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Abstract 
 
 Reproduction is a fundamental stage in the life history of vertebrates.  It has high costs: 
increased susceptibility to disease and resource limitations; but a high reward: the ability to 
produce successful offspring to carry genes to future generations.  In order to minimize costs and 
maximize reproductive success, many vertebrates birth or hatch young during the times of 
greatest resource abundance.  Breeding must be initiated well in advance of this time to allow for 
sufficient time to incubate offspring.    
 
 Vertebrates use cues from their environment to predict when times of high resource 
abundance will occur.  In temperate zones, day lengths are appreciably different in each season 
but have low variance on a given day from year to year.  As many vertebrates utilize resources 
that have seasonal cycles of abundance and occur at relatively the same time each year, day 
length would be an appropriate cue to predict such events. Vertebrates who can detect day 
lengths and who use changes in day length to appropriately initiate reproductive processes are 
called photoperiodic seasonal breeders.   However, organisms also experience unpredictable 
environmental events, such as storms, increased predation, food shortage or other environmental 
stress, that make reproduction unfavorable.  Reproductive success requires that they detect and 
respond to these unpredictable cues as well. 
 
 Thus seasonally breeding vertebrates must integrate a primary predictive cue 
(photoperiod) and supplementary cues to time reproduction appropriately.  A system which 
allows for global changes in physiology and fine points of modulation within the system would 
be advantageous for such a response.   
 
 The hypothalamo-pituitary-gonad (HPG) axis regulates the endocrine control of 
reproduction.  The HPG axis is “switched on” by stimulatory photoperiods in photoperiodic 
vertebrates.  That is, when the organism experiences a stimulatory day length, neurosecretory 
cells in the hypothalamus of the brain produce and secrete gonadotropin releasing hormone 
(GnRH) into the external layer of the median eminence.  Here, GnRH travels through the 
hypothalamo-hypophysial portal system into the pituitary gland.  Inside the pituitary gland, 
GnRH binds to its receptor on gonadotroph cells, stimulating the production and secretion of 
luteinizing hormone (LH) and follicle stimulating hormone (FSH).  LH and FSH travel through 
the bloodstream to their respective receptors on the testes and ovaries.  In the gonads, LH and 
FSH stimulate the production of sex steroids and the maturation of gametes.  Sex steroids, in 
turn, also stimulate reproductive behaviors in the brain and further stimulate or inhibit the 
production of GnRH, LH and FSH. 
 
 The discovery of gonadotropin inhibitory hormone (GnIH), a second hypothalamic 
peptide involved in reproduction, indicated that the HPG axis was more finely regulated than 
previously known.  Hypothalamic GnIH inhibits the HPG at two levels: it inhibits the production 
and secretion of LH and FSH in the pituitary gland and it inhibits the activity of GnRH neurons 
directly.  Furthermore, GnIH secretion is responsive both to endocrine correlates of day length 
and of stress.  These responses indicate GnIH is a candidate for a “fine point modulation” in this 
system.    
 
 Recently, GnIH and GnIHR transcripts were identified in avian gonads.  Furthermore, an 
experiment using systemic administration of GnIH inhibited gonadal function.  The work of this 
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dissertation was to identify the functional significance of a GnIH system in the gonads.  
Experiments using seasonally breeding songbirds and mammals identify the inhibitory function 
of GnIH on gonadal sex steroid production in males and females and the responsiveness of this 
system to supplementary cues.  Finally, gonadal GnIH is presented in context with the gonadal 
GnRH system, to foster further research into the implications of gonadal neuropeptide systems.  
Thus gonadal GnIH is part of a complex system of reproductive regulation in vertebrates.
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Chapter 1 

 
Additions to the model of endocrine control of reproduction
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Testosterone and estradiol are principally important for the development and maintenance 

of gametes and secondary sexual characters in vertebrates (1). Yet overproduction of these sex 
steroids can lead to unsuccessful reproductive attempts and immunocompromise. Thus their 
production must be tightly controlled. Traditionally, sex steroid synthesis in the vertebrate 
gonads is thought to be initiated by the secretion of gonadotropin releasing hormone (GnRH), 
the first component in the hypothalamo-pituitary-gonad (HPG) axis. The discovery of 
gonadotropin inhibitory hormone (GnIH), a hypothalamic peptide that both opposes the action 
of GnRH in the pituitary (2, 3) and inhibits GnRH neurons directly (4, 5), indicated this system 
was more finely regulated than previously thought. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Diagram of the hypothalamo-pituitary gonad (HPG) axis.  Adapted from (6). GnRH, gonadotropin 
releasing hormone.  GnIH, gonadotropin inhibitory hormone.  LH, luteinizing hormone.  FSH, follicle stimulating 
hormone. 
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Gonadotropin releasing hormone (GnRH) is a decapeptide produced in neurosecretory 

neurons of the medial preoptic area of the hypothalamus of mammals and birds (7-10).  Upon 
stimulation, GnRH neurons secrete this hormone from their fiber terminals in the median 
eminence of the brain into a network of blood vessels called the hypothalamo-hypophyseal portal 
system (11).  From here, GnRH is transported directly to the anterior pituitary gland (AP).  
Within the AP, specialized cells called luteotrophs and folliculotrophs express GnRH receptors.  
Upon binding of GnRH to these receptors, these cells produce and secrete luteinizing hormone 
(LH) and follicle stimulating hormone (FSH), respectively, into the circulation (11-16).  
Vertebrate gonads express LH and FSH receptors (15, 17-19).   
 

In males, LH receptors are expressed in the testicular interstitium, on Leydig cells (17, 
18).  When these receptors are bound, Leydig cells are stimulated to produce testosterone (20).  
This steroid hormone is not sequestered within Leydig cells, but instead diffuses into adjacent 
seminiferous tubules, where it promotes the production of mature male gametes (sperm).  
Specialized support cells, Sertoli cells, form the basement membrane of the seminiferous tubules 
(21).  These cells express FSH receptor (17, 18) and produce androgen binding protein (ABP), 
among other substances, when this receptor is bound by FSH (22).  ABP effectively sequesters 
the otherwise freely diffusible testosterone steroid within seminiferous tubules so that it may be 
used to support spermatogenesis (23).  Testosterone that does not diffuse into seminiferous 
tubules is carried out of the testes by and into the general circulation (24).  Androgen receptors 
are expressed throughout the body of vertebrates.  Most notably, the binding of testosterone to 
this receptor causes the development of secondary sexual characters (25-27).   Alternatively, 
testosterone is converted at distal sites to dihydrotestosterone (DHT) and estradiol (E2), other 
steroids which enhance the development of male sexual characteristics (28-32).  When 
circulating testosterone levels are sufficiently high, this androgen indirectly inhibits the further 
production and secretion of GnRH from the hypothalamus and LH and FSH from the pituitary 
(33-36).   
 

In females, LH receptors are expressed in the thecal layer of developing ovarian follicles 
(18, 19).  Binding of LH receptor stimulates thecal production of androgens (37).  Androgens 
immediately diffuse into the adjacent granulosa cell layer.  Granulosa cells express FSH receptor 
(18, 19).  The binding of FSH here stimulates the production of aromatase and inhibin (37, 38).  
The enzyme aromatase converts androgens to estradiol (39).  E2 is used to support development 
of mature female gametes (oocytes)(40).  As the stimulation of ovarian follicles by LH and FSH 
continues, estradiol is also secreted into the general circulation (receptors for estradiol are 
present in the uterus, pituitary, ovary, kidney, adrenal gland, lung, bladder and brain (41)). E2 
inhibits further production of LH in the pituitary gland creating a negative feedback loop (42, 
43).  Howver, once the stimulated oocyte has matured, estradiol levels are sufficiently high to 
cause a positive feedback loop, which results in an ‘LH surge,’ stimulating ovulation (expulsion 
of the mature oocyte into the oviduct/ fallopian tube) (44).  Low levels of estradiol are directly 
inhibitory to LH production and indirectly inhibitory to GnRH production (43).  Inhibin exerts 
negative feedback on folliculotrophs, limiting the further production and secretion of FSH (45). 
 
