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Abstract

The objectives of this study were to investigate the seasonal changes in pituitary gonadotropins,

growth hormone (GH), and estrogen receptor (ER) isoform mRNA in wild female and male

largemouth bass (LMB) (Micropterus salmoides) from an unpolluted habitat to better understand

reproductive physiology in this ecologically important species. Female pituitary luteinizing

hormone (LH) β subunit and follicle-stimulating hormone (FSH) β subunit mRNA showed

significant seasonal variation with levels peaking from January to April and were lowest from

May through August. Male LMB showed more variation in gonadotropin subunit expression from

month to month. Females had approximately 2–3 times higher gonadotropin mRNA levels in the

pituitary when compared to males. All three gonadotropin mRNAs in females were positively

correlated to gonadosomatic index (GSI), but only LHβ mRNA was correlated to GSI in males.

Gonadotropin mRNA expression also increased with increasing oocyte and sperm maturation.

Gonadotropin β subunit mRNA expression was positively correlated to GH mRNA in both sexes.

The expression of all three ER isoforms was significantly correlated to each other in both sexes.

The concurrent increase in all three ER mRNA isoforms with increasing gonadotropin mRNA in

females and males suggests a prominent role for E2 feedback on pituitary gonadotropin synthesis

in both sexes and that each of the three ER isoforms are likely to play a role in the pituitary during

teleost reproduction.
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Introduction

Gonadal growth, gamete maturation, and steroidogenesis in vertebrates are predominantly

under the control of luteinizing hormone (LH; teleost GHT-II) and follicle stimulating

hormone (FSH; teleost GTH-I). LH and FSH are both glycoproteins that share a common

gonadotropin hormone alpha subunit (GTHα) and are composed of a beta subunit specific to

each gonadotropin that provides specificity of the hormone. The functions of LH and FSH in

fish have been found to be vitellogenesis/spermatogenesis and maturation, respectively

(Jalabert, 2005). However, in teleost fish unlike in mammals, LH and FSH are more

promiscuous and are capable of binding to the other gonadotropin receptor (Bogerd et al.,

2005).

Gonadotropins have been sequenced and characterized in a number of teleost fish

representing anguilliformes, salmoniforms, perciforms, cypriniformes, and siluriformes in

addition to other species (summarized in Mateos et al., 2003). The expression profiles of

gonadotropin mRNA in the pituitary throughout the reproductive season have previously

been described for many species including black porgy (Acanthopagrus schlegeli) (Du et al.,

2005), European sea bass (Dicentrarchus labrax L.) (Moles et al. 2007), channel catfish

(Ictalurus punctatus) (Kumar and Trant, 2004), rainbow trout (Oncorhynchus mykiss)

(Santos et al., 2001), and red seabream (Pagrus major) (Gen et al. 2000). Although the

majority of studies report that gonadotropin mRNA synthesis increases throughout oocyte

and sperm maturation, reaching a peak prior to ovulation and spermiation, there are

significant temporal differences in gonadotropin expression across species. For example, in

the channel catfish, a synchronous seasonal spawner, FSHβ mRNA in the female pituitary

shows two distinct peaks. The first peak occurs during September-October and the second

peak occurs in January-February (Kumar and Trant, 2004). Female channel catfish LHβ

mRNA peaks later in the reproductive cycle in May and June. In female three-spine

stickleback (Gasterosteus aculeatus), a multiple spawner, FSHβ mRNA expression

significantly increases in January, and gradually decreases as LHβ mRNA increases in the

pituitary just before the breeding season in April-June (Hellqvist et al., 2006). Therefore,

there are marked temporal differences in teleost fishes in the expression of pituitary

gonadotropins.

Although the gonadotropins are considered the primary regulators of gonad development

and steroid production, other pituitary hormones such as growth hormone (GH), have a

prominent role in teleost reproduction (reviewed in Canosa et al., 2007). The crosstalk

between the gonadotropic and somatotropic axes in fish is complex and interactions between

the two axes are largely dependent upon whether the individual is sexually immature or

mature (Gomez et al., 1999). The modulation of the gonadotropic and somatotropic axes is

regulated in part by estrogen (E2) feedback as the mRNA transcription of both

gonadotropins (Huggard-Nelson et al., 2002; Mateos et al., 2002; Banerjee and Khan, 2008)
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and GH (Trudeau et al., 1992; Zou et al., 1997) in the teleost pituitary is responsive to E2.

Thus, there are multiple hormonal systems mediating gonad development and maturation

which are sensitive to sex steroid feedback, providing tight regulation and fine control of the

reproductive axis.

Largemouth bass (Micropterus salmoides) (LMB) are an important recreational and

commercial species in the continental United States and are top predators in the ecosystem.

The reproductive cycle in LMB is relatively synchronous, and spawning begins when

temperatures increase to about 62 °F or slightly higher (Clugston 1966). Spawning can occur

as early as December for LMB in south Florida and as late as June in the northern part of the

state, but spawning peaks during February-April for many populations in central Florida

(Clugston 1966; Chew 1974; Rogers et. al. 2006; Rogers and Allen, 2009). Currently, there

are no data on pituitary gonadotropin synthesis in wild populations of this important

economic and ecological species.

