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In the past 10 years, it has been shown that the vertebrate brain pro-

duces a number of RFamide peptides that regulate the secretion of

anterior pituitary hormones (1�11). The RFamide family of peptides

is a group of neuropeptides that share a common caroboxyl-

terminal motif comprised of RF-NH2 (R = arginine, F = phenylala-

nine). Gonadotrophin-inhibitory hormone (GnIH), a newly discovered

hypothalamic peptide, is a dodecapeptide belonging to this family

of RFamide peptides with a C-terminal Leu-Pro-Xaa-Arg-Phe-NH2

motif (LPXRFamide motif). First isolated from quail hypothalamus,

GnIH (9), has been shown to inhibit luteinising hormone (LH) secre-

tion from the Japanese quail anterior pituitary gland both in vitro

and in vivo (12). The gene encoding a precursor protein for GnIH in

Japanese quail, chickens and song birds has been cloned and found

to share a high degree of homology (13�15). GnIH-immunoreactive

(ir) neurones (9) have been exclusively found in the hypothalamic

paraventricular nucleus, whereas GnIH-ir fibres are found through-

out the brain, including the median eminence in Japanese quail

(11) and song birds (15). In addition to avian species, GnIH

immunoreactivity have been identified in hamsters, rats, and mice

(16), wherein GnIH-ir cell bodies were found to be clustered in the

mediobasal hypothalamus with pronounced projections and termi-

nals throughout the central nervous system. This extensive distri-

bution of GnIH-ir fibres in multiple brain areas is consistent with

multiple functions of GnIH, such as feeding behaviour in chickens
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Gonadotrophin-inhibitory hormone (GnIH), a hypothalamic RFamide, has been found to inhibit

gonadotrophin secretion from the anterior pituitary gland originally in birds and, subsequently,

in mammalian species. The gene encoding a transmembrane receptor for GnIH (GnIHR) was

recently identified in the brain, pituitary gland and gonads of song bird, chicken and Japanese

quail. The objectives of the present study are to characterise the expression of GnIHR mRNA

and protein in the chicken pituitary gland, and to determine whether sexual maturation and

gonadal steroids influence pituitary GnIHR mRNA abundance. GnIHR mRNA quantity was found

to be significantly higher in diencephalon compared to either anterior pituitary gland or ovaries.

GnIHR mRNA quantity was significantly higher in the pituitaries of sexually immature chickens

relative to sexually mature chickens. Oestradiol or a combination of oestradiol and progesterone

treatment caused a significant decrease in pituitary GnIHR mRNA quantity relative to vehicle

controls. GnIHR-immunoreactive (ir) cells were identified in the chicken pituitary gland cephalic

and caudal lobes. Furthermore, GnIHR-ir cells were found to be colocalised with luteinising hor-

mone (LH)b mRNA-, or follicle-stimulating hormone (FSH)b mRNA-containing cells. GnIH treat-

ment significantly decreased LH release from anterior pituitary gland slices collected from

sexually immature, but not from sexually mature chickens. Taken together, GnIHR gene expres-

sion is possibly down regulated in response to a surge in circulating oestradiol and progesterone

levels as the chicken undergoes sexual maturation to allow gonadotrophin secretion. Further-

more, GnIHR protein expressed in FSHb or LHb mRNA-containing cells is likely to mediate the

inhibitory effect of GnIH on LH and FSH secretion.
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(17), and sexual behaviour in white-crowned sparrows (18). GnIH-ir

neurones were found to have close appositions with GnRH-ir cells

in the preoptic area of the sparrow and starling brain as well as

midbrain of the starling brain, thereby suggesting a possible inter-

action of GnIH and GnRH neurones (15, 19). In addition, GnIH

expression in the Japanese quail brain was found to be photo-

periodically regulated, with the greatest expression observed under

short-day photoperiod or when melatonin was administered to

pinealectomised and orbital enucleated birds (20).

Administration of GnIH either by intracerebroventricular or

peripheral route to ovariectomised Syrian hamsters resulted in

reduced plasma LH concentrations, providing compelling evidence

for the role of GnIH as a gonadotrophin inhibitory factor (16).

Treatment of male chicken pituitary slices in vitro with GnIH

resulted in decreased follicle-stimulating hormone (FSH) and LH

synthesis and release (21). Furthermore, GnIH was found to

decrease plasma testosterone concentrations, induce testicular

apoptosis, and decrease testicular spermatogenic activity when

GnIH was continuously administrated to Japanese quail over a

2-week period (12). Based on these findings, GnIH appears to be an

important neuropeptide involved in the control of gonadotrophin

secretion in both avian and mammalian species.

The chicken and Japanese quail GnIH receptor (GnIHR) cDNA

have been cloned and found to be 97% similar to each other

(13, 22). The deduced protein sequences of Japanese quail and

chicken GnIHR are predicted to belong to a family of G protein-

coupled receptors that have a unique seven transmembrane

domain (22). The membrane fraction of COS-7 cells wherein puta-

tive quail GnIHR was overexpressed showed a dose-dependent

high affinity binding to GnIH (13, 22). Furthermore, GnIH treat-

ment of COS-7 cells overexpressing chicken GnIHR resulted in a

dose-dependent decrease in the accumulation of Gai2 mRNA (13).

