels of LH and FSH. There are relatively few fish 
species where both pituitary mRNA and circulating go-
nadotropin levels in the same individuals are known, pri-
marily due to the lack of plasma gonadotropin assays (es-
pecially FSH) available for fishes (44). Pituitary FSH� 
mRNA levels were well correlated with plasma FSH levels 
in salmonids and other fishes with group synchronous 
gonad development (19, 48). In contrast, mRNA levels of 
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FIG. 5. Summary of physiological changes in the pituitary and 
circulation during social ascent in male A. burtoni. Coincident 
physiological elevations occur rapidly at 30 min after social opportunity 
in both the pituitary and the circulation, followed by further increases 
at later time points to reach stable dominant male levels. Data are 
expressed as arbitrary values to illustrate overall patterns of temporal 
changes among measures. 11-KT data are from Ref. 17. 

pituitary LH� do not always reflect plasma LH levels, but 
this appears to be highly dependent on species, sex, stage 
of maturity, and spawning cyclicity (19). In male A. bur-
toni, however, LH� and FSH� transcript levels in the pi-
tuitary do appear to be a good predictor of both circulating 
gonadotropin levels and GnRH-induced activation of the 
reproductive axis. 

Plasma FSH levels were elevated rapidly in ascending 
male A. burtoni and remained relatively high through-
out the 5-d sampling, a time period also characterized 
by high testicular growth and spermatogenesis (18). 
Plasma LH levels were also elevated rapidly but then 
showed a second rise at 120 h after ascent, which was 
coincident with higher GSI and greater percentages of 
later (meiotic) spermatogenic stages (18). In male te-
leosts, FSH is thought to play a major role in early sper-
matogenesis, whereas LH is more involved in final 
stages of testicular growth and maturation (37, 44). 
This generality stems from the fact that during sexual 
maturation, and in many seasonally breeding fishes, pi-
tuitary mRNA levels of FSH� are often elevated during 
early spermatogenesis and testicular growth, whereas 
LH� levels peak closer to spermiation and spawning 
(49 –51). This also seems to be the case in A. burtoni, 
albeit on a much shorter time scale, and associated with 
social transition rather than seasonality or ontogenetic 
sexual maturity. Higher serum levels of both FSH and 
LH may then be maintained in stable dominant males to 

support both high androgen levels required for territory 
defense and courtship as well as high testicular activity 
needed to constantly replenish sperm stores that are 
used during frequent spawning, which is characteristic 
of the dominant male phenotype. 

Plasma levels of the potent fish androgen 11-KT mea-
sured in the same ascending males used in this study (17) 
also showed a very similar pattern to that of plasma LH 
and FSH during social transition (Fig. 5). In contrast to 
mammals where LH is the primary stimulator of steroi-
dogenesis, both gonadotropins are equipotent in causing 
steroid production in many teleosts. For example, both 
LH and FSH increase steroid production in salmon (52), 
tilapia (28, 29), and catfish (53) testis; purified FSH from 
sea bass pituitary stimulates testosterone and 11-KT re-
lease from testicular tissue (54); and through the use of 
bioneutralizing FSH� antisera, Aizen et al. (29) confirmed 
that FSH is indeed involved in androgen secretion from 
mature tilapia (O. niloticus) testis. In the zebrafish Danio 
rerio, FSH was 20-fold more potent than LH in stimulat-
ing androgen production from the testis (55). Steroido-
genic Leydig cells in fishes also contain both LH and FSH 
receptors, indicating that both gonadotropins can con-
tribute to androgen synthesis and release (53, 55). In ad-
dition to stimulating spermatogenesis, the rapid increase 
of both LH and FSH at 30 min after ascent in A. burtoni 
may also promote steroid production and release as an 
anticipatory mechanism to prepare ascending fish for fu-
ture challenges they are likely to encounter to maintain 
their new dominance status (56). This rapid steroid pro-
duction may also function to further increase sperm pro-
duction in the testes via paracrine mechanisms or alter 
sperm motility and quality (57, 58). 