Given the importance of E2 feedback on pituitary gonadotropin and GH mRNA expression,

this study examined the seasonal expression profiles of gonadotropin subunits (LHβ, FSHβ,

and GTHα) and GH mRNA in relation to ER isoform mRNA expression in the pituitary of

both female and male LMB from a wild population in the St. John’s River in the vicinity of

Welaka, FL USA. Previous studies in LMB liver and gonad have demonstrated marked

differences in ER isoform regulation and abundance in the liver and ovary of female fish

throughout different LMB reproductive stages (Sabo-Attwood et al., 2004). In the current

study, the hypotheses being tested were 1) ER isoform mRNA expression shows seasonal

variation in the pituitary and correlates to gonadotropin and GH mRNA expression and 2)

pituitary transcripts positively correlate with changes in gonad phases of development in

both female and male LMB.

Materials and methods

2.1 Animal collection and sampling

Adult female and male LMB were collected by electroshocking from October 2005 to

September 2006 from the St. John’s River in Welaka, FL USA. Welaka is located

approximately 20 miles south of Palatka, FL in an area of the river that is considered to be

relatively free from the influence of industrial effluent and agricultural runoff (Sepulveda et

al., 2002). The period between sampling events ranged from 4–5 weeks and amounted to

one sampling event per month.

Approximately 10 males and 10 females were collected during each sampling period. At the

time of capture, approximately 3–5 ml of blood was drawn from the caudal vein using a

heparinized vacutainer and stored on ice for later studies. Body weight (g), body total length

(tip of the mouth to tip of the tail; mm), and gonad weight (0.01 g) were recorded.

Gonadosomatic index (GSI) was later calculated for all individuals in this study as [gonad

weight/absolute body weight] × 100. Fish were euthanized with a blow to the head and the

pituitary, along with other tissues (brain, liver, gonad, and kidney) was rapidly dissected. All

tissue was frozen in liquid nitrogen as soon as possible and stored at −80°C until processed.
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A gonad sample was also collected for histological examination shortly after the fish was

euthanized. The gonad was placed in a buffered formalin 1:20 dilution (Protocol®, Fisher

Scientific, MI, USA), and quickly chilled on ice, to determine reproductive stage of the

animal. Gonads were plastic embedded and cut to 4 micron sections. Staining of the gonad

sample was done with standard hematoxylin (basophilic dye) and eosin (acidophilic dye)

staining protocols. Vitellogenic oocytes are acidic and stain more red with eosin. Ovarian

tissue throughout the year was categorized into six predominant stages; Primary growth

perinuclear (PG pn), primary growth cortical alveoli (PG ca), secondary growth early (Sg

early), secondary growth late (Sg late), oocyte maturation (OM), and atresia (AT) (Grier,

manuscript in preparation). The primary growth phase has also been called endogenous

growth associated with preparation for vitellogenin uptake. Secondary growth or exogenous

growth is due to the accumulation of plasma vitellogenin. Testes were categorized into four

general stages; IM- Immature or non-reproductive; EM- early sperm maturation; MM- mid

sperm maturation (<50% of tissue = mature sperm); LM- late sperm maturation (>50% of

tissue = mature sperm). Each gonad stage is illustrated by representative micrographs of

histological sections in Figure 1 (females) and Figure 2 (males). In additional to describing

monthly changes in pituitary transcript levels, gonad stage was also used to evaluate mRNA

changes in relation to sexual maturation.

It should be noted that it was not possible to recover a pituitary sample from each individual.

Pituitary samples collected for each sex ranged from 3–10/sampling and up to 8/month were

used in this study. Sample sizes for female pituitaries collected per month were as follows;

January (n=4), February (n=6), March (n=5), April (n=7), May (n=3), June (n=4), July

(n=2), August (n=4), September (n=3), October (n=8), November (n=4), and December

(n=5). Total female pituitaries used for seasonal data was n=55. Sample sizes for female

pituitaries according to gonad stage were as follows; PG pn (n=8), PG ca (n=8), SG early

(n=5), SG late (n=9), OM (n=5), and AT (n=2). Number of females used in the stage

specific analysis was n=37. Sample sizes for male pituitaries collected per month were as

follows; January (n=5), February (n=4), March (n=3), April (n=5), May (n=4), June (n=2),

July (n=1), August (n=3), September (n=2), October (n=2), November (n=4), and December

(n=6). Total male pituitaries used for seasonal data was n=41. Sample sizes for male

pituitaries according to gonad stage were as follows; IM (n=5), EM (n=4), MM (n=22), LM

(n=6). Number of males that were used in the stage specific analysis was n=37.