Using the reverse transcription-polymerase chain reaction

(RT-PCR), GnIHR mRNA was found to be expressed in the dien-

cephalon and anterior pituitary gland in chickens and Japanese

quail (13, 22). GnIHR mRNA-expressing neurones have been docu-

mented using in situ hybridisation histochemistry in the songbird

hypothalamus (15) as well as in the gonadal tissues of Japanese

quail and songbird gonadal tissues (23). Furthermore, we have

recently reported that GnIHR mRNA is expressed in the ovarian

follicles in addition to the diencephalon and anterior pituitary

gland in the chicken (24). To determine the inhibitory effect of

GnIH on LH secretion, it is important to characterise the expres-

sion of GnIHR protein in the anterior pituitary gland. However,

cellular localisation of GnIHR protein or regulation of GnIHR

mRNA expression in the pituitary gland has not been studied in

any species. Considering the inhibitory effect of GnIH on LH

secretion, we hypothesised that GnIHR expression would be higher

in the pituitary gland compared to the diencephalon or ovary.

The main objectives of the present study were: (i) to characterise

the expression of GnIHR mRNA and protein in the chicken pitui-

tary gland; (ii) to determine whether sexual maturation and gona-

dal steroids would influence pituitary GnIHR mRNA abundance;

and (iii) to determine whether GnIH treatment would affect pitui-

tary FSH and LH secretion in vitro.

Materials and methods

Animals

Female white Leghorn chickens (Hyline W36 strain) were housed in cages

under a 16 : 8 h light ⁄ dark cycle. The chickens were provided with feed and

water ad libitum. All animal procedures were carried out in accordance with

the Institutional Animal Care and Use Committee approved protocol.

Reagents

Trizol and RNeasy kits used to isolate RNA were obtained from Invitrogen

(Carlsbad, CA, USA) and Qiagen (Valencia, CA, USA), respectively. Moloney

murine leukemia virus (M-MuLV) reverse transcriptase and Taq polymerase

used for the RT-PCR were purchased from New England Biolabs (Beverly,

MA, USA). Quantitative real-time PCR master mixture (Platinum SYBR Green

qPCR Super Mix-UDG), RNAseOut, Alexa Flour 488 goat anti-rabbit immuno-

globulin (Ig)G, Alexa Flour 546 anti-mouse IgG, Streptavidin Alexa Flour 488,

ProLong Gold antifade reagent, and cell culture reagents were purchased

from Invitrogen. Oestradiol 17-b and progesterone were purchased

from Sigma-Aldrich (St Louis, MO, USA). Putative chicken GnIH peptide

(SIRPSAYLPLRF-NH2) was custom synthesised by Sigma Genosys (The

Woodlands, TX, USA).

Quantification of GnIHR mRNA

To determine the relative GnIHR mRNA quantity, sexually immature

(16 weeks old; n = 6) female chickens were killed by decapitation to collect

diencephalon, anterior pituitary gland and total ovary. Anterior pituitary

gland and total ovary were immediately frozen in liquid nitrogen. The brain

was removed from the cranium and frozen in powdered dry ice. All the

tissues were stored at )80 �C until processed. Using a cryostat (Microm,

Walldorf, Germany), 40-lm thick coronal sections of the chicken brain were

made. Diencephalic tissue sections in the coronal plane, starting from the

anterior commissure and ending with the mammillary nucleus including the

median eminence, were collected following the coordinates of the chick

brain stereotaxic atlas (25). Total RNA from diencephalon, anterior pituitary

gland, and ovary was extracted using Trizol (Invitrogen) and ⁄ or RNeasy kit

(Qiagen). After DNase-I (Qiagen) treatment, 1 lg of total RNA was reverse

transcribed using oligo d(T)30A ⁄ G ⁄ CA ⁄ G ⁄ C ⁄ T primer, and 2 U reverse trans-

criptase in a 20-ll reaction. Both GnIHR mRNA and chicken b-actin mRNA

were quantified using 3 ll of the reverse transcription reaction (equivalent

of 150 ng of single-stranded cDNA) as template in the real-time quantita-

tive PCR (qPCR). A 140-bp product for chicken GnIHR cDNA (Gen Bank

Accession no. AB193127) and a 123-bp product of chicken b-actin cDNA

(Gen Bank Accession no. L08615) were amplified using the oligonucleotide

primers shown in Table 1. The real-time qPCR consisted of Platinum SYBR

Green qPCR Super Mix-UDG and 300 nm of forward and reverse primers in

a 20 ll reaction. The reactions were performed in DNA engine Opticon II

(MJ Research, Reno, NV, USA) with the settings: 50 �C for 2 min, 95 �C for

2 min, followed by 45 cycles of 95 �C for 15 s, 55 �C for 30 s, and 72 �C

for 30 s. At the end of amplification, a melting curve analysis was perfomed

by heating the PCR products to 65�95 �C for 15 s at increments of 0.2 �C,

and the fluorescence was detected to confirm the presence of a single

amplification product. Each sample was run in duplicate to obtain average

log-linear threshold (CT) values for GnIHR mRNA and b-actin mRNA. For

negative controls, reverse transcription reactions using 1 lg total RNA with-

out reverse transcriptase (�RT) were used as a template in place of single

stranded cDNA. The log-linear threshold values during the exponential phase

of the PCR for GnIHR mRNA were subtracted from that of b-actin mRNA.

GnIHR mRNA quantity was expressed as a proportion of b-actin mRNA
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quantity following the 2)DDCt method for converting log-linear CT values to

linear term (26).

Development of GnIHR antibody

Rabbit polyclonal antisera were custom generated (Sigma Genosys, Austin,

TX, USA) against a keyhole limpet haemocyanin (KLH) conjugated synthetic

peptide (FRAPFCLPPRRQHRG) corresponding to the predicted GnIHR protein

sequence in the C-terminal extracellular domain (amino acids 347�361;

Gen Bank Accession no. BAE17050). Two New Zealand White rabbits were

given six immunisations each with a total of 700 lg of the peptide-KLH

mixed in either complete (first dose) or incomplete (booster doses) Freund’s

adjuvant. Blood samples were obtained at various intervals until 110 days

after immunisation. Serum antibody titre, as determined by enzyme-linked

immunosorbent assay using the peptide antigen as the standard, was found

to be 1 : 50 000 after 70 days of immunisation. A part of the antisera was

affinity purified using the peptide and utilised for localisation of GnIHR-

immunoreactive (ir) cells in the pituitary gland.