This is the classical hypothalamo-pituitary-gonad (HPG) axis model of reproductive regulation.  
However, the discovery of GnIH (2) indicated this system has additional modes of regulation.  
The high and variable costs of reproduction: decreased immunocompetence, body weight, 
survival and increased environmental and predation susceptability (46-54), make it advantageous 
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for organisms to have a reproductive system with multiple regulatory points capable of 
responding to environmental changes that occur within very different temporal scales.   
 

Gonadotropin inhibitory hormone (GnIH) is a dodecapeptide discovered in 2000 (2), so 
named for its ability to dose-dependently reduce the secretion of LH from quail pituitary in vitro.  
Cell bodies for this peptide were localized to the paraventricular nucleus of the hypothalamus 
and fiber terminals were detectable in the median eminence of these birds (2).  The hallmark of 
this neuropeptide is the presence of an N-terminal LPXRF-amide, where X=L or Q (Fig 2).  
GnIH was quickly identified in the human genome using this characteristic (55), but termed RF-
amide related peptide (RFRP), a nomenclature which has been subsequently used for description 
of the mammalian homolog of GnIH.  Hereafter, this peptide will be referred to as ‘GnIH’ in the 
avian models and as ‘RFRP’ in mammalian models.   GnIH/RFRP was also rapidly indentified in 
the brains of rat and cow (56), goldfish (57), house sparrow and song sparrow (58), green frog 
(59), hamster (60) and chicken (61), - specifically in the hypothalami of these species.  Later 
studies also confirmed the presence of RFRP in the hypothalamus and median eminence of 
primates, including humans (62, 63). In vivo experimentation indicated that GnIH could rapidly 
(within 2 minutes) suppress a GnRH-induced increase in plasma LH in song sparrows (64, 65).  
This property is conserved in other avian species and mammals as well: white crowned sparrow 
(66), rat (67, 68), cow (69).  In addition to affecting the secretion of LH, GnIH reduced the 
expression of LH and FSH mRNAs in chicken and sheep pituitary glands in vitro (61, 70).  
Furthermore, immunocytochemical co-localization indicated putative contact between GnIH 
fibers and GnRH neuron cell bodies in birds and mammals, indicating a possible additional 
inhibitory function of GnIH on the HPG axis (65, 71, 72).  This co-localization and inhibitory 
function was later confirmed (5, 73).  Thus GnIH/RFRP produced in the hypothalamus exerts 
inhibition on the reproductive axis: GnIH rapidly and dose-dependently reduces GnRH-
stimulated LH and FSH production and secretion and potentially inhibits the action of GnRH 
neurons directly in a wide variety of vertebrate species  
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Quail                                    MEIISTQKFILLTLATVAFLTPHGACLDELMKSSLESREDDDDKYYETKD 
Chicken                               MEVISTQKFILLTLATVAFLTPHGMCLDELMKSSLESREEDDDKYYEIKD 
Zebra_finch                       MKVISNKKLILFALATVVFLTSNSMCLNEPMKSRLQSREDNDDKYYEIKD 
White_crowned_sparrow  MKVISTKKFILFALATVVFLTSNSMCLNEAMKSRLQSREDNDDKDYEIKD 
Rabbit                              ------------TLATSSLWTSNIFCTDELMMSNLHSRE-NYSRYCKLRG 
Human                               MEIISSKLFILLTLATSSLLTSNIFCADELVMSNLHSKE-NYDKYSEPRG 
Sheep                                 MEIISLKRFILLMLATSSLLTSNIFCTDESRIPSLYSKK-NYDKYSEPRG 
Cow                                   MEIISLKRFILLMLATSSLLTSNIFCTDESRMPNLYSKK-NYDKYSEPRG 
Pig                                 -------------------LTSNIFCTDELVLSSLHSKK-NYDTYSEPRR 
Djungarian_hamster                  ----------------------------------------------QPTG 
Mouse                               MEIISLKRFILLTVATSSFLTSNTFCTDEFMMPHFHSKE-GDGKYSQLRG 
Zebrafish                           -----MSYFALLSLALGILSSFMLSEVTALRLPLSGERDLNGFTWGQFSE 
                                                                                      
 
Quail                               --------SILEEKQRSLNFEEMKDWGSKNFMKVNTPTVNKVPNSVANLPLRFGR 
Chicken                             ------SILEEKQRSLNFEEMKDWGSKNFLKVNTPTVNKVPNSVANLPLRFGR 
Zebra_finch                      ------NILEEKQRSLNFEEMEDWRSKDIIKMNPFAASKMPNSVANLPLRFGR 
White_crowned_sparrow ------NILEEKQRSLNFEEMEDWGSKDIIKMNPFTASKMPNSVANLPLRFGR 
Rabbit                              ------HPEEEKERSLHFEELKDWGPKDGNKMSSPTVNKMPHAAATLPLRFGR 
Human                               ------YPKGE--RSLNFEELKDWGPKNVIKMSTPAVNKMPHSFANLPLRFGR 
Sheep                                 -----DLGWEKERSLTFEEVKDWGPK--IKMNTPAVNKMPPSAANLPLRFGR 
Cow                                   -----DLGWEKERSLTFEEVKDWAPK--IKMNKPVVNKMPPSAANLPLRFGR 
Pig                                 ------DSKWEKQRSLNFEELKDWGPKNVIKMSTPVVNKMPPLAANLPLRFGR 
Djungarian_hamster        ------ISKGEKERSVSFQEVKDWGAKNVIKMSPAPANKVPHSAANLPLRFGR 
Mouse                              ------IPKGEKERSVSFQELKDWGAKNVIKMSPAPANKVPHSAANLPLRFGR 
Zebrafish                           NAQEIPRSLEIQDFTLNVAPTSGGASSPTILRLHPIIPKPAHLHANLPLRFGR 
                                                   
 
Quail                                  SNPEERSIKPSAYLPLRFGRAFGESLSR------------RAPNLSNRSGRSP 
Chicken                             SNPEERSIRPSAYLPLRFGRAFGESLSR-------------RAPNLSYRLGRSP 
Zebra_finch                       NYPEERSIKPFSNLPLRFGRAFGENIRN------------HAPKVSHRLERSP 
White_crowned_sparrow  NYPEERSIKPFSNLPLRFGRAFGENTPN------------HSPRVSHRLERSP 
Rabbit                                TTEEERSPQPVANLPLRFGRNMEASILR-----------RIPNLPQRFGRTT 
Human                             NVQEERSAGATANLPLRSGRNMEVSLVR----------RVPNLPQRFGRTT 
Sheep                               NMEEERSTRVMAHLPLRLGKNREDSLSR-----------RVPNLPQRFGRTI 
Cow                                 NMEEERSTRAMAHLPLRLGKNREDSLSR----------WVPNLPQRFGRTT 
Pig                                   TMEEESSPGAIASLPLRFGRNTEDSMSR-------------WVPNLPQRFGRT 
Djungarian_hamster        TLEE---DRST--------------RARTNMEARTLS-----------RVPSLPQRFGRT 
Mouse                              TIDE---KRSP--------------AARVNMEAGTRS-----------HFPSLPQRFGRT 
Zebrafish                          DAQPGTGDRAPKSTINLPQRFGRSCTMCARSGTGPSATLPQRFGRRN 
  