2.2 Cloning of LMB LHβ, FSHβ, and GTHα subunits

LMB pituitaries were homogenized on ice and total RNA was extracted using STAT 60™

(Teltest, Friendswood, TX, USA). RNA was resuspended in 25 μl RNAsecure™ Reagent

(Ambion, Austin, TX, USA). Total RNA was quantified using an Eppendorf ®

Biophotometer. First-strand cDNA synthesis was performed with 3 μg of total RNA in a

reaction tube containing 1 μl random hexamers (250 ng/μl) and 1 μl 10 mM dNTPs

(Invitrogen Life Technologies, Carlsbad, CA, USA) in a final volume of 10 μl DEPC treated

water. The reaction components were heated to 70 °C for 10 minutes and quickly chilled on

ice. After a brief centrifugation, 4 μl 5X reaction buffer, 2 μl 0.1M DTT, and 1 μl RNAse

inhibitor (40 U/μl) (Invitrogen) were added, gently mixed, and heated at 42 °C for 2

minutes. 1 μl Superscript™ II (200 U/μl) (Invitrogen) was added and the reaction was
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allowed to continue at 42 °C for 1 hour. The reaction was inactivated at 70 °C for 15

minutes and stored at −20 °C.

Nucleic acid sequence information for teleost gonadotropins was obtained from the National

Center for Biotechnology Information (NCBI) and aligned using ClustalW (EMBL-EBI;

http://www.ebi.ac.uk/clustalw/). Primer3 (Rozen and Skaletsky, 2000) was used to design

gene specific primers for both cloning partial sequences and designing real-time PCR

primers. Primer sets used in this study are provided in Table 1. Note that all primers are

reported in the 5′ to 3′ direction. Partial sequences for LMB gonadotropins were first cloned

for this study and additional information about the gonadotropin subunits is described in the

results section. LMB gene sequences for GH (DQ666528), ERα (AF253062), ERβb

(AY211021), and ERβa (AY211022) have been cloned previously and are available from

the NCBI database.

PCR amplification for cloning was done using 100 ng cDNA template in 36.3 μl PCR water,

5 μl 10X PCR reaction buffer, 1.5 μl 50 mM MgCl2, 1 μl 10 mM dNTPs, 2 μl 10 mM

forward and reverse primers, and 0.2 μl Taq DNA polymerase (1 U/ μl) (Invitrogen). Initial

denaturation occurred at 95 °C for 4 minutes followed by 35 cycles at 95 °C for 30 seconds,

56 °C for 30 seconds, and 72 °C for 1 minute. Amplification products were visualized on an

ethidium bromide 1% agarose gel, ligated directly into pGEM-®T easy vector (Promega,

Madison, WI, USA) and transformed into One Shot TOP 10® chemically competent E. coli

(Invitrogen). Wizard® Plus SV Minipreps DNA Purification System (Promega, Madison,

WI, USA) was used to isolate plasmids containing insert, and sequencing was done in the

Interdisciplinary Center for Biotechnology Research (ICBR; University of Florida, USA).

2.3 Real-Time PCR

Total RNA was DNase treated using the RNeasy® Micro Kit (Qiagen) and first strand

cDNA synthesis was performed using 2 μg of RNA as described above. Primers used to

amplify the LMB ER isoforms have been previously described in Sabo-Attwood et al.

(2004), and these primer sets have been determined to be specific to each isoform. Primer3

was used to design primers for real-time PCR assays for LHβ, FSHβ, GTHα, and GH.

Primers of 18–22 base pairs (bp) with optimal annealing temperature ~60 °C were designed

to amplify sequences between 130–210 bp (Table 1). Primers for real-time PCR were

initially tested using LMB pituitary cDNA and the amplicons were sequenced as described

above to verify specificity. Standard curves relating initial template copy number to

fluorescence and amplification cycle were generated using pGEM-®T easy vector

containing the gene of interest as a template. The equation used was as follows; number of

copies = (X * 6.022 × 1023) / (Y * 1×109 * 650), where X is the template amount (ng of

vector + insert), Y is the template length (bp vector + insert), and 650 (kDa) is the average

weight of a base pair. Standard curves ranged from 1 × 109 to 1 × 102 copy number.

Standard curves ranged between 95–105% efficiency and were linear at R2 > 0.995. Two

controls that did nto receive reverse transcriptase from separate cDNA sample pools and

four no cDNA template controls (water) were run on every plate to ensure genomic DNA

contamination was negligible after DNAse treatment. Melt curves were also performed for

all genes in all runs and verified for a single product/dissociation curve.
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Real-time PCR analysis of gene expression was carried using 1X iQ SYBR Green Supermix

(Bio-Rad, Hercules, CA) and 1 μl 10 mM dNTPs, and 100 ng first-strand cDNA derived

from DNase treated RNA samples. The two step thermal cycling parameters were as

follows; initial 1 cycle Taq polymerase activation at 95°C for 3 minutes, followed by 40

cycles of 95°C for 15 seconds and 60°C for 1 minute. After 40 cycles, a dissociation curve

was produced starting at 55°C (+1°C/30 seconds) to 95°C. Real-time PCR expression was

assayed on an iClycler Thermal Cycler (Bio-Rad). All expression data is normalized to 18

rRNA (IQ Supermix, Bio-Rad) as per Blum et al. (2008).