GnIHR antiserum was validated by western blotting using chicken pituitary

gland and testis protein extracts prepared using a protocol as described pre-

viously (27). Briefly, entire pituitary gland or approximately 0.5 g of chicken

testis was homogenised in lysis buffer (10 mM Tris-HCl, 150 mM NaCl, pH 8.0,

1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing protease

inhibitor cocktail (Sigma-Aldrich). The homogenate was then passed through

a 22-gauge needle and shaken in a thermomixer (Eppendorf, Westbury, NY,

USA) at 1000 rpm for 30 min at 4 �C. The lysate was centrifuged at

14 000 g for 15 min at 4 �C and the supernatant was collected. Total protein

concentration was estimated by a protein dye binding assay using a commer-

cial kit (Bio-Rad, Hercules, CA, USA), with chicken ovalbumin as the standard.

One-dimensional gel electrophoresis was performed with the NuPAGE Novex

minigel system (XCell SureLock Mini Cell; Invitrogen) according to manufac-

turer’s recommendations. Samples were prepared by combining approxi-

mately 10 lg of total protein extract with 4 · NuPAGE LDS sample buffer

and 10 · NuPAGE reducing agent, and heated for 10 min at 70 �C prior to

electrophoresis. Proteins were separated on a 10% Bis-Tris polyacrylamide

gel (Invitrogen) and electrotransferred onto Immun-Blot PVDF membranes

(0.20 lm; Bio-Rad). Membranes were incubated in blocking buffer (Pierce

Biotechnology, Rockford, IL, USA) for 2 h at room temperature before

incubating overnight in rabbit anti-chicken GnIHR antiserum (1 : 4000) at

4 �C with gentle agitation. The membranes were washed once for 15 min

in Tris-buffered saline-Tween (TBS-T; 10 mM Tris, 150 mM NaCl, 0.1% Tween-

20), followed by three washes for 5 min each in TBS-T. Immunoreactive

GnIHR band was detected by incubation in horseradish peroxidase conju-

gated to goat anti-rabbit IgG (1 : 10 000; Pierce) for 1 h at room tempera-

ture. The membrane was washed as previously described, and treated with

ECL Plus Chemiluminescence Detection Reagent (Amersham Biosciences

Piscataway, NJ, USA). Chemiluminescent signals were detected using the

Storm 860 optical scanner (Amersham Biosciences).

Immunohistochemical detection of GnIHR in the pituitary
gland

Anterior pituitary glands collected from sexually mature Leghorn chickens

(32 weeks old; n = 6) were used for localising GnIHR-ir cells as described

previously (28). Briefly, chickens were killed by decapitation and the anterior

pituitary gland was quickly removed from the cranium. The anterior pituitary

gland was fixed in Bouin’s solution for 24 h followed by storage in phos-

phate-buffered saline buffer (pH 7.2) at 4 �C until processing. Pituitaries

were dehydrated, cleared and embedded in paraffin using an automated tis-

sue processor. Pituitary gland tissue sections in the sagittal plane were cut

at 4 lm thickness using a rotary microtome (Microm, Walldorf, Germany)

and serial sections were mounted on Superfrost Plus glass slides (VWR, West

Chester, PA, USA). For immunostaining, pituitary tissue sections were depar-

affinised in Histoclear (National Diagnostics, Atlanta, GA, USA) and hydrated

in descending concentrations of ethyl alcohol in water and rinsed in TBS

(0.01 M Tris-HCl and 0.15 M sodium chloride solution, pH 7.4). Following sev-

eral washes in TBS containing 0.50% Triton X-100 (TBSX; Sigma), slides were

treated in a blocking solution (2.5% normal goat serum in TBSX) for 1 h.

Tissue sections were incubated with affinity purified anti-chicken GnIHR IgG

(1 : 100) at 4 �C for approximately 18 h. Following washes in TBS, the slides

were incubated with Alexa Flour 488 goat anti-rabbit IgG (1 : 400) for 1 h.

Following washes in TBS, sections were mounted with ProLong Gold antifade

reagent. Unless otherwise noted, all steps were performed at room tempera-

ture with the washes consisting of three incubations with buffer for 10 min

each. To determine the specificity of immunostaining, anti-chicken GnIHR

antibody (1 : 100) was preadsorbed with GnIHR synthetic peptide

(25 lg GnIHR peptide ⁄ ml) for 18 h and centrifuged to collect the superna-

tant. As a negative control, the supernatant was substituted in place of the

primary antibody during immunohistochemical staining. Green (GnIHR) fluo-

rescent-cells were visualised by excitation of Alexa Flour 488 fluorophor

with lasers using an Olympus Fluoview 300 Confocal Laser Scanning Micro-

scope (Olympus, Center Valley, PA, USA).

Colocalisation of GnIHR with LHb mRNA or FSHb mRNA
in the chicken pituitary gland

Preparation of digoxigenin labelled cRNA probes

Partial cDNA encoding chicken LHb mRNA or FSHb mRNA were generated

using oligonucleotide primer sets (Table 1) using a chicken pituitary cDNA

library as a template. The primers for amplifying chicken LHb cDNA and FSHb
were derived from a previous study (29) and Gen Bank Accession No.