 
Quail                                       LARSSIQSLLNLSQRFGKSVPISLSQGVQESEPGM--------------- 
Chicken                                   LARSSIQSLLNLPQRFGKSVPINLSQGVQESEPGM--------------- 
Zebra_finch                           LVKGSSQSLLNLPQRFGKSLPVNLPRDVEEFEPGI--------------- 
White_crowned_sparrow      LVKGSSQSLLNLPQRFGKSLAVNLPRDIQEFEPGI--------------- 
Rabbit                               TAKSVC-------------------------------------------- 
Human                              TAKSVCRMLSDLCQGSMHSPCANDLFYSMTCQHQEIQNPDQKQSRRLLFK 
Sheep                                  AAKSITKTLSNLLQQSMHSPSTNGLLYSMTCRPQEIQNPGQKNLRRLGFQ 
Cow                                     TAKSITKTLSNLLQQSMHSPSTNGLLYSMACQPQEIQNPGQKNLRRRGFQ 
Pig                                      KARSITKALGALLQQSTRSPSAKGLLYSITRQPQEIQKPDQKNLRRPVFK 
Djungarian_hamster            TARSIPKTLRRLLQRFLHSMATSELL------------------------ 
Mouse                                  TARS-PKTPADLPQKPLHSLGSSELLYVMICQHQEIQSPGGKRTRRRAFV 
Zebrafish                           IFALDPLRALALYTRTPESPSFPKERTQVHDYMFETVEDSEETVKNTDYT 
                                                                                       
 
Quail                               ----------- 
Chicken                             ----------- 
Zebra_finch                         ----------- 
White_crowned_sparrow      ----------- 
Rabbit                              ----------- 
Human                             KIDDAELKQEK 
Sheep                               KIDDAELKQEK 
Cow                                 KIDDAELKQEK 
Pig                                   KIDDAEVKQEK 
Djungarian_hamster                  ----------- 
Mouse                             ETDDAERKPEK 
Zebrafish                           ALD-------- 
 
Figure 2. Multiple sequence alignment of known gonadotropin inhibitory hormone (GnIH) sequences in vertebrates. 
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Evidence generated by our lab indicated that in addition to its inhibitory action on the 
pituitary gland of vertebrates, GnIH might act directly on the vertebrate gonad. Systemic 
administration of fluorescently-labeled GnIH (receptor fluorography) to white crowned sparrow 
resulted in labeling of ovarian follicles, testicular interstitium and seminiferous tubules (74).  
Intraperitoneal infusion of GnIH to Japanese quail also resulted in decreased seminiferous tubule 
diameter and apoptosis of male germ cells (75).  This latter study assumed the effect was due to 
observed decreases in plasma LH.  However, due to the evidence in (74) and the systemic mode 
of delivery, a direct action of GnIH on the gonad could not be precluded.  Furthermore, 
hypothalamic neurons had been identified as the principal source of GnIH in vivo.  As previously 
mentioned, these neurons secrete GnIH directly into the hypothalamo-hypophyseal portal 
system, not into the general circulation.  It is thus unlikely that leakage of GnIH into circulating 
plasma would result in a significant or reliable source of GnIH to the gonads.  We thus searched 
for a local source of GnIH that could explain the high concentration of GnIH receptors in the 
gonads and the putative local action.  Immunocytochemical data indicated the presence of GnIH 
peptide in the testes of European starlings and Japanese quail and in the ovary of white crowned 
sparrows (76).  Specifically, GnIH peptide was localized to thecal and granulosa cells in the 
ovary and interstitial and germ cells in the testes.  We also confirmed the expression of mRNA 
for GnIH and GnIH receptor in the testes and ovary of European starlings (76). Thus the gonads 
of birds express a gonadal GnIH system, in addition to the expression of GnIH in the 
hypothalamus and GnIHR in the pituitary gland.   
 

The function of such a system could only be inferred at this point, based on its anatomical 
location and inhibitory function of GnIH in the HPG axis.  The expression of GnIH peptide on 
steroidogenic cells of the testes and ovary (76) along with its apparent ability to bind these cells 
(74) indicated the potential for this system to regulate sex steroid production.  The expression of 
GnIH peptide on male germ cells (76) along with its apparent ability to bind these cells (74) and 
potential ability to directly induce apoptosis here (75), moreover indicated the potential for this 
system to regulate gamete maturation.   
 

The HPG axis, most notably GnRH and GnIH in the hypothalamus, LH and FSH in the 
pituitary gland and testosterone and estradiol in the testes and ovary, is the primary known means 
for regulating reproduction in most vertebrates.  Why would a local system of regulation also be 
necessary? 
 

As already mentioned, the high costs of reproduction make tight regulation of 
reproduction advantageous.  This is especially important in species with environmentally 
constrained breeding seasons.  In environments where resources are predictably seasonally 
limited, such as temperate zones, organisms do not breed randomly throughout the year.  Instead, 
breeding is timed so that young are born/hatched and reared during the times of greatest resource 
abundance (77-80).  In this way, offspring and parental viability are maximized.  This is 
accomplished through behavioral and physiological constraints on reproduction, mediated by the 
endocrine system- as already mentioned, stimulation of the HPG axis initiates maturation of 
gametes and production of sex steroids.  What factors ‘stimulate’ this axis?  In temperate zones, 
the greatest abundance of food and water resources predictably occurs in the late spring and early 
summer.  Thus organisms must engage in breeding in advance of this time (the length of time 
required for gamete maturation and incubation/gestation sets this parameter in each species).  It 
is disadvantageous for organisms to initiate reproductive maturation and engage in reproductive 
behaviors both prior to this time- as the maintenance of high circulating sex steroids is costly 
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(47)- and after this time- as reproductive opportunities are then lost (81, 82).  Organisms that can 
initiate reproductive physiology in response to cues that are predictive of the future suitability of 
the environment for rearing young thus have an advantage.   

 
In temperate zones, photoperiod is a primary predictive cue of future environmental 

suitability, as daily photoperiod changes with the seasons in an invariable yearly pattern.  
‘Photoperiodic’ vertebrates initiate reproductive growth when their HPG axes are stimulated by 
appropriate photoperiods (in advance of the time of greatest resource abundance) (83) . 
However, organisms must also respond to unpredictable changes in their environment that make 
breeding, and the future rearing of young, unsuitable- such as decreased food and water 
availability, temperature, presence/ absence of conspecifics, storms, predation, habitat loss or 
other stresses (79, 81, 84-90).  These supplementary cues must also be integrated into endocrine 
responses in the HPG axis to control reproductive physiology.  Photoperiodic stimulation is 
primarily mediated in the brain of mammals and birds (although the mechanisms and resulting 
physiologies can be quite different- this is discussed in further detail in later chapters) (91).  
Supplementary cues can be mediated in the brain, but also cause changes in peripheral 
physiology, such as an increase in glucocorticoids or a decrease in metabolic fuels in the blood 
plasma (92-100). These changes can be detected in the plasma by peripheral organs, including 
the gonads (93, 101-106).  The ability to initiate HPG-mediated and gonad-mediated responses 
to the environment allows for a more finely regulated reproductive system. I hypothesized that, 
where organisms must respond to a stimulatory primary predictive cue and to unpredictable 
inhibitory supplementary cues, a gonadal GnIH system (capable of regulating sex steroid 
secretion and gonad maturation) would be important. The use of gonadal GnIH, in addition to 
hypothalamic GnRH and GnIH, as regulators of reproductive growth, would give organisms a 
selective advantage for responding to the limitations of their environment.   
 