2.4 Statistical analysis

The data were analyzed by one-way analysis of variance (ANOVA) followed by a Tukey’s

HSD post hoc pairwise multiple comparison on log transformed expression data (JMP v7,

SAS, Cary, NC, USA) in order to determine if there were statistical differences between

time and gonad stage. The same test was also done to evaluate sex differences in expression

across time. Both female and male expression data in June and July (JJ) were combined in

the analysis because of smaller sample numbers compared to other months. This was also

the case for September and October (SO) males. All results are plotted as mean copy

number ± SEM of untransformed data (n=3–8/month/sex). LMB were grouped according to

gonad stage and results are plotted as mean copy number ± SEM. Body weight, body total

length, absolute gonad weight, GSI, and expression data for each transcript throughout the

year was determined to be normally distributed (KS test for normality) and multivariate

pairwise correlations were performed for all variables. All differences were considered

statistically significant when P < 0.05.

Results

3.1 Gonadosomatic index (GSI)

Both female (d.f.=1; F=20.3, p<0.0001) and male (d.f.=1; F=30.8, p<0.0001) LMB GSI

significantly varied with water temperature changes in the St. John’s River, Welaka (Figure

3). Peak female GSI (approximately 3.5–4.0% ± 0.4%) occurred in February and March

when the water temperature was between 60–70 °F, while peak male GSI (approximately

0.44 % ± 0.04%) occurred in February. As expected, both females and males had small

gonads in the summer months (July-September) when water temperature was at its highest

(85–88 °F). The range of GSIs for females across the year was 0.04–4.5% and for males it

was 0.01–0.53%. These data included only LMB for which a pituitary was used in this

study.

3.2 Cloning of LMB LHβ, FSHβ, and GTHα subunits

The partial LMB LHβ sequence(FJ030931; 349 bp) shows 92% nucleotide (nt) identity and

the predicted amino acid (aa) sequence shows 90% identity with European sea bass

(Dicentrarchus labrax; nt, AF543315; aa, AAN40507) based on information in the NCBI

database. The partial LMB FSHβ sequence (FJ030932; 292 bp) shows 91% nt identity and

the predicted amino acid sequence shows 78% identity with European sea bass (nt,

AF543314; aa, AAN40506). The partial LMB GTHα sequence (FJ030933; 160 bp) shows
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90% nt identity and the predicted amino acid sequence shows 97% identity with European

sea bass (nt, AF269157; aa, AAK49431).

3.3 Gonadotropin, GH and ER isoform mRNA expression throughout the year in females
and males

For all transcript analysis by month, both June/July and September/October were grouped

together for both sexes because of the low sample size for these months in males. Females

LHβ mRNA levels showed significant changes throughout the year (d.f.=9; F=4.04;

p<0.001) (Figure 4A). This was also the case for FSHβ mRNA levels (d.f.=9; F=4.45;

p<0.001) (Figure 4B). When considering the entire year, GTHα showed less variation in

relative mRNA abundance in the pituitary and expression changes from month to month

were moderate and less pronounced (d.f.=9; F=1.8; p=0.075) (Figure 4C). Male

gonadotropin mRNA expression in the pituitary did not significantly change over the season

and showed high variation when month was considered (Figure 4A–C). When comparing

the sexes, there was a trend for females to have 2–3-fold higher LHβ and FSHβ mRNA

levels in the pituitary than males whereas GTHα appeared to have similar levels of

expression in each sex. Due to the large number of comparisons and small sample numbers

of pituitaries analyzed in some months, few significant differences were detected across

each month with a multiple comparison post hoc correction.

GH mRNA also varied significantly over the year in females (d.f. =9; F=3.48; p<0.01)

(Figure 5) and followed closely gonadotropin expression in the pituitary. GH mRNA was

approximately 5-fold higher (January-April) during secondary growth and maturation in

females than primary growth stages and abruptly decreased 10-fold in the summer (May-

August). Male GH mRNA expression in the pituitary did not significantly change over the

season and showed high variation when month was considered (Figure 5). Relative GH

mRNA did not statistically differ between the sexes when all months were considered in the

analysis. However, GH mRNA levels were approximately 5–10-fold higher in pituitaries of

females compared to males during gonadal maturation and pre-spawning (January-April).

In females, ERα (d.f. =9; F=4.67; p<0.001) and ERβb mRNA (d.f. =9; F=2.83; p<0.01)

showed significant seasonal variation (Figure 6A,B), but the expression levels of ERβa

mRNA were not significantly different across months (Figure 6C). In males, ERα mRNA

varied seasonally (d.f.=9; F=2.46; p=0.02), but ERβb and ERβa mRNA did not differ across

all months. There were no significant sex differences in the expression of ER isoforms in

LMB pituitary.