AY029204, respectively. The PCR products were cloned into pGEM-T Easy vec-

tor and transformed into JM109 competent cells following manufacturer’s

protocol (Promega, Madison, WI, USA). The antisense and sense strands of

plasmids were confirmed by nucleotide sequencing using Sp6 and T7 primers

(Davis Sequencing, Davis, CA, USA). The plasmids were linearised using NcoI

and NdeI restriction endonucleases and gel purified. The antisense and sense

strands of FSHb cDNA and LHb cDNA were in vitro transcribed in a 20-ll

Table 1. Oligonucleotide Primer Sequences To Amplify Partial cDNA Encoding

Chicken Luteinising Hormone b Subunit (LHb), Follicle-Stimulating Hormone

b Subunit (FSHb), Gonadotrophin-Inhibitory Hormone Receptor (GnIHR), or

b-Actin Utilised in in situ Hybridisation Histochemistry or Real-Time Quanti-

tative Polymerase Chain Reaction.

Name Sequence (5¢ to 3¢)
Product

length (bp)

LHb

Forward GTTGGTGCTGATGACCCTTT 194

Reverse TGGTGGTCACAGCCATACAT

FSHb
Forward TTGCTGGAAAGCAATCTGTT 357

Reverse TTGCTTCCATTGTGACTGAAG

GnIHR

Forward CACTGATGCTGCTGACAGACTA 140

Reverse CTCATTGAAGTAGCCGTAGATGAT

b-Actin

Forward CTGGCACCTAGCACAATGAA 123

Reverse CTGCTTGCTGATCCACATCT
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reaction using digoxigenin-labelled nucleotides (Roche Biochemicals Indiana-

polis, IN, USA) with Sp6 polymerase and T7 polymerase, respectively. Both

sense and antisense cRNA probes were treated with DNaseI (Roche) at 37 �C

for 15 min to remove the cDNA template. At the end of reaction, 180 ll of

nuclease free water, 500 ll of ice-cold ethanol and 20 ll of 3 M sodium ace-

tate (pH 5.2) were added and stored at )80 �C overnight. After incubation,

tubes were centrifuged at 13 000 g for 30 min at room temperature. The

resultant pellet was washed with 70% ethanol and vacuum dried for 10 min

and reconstituted in 20 ll of nuclease-free water. The probes were subjected

to agarose gel electrophoresis for confirming the quality and size. The probes

were stored at )20 �C until used for in situ hybridisation histochemistry.

In situ hybridisation histochemistry

Pituitary tissues collected and processed for immunohistochemistry were

used for this study. Tissue sections were deparaffinised, hydrated, and trea-

ted with 0.2 N hydrochloric acid. Slides were rinsed in 0.3% triton-X-100

and treated with proteinase K (Roche Biochemicals; 5 lg ⁄ ml) in 0.1 M Tris

HCl containing 50 mM ethelynediaminetetraceteic acid (EDTA) for 20 min.

Tissue sections were then treated with 0.2% glycine for 5 min, fixed in 3.7%

paraformaldehyde and acetylated with 0.25% acetic anhydride and 0.1 M tri-

ethanolamine. The slides were then incubated in prehybridisation buffer

(50% formamide in 2 · SSC) for 90 min at 37 �C. Digoxigenin-labelled LHb
cRNA or FSHb cRNA probe (50 ng of antisense or sense probe as negative

control) were diluted in hybridisation buffer (10 mM Tris-HCL, 12.5% Den-

hardt’s solution, 50% formamide, 0.5% SDS, 2 · SSC) and applied to the

slides under a coverslip. The slides were incubated in a humidified chamber

at 45 �C overnight. The slides were treated with RNAse (Invitrogen;

20 lg ⁄ ml) in 10 mM Tris-HCl, 5 mM EDTA, 0.3 M NaCl for 30 min at 37 �C.

Slides were then washed twice in 2 · SSC for 15 min each time at room

temperature, twice in 0.1 · SSC for 5 min each, and twice in 0.1 · SSC for

30 min each at 42 �C. Next, the slides were washed in TBS containing 0.1%

triton X-100 (Sigma) for 10 min, and treated with 1 · blocking buffer

(Roche Biochemicals) in TBS for 30 min. A monoclonal anti-digoxigenin anti-

body (Roche Biochemicals; 1 : 250) and affinity purified anti-chicken GnIHR

antibody (1 : 100) were applied to the slides and incubated at 4 �C over-

night. Following three washes in TBS for 5 min each, slides were treated

with biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA,

USA; 1 : 400) for 1 h at room temperature. Slides were washed three times

in TBS and incubated with streptavidin-Alexa Flour 488 (1 : 100) and Alexa

Flour 546 goat anti-mouse IgG (1 : 250) for 1 h at room temperature. Fol-

lowing three washes in TBS, slides were mounted with ProLong Gold Antif-

ade Reagent (Invitrogen). GnIHR-ir (green) and LHb mRNA- or FSHb mRNA

(red) cells were visualised by exciting the fluorophores sequentially with

respective lasers using an Olympus Fluoview 300 Confocal Laser Scanning

Microscope (Olympus).

Quantification of diencephalic and pituitary GnIHR mRNA
in sexually immature and mature chickens

Sexually mature (26 weeks old; n = 7) and immature chickens (16 week-

s old; n = 7) were killed by decapitation to collect brains and pituitary

glands. The brain was removed from the cranium and frozen in powdered

dry ice. Coronal section of the brain were made to separate the entire dien-

cephalon as described above. Total RNA was extracted from the diencepha-

lon and pituitary gland using Trizol (Invitrogen) and ⁄ or RNeasy kit (Qiagen)

as described above. Total RNA (1 lg) was reverse transcribed and subjected

to qPCR analysis for the determination of GnIHR mRNA. Each sample was

run in duplicate to obtain average CT values for GnIHR mRNA and b-actin

mRNA. For negative controls, reverse transcription reactions using 1 lg total

RNA without reverse transcriptase (�RT) were used as a template in place

of single stranded cDNA. The relative amount of pituitary GnIHR mRNA in

mature and immature birds was compared.