Here I will present evidence that GnIH and its receptor are made in the gonads of 
seasonally breeding songbirds and primates.  I will show that the function of the gonadal GnIH 
system is local modulation of sex steroid secretion in males and females.  Furthermore, this 
system is responsive to factors in an organism’s environment.  The gonadal GnIH system is thus 
a part of a complex system of reproductive regulation in vertebrates.   
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Chapter 2 
 

A functional neuropeptide system in vertebrate gonads: Gonadotropin inhibitory hormone and its 
receptor in testes of field-caught house sparrow (Passer domesticus) 
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Abstract 
 
Previously, the expression and action of GnIH (Gonadotropin inhibitory hormone) has been 
characterized in the hypothalamus and pituitary, respectively.  The action of this neurohormone 
is to inhibit the synthesis and secretion of luteinizing hormone and follicle-stimulating hormone.  
Several hormone systems identified in the vertebrate brain and classified as neurohormones are 
synthesized in and have a localized action on the gonads as well. Here we present several lines of 
evidence for the expression and action of GnIH and its receptor (GnIHR) in the testis of house 
sparrow (Passer domesticus).   
 
Expression: Transcripts for GnIH and GnIHR isolated from house sparrow testis were initially 
identified by PCR, then sequenced and found to be homologous to transcripts from European 
starling (96% to GnIH, 98% to GnIHR), Gambel’s white crowned sparrow (94% to GnIH) and 
Japanese quail (90% to GnIHR) brains.  Further investigation using in situ hybridization 
confirmed the presence of GnIH precursor mRNA in the interstitium of the testis and GnIHR 
mRNA in the interstitium and on spermatocytes.    
 
Action: The effect of this system on the secretion of testosterone by the testis was investigated 
using gonadal culture.  Testosterone secretion was significantly decreased by 1 µM and 10 µM 
GnIH in gonadotropin-stimulated testis cultures.  
 
In summary, these results indicate the GnIH/GnIHR system is expressed in the testis of house 
sparrows and its function is to reduce gonadotropin-stimulated testosterone production.. 
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Introduction 
 

Evidence is accumulating that many neuronal hormones are expressed in and act locally 
on the vertebrate gonads in addition to the brain.  Most notably, transcripts for gonadotropin 
releasing hormone (GnRH) and its receptor are localized to the testis of mammals (1), birds (2), 
amphibians (3) and fish (4, 5).  Gonadal GnRH has been shown to affect testicular 
steroidogenesis directly in rats (6) and frogs (7) and also to influence germ cell maturation in 
frogs (8) and fish (9).  Interestingly, the inhibitory/ stimulatory action of GnRH depends on 
dosage and gonadotropin stimulation of tissue (10).  

 
Gonadotropin inhibitory hormone (GnIH), a hormone that acts in opposition to GnRH in 

the pituitary (inhibition of luteinizing hormone and follicle stimulating hormone synthesis and 
secretion, suppression of copulation solicitation; for reviews see ,(11, 12)), is expressed in the 
gonads as well. A gonadal GnIH system is present in at least 2 orders of birds, Passeriformes and 
Galliformes (13, 14). There is also evidence for a similar system in mammals (15-17).  Despite 
knowledge of the presence of transcripts and mature forms of GnIH and GnIH receptor (GnIHR) 
in vertebrate gonads, a functional role for the gonadal GnIH system has remained unclear. The 
nature of this system in the gonads may be very different from its more characterized counterpart 
in the central nervous system, and it might vary across species.  In the present study, we 
investigate the location and function of GnIH and GnIHR in the gonads of house sparrows.  Here 
we present clear evidence for the presence of a gonadal GnIH system in the testis and ovary, and 
for the inhibitory action of this system on the synthesis/ secretion of testosterone. 

 
House sparrows (Passer domesticus) are socially monogamous seasonal breeders (18).  

Their seasonality is attuned to photoperiod, such that rearing occurs during the time of greatest 
resource abundance (19).  Despite dependence upon photoperiod, timing of reproduction in this 
species can be modulated by temperature, rainfall, food availability, and notably, social cues (20-
23). According to the Challenge Hypothesis (24), socially monogamous males respond to 
aggressive challenges from other males by increasing testosterone levels above breeding 
baseline, then reducing testosterone to baseline at the onset of paternal care.  House sparrow 
males provide 40% of daytime care, yet competition for females is intense, intervals between 
laying and fledging are short and interclutch intervals are rapid (21).  In order to fulfill these 
competing demands, a high hormonal responsiveness- the ability to modulate testosterone 
rapidly - is required.  As well, the onset/ cessation of breeding in house sparrows is marked by 
recrudescence/ regression of gonad size and steroid production (22). Incorrect timing of gonadal 
activation would result in temporally inappropriate energetic demands and/or failure to breed, 
thus there seems to be strong selection pressure to maintain tight control of reproductive timing 
(25-27).  Because of their social environment and temporal breeding constraints, house sparrows 
make an excellent candidate species for the study of the fine-tuning of gonad function using 
GnIH.  More broadly, a mechanism localized to the gonads would be advantageous for rapid and 
transient steroid regulation in many vertebrate species.
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Materials and methods 
 
House sparrows 
 
 Tissues from 16 adult male house sparrows and 2 female house sparrows were used in 
this study.  All procedures were performed in accordance with federal and state laws and with 
appropriate agreements from the UC Berkeley Office of Laboratory Animal Care. Animals for 
PCR and in situ hybridization were caught in Lodi, California and maintained in indoor aviaries 
for at least 48 hours prior to tissue collection.  Animals for gonad culture were field-caught in 
Davis, California and tissues were collected immediately.  House sparrows were terminally 
anesthetized with isoflurane then decapitated within 10 minutes of capture, and testes or ovaries 
were removed.  All animals were free from overt signs of disease at the time of tissue collection. 
 
 
PCR analysis 
 
 Two testes from two male house sparrows and two ovaries from two female house 
sparrows were used for PCR.  Tissues were immediately frozen on dry ice after removal and 
were stored at -80°C until use.   Total RNA was extracted using the TRIzol extraction method 
(TRIzol reagent, 15596-018; Invitrogen USA).  Total RNAs were reverse transcribed 
individually using oligo(deoxythymidine)15 primer and M-MLV Reverse Transcriptase 
(Promega, Madison, WI). Partial house sparrow GnIH and GnIHR  precursors were amplified 
from cDNA by PCR using primers based on European starling (Sturnus vulgaris) GnIH and 
GnIHR precursor cDNA sequences (respective GenBank accession #s EF486798, EF212891): 
GnIH forward primer 5’-GGAAGAAAAGCAGAGGAGTCTC-3’, reverse primer 5’-
TGGAGATCTCCCAAGCCTGT-3’; GnIHR forward primer 5’-
TCCTGGCCTACACCTTCATCT-3’, reverse primer 5’-AGATGATGGCGATGGTCAGCA-3.’  
β-actin was also amplified from the cDNA libraries as a positive control.  All PCR 
amplifications were performed using a Taq polymerase kit (TaKaRa Ex TaqTM; Takara Bio Inc., 
Shiga, Japan).  PCR products were sub-cloned into a pGEM-T Easy vector (cat #A1360, 
Promega) and the DNA inserts of positive clones were amplified by PCR with universal M13 
primers.  The amplified products were sequenced at the UC Berkeley DNA sequencing facility 
and their homologies to European starling (Sturnus vulgaris) and Gambel’s white crowned 
sparrow (Zonotrichia leucophrys gambelii) GnIH and European starling and Japanese quail 
(Coturnix japonica) GnIHR, respectively, were assessed in GenBank (accession numbers 
EF486798 and AB128164 for GnIH and EF212891 and AB183891 for GnIHR), translated by 
Translate (Molecular Toolkit, Colorado State University) and compared using CLUSTAL W. 
 
 
In situ hybridization 
 

Six testes from three male house sparrows were used for in situ hybridization.  Testes 
were fixed in 4% paraformaldehyde, dehydrated and embedded in paraffin wax prior to use to 
preserve morphology.  