3.4 Relationship between pituitary gene expression and gonad stage

In addition to monthly changes in pituitary gene expression, we also grouped GSI and

pituitary expression data according to gonad stage. Female GSI (d.f.=5, F=27.08, p<0.0001)

varied significantly with gonad stage (Figure 7A). Transcript levels for female LMB LHβ

(d.f.=5, F=2.81, p<0.05), FSHβ (d.f.=5, F=3.34, p<0.05), GH (d.f.=5, F=2.78, p<0.05), and

ERα (d.f.=5, F=3.03, p<0.05), significantly varied across gonad stage (Figure 7 B,C,E, and

F). In females, the gonadotropin β subunits and GH mRNA increased dramatically in the

secondary growth (late) and oocyte maturation phases.
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Male GSI (d.f.=3, F=21.37, p<0.0001) varied significantly with gonad stage. All transcript

levels in males significantly varied across gonad stage. LMB LHβ (d.f.=3, F=3.71, p<0.05),

FSHβ (d.f.=3, F=5.02, p<0.01), GTHα (d.f.=3, F=3.51, p<0.05), GH (d.f.=3, F=4.11,

p<0.05), ERα (d.f.=3, F=7.07, p<0.001), ERβb (d.f.=3, F=8.14, p<0.001), and ERβa (d.f.=3,

F=5.68, p<0.01) (Figure 7A–G). Males in mid-maturation (approximately 50% or less

mature sperm) had the highest mRNA levels of gonadotropin beta subunits.

3.5 Correlations of phenotypic characteristics and pituitary gene expression in LMB

We also investigated the relationship between phenotypic measures and pituitary mRNA

expression. Female absolute body weight was significantly correlated to body length and to

gonad weight (Table 2). GSI, LHβ mRNA, and FSHβ mRNA expression was significantly

correlated to the expression of all pituitary transcripts examined except ERβa mRNA steady

state levels in females. GH mRNA levels were correlated to gonadotropin mRNA, but not

significantly to ER isoform mRNA in general. All ER isoform mRNA levels were

significantly correlated to each other. All correlations between phenotypes and pituitary

transcript levels were positive relationships in females.

In males, there were few phenotypic measures which correlated to gene expression changes

in the pituitary. Male absolute body weight was only correlated to body length whereas

absolute gonad weight was correlated to GSI (Table 2). LHβ and FSHβ mRNA expression

were highly correlated in male pituitary. Gonadotropin β subunit mRNA was significantly

correlated to ER mRNA levels. GTHα mRNA levels were not correlated to any phenotypic

parameter, but was strongly correlated to the expression of LHβ subunit mRNA. GH mRNA

levels in males were significantly associated with the expression of the ER isoforms. Similar

to females, all three ER isoforms also showed significant relationships in mRNA expression

levels in the male pituitary. All significant correlations between phenotypes and pituitary

transcript levels were also positive relationships in males except for the expression of GH

mRNA and absolute gonad weight that showed a negative relationship.

Discussion

4.1 LMB seasonal GSI

We observed comparable changes of female and male LMB GSI throughout the year in the

St. John’s River as previously reported by Sepúlveda et al. (2002). In that study, the average

GSI (± S.E.M.) in February at spawning for females was reported to be approximately 4.1 ±

0.6 (n=8) whereas for males, the GSI was 0.3 ± 0.02 (n=15). In the present study, both

females and males had comparable GSIs in the summer months when water temperatures

were highest in the St. John’s River. At higher water temperatures, LMB gonadal tissue

regresses and gamete production is reduced. The majority of individuals from the LMB

Welaka population were regressed in June, when water temperatures were approximately 85

°F.

4.2 Seasonal pituitary gonadotropin mRNA expression

The expression levels of all three gonadotropins in female LMB pituitary were significantly

correlated to each other and were correlated to GSI in females. In males, FSHβ mRNA and
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GTHα mRNA expression did not show a significant relationship and were not correlated to

GSI. This lack of a significant relationship may reflect differential regulation of the α

subunit by additional hormonal systems. For example, thyroid stimulating hormone is also

synthesized in the pituitary and regulates growth, metabolism, and osmoregulation in fish.

Similar to the gonadotropins, this glycoprotein consists of a specific β subunit that also

shares the gonadotropin α subunit. There is evidence that thyroid hormone levels in fish also

vary over the reproductive cycle (Mylonas et al., 1997; Biswas et al., 2006) and the patterns

observed in GTHα mRNA expression across the year in female and male LMB pituitary

may also be due to the role of GTHα mRNA in the production of thyroid hormone as

opposed to solely reproductive hormones.

In contrast to wild male LMB, Mateos et al. (2003) showed a concomitant increase in each

of the three gonadotropins that correlated with GSI in male European sea bass. LHβ, FSHβ,

and GTHα mRNA significantly increased during spermatogenesis and reach peak

expression in the pituitary at full spermiation. After spermiation, all subunit mRNA levels

declined and only GTHα subunit mRNA was detected in male European sea bass. In male

LMB, there appeared to be a more gradual decline in gonadotropin mRNA levels through

the summer, reaching low levels in August. This gradual decrease may be related to water

temperature and other environmental cues such as seasonal changes in photoperiod. During

the summer months, the males are in an immature or regressed stage of development. We

were able to detect mRNA levels of each gonadotropin subunit in both sexes throughout the

year, suggesting that there is active transcription of gonadotropins in the pituitary during

each stage of gonad development in LMB, although mRNA steady state abundance is low

with sexual immaturity.