Effect of ovarian steroids on pituitary GnIHR mRNA
expression

Sexually immature female chickens are utilised as their gonadal steroid levels

in the circulation are expected to be low obviating the use of ovariectomised

chicken for this experiment. Sexually immature chickens (16 weeks old; n = 7)

were injected, intramuscularly, with peanut oil containing oestradiol-17b
[0.5 mg ⁄ kg body weight; four injections on alternate days (30)], progesterone

[0.17 mg ⁄ kg bodyweight ⁄ day for seven consecutive days (31)], oestradiol and

progesterone together at the above dosage, or no steroids (negative control).

Seven days after the first dose, the chickens were killed by decapitation and the

oviduct was isolated (infundibulum to shell gland) and weighed to confirm the

efficacy of oestradiol and ⁄ or progesterone treatments. Anterior pituitary

glands were snap frozen in liquid nitrogen and stored at )80 �C. Total RNA

was extracted from the pituitary glands using RNeasy kit and subjected to real-

time qPCR for determination of GnIHR mRNA quantity as described above.

Effect of GnIH on FSH and LH secretion from pituitary
gland slices in vitro

Anterior pituitary glands from sexually immature (16 weeks old) and mature

(26 weeks old) Leghorn chickens (n = 9) were collected after decapitation

and placed in ice-cold M199 culture medium. Each pituitary gland was cut

into three equal sized slices and all three slices were placed in a tissue cul-

ture plate well containing 0.5 ml of M-199 culture media supplemented

with 10 mM HEPES buffer, 0.1% bovine serum albumin, penicillin and strep-

tomycin in a 24-well plate. The culture plate was placed in an airtight con-

tainer, equilibrated with 95% O2 and 5% CO2, and incubated at 37 �C with

gentle shaking (60 revolutions ⁄ min) for a 90 min pre-incubation period.

After the pre-incubation period, the culture medium from each well was

replaced with a medium containing 0, 10)8 or 10)6
M GnIH synthetic pep-

tide. The culture plate was placed in the airtight container, equilibrated with

95% O2 and 5% CO2 and incubated for 120 min with gentle shaking. At the

end of 120 min incubation, the culture medium was recovered for determi-

nation of LH and FSH quantity by radioimmunoassay as described previously

(32, 33). Intra-assay coefficients of variation for the FSH and LH radio-

immunoassays were found to be 8.7% and 4.8%, respectively.

Statistical analysis

GnIHR mRNA quantity in the anterior pituitary gland of sexually immature

and mature chickens was compared using Student’s t-test. Effect of oestra-

diol and ⁄ or progesterone treatments on GnIHR mRNA quantity, as well as

the effect of GnIH treatment on FSH and LH secretion in vitro and oviduct

weights were analysed by ANOVA using the General Linear Model Procedure

of Statistical Analysis Software (SAS Institute, Cary, NC, USA). Relative

GnIHR mRNA quantity to b-actin mRNA quantity was first converted from

log-linear to linear term and then compared using general linear models

procedure. P < 0.05 was considered statistically significant.

Results

Quantification of GnIHR mRNA

The GnIHR mRNA quantity was significantly higher in diencephalon

compared with pituitary gland and total ovary (P < 0.05; Fig. 1).
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However, GnIHR mRNA quantity in the anterior pituitary gland and

ovary was not significantly different from each other (P > 0.05;

Fig. 1). Melting curve analyses showed the presence of a single PCR

product for GnIHR or b-actin product confirming the specificity of

the reaction (data not shown). Total RNA from the diencephalon,

pituitary gland, and ovary reverse transcribed in the absence of

reverse transcriptase resulted in CT values not different from blanks

(> 30 cycles), indicating that genomic DNA was not contributing to

the GnIHR or b-actin mRNA quantity (data not shown). In addition,

GnIHR cDNA sequence amplified in the real-time qPCR showed

100% homology to chicken GnIHR cDNA (Gen Bank Ref

no.AB193127) (13) and did not share significant homology to any

other chicken gene sequences.

Localisation of GnIHR-ir cells in the pituitary gland

GnIHR-ir cells within the chicken pituitary gland were localised by

immunohistochemical staining utilising a custom generated GnIHR

antibody. GnIHR-ir cells were found to be distributed throughout

the cephalic (Fig. 2A) and caudal lobes (Fig. 2B, C), particularly in the

peripheral regions of the anterior pituitary gland. Higher magnifica-

tion images of the pituitary gland tissue sections revealed punctate

GnIHR-immunofluorescence, a pattern that is unique to transmem-

brane receptors, both in cell membrane (Fig. 2D) and ⁄ or in the cyto-

(A) (B) (C)

(D) (E) (F)

GnIHR GnIHR GnIHR

Negative controlGnIHR GnIHR

Fig. 2. (A�F) Representative confocal photomicrographs of the chicken pituitary gland showing gonadotrophin-inhibitory hormone receptor (GnIHR)-immuno-

reactive (ir) cells. Mid-sagittal pituitary tissue sections were probed with affinity purified anti-chicken GnIHR immunoglobulin G (A�E) or with primary antibody

that was preadsorbed with synthetic GnIHR peptide (negative control; F). GnIHR-ir cells were found in the cephalic (A) and caudal (B, C) lobes of the pituitary

gland. Punctate GnIHR-ir granules were found along the cell membrane as well as in the cytoplasm of several pituitary cells (D, E, arrows). Green (GnIHR)-fluo-

rescent cells were visualised by exciting the fluorophore using a laser confocal microscope. Scale bar = 20 lm.
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20 b b 