   
DIG-labeled antisense probes for in situ hybridization were produced from the cloned 

partial GnIH and GnIHR templates using DIG RNA labeling kit SP6/T7 (cat #1175025910; 
Roche Diagnostics). Control in situ hybridization runs for the specificity of the antisense probes 
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for GnIH and GnIHR mRNA, respectively, were performed using DIG-labeled sense RNA 
probes, the sequences of which were complementary to the respective antisense probe sequence.  
Probe concentration was determined prior to experimentation using dot blot on a nylon 
membrane (Hybond-N+ nylon membrane, RPN199B; Amersham Biosciences, Piscataway, NJ).  
Paraffin-embedded testes were sectioned at 7 um on a microtome and mounted on gelatin-coated 
slides, then rehydrated.  Serial sections were pretreated for hybridization, then incubated 
overnight at room temperature in antisense or sense probe for GnIH at 325 ng/ml or GnIHR at 
400 ng/ml in deionized formamide and Hybridization solution (cat # H7782; Sigma-Aldrich, St 
Louis, MO).  After overnight hybridization, the sections were blocked (Blocking reagent, cat # 
11096176001; Roche Diagnostics) for 30 minutes then incubated for 1 hour with alkaline 
phosphatase-labeled sheep anti-DIG antibody.  The immunoreactive product was detected using 
2% Nitro blue tetrazolium chloride/ 5-Bromo-4-chloro-3-indolyl phosphate toluidine salt 
(NBT/BCIP, cat # 11681451001; Roche Diagnostics, Indianapolis, IN) in alkaline phosphatase 
buffer.  Sections were coverslipped with Crystal Mount aqueous mounting medium (cat # 
C0612; Sigma-Aldrich) before microscope analysis. 
 
 
Cell Identification 
 
 Cell types were identified based on passerine gonadal morphology (28), and with 
adjacent sections labeled with hematoxylin & eosin stain (data not shown). 
 
 
Gonadal Culture, ELISA and Bradford Protein Assay 
 
 Six male house sparrows were captured using mist nets on 5/13/08 in Davis, California.  
Testes were removed from each bird after terminal isoflurane anesthesia and their volumes were 
measured.  The left testis was placed immediately in Dulbeco’s Minimum Eagle Medium 
(DMEM; Sigma, cat # D8437) on ice and minced for culture.  Tissue was incubated in DMEM at 
4°C for 4-5 hours prior to experimentation.  Each 12 ml whole testis culture was pulse-
homogenized with an Omni International Tissue Master 240 (pulses were four 2 second 
intervals) to expose and distribute testicular tissue in the media, then 12 microcentrifuge tubes 
were aliquoted with 1 ml each of the homogenate.  The cultures were then divided for treatments 
according to a factorial design.  Twelve 1 ml aliquots of homogenate were divided into three 
groups, with four tubes per group: 
 
Group I: no gonadotropin stimulation (basal) 
Group II: low gonadotropin stimulation 
Group III: high gonadotropin stimulation 
 
Group I received no LH/FSH.  Group II cultures were dosed with 0.244 µg/ml ovine luteinizing 
hormone and 0.006 µg/ml chicken follicle stimulating hormone for a final concentration of 0.25 
µg/ml LH/FSH.    Group III cultures were dosed with 0.488 µg/ml ovine luteinizing hormone and 
0.012 µg/ml chicken follicle stimulating hormone for a final concentration of 0.5 µg/ml LH/FSH.   
The four culture tubes in each group were then designated as 1) no GnIH, 2) low GnIH, 3) 
medium GnIH or 4) high GnIH.  White-crowned sparrow gonadotropin inhibitory hormone was 
then added to the four tubes as follows: 1) 0 µM GnIH, 2) 0.1 µM GnIH, 3) 1.0 µM GnIH or 4) 
10 µM GnIH.  Thus testis aliquots from each bird received a total of twelve treatments (n=6 for 
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each treatment).  LH and FSH were obtained from National Hormone and Peptide Program 
(Torrance, CA) and concentrations used are deemed to be physiological doses (29).  White-
crowned sparrow gonadotropin-inhibitory hormone was purified in house and, as the 
concentration of GnIH within the testis requires further elucidation, the doses of GnIH used were 
based on physiological concentrations of GnRH and CRH in the testis (30, 31).  Hormones used 
were the best match to passerine LH, FSH and GnIH commercially available and have been used 
successfully in the past (32).  Culture followed the technique of (32).  Briefly, microcentrifuge 
tube cultures were vortexed after addition of hormones, then opened and placed in a sealed 
incubator for a 2 hour, high humidity incubation at 37°C.  100% O2 was pumped into the 
chamber at 4L/ minute to allow for maximum respiration of cells.  Cultures were then removed, 
placed on ice and centrifuged at 1500g 4°C.  The supernatant and cell fractions were stored at -
20°C prior to analysis. 
 
 The culture media supernatants were assayed for testosterone level using ELISA 
(Cayman Chemical, cat # 582701) according to the manufacturer’s instructions.  Briefly, 
standards and samples were incubated with testosterone antiserum and testosterone 
acetylcholinesterase tracer in mouse anti-rabbit IgG-coated microplate wells at room temperature 
for 2 hours at 45 rpm.  The wells were developed with Ellman’s reagent, 5, 5'-dithiobis-(2-
nitrobenzoic acid), in the dark for 60 minutes.   Assays were performed in duplicate and were 
read at 415 nm on a microplate reader (BioRad, Model 680XR) at 0, 5, 15 and 30 minutes. Assay 
50% relative binding sensitivity was 32 pg/ml and intra-assay coefficient of variation was 6.2%.  
A standard curve was drawn using the kit’s testosterone standards (corrected average absorbance 
of standard/ maximum absorbance of Ellman’s as a function of testosterone concentration).  
Sample values were then fit to the standard curve using Microsoft XLFit to determine 
testosterone concentration for each LH/FSH/GnIH combination culture.  To control for 
differences in culture aliquoting, cell fractions were removed from -20 C, washed twice and then 
resuspended in 1 ml 0.1M PBS.  The protein concentration of each microcentrifuge tube culture 
cell fraction was determined using Quick Start Bradford Protein assay kit (Bio-Rad #500-0204).  
Testosterone data are presented as corrected (testosterone/ mg of protein).  
 
 
Culture Analysis 
 
 As testosterone production/ secretion requires intact cells, the cell fractions of 10 
cultures, randomly chosen, were mounted on gelatin-coated slides, allowed to dry and stained 
with hematoxylin & eosin to assess cell integrity.  Briefly, slides were washed with distilled 
water then incubated in Meyer’s hematoxylin for 10 minutes to stain nuclei.  Excess stain was 
removed with distilled water and the slides were pretreated in an 80% ethanol 0.5% acetic acid 
solution before counterstaining with 20% Eosin for 5 min.  Slides were then washed and 
dehydrated in ethanol and xylene, coverslipped and examined under a Zeiss Axio Imager.A1 
microscope for the presence of intact cells.   
 

To represent the effect of LH/FSH on testosterone secretion from house sparrow testis 
cultures, data from 0.25 µg/ml and 0.5 µg/ml LH/FSH cultures with 0 µM GnIH were plotted as  
difference in testosterone from the control, 0 µg/ml LH/FSH culture with 0 µM GnIH, corrected 
to protein.   Significance was analyzed using a one-way ANOVA.  Data were considered 
significant if P< 0.05. 
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To represent the effect of GnIH on testosterone secretion from house sparrow testis 
cultures, average testosterone secretion from each of the twelve treatments was plotted with 
SEM.  Differences in the mean testosterone secretion of cultures treated with each dose of GnIH 
compared to the control 0 µM GnIH for that Group (basal, low or high gonadotropin stimulation) 
were examined using an unpaired-samples T-Test.  Data were considered significant if P< 0.05.