Variation in gonadotropin synthesis across teleost species can be considerable. There is also

high variation in the reproductive ecology among species of teleosts. Some fish, such as

LMB, are nest builders and provide parental care. Many of these fish have low fecundity

(spawning only 5,000 to 10,000 eggs per nest), but use tremendous amount of energy in

reproduction due to nest preparation and parental care. Other species may be broadcast

spawners that produce more than a million eggs while others have compressed or protracted

spawning seasons. This variation in reproductive strategies may result in differences in

gonadotropin expression and synthesis among teleost species. It would be interesting for

future papers to explore how differences in the physiological processes of hormone

production differ among species with different reproductive strategies.

LMB have significant variation in the stage of gametes at any one time, and active

vitellogenesis and maturation can occur simultaneously within an egg clutch, adding

complexity in the regulation and expression of gonadotropins. Therefore, grouping animals

based on stage rather than month may be a more accurate measure for studying gene

expression patterns and both approaches are recommended.

In wild female LMB, LHβ and FSHβ mRNA were significantly higher during active

vitellogenesis or secondary oocyte growth while GTHα mRNA did not change dramatically

across gonad stages. In female channel catfish, all three gonadotropins showed a parallel

elevation during early oocyte development, but during secondary growth and oocyte

Martyniuk et al. Page 9

Gen Comp Endocrinol. Author manuscript; available in PMC 2014 October 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



maturation, both FSHβ and GTHα mRNA peaked when LHβ mRNA levels were low

(Kumar and Trant, 2004). In addition, gonadotropins in female catfish showed a second

elevation in pituitary mRNA synthesis during ooctye development. In female sticklebacks,

FSHβ mRNA expression significantly increased in January during early secondary oocyte

growth when there was active vitellogenesis and decreased as LHβ mRNA increased in the

pituitary (Hellqvist et al., 2006). In female rainbow trout, LHβ (GTH IIβ) and GTHα

transcription increased moderately throughout most of gametogenesis and then more

dramatically during the periovulatory period (Gomez et al., 1999); whereas FSHβ (GTH Iβ)

mRNA increased first during early secondary oocyte growth with vitellogenesis and again

around ovulation (Gomez et al., 1999).

Male LMB pituitary mRNA changes were not significantly correlated to gonad stage and

males of similar stages of maturation had varied levels of pituitary mRNA steady state

levels. Sexual maturity in fish is highly dependent upon environmental factors and is

influenced by photoperiod and temperature. Compared to laboratory-reared fish, wild LMB

are likely to experience higher variation in temperature and photoperiod leading to increased

variation in pituitary mRNA synthesis. In addition, wild LMB will show larger variation in

size, age, and nutritional state compared to laboratory animals. Despite this, there was a

trend for wild, mature males to have higher levels of gonadotropin β subunit mRNA in the

spring months versus summer. In maturing male striped bass, FSHβ mRNA increased during

pre-spermiation and reached a peak in January, earlier than LHβ and GTHα mRNA levels

whereas LHβ and GTHα mRNA increased during spermiation and reached a peak in March

(Hassin et al. 2000). In the same study, circulating levels of plasma LH in males was

relatively low and did not change throughout spermatogenesis. This follows our observation

in LMB that gonadotropin mRNA in males does not change dramatically throughout the

year and is less abundant compared to females. Hassin et al. (2000) suggested that low levels

of LH are sufficient to promote spermatogenesis in male striped bass in contrast to salmonid

species that show marked elevation in plasma LH during spermatogenesis (Prat et al., 1996).

In male sticklebacks, FSHβ mRNA levels peaked earlier than LHβ mRNA and interestingly,

when spermatogenesis is active, LHβ mRNA levels were relatively low (Hellqvist et al.,

2006). With LMB, less variation in mRNA expression may be observed in northern

populations due to shortened breeding seasons and colder temperatures. Therefore, caution

must be taken when comparing gonadotropin synthesis in different species and within a

species that has a wide geographical distribution and latitudinal gradient.

4.3 Seasonal pituitary GH mRNA expression

Females grouped according to gonad stage showed increased GH mRNA levels during

secondary oocyte growth and maturation. Males, when grouped according to gonad stage,

did not show significant changes in GH mRNA levels. However, both female and male

LMB GH mRNA expression followed closely the expression of LHβ and FSHβ mRNA

expression throughout the year. Meiri et al. (2004) reported a significant correlation between

LHβ mRNA and GH mRNA, but no relationship between FSHβ mRNA and GH mRNA

levels in male gilthead seabream (Sparus auratus). Therefore, GH synthesis and production

in female and male LMB is likely important for gonad development and sexual maturation.
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There is both in vitro and in vivo evidence from other teleost fish that GH is important in

both gonadal gametogenesis (Loir et al., 1999) and steroidogenesis (Singh et al. 1988) and

that there is crosstalk between the gonadotropic and somatotropic axes in fish. The control

of GH secretion is mediated in part by gonadotropin-releasing hormone (GnRH) as GnRH

receptors are present on both gonadotrophs and somatotrophs in the goldfish pituitary (Cook

et al., 1991). This finding supports previous data demonstrating that there can be a

significant release of both LH and GH during spawning in male goldfish (Yu et al., 1991).