In summary, our data show rapid activation of the re-
productive axis at the level of the pituitary gonadotropin 
hormones in male A. burtoni that perceive an opportunity 
to ascend in social status and gain full reproductive ca-
pacity (Fig. 5). For male A. burtoni, it makes evolutionary 
sense to maintain some level of reproductive competence 
during social suppression to be prepared for often unpre-
dictable opportunities that may arise in their dynamic en-
vironment. Our results also highlight the profound phys-
iological changes that can occur as a result of social 
perception and the rapidity with which these changes can 
be detected at multiple levels of the reproductive axis. This 
rapid reactivation of the BPG axis (e.g. after initial sexual 
maturity) associated with reversible social transitions can 
be considered a reoccurrence of puberty, which makes A. 
burtoni an attractive model for understanding the com-
mon processes underlying puberty and pubertal disorders 
among vertebrates. 



Endocrinology, January 2011, 152(1):281–290 endo.endojournals.org 289 

Acknowledgments 

We thank the reviewers for their insightful comments that im-
proved the manuscript. 

Address all correspondence and requests for reprints to: 
Karen P. Maruska, Stanford University, Department of Biology, 
371 Serra Mall, Stanford, California 94305. E-mail: 
maruska@stanford.edu. 

This research was funded by National Institutes of Health 
(NIH) F32NS061431 to K.P.M., NIH NS 034950 to R.D.F., and 
United States-Israel Binational Science Foundation Grant 
2005096 to B.L.S. and R.D.F. 

Disclosure Summary: The authors have nothing to disclose. 

References 

1. Bennett NC 1994 Reproductive suppression in social Cryptomys 
damarensis colonies: a lifetime of socially induced sterility in males 
and females (Rodentia: Bathyergidae). J Zool (London) 234:25–39 

2. Koyama S, Kamimura S 2000 Influence of social dominance and 
female odor on the sperm activity of male mice. Physiol Behav 71: 
415–422 

3. Altmann J, Sapolsky R, Licht P 1995 Baboon fertility and social 
status. Nature 377:688 –690 

4. Kobayashi Y, Nakamura M, Sunobe T, Usami T, Kobayashi T, 
Manabe H, Paul-Prasanth B, Suzuki N, Nagahama Y 2009 Sex 
change in the Gobiid fish is mediated through rapid switching of 
gonadotropin receptors from ovarian to testicular portion or vice 
versa. Endocrinology 150:1503–1511 

5. Ohta K, Mine T, Yamaguchi A, Matsuyama M 2008 Sexually di-
morphic expression of pituitary glycoprotein hormones in a sex-
changing fish (Pseudolabrus sieboldi). J Exp Zool Part A Ecol Genet 
Physiol 309:534–541 

6. Kobayashi Y, Alam MA, Horiguchi R, Shimizu A, Nakamura M 
2010 Sexually dimorphic expression of gonadotropin subunits in the 
pituitary of protogynous honeycomb grouper (Epinephelus merra): 
evidence that follicle-stimulating hormone (FSH) induces gonadal 
sex change. Biol Reprod 82:1030–1036 

7. Fernald RD 2009 Social regulation of reproduction: what changes 
and why? Horm Brain Behav 1:683–691 

8. Fernald RD, Hirata NR 1977 Field study of Haplochromis burtoni: 
quantitative behavioral observations. Animal Behav 25:964–975 

9. Davis MR, Fernald RD 1990 Social control of neuronal soma size. 
J Neurobiol 21:1180–1188 

10. Francis RC, Soma K, Fernald RD 1993 Social regulation of the 
brain-pituitary-gonadal axis. Proc Natl Acad Sci USA 90:7794– 
7798 

11. White SA, Nguyen T, Fernald RD 2002 Social regulation of gona-
dotropin-releasing hormone. J Exp Biol 205:2567–2581 

12. Au TM, Greenwood AK, Fernald RD 2006 Differential social reg-
ulation of two pituitary gonadotropin-releasing hormone receptors. 
Behav Brain Res 170:342–346 