  22 

Results 
 
GnIH and GnIHR are synthesized de novo in the testis and ovary of house sparrow 
 

PCR analysis of house sparrow testis and ovarian tissue indicated bands of the predicted 
size for GnIH (257 base pairs) and GnIHR (357 base pairs) (Fig 1). Sequencing of these PCR 
products confirmed the identity of GnIH precursor and GnIHR cDNAs in these tissues.  The 800 
bp ovarian GnIHR band could not be cloned and most probably represents an untranslated 
sequence.   
 

 
 
Figure 1. Gel electrophoresis of PCR products from house sparrow testis (T) and ovary (O): β-actin (B), GnIH (G) 
and GnIHR (R).  Ladder is shown in column L. 
 

The gonadal GnIH sequence was 96% homologous to European starling GnIH and 94% 
to Gambel’s white crowned sparrow GnIH.  Alignments are shown in Figure 2.  Both GenBank 
EF486798 and AB128164 and GnIH sequenced from house sparrow gonads contain the LPQRF-
amide coding sequence, a hallmark of the GnIH peptide family. The gonadal GnIHR sequence 
was most homologous to European starling brain GnIHR (98%) and Japanese quail brain GnIHR 
(90%). Alignments are shown in Figure 3.  House sparrow GnIH and GnIHR were submitted to 
Genbank with the following accession numbers: GnIH, FJ865433 and GnIHR, FJ865432.  
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_HOSP_GnIH      -----------------------------------------------------EEKQRSL 
_EUST_GnIH      MKVILTQKFILFALAAVVLLTSNSMCLNEPMKPRLQSREDNDDKYYEIKDNILEEKQRSL 
_GWCS_GnIH      MKVISTKKFILFALATVVFLTSNSMCLNEAMKSRLQSREDNDDKDYEIKDNILEEKQRSL 
                                                                     ******* 
 
_HOSP_GnIH      NFEEMEDWGTKDIIKMNHFTASKMPNSIANLPLRFGRNYPEERSIKPFANLPLRFGRAFG 
_EUST_GnIH      NFDEMEDWGSKDIIKMNPFTVSKMPNSVANLPLRFGRNYPEERSIKPFANLPLRFGRAFG 
_GWCS_GnIH      NFEEMEDWGSKDIIKMNPFTASKMPNSVANLPLRFGRNYPEERSIKPFSNLPLRFGRAFG 
                **:******:******* **.******:********************:*********** 
 
_HOSP_GnIH      ENILNHAPKVSHRLGRSP----------------------------------- 
_EUST_GnIH      ENIPNHAPKVLHRLGRSPLLKGSSQSLLNLPQRFGKSLVFNLPQDIQESEPGI 
_GWCS_GnIH      ENTPNHSPRVSHRLERSPLVKGSSQSLLNLPQRFGKSLAVNLPRDIQEFEPGI 
                **  **:*:* *** *** 

 
Figure 2. Alignment of GnIH amino acid sequences translated from house sparrow testis cDNA (HOSP; accession # 
FJ865433), European starling (EUST; accession # EF486798) and Gambel’s white crowned sparrow (GWCS; 
accession # AB128164).   Identifiers: ‘*’ identical, “.” and “:” conservative replacements, “   “ mismatches. 
 
 
 
 
_HOSP_GnIHR      -----------------------------------------------FLAYTFIFLMCVV 
_EUST_GnIHR      ------------------------------------------------LAYTFIFLMCVV 
_JAQU_GnIHR      MQALRHQEPSGDTFNGSWDNASESQILKENYTFLAYYQHSSPVAVMFILAYTFIFLMCMI 
                                                                 **********:: 
 
_HOSP_GnIHR      GNILVCFVVVKNRQMRTVTNMFLLNLTISDLLVGIFCMPTTLVDNLITGWPFDNTMCKMS 
_EUST_GnIHR      GNILVCFVVVKNRQMRTVTNMFLLNLAISDLLVGIFCMPTTLVDNLITGWPFDNTMCKMS 
_JAQU_GnIHR      GNILVCFIVVKNRQMRTVTNMFILNLAISDLLVGIFCMPTTLVDNLITGWPFDNAMCKMS 
                 *******:**************:***:***************************:***** 
 
_HOSP_GnIHR      GLVQGMSVYASVFTLVAIAVERFRCIVHPFRQKLTLRKALLTIASS-------------- 
_EUST_GnIHR      GLVQGMSVSASVFTLVAIAVERFRCIVHPFRQKLTLRKALLTIAIIWVLALLIMCPAAIT 
_JAQU_GnIHR      GLVQGMSVSASVFTLVAIAVERFRCIVHPFREKLTLRKALVTIAIIWVLALLIMCPSAIT 
                 ******** **********************:********:*** 

 
Figure 3. Alignment of GnIHR amino acid sequences translated from house sparrow testis cDNA (HOSP; accession 
# FJ865432), European starling (EUST; accession # EF212891) and Japanese quail (JAQU; accession # AB183891).  
Identifiers: ‘*’ identical, “.” and “:” conservative replacements, “   “ mismatches. 
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Location of transcripts of GnIH and GnIHR in the testis  
 
 In situ hybridization of GnIH in house sparrow testis produced a strong reaction product 
localized to interstitial cells (Fig 4A, C). This reaction product is absent from adjacent sections 
of the same testis incubated with the control probe (Fig. 4B, D).  
 

 
 
Figure 4. Cellular localization of GnIH mRNA in house sparrow testes.   Expression was localized by in situ 
hybridization.  Distribution of house sparrow GnIH mRNA is observed in (A,C), labeled by antisense probe.  Lack 
of hybridization is observed in the adjacent control sections (B,D), incubated with sense probe. Arrows indicate 
interstitial cells. 
 
 
 

A 

C 

B 

D 
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In situ hybridization of GnIHR in house sparrow testis produced a strong reaction product 
localized to interstitial cells (Fig 5A, C) and secondary spermatocytes (Fig 5C, E).  This reaction 
product is absent from these cells in the adjacent testicular sections incubated with control probe 
(Fig 5B, D, F).   

 

 
 
Figure 5. Cellular localization of GnIHR mRNA in house sparrow testes.   Expression was localized by in situ 
hybridization.  Distribution of house sparrow GnIHR mRNA is observed in (A,C,E), labeled by antisense probe. (C) 
is boxed area in plate (A), (E) is boxed area in plate (C). Lack of hybridization is observed in the adjacent control 
sections (B,D,F), incubated with sense probe. (D) is boxed area in plate (B), (F) is boxed area in plate (D). 
Arrowheads indicate interstitial cells, arrows indicate spermatocytes. 
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GnIH reduces testosterone secretion from cultured testis cells 
 

Enzyme-linked immunoassays of house sparrow testis culture medium indicate that  
physiological doses of GnIH decrease gonadotropin-induced testosterone secretion.  Data are 
based on five birds.  A sixth bird was excluded because it consistently showed levels of 
testosterone that were extraordinarily high, and near the kits’ limits of detection.  These levels of 
testosterone were 3-13 standard deviations above the mean for the other five house sparrows.  
This may be an artifact of the experiment or of the uncontrolled field environment from which 
the bird was captured, as these levels were not observed in any other bird. 

 
LH/FSH increased secretion of testosterone in house sparrow testes culture.  

Gonadotropin treatment significantly increased the secretion of testosterone from basal level in 
cultured testes (F: 8.460, p=0.005, Figure 6).  However, there was no significant difference in 
testosterone secreted by cultures in low LH/FSH (0.25 ug/ml) versus high LH/FSH (0.5 ug/ml) 
cultures. 