Marchant et al. (1989) demonstrated in female goldfish that both cGnRH-II and sGnRH

increased circulating LH and GH plasma levels. In dispersed goldfish pituitary cells,

cGnRH-II stimulated GH mRNA synthesis (Klausen et al., 2001) and dispersed pituitary

cells from pre-spawning female Masu salmon incubated with 1–10 nM sGnRH showed

increased pituitary GH mRNA levels (Onuma et al., 2005). In vivo implantation of a GnRH

capsule in Masu salmon increased GH synthesis in the pituitary during sexual maturation in

both females and males (Bhandari et al., 2003). GH is an important regulator of reproductive

processes in fish and increased transcription of GH mRNA in the LMB pituitary

concomitantly with increasing gonadotropins suggests this may also be the case for LMB.

4.4 Seasonal pituitary ER isoform mRNA expression

There is a close association in the expression of the ER isoforms in the pituitary of both

female and male LMB, thus it is likely each ER isoform plays some role in mediating the

effects of E2 on pituitary hormone synthesis and release. Both LMB females and males had

comparable mRNA levels of each ER isoform in the pituitary and there were no notable

differences in the expression of the ERs between the sexes. In sturgeon, Barannikova et al.

(2002) demonstrated that both females and males had similar E2 binding in the pituitary

after ovulation and spermiation. This suggests that the pituitary is a target for E2 feedback in

both female and male teleost fish.

In wild female and male LMB, the expression of ERα mRNA varied across the year. ERβa

mRNA did not significantly vary across the year in either sex or when considering gonad

phase. In the female LMB liver, ERα mRNA levels are significantly higher during late

secondary growth with active vitellogenesis (Feb-March) compared to early secondary

growth (pre-vitellogenesis) (Oct-Dec) while showing relatively constant but low expression

in the ovary (Sabo-Attwood et al., 2004). In contrast, ERβa expression is relatively low in

the liver and is highest in the gonad during pre-vitellogenesis. The regulation of ERs mRNA

by E2 is complex and the mechanisms are not well understood. There are also specific tissue

responses in the regulation of ERs to E2 injection or implantation (Sabo-Attwood et al.,

2004; Marlatt et al., 2008).

Transcript levels of ER isoforms were significantly correlated to gonadotropin and GH

mRNA levels in both sexes of LMB. There is evidence that E2 both inhibits and stimulates

gonadotropin mRNA synthesis in the pituitary of fish depending upon sexual state and

maturity of the animal. In vitro treatment of goldfish pituitary cells with varying doses of E2

largely stimulated the expression of all three gonadotropin subunits, however FSHβ was 50-

fold less responsive than LHβ (Huggard-Nelson, 2002). In dispersed Masu salmon primary

pituitary cells, E2 incubation for 72 hours increased LHβ mRNA levels, predominantly
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during the sexual maturation phase when compared to the pre-pawning and spawning stages

(Ando et al., 2004). In the same study, female pituitary cells showed a higher induction of

LHβ mRNA following E2 incubation than male pituitary cells at certain times of the year. In

early-pubertal female and male Atlantic croaker, a single i.p. injection of 1 or 5 μg E2/g

body weight resulted in 50–70% decrease in FSHβ mRNA after 120 hours while high E2

injection increased LHβ mRNA 3.5-fold (Banerjee and Khan, 2008).

Promoter characterization also provides some evidence that E2 directly regulates

gonadotropin subunit gene expression. In chinook salmon (Oncorhynchus tschawytscha),

there are estrogen response elements (EREs) present in the promoter of the gonadotropin II β

(LHβ) subunit gene (Liu et al., 1995) and in the FSHβ promoter, there are half EREs (Chong

et al., 2004). In the FSHβ subunit gene in tilapia, a full consensus sequence for the estrogen

response elements (ERE) was not observed within the 5′ flanking region although there were

three ERE half sites identified (Rosenfeld et al., 2001), suggesting there are DNA binding

sites for ER regulation in the promoters of teleost gonadotropin genes.

ER expression was also correlated to GH mRNA levels in female and male LMB. Similar to

pituitary gonadotropin synthesis, GH mRNA levels in teleost fish can also be modulated by

E2 feedback in vitro (Onuma et al., 2005) and in vivo (Trudeau et al., 1992; Zou et al.,

1997). In rainbow trout, there are EREs present in the promoter of the GH 1 gene (Yang et

al., 1997) but it is not known if this is the case in LMB. Although there is good evidence that

E2 regulates gonadotropin and GH mRNA expression, what remains to be determined is

how each of the ER isoforms contributes to GH transcriptional control.