13. Parikh VN, Clement TS, Fernald RD 2006 Androgen level and male 
social status in the African cichlid, Astatotilapia burtoni. Behav 
Brain Res 166:291–295 

14. Burmeister SS, Kailasanath V, Fernald RD 2007 Social dominance 
regulates androgen and estrogen receptor gene expression. Horm 
Behav 51:164–170 

15. Fraley NB, Fernald RD 1982 Social control of developmental rate in 
the African cichlid fish, Haplochromis burtoni. Z Tierpsychol 60: 
66–82  

16. Burmeister SS, Jarvis ED, Fernald RD 2005 Rapid Behavioral and 
Genomic Responses to Social Opportunity. PLoS Biol 3:e363 

17. Maruska KP, Fernald RD 2010 Behavioral and physiological plas-
ticity: rapid changes during social ascent in an African cichlid fish. 
Horm Behav 58:230–240 

18. Maruska KP, Fernald RD 2011 Plasticity of the reproductive axis 
caused by social status change in an African cichlid fish: II. testicular 
gene expression and spermatogenesis. Endocrinology 152:291–302 

19. Swanson P, Dickey J, Campbell T 2003 Biochemistry and physiol-
ogy of fish gonadotropins. Fish Physiol Biochem 28:53–59 

20. Tamura K, Dudley J, Nei M, Kumar S 2007 MEGA4: Molecular 
Evolutionary Genetics Analysis (MEGA) software version 4.0. Mol 
Biol Evol 24:1596–1599 

21. Chen CC, Fernald RD 2006 Distributions of two gonadotropin-
releasing hormone receptor types in a cichlid fish suggest functional 
specialization. J Comp Neurol 495:314–323 

22. Flanagan CA, Chen CC, Coetsee M, Mamputha S, Whitlock KE, 
Bredenkamp N, Grosenick L, Fernald RD, Illing N 2007 Expression, 
structure, function, and evolution of gonadotropin-releasing hor-
mone (GnRH) receptors GnRH-R1SHS and GnRH-R2PEY in the 
teleost, Astatotilapia burtoni. Endocrinology 148:5060–5071 

23. Zhao S, Fernald RD 2005 Comprehensive algorithm for quantita-
tive real-time polymerase chain reaction. J Comput Biol 12:1047– 
1064 

24. Pfaffl MW 2001 A new mathematical model for relative quantifi-
cation in real-time RT-PCR. Nucleic Acids Res 29:e45 

25. Mitter K, Kotoulas G, Magoulas A, Mulero V, Sepulcre P, Figueras 
A, Novoa B, Sarropoulou E 2009 Evaluation of candidate reference 
genes for QPCR during ontogenesis and of immune-relevant tissues 
of European seabass (Dicentrarchus labrax). Comp Biochem 
Physiol B Biochem Mol Biol 153:340–347 

26. Bustin SA, Benes V, Nolan T, Pfaffl MW 2005 Quantitative real-
time RT-PCR: a perspective. J Mol Endocrinol 34:597–601 

27. Aizen J, Kasuto H, Levavi-Sivan B 2007 Development of specific 
enzyme-linked immunosorbent assay for determining LH and FSH 
levels in tilapia, using recombinant gonadotropins. Gen Comp En-
docrinol 153:323–332 

28. Kasuto H, Levavi-Sivan B 2005 Production of biologically active 
tethered tilapia LHba by the methylotrophic yeast Pichia pastoris. 
Gen Comp Endocrinol 140:222–232 

29. Aizen J, Kasuto H, Golan M, Zakay H, Levavi-Sivan B 2007 Tilapia 
follicle-stimulating hormone (FSH): immunochemistry, stimulation 
by gonadotropin-releasing hormone, and effect of biologically ac-
tive recombinant FSH on steroid secretion. Biol Reprod 76:692–700 