 

 
 
Figure 6. Average testosterone (in pg) above basal level secreted by low gonadotropin (Low LH/FSH) and high 
gonadotropin (High LH/FSH) stimulated house sparrow testis cultures.  “*”  denotes a statistically significant 
difference from basal (no gonadotropin) culture (p=0.005). 
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GnIH did not significantly effect testosterone secretion from unstimulated cultures. There 
is no significant difference in the testosterone secreted from basal cultures for any dosage of 
GnIH (P values: 0.100 for 0.1 uM, 0.314 for 1.0 uM and 0.393 for 10 uM, Figure 7). 

 
GnIH decreased the amount of testosterone secreted from stimulated testes cultures.  1 

µM and 10 µM GnIH dosages significantly decreased testosterone secreted from low (0.25  ug/ 
ml LH/FSH) and high (0.5 ug/ml LH/ FSH) gonadotropin stimulation cultures.  In low 
gonadotropin stimulation cultures, 1 µM GnIH decreased testosterone by an average of 37.7 ± 
13.2 S.E.M. pg while 10 µM GnIH decreased testosterone by an average of 44.5 ± 17.2 S.E.M. 
pg (P values: 0.046 for 1.0 uM and 0.032 for 10 uM, Figure 6).  In high gonadotropin stimulation 
cultures 1 µM GnIH decreased testosterone by an average of 51.2 ± 8.5 S.E.M. pg while 10 µM 
GnIH decreased testosterone by an average of 45.4 ± 13.6 S.E.M. pg (P values: 0.004 for 1.0 uM 
and 0.029 for 10 uM, Figure 7). 

 
 

 
Figure 7. Average testosterone (in pg) secreted by basal, low gonadotropin and high gonadotropin stimulated house 
sparrow testis cultures treated with 0, 0.1, 1 and 10 uM GnIH.  Error bars are ± 1 S.E.M. for each mean.  Numbers 
on bars indicate GnIH concentration.  1 and 10 µM GnIH significantly reduces testosterone secreted by cultures 
stimulated by 0.25 µg/ml LH/FSH (Low gonadotropin, p=0.046, 0.032) and 0.5 µg/ml LH/FSH (High gonadotropin, 
p=0.004, 0.029).   
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Discussion 
 

The present study is the first to provide evidence for direct functional action of GnIH in 
the testis of any vertebrate species.   

 
GnIH is the only neuropeptide known to directly inhibit GnRH-stimulated gonadotropin 

release from the pituitary (33-35), and this action is considered widespread among birds and 
mammals (36, 37).  However, GnIH may act directly in areas other than the pituitary gland via 
its receptor.  Recent reports indicate the expression of GnIHR in the diencephalon and 
mesencephalon of quail (38), chicken (39) and European starling (13) and in the ovary and testis 
of European starling, Japanese quail (13), chicken (14) and rat (15).  Here, we show that GnIHR 
mRNA in the testis is localized to the interstitial cells and spermatocytes.  Furthermore, 
rhodaminated GnIH binds in the interstitium and inside seminiferous tubules of the testis of 
European starling and Gambel’s white crowned sparrow (13), indicating the presence of 
functional receptors. As mature and functional receptors for GnIH are present in these tissues, 
the potential for GnIH to exert a direct action outside the pituitary exists.  

 
GnIH peptide is also synthesized in the gonads in addition to the brain.  GnIH mRNA 

transcripts have been previously detected in the testis and ovary of European starling and 
Japanese quail (13), and, in the present study, in house sparrow testis and ovary.  In the testis, 
this transcript is specifically localized to the interstitium.  

 
Due to the cellular location of GnIH and GnIHR in the testis, we propose that this system 

could act as a paracrine regulator of spermatogenesis and an autocrine/ paracrine regulator of 
testosterone synthesis/ secretion.  In a previous report, intraperitoneal administration of GnIH to 
male quail induced apoptosis of testicular germ cells, reduced seminiferous tubule diameter and 
decreased plasma levels of testosterone (40).  This result was attributed to GnIH-induced 
reduction of LH/ FSH (indirect effect), but our current findings indicate this could also be a 
direct action of GnIH on the testis.  GnIHR appears to be a member of the Gαi2 protein coupled 
receptor family (38), thus the binding of GnIH may exert these effects via decreased cAMP 
accumulation.  We propose this scenario which has yet to be confirmed: GnIH produced in the 
interstitum binds directly to its receptor on interstitial cells and on spermatocytes.  In 
spermatocytes, GnIH reduces protein synthesis associated with meiosis or cell maintenance, 
leading to apoptosis (as observed in (40)).  In interstitial cells, GnIH binds to the Gαi2 protein 
coupled GnIHR, inhibiting enzyme synthesis for testosterone production or calcium 
accumulation needed for testosterone secretion. 

 
Here, we showed that GnIH can directly inhibit testosterone secretion.  Testosterone 

secretion in house sparrow testes culture was significantly increased by 0.25 and 0.5 µg/ml 
LH/FSH (p=0.005).  The magnitude of increase and absolute amount of testosterone secreted 
was within the range observed previously under similar conditions (29, 32).  This increase in 
testosterone secretion was attenuated by GnIH.  The amount of testosterone secreted by testis 
cultures stimulated with 0.25 and 0.5 µg/ml LH/FSH was significantly reduced by 1 µM GnIH 
(p=0.046, 0.004) and 10 µM GnIH (p= 0.032, 0.029).  These effects were rapid, occurring within 
2 hours.  Thus GnIH may be acting to rapidly modulate testosterone secretion stimulated by 
gonadotropins.  The effect of GnIH appears to be dose-dependent up to 1 µM.  The failure of the 
highest dosage, 10 µM GnIH, to exert a significant effect beyond that of the 1 µM dose is most 
likely due to agonist-mediated receptor desensitization, as is common with G protein coupled 
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receptors at high ligand dosage (41, 42).  GnIH has the most pronounced effect with increased 
gonadotropin concentration.  A 1 µM dosage of GnIH caused an average 26.9% decrease in T 
secretion (51.2 pg ± 8.5 S.E.M.) when applied to the high gonadotropin stimulation cultures, 
compared to an average 20.9% decrease in T (37.7 pg ± 13.12 S.E.M.) in a low gonadotropin 
stimulation culture.   GnIH does not appear to reduce basal testosterone output (in unstimulated 
cultures) at any dosage (p= 0.100 for 0.1 µM GnIH, 0.314 for 1.0 µM GnIH, 0.393 for 10 µM 
GnIH).  Thus GnIH appears to have the greatest functionality as testosterone stimulation 
increases.  GnIH or GnIHR may in fact be stimulated by LH/FSH, in essence a localized limiting 
mechanism.  Alternatively, the gonadal GnIH system could be controlled directly by the brain 
(for evidence of a hypothalamic paraventricular nucleus to testis neural connection in rats see 
(43, 44)), or independently.   

 
Since GnIH is able to inhibit steroid secretion at the level of the gonad, it is a possible 

mechanism for the social modulation of testosterone postulated by the Challenge Hypothesis 
(24).  A principal experiment in the formation of the Challenge Hypothesis quantified plasma 
testosterone (T) and LH in males of a closely related species, song sparrow (Melospiza melodia), 
in response to simulated territorial intrusion (45).  The mean level of T in experimental males 
was overall significantly higher than in controls not challenged with a territorial intrusion.  
However, T was not correlated with time after onset of intrusion (r=0.098, p>0.1) although a 
steady increase in LH was observed over a period of 120 minutes post-intrusion.  GnIH 
inhibition of testosterone secretion from house sparrow testes in the presence of a high LH titre 
over 2 hours, observed in our experiment, is a possible explanation for the discrepancy in LH and 
T concentrations in response to aggressive encounters.  This adaptation would be especially 
advantageous in house sparrows and other species with short and constrained breeding/ rearing 
cycles and high male-male interaction (21).   