Diencephalon Pituitary Ovary 

Fig. 1. Gonadotrophin-inhibitory hormone receptor (GnIHR) mRNA abun-

dance relative to b-actin mRNA abundance in diencephalon, pituitary gland

and ovaries of sexually immature chickens. Total RNA from each tissue was

deoxyribonulcease-I treated and reverse transcribed. Approximately 150 ng

of cDNA was used in the real-time quantitative polymerase chain reaction

employing SYBR green as the dye to quantify GnIHR mRNA or b-actin

mRNA in separate reactions. Different letters above each bar indicate signifi-

cant difference at P < 0.05. Values represent the mean � SE (n = 6).
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plasm of the pituitary cells (Fig. 2E). Presence of GnIHR-ir granules

in the cytoplasm suggests that not all of this protein is transported

to the cell membrane after synthesis but is stored in the cytoplasm.

Immunostaining in the pituitary gland was abolished when the pri-

mary antibody was replaced by a GnIHR antibody preadsorbed with

GnIHR synthetic peptide (Fig. 2F). Furthermore, the anti-chicken

GnIHR antibody was validated by a western blot analysis that

detected a 45-kDa protein both in the pituitary gland and testis

protein extracts in accordance with the molecular weight for the

predicted GnIHR protein (Fig. 3). In addition to the 45-kDa band, a

few other bands of higher molecular weight were also detected in

the immunoblot with both testis and pituitary gland protein

extracts, which may represent multimeric forms and ⁄ or post-transl-

ationally modified GnIHR protein.

Colocalisation of GnIHR with LHb mRNA or FSHb mRNA
in the chicken pituitary gland

Figure 4(A�L) shows representative photomicrographs of chicken

pituitary gland tissue sections subjected dual in situ hybridisation

and immunohistochemistry to reveal LHb mRNA or FSHb mRNA in

GnIHR-ir cells. Punctate GnIHR-ir granules were found scattered

throughout the cephalic and caudal lobes of the pituitary gland

(green; Fig. 4A, D, G, J). LHb mRNA (Fig. 4B) or FSHb mRNA (Fig. 4H)

staining was noticed throughout the cytoplasm of numerous cells

in both cephalic and caudal lobes of the pituitary gland. Many of

the LHb mRNA stained cells also contained GnIHR-ir granules

(Fig. 4C). Similarly, several FSHb mRNA stained cells also contained

GnIHR-ir granules (Fig. 4I). As a negative control, pituitary gland

tissue sections were hybridised with cRNA probes corresponding to

the sense strand of LHb cDNA or FSHb cDNA and found to exhibit

greatly diminished staining or no staining at all (Fig. 4E, K).

Effect of sexual maturation on diencephalic and pituitary
GnIHR mRNA quantity

GnIHR mRNA abundance was significantly higher in the diencepha-

lon of sexually mature chickens compared with sexually immature

chickens (P < 0.05; Fig. 5A). By contrast to diencephalon, pituitary

GnIHR mRNA quantity was significantly greater in the sexually

immature chickens compared with sexually mature chickens

(P < 0.05; Fig. 5B). Melting curve analyses showed the presence of

a single PCR product for GnIHR or b-actin confirming the specific-

ity of the reaction (data not shown). Total RNA from pituitaries

reverse transcribed in the absence of reverse transcriptase resulted

in CT values not different from blanks (> 30 cycles) indicating that

genomic DNA did not contribute to the GnIHR or b-actin mRNA

quantity (data not shown).

Effect of oestradiol and ⁄ or progesterone treatment
on pituitary gland GnIHR mRNA quantity

Using real-time qPCR, GnIHR mRNA abundance in the anterior

pituitary gland was determined. Oestradiol or a combination of

oestradiol and progesterone treatments significantly decreased the

amount of GnIHR mRNA in the anterior pituitary gland when

compared to that in vehicle-treated chickens (P < 0.05; Fig. 6).

Progesterone treatment alone did not affect pituitary gland

GnIHR mRNA quantity (P > 0.05; Fig. 6). The oviduct weight was

significantly higher (P < 0.01) in chickens treated with oestradiol

(10.65 � 0.38 g) or a combination of oestradiol and progesterone

(17.98 � 0.58 g) compared to chickens that were treated with

vehicle (0.34 � 0.05 g) or progesterone (0.44 � 0.08 g), confirming

the efficacy of the steroid treatments. Melting curve analyses

showed the presence of a single PCR product for GnIHR or b-actin

confirming the specificity of the reaction (data not shown).

Effect of GnIH treatment on pituitary LH and FSH
secretion in vitro

Compared to controls, LH quantity was significantly less in the cul-

ture medium in which pituitary gland slices of sexually immature

chickens were incubated for 120 min with 10)8
M, but not with

10)6
M GnIH peptide (P < 0.05; Fig. 7A). However, GnIH treatment

of pituitary gland slices from sexually mature chicken did not result

in significant changes in LH quantity in the culture medium

(P > 0.05; Fig. 7A). Likewise, GnIH treatment had no significant

Testes Pit

191

MW
(kDa)

51

64

97

39

Fig. 3. Detection of gonadotrophin-inhibitory hormone receptor (GnIHR)

protein in chicken pituitary gland and testis protein extracts. Approximately

10 lg of total protein from pituitary gland or testis was electrophoresed

and blotted onto PVDF membrane. A 45-kDa protein (arrow), corresponding

to the deduced molecular weight of GnIHR protein, was detected using rab-

bit anti-chicken GnIHR antiserum. The identities of higher molecular weight

immunoreative products are not known. MW, protein molecular weight stan-

dards; Pit, pituitary gland.
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effect on FSH quantity in the culture medium wherein pituitaries

from sexually immature or mature chickens were incubated for

120 min (P > 0.05; Fig. 7B).