Conclusions—In summary, this study describes transcript levels for genes important for

reproduction in the pituitary of both wild female and male LMB throughout the year and

characterizes the seasonal and sex differences in gonadotropin, GH, and ER isoform

pituitary levels. This study provides novel information of the relationship between ER

expression and reproductive pituitary hormone transcripts in teleost fish and suggests that

E2 regulation of transcripts in the pituitary may be equally important in female and male

bass.
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Figure 1.
Representative micrographs of female largemouth bass ovarian stages. Female stages are as

follows; A) Primary growth perinuclear (PG pn); B) primary growth cortical alveoli (PG ca);

C) Secondary growth early (Sg early); D) Secondary growth late (Sg late); E) Oocyte

maturation (OM); and F) Atresia (AT). Additional abbreviations are as follows: Follicle

Cells (FC), Germinal Vesicle (GV), Lipid Droplet (LD), Vitelline Envelope (VE), and Yolk

Vesicles (YV). Scale bars correspond to 200 μm (A–B) and 500 μm (C–F).
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Figure 2.
Representative micrographs of male largemouth bass testicular stages. Male stages were

classified based on the predominant stage and are as follows; A) IM- Immature or non-

reproductive; B) EM- early sperm maturation; C) MM- mid sperm maturation (<50% of

tissue = mature sperm); D) LM- late sperm maturation. Abbreviations are as follows;

spermatocytes (SC), spermatogonia (SG), spermatids (SD), spermatozoa (SZ). Scale bars

correspond to 50 μm (A–D).
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Figure 3.
Gonadosomatic index (bars) throughout the year of female and male largemouth bass in the

St John’s River near Welaka, FL. Statistical differences in GSI across months are indicated

by different letters as determined by ANOVA followed by a Tukey’s HSD post hoc test. P <

0.05 was considered significantly different. Average water temperature (line graph) in the St

Johns River over a 1-year period (October, 2005-September 2006) is shown.
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Figure 4.
Gonadotropin mRNA expression in female and male largemouth bass pituitary as

determined by real-time PCR. Each bar represents the mean copy number of the gene ±

S.E.M. of untransformed data followed by ANOVA with a Tukey’s post hoc test (n=3–8/

month/sex). Each calculated gene copy number is divided by 18s copy number and is a

relative copy number on the y-axis. Graphs are as follows: A) Luteinizing hormone (LH)β

mRNA female and male; B) Follicle stimulating hormone (FSH) β mRNA female and male;

and C) gonadotropin hormone (GTH) α mRNA female and male. Both female and male

expression data in June and July (JJ) were combined in the analysis as was the case for

September and October (SO) males. Sample sizes for female pituitaries collected per month

were as follows; January (n=4), February (n=6), March (n=5), April (n=7), May (n=3), June

(n=4), July (n=2), August (n=4), September (n=3), October (n=8), November (n=4), and

December (n=5). Total female pituitaries used for seasonal data was n=55. Sample sizes for

male pituitaries collected per month were as follows; January (n=5), February (n=4), March

(n=3), April (n=5), May (n=4), June (n=2), July (n=1), August (n=3), September (n=2),

October (n=2), November (n=4), and December (n=6). Total male pituitaries used for
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seasonal data was n=41. Different letters indicate statistical differences among groups

(p<0.05).
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Figure 5.
GH mRNA expression in female and male largemouth bass pituitary as determined by real-

time PCR. Each bar represents the mean copy number of the gene ± S.E.M of untransformed

data followed by ANOVA with a Tukey’s post hoc test (n=3–8/month/sex). Each calculated

gene copy number is divided by 18s copy number and is a relative copy number on the y-

axis. Both female and male expression data in June and July (JJ) were combined in the

analysis as was the case for September and October males (SO). Different letters indicate

statistical differences among groups (p<0.05).
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Figure 6.
ER isoform mRNA expression in female and male largemouth bass pituitary as determined

by real-time PCR. Each bar represents the mean copy number of the gene ± S.E.M. of

untransformed data followed by ANOVA with a Tukey’s post hoc test (n=3–8/month/sex).

Each calculated gene copy number is divided by 18s copy number and is a relative copy

number on the y-axis. Both female and male expression data in June and July (JJ) were

combined in the analysis as was the case for September and October (SO) males. Different

letters indicate statistical differences among groups (p<0.05).
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Figure 7.
Pituitary transcript abundance in relation to largemouth bass gonad phase. Each bar

represents the mean copy number of the gene ± S.E.M. of untransformed data followed by

ANOVA with a Tukey’s post hoc test (n=3–15/stage). Each calculated gene copy number is

divided by 18s copy number and is a relative copy number on the y-axis. Abbreviations for

female phases are as follows; Primary growth perinuclear (PG pn); Primary growth cortical

alveoli (PG ca); Secondary growth early (Sg early); Secondary growth late (Sg late); Oocyte

maturation (OM); and Atresia (AT). Graphs are A) LHβ mRNA female and male; B) FSHβ

mRNA female and male; C) GTHα mRNA female and male; D) GH mRNA female and

male; E) ERα mRNA female and male; F) ERβb mRNA female and male; and G) ERβa

mRNA female and male. Sample sizes for female pituitaries according to gonad stage were

as follows; PG pn (n=8), PG ca (n=8), SG early (n=5), SG late (n=9), OM (n=5), and AT

(n=2). Number of females that were staged and used in the stage specific analysis was n=.

Sample sizes for male pituitaries according to gonad stage were as follows; IM (n=5), EM

(n=4), MM (n=22), and LM (n=6). Number of males that were staged and used in the stage

specific analysis was n=37. Different letters indicate statistical differences among groups

(p<0.05).
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