30. Ebling FJ 2005 The neuroendocrine timing of puberty. Reproduc-
tion 129:675–683 

31. Kaiser UB, Jakubowiak A, Steinberger A, Chin WW 1993 Regula-
tion of rat pituitary gonadotropin-releasing hormone receptor 
mRNA levels in vivo and in vitro. Endocrinology 133:931–934 

32. Levavi-Sivan B, Safarian H, Rosenfeld H, Elizur A, Avitan A 2004 
Regulation of gonadotropin-releasing hormone (GnRH)-receptor 
gene expression in tilapia: effect of GnRH and dopamine. Biol Re-
prod 70:1545–1551 

33. Evans JJ, Janmohamed S 1999 In vitro basal and GnRH-stimulated 
secretion of gonadotrophins reflects long-lasting modulatory ef-
fects, and peripheral levels are not predicted by pituitary respon-
siveness to GnRH. Eur J Endocrinol 141:512–520 

34. Irvine CH, Alexander SL 1993 Secretory patterns and rates of go-
nadotropin-releasing hormone, follicle-stimulating hormone, and 
luteinizing hormone revealed by intensive sampling of pituitary ve-
nous blood in the luteal phase mare. Endocrinology 132:212–218 

35. Levavi-Sivan B, Biran J, Fireman E 2006 Sex steroids are involved 
in the regulation of gonadotroin-releasing hormone and dopamine 
D2 receptors in female tilapia pituitary. Biol Reprod 75:642–650 

36. Schulz RW, Bosma PT, Zandbergen MA, Van der Sanden MC, Van 
Dijk W, Peute J, Bogerd J, Goos HJ 1993 Two gonadotropin-re-
leasing hormones in the African catfish, Clarias gariepinus: local-
ization, pituitary receptor binding, and gonadotropin release activ-
ity. Endocrinology 133:1569–1577 

mailto:maruska@stanford.edu
https://endo.endojournals.org


290 Maruska et al. Social Plasticity of Pituitary Gonadotropins 

37. Yaron Z, Gur G, Melamed P, Rosenfeld H, Elizur A, Levavi-Sivan 
B 2003 Regulation of fish gonadotropins. Int Rev Cytol 225:131– 
185 

38. Dickey JT, Swanson P 2000 Effects of salmon gonadotropin-releas-
ing hormone on follicle stimulating hormone secretion and subunit 
gene expression in coho salmon (Oncorhynchus kisutch). Gen 
Comp Endocrinol 118:436 –449 

39. Haisenleder DJ, Dalkin AC, Ortolano GA, Marshall JC, Shupnik 
MA 1991 A pulsatile gonadotropin-releasing hormone stimulus is 
required to increase transcription of the gonadotropin subunit 
genes: evidence for differential regulation of transcription by pulse 
frequency in vivo. Endocrinology 128:509–517 

40. Khakoo Z, Bhatia A, Gedamu L, Habibi HR 1994 Functional spec-
ificity for salmon gonadotropin-releasing hormone (GnRH) and 
chicken GnRH-II coupled to the gonadotropin release and subunit 
messenger ribonucleic acid level in the goldfish pituitary. Endocri-
nology 134:838 –847 

41. Kandel-Kfir M, Gur G, Melamed P, Zilberstein Y, Cohen Y, Zmora 
N, Kobayashi M, Elizur A, Yaron Z 2002 Gonadotropin response 
to GnRH during sexual ontogeny in the common carp, Cyprinus 
carpio. Comp Biochem Physiol B Biochem Mol Biol 132:17–26 

42. Dellovade T, Schwanzel-Fukuda M, Gordan J, Pfaff D 1998 Aspects 
of GnRH neurobiology conserved across vertebrate forms. Gen 
Comp Endocrinol 112:276–282 

43. Avitan A, Zelinger E, Levavi-Sivan B 2007 Homologous desensiti-
zation and visualization of the tilapia GnRH type 3 receptor. Gen 
Comp Endocrinol 153:182–188 
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