Discussion

The present study is the first to characterise expression of GnIHR

protein in the pituitary gland of any species. Using a custom devel-

oped antibody against a synthetic GnIHR peptide, chicken pituitary

gland were found to contain GnIHR-immunoreactive granules and

many of them were colocalised with LHb mRNA or FSHb mRNA-

expressing cells. Such colocalisation suggests that GnIHR is

expressed in gonadotrophs and is likely to mediate the inhibitory

effect of GnIH on LH and FSH secretion.

We previously found that GnIHR mRNA was expressed in chicken

pituitary gland, diencephalon, and ovary (24). In the present study,

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

(J) (K) (L)

GnIHR LH-AS Overlay

GnIHR LH-S Overlay

OverlayGnIHR FSH-AS

GnIHR FSH-S Overlay

Fig. 4. (A�L) Representative confocal photomicrographs of the chicken pituitary gland tissue sections subjected to dual labelling of gonadotrophin-inhibitory

hormone receptor (GnIHR) and luteinising hormone (LH)b mRNA or follicle-stimulating hormone (FSH)b mRNA. (A�C) Punctate GnIHR-immuoreactive granules

(A) and cytoplasmic LHb mRNA (B) are colocalised in many cells (C, arrows). (G�I) Punctate GnIHR-immuoreactive granules (G) and cytoplasmic FSHb mRNA (H)

are colocalised in many cells (I, arrows). (E, K) Note the absence of specific staining when pituitary sections were hybridised with cRNA probe made with sense

strand of LHb cDNA (E) or FSHb cDNA (K). Pituitary tissue sections were probed with affinity purified anti-chicken GnIHR immunoglobulin G (GnIHR) and LHb
antisense cRNA probe (LH-AS), LHb sense cRNA probe (LH-S), FSHb antisense cRNA probe (FSH-AS), or FSHb sense cRNA probe (FSH-S). Scale bar = 20lm.
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we hypothesised that the pituitary gland would contain greater

quantities of GnIHR mRNA relative to diencephalon and the ovary

based on the inhibitory effect of GnIH on gonadotrophin secretion

(9). Refuting our hypothesis, we found that diencephalon GnIHR

mRNA quantity was 8.8-fold higher than that in the anterior pitui-

tary gland or ovaries. The physiological role of diencephalic GnIHR

or the phenotypic identity of GnIHR-expressing neurones is pres-

ently unknown. However, GnIHR mRNA-containing neurones were

reported to be colocalised with GnRH-I-ir neurones in the preoptic

area and with GnRH-II-ir neurones in the midbrain of European

starlings (34), suggesting that GnIHR is likely to be involved in con-

trolling GnRH secretion. In addition, hypothalamic GnIHR is likely to

be involved in GnIH signalling as it has been found that central

administration of GnIH reduced solicited copulation behaviour in

the white-crowned sparrows (18) while increasing feed intake in

chicks (17). Previously, GnIH-ir neurones in the song sparrow and

house sparrow hypothalamus were found to be colocalised with

GnRH neurones and fibres in the preoptic area and median emi-

nence, respectively (19). Similarly, GnIH-ir neuronal fibres were

found in close proximity to GnRH-I neurones in the preoptic area

and GnRH-II neurones in the midbrain of European starlings (15).

Furthermore, GnIHR mRNA-expressing neurones were found to
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Fig. 5. (A�B) Gonadotrophin-inhibitory hormone receptor (GnIHR) mRNA

abundance in diencephalon (A) and pituitary gland (B) of sexually immature

(16 weeks old) and mature (26 weeks old) female chickens. Following reverse

transcription of pituitary RNA, approximately 150 ng of cDNA was used in

real-time quantitative polymerase chain reaction using SYBR green as the

dye to quantify GnIHR mRNA or b-actin mRNA in separate reactions. An

asterisk above the bar indicates significant difference at P < 0.05. Values

represent the mean � SE (n = 7, 4 in A and B, respectively).
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be colocalised with both GnRH-I and GnRH-II cell bodies in the

European starling hypothalamus (15). Therefore, it is possible that

GnIH may be interacting with GnRH neurones through GnIHR in

the hypothalamus for regulating gonadotrophin secretion from the

anterior pituitary gland. The receptor for kisspeptin, GPR54, another

RFamide receptor important for the control of reproduction in

mammals, has been found to be expressed in the rat hypothalamus

wherein it was colocalised with GnRH neurones in the preoptic

area (35).

Using a highly specific antibody against a synthetic GnIHR

peptide, we localised GnIHR-containing cells in the chicken anterior

pituitary gland. Moreover, we found that GnIHR-ir cells were

distributed throughout the anterior pituitary gland. The chicken

pituitary gland can be divided into cephalic and caudal lobes,

wherein lactotrophs are predominantly distributed in the cephalic

lobe whereas somatotrophs are found in the caudal lobe (36�38).

FSH-containing gonadotrophs were absent in the peripheral region

of both cephalic and caudal lobes, while LH-containing gonado-

trophs were present throughout cephalic and caudal lobes, with

many of them distributed in the peripheral region (39). We found

that a majority of GnIHR-ir cells in the chicken pituitary gland are

distributed in the cephalic and caudal lobes, particularly in the

peripheral regions. Based on the colocalisation of GnIHR and LHb
mRNA or FSHb mRNA, GnIHR appears to be expressed in gonado-

trophs. This possibility is also strengthened based on the fact

that GnIH treatment decreased LH release from the pituitary gland

in vitro (Fig. 7A). Such a decrease in LH secretion in response to

GnIH treatment in vitro has been previously reported with chicken

(21) and Japanese quail (9) pituitary glands. Our data on localising

GnIHR-containing cells provides a basis for GnIH signalling within

the pituitary gland. Similar to GnIH, several other RFamide peptides

were found to regulate the secretion of pituitary hormones in frogs,

mice, rats and Japanese quail. For example, RFamide related pep-

tide-3 increases growth hormone but decreases LH secretion in rats

(40), prolactin-releasing peptide increases prolactin release in rats

(41), and frog growth hormone-releasing peptide (fGRP) stimulates

growth hormone release in bull frog (4, 42). Another RFamide, fGRP

related peptide-2, has also been found to stimulate growth hor-

mone and prolactin release (42). Further studies are required to

determine the phenotypic identity of pituicytes that express GnIHR

in the chicken pituitary gland.

In the present study, we found 43% less GnIHR mRNA quantity

in the pituitary glands of sexually mature chickens compared with

that of sexually immature chickens. Our data suggest that GnIH

signalling is most likely to be regulated at the receptor level,

wherein GnIHR is downregulated in sexually mature chicken to

allow LH secretion from the pituitary gland. In support of our

findings, a recent study reported that GnIHR mRNA expression in

pituitary gland was significantly reduced during a reproductive

cycle in both male and female chickens with lowest levels

observed around sexual maturity (43). These results suggest that

GnIHR may play an important role during sexual maturation by

allowing gonadotrophin secretion from the pituitary gland. This

argument is further strengthened by a report that there was no

change in hypothalamic GnIH mRNA levels in both laying and

out-of-lay female chickens (44). In contrast to pituitary gland,

diencephalic GnIHR mRNA abundance was greater in sexual

mature chickens compared to immature chickens indicating that

GnIHR expression is regulated differently in the brain. Neverthe-

less, sexual maturation in the chicken is associated with increased

activity in the hypothalamo-pituitary-ovarian axis. During this per-

iod, there is an increase in the secretion of gonadal steroids into

circulation as a result of follicular development (45, 46), possibly

affecting expression of GnIHR mRNA. In order to test the influ-

ence of gonadal steroids on pituitary GnIHR mRNA expression, we

injected oestradiol and progesterone to 16-week-old sexually

immature female chickens. We found that oestradiol alone or in

combination with progesterone reduced GnIHR mRNA abundance

in the pituitary gland. These results suggest that higher levels of

circulating oestradiol may be reducing the abundance of GnIHR

mRNA and removing the inhibitory action of GnIH on gonadotro-

phin secretion in sexually mature chickens. We have previously

reported that ovarian GnIHR mRNA quantity was significantly

decreased with oestradiol and ⁄ or progesterone treatment (24),

suggesting that gonadal steroids could down-regulate GnIHR gene

expression in the pituitary-ovarian axis. In the present study, we

found that progesterone treatment alone did not decrease pitui-

tary GnIHR mRNA quantity. This lack of effect may be due to the

lower amounts of progesterone receptors in the sexually immature

chicken as reported in the pituitary gland of immature pullets

(47) and expression of progesterone receptor may require priming

with oestradiol. In support of this argument, we found that a

combination of oestradiol and progesterone treatments resulted in

a 50% decrease in pituitary GnIHR mRNA quantity in sexually

immature chickens.

In the present study, we found that treatment of 16-week-old

chicken pituitary gland slices in vitro with GnIH decreased LH but

not FSH quantity in the culture media. This inhibitory effect was

noticed with a 10)8
M but not 10)6

M GnIH concentration in the

culture media. The lack of an effect in response to higher GnIH

concentration on LH secretion may be due to receptor desensitisa-

tion. Our findings on LH release are in agreement with previous

reports on the inhibitory effect of GnIH on LH secretion in Japanese

quail and chicken pituitary gland (9, 21). An earlier study has

reported that GnIH treatment in vitro also decreased FSH secretion

from the chicken pituitary gland (21). However, we did not observe

a decrease in the FSH release in response to GnIH treatment

in vitro, possibly due to lack of releasable pool of FSH in the pitui-

tary gland and ⁄ or variations in the strain of chickens used in the

present study. Similarly, GnIH treatment had no effect on either

FSH or LH release from pituitaries of sexually mature chickens

possibly due to lesser GnIHR expression in the pituitary gland as

demonstrated by our data showing decreased GnIHR mRNA in the

pituitary gland of sexually mature chickens. Previously, we reported

that GnIH treatment decreased the viability of granulosa cells

isolated from prehierarchial follicles, thereby possibly preventing

them from entering into the preovulatory hierarchy (24). Collec-

tively, GnIHR appears to play an anti-gonadal role at both the

pituitary and ovarian levels by affecting LH secretion and follicular

maturation, respectively.
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In summary, the results obtained in the present study indicate

that there was a greater GnIHR mRNA abundance in the chicken

diencephalon than in the pituitary gland. GnIHR-ir cells were colo-

calised with FSHb mRNA or LHb mRNA throughout the pituitary

gland and are likely to mediate the inhibitory effect of GnIH on

pituitary LH secretion. Furthermore, pituitary GnIHR abundance was

significantly decreased by sexual maturation and by oestradiol, or a

combination of oestradiol and progesterone treatments. Further

studies are required to characterise GnIHR-expressing neurones as

well as to determine the role of GnIHR in gonadotrophin secretion.
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