 
Taken together, our results and previously published data indicate GnIH/GnIHR is a 

functional system in avian gonads.  In males, the function is to reduce testosterone secretion. 
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Figure Legend 
 
Figure 1. Gel electrophoresis of PCR products from house sparrow testis (T) and ovary (O): β-
actin (B), GnIH (G) and GnIHR (R).  Ladder is shown in column L. 
 
Figure 2. Alignment of GnIH amino acid sequences translated from house sparrow testis cDNA 
(HOSP; accession # FJ865433), European starling (EUST; accession # EF486798) and Gambel’s 
white crowned sparrow (GWCS; accession # AB128164).  Identifiers: ‘*’ identical, “.” and “:” 
conservative replacements, “   “ mismatches. 
 
Figure 3. Alignment of GnIHR amino acid sequences translated from house sparrow testis 
cDNA (HOSP; accession # FJ865432), European starling (EUST; accession # EF212891) and 
Japanese quail (JAQU; accession # AB183891).  Identifiers: “*” identical, “.” and “:” 
conservative replacements, “   “ mismatches. 
 
Figure 4. Cellular localization of GnIH mRNA in house sparrow testes.   Expression was 
localized by in situ hybridization.  Distribution of house sparrow GnIH mRNA is observed in 
(A,C), labeled by antisense probe.  Lack of hybridization is observed in the adjacent control 
sections (B,D), incubated with sense probe. Arrows indicate interstitial cells. 
 
Figure 5. Cellular localization of GnIHR mRNA in house sparrow testes.   Expression was 
localized by in situ hybridization.  Distribution of house sparrow GnIHR mRNA is observed in 
(A,C,E), labeled by antisense probe. (C) is boxed area in plate (A), (E) is boxed area in plate (C). 
Lack of hybridization is observed in the adjacent control sections (B,D,F), incubated with sense 
probe. (D) is boxed area in plate (B), (F) is boxed area in plate (D). Arrowheads indicate 
interstitial cells, arrows indicate spermatocytes. 
 
Figure 6. Average testosterone (in pg) above basal level secreted by low gonadotropin (Low 
LH/FSH) and high gonadotropin (High LH/FSH) stimulated house sparrow testis cultures.  “*”  
denotes a statistically significant difference from basal (no gonadotropin) culture (p=0.005). 
 
Figure 7. Average testosterone (in pg) secreted by basal, low gonadotropin and high 
gonadotropin stimulated house sparrow testis cultures treated with 0, 0.1, 1 and 10 uM GnIH.  
Error bars are ± 1 S.E.M. for each mean.  Numbers on bars indicate GnIH concentration.  1 and 
10 µM GnIH significantly reduces testosterone secreted by cultures stimulated by 0.25 µg/ml 
LH/FSH (Low gonadotropin, p=0.046, 0.032) and 0.5 µg/ml LH/FSH (High gonadotropin, 
p=0.004, 0.029).   
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Chapter 3 

Effects of melatonin on peripheral reproductive function: regulation of testicular GnIH and 
testosterone 
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Abstract 
 

 Study of seasonal reproduction has focused on the brain.  Here, we show the 
inhibition of sex steroid secretion can be seasonally mediated at the level of the gonad.  We 
investigate the direct effects of melatonin on sex steroid secretion and gonadal neuropeptide 
expression in European starlings (Sturnus vulgaris). PCR reveals starling gonads express mRNA 
for gonadotropin inhibitory hormone (GnIH) and its receptor (GnIHR) and melatonin receptors 
1B (Mel 1B) and 1C (Mel 1C). We demonstrate that the gonadal GnIH system is regulated 
seasonally, possibly via a mechanism involving melatonin. GnIH/ GnIHR expression in the 
testes is relatively low during breeding compared to outside the breeding season. The expression 
patterns of Mel 1B and Mel 1C are correlated with this expression and melatonin upregulates the 
expression of GnIH mRNA in starling gonads prior to breeding.  In vitro, GnIH and melatonin 
significantly decrease testosterone secretion from LH/FSH-stimulated testes prior to, but not 
during, breeding. Thus local inhibition of sex steroid secretion appears to be regulated seasonally 
at the level of the gonad, by a mechanism involving melatonin and the gonadal GnIH system. 
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Introduction 
 
In photoperiodic vertebrates, the annual cycle of reproduction is controlled principally by 

changing day length, a highly predictive cue of seasonal resource abundance.  In all diurnal 
vertebrates studied, melatonin is synthesized in and secreted from the pineal gland during night 
(1) such that the timing and duration of melatonin secretion provide an endocrine proxy of 
changes in day length (2).  

 
In mammals, melatonin stimulates reproductive physiology and activity in short day 

breeders and inhibits reproductive physiology and activity in long day breeders.  Consequently, 
manipulating the duration of melatonin secretion experimentally causes changes in reproductive 
physiology in photoperiodic mammals.  For example, in pinealectomized (Px) sheep, which are 
short day breeders, long durations of melatonin administration caused early onset of estrus in 
ewes and significantly higher FSH, testosterone and testes volume in rams. In contrast, short 
duration melatonin infusion to Px sheep inhibited reproduction (3).  In Px Syrian and Djungarian 
hamsters, which are long day breeding species, the opposite effects are seen.  Long duration 
melatonin infusions caused involution of the gonads, while short duration melatonin infusions 
stimulated reproductive development (4).  

 
In photoperiodic birds, the relationship between melatonin signal and reproductive timing 

is more complex than in photoperiodic mammals.  In seasonally breeding birds, a prolonged 
exposure to short days induces a physiological state termed “photosensitivity”(5). When 
photosensitive birds experience a ‘critical day length’ of 11.5 hours, the hypothalamic-pituitary 
gonadal axis becomes stimulated and gonadal recrudescence and initiation of reproductive 
behaviors occurs. They are thus “photostimulated” by long days (6). After several weeks of 
photostimulation by long days, these birds become “photorefractory” (6) . That is, the 
reproductive system becomes inactive, the gonads regress, and reproductive behaviors cease 
even while days are still increasing in length (7). As melatonin provides a measure of changing 
day length- and day length is a primary cue in mediating the transition to photostimulation (from 
photosensitivity)- it seems likely that melatonin could be involved in this event.  For example, 
male Baya weavers, a seasonally breeding species, had an increased rate of photoperiodically 
induced testicular growth after pinealectomy (8).  In another study, injection of anti-melatonin 
just prior to ‘night’ caused gonadal development in photosensitive quail (9). However, seasonally 
breeding birds also respond to photoperiodic cues via encephalic photoreceptors (10, 11), thus 
circumventing the need for absolute control of photoperiod detection by melatonin.   In fact, 
removing the sources of melatonin (pinealectomy with bilateral enucleation) caused no 
appreciable effects on the photoperiodic response in American tree sparrows (10).  In another 
study, injecting melatonin into quail exposed to long day lengths (prior to dusk or at dawn, to 
extend subjective night) did not inhibit long day induced gonadal growth (12), providing further 
evidence that the relationship between melatonin and reproductive timing is complex and not 
direct.   Furthermore, the transition to photorefractoriness occurs while days are increasing (and 
thus while melatonin duration is continuing to decrease).  Thus it is unlikely that melatonin is 
directly involved in mediating the regression of the reproductive system that occurs in the 
summer.  

 
More recent evidence suggests that although melatonin is not the sole regulator of photo-

induced reproductive cycles in birds, it can exert inhibitory effects on avian reproductive cycles 
via the hypothalamic neuropeptide gonadotropin-inhibitory hormone (GnIH).  GnIH inhibits the 
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synthesis and secretion of luteinizing hormone (LH) and follicle stimulating hormone (FSH) 
from the pituitary gland and is thought to act on GnRH neurons directly (13-15).  Melatonin 
receptor 1C (Mel 1C) mRNA is expressed by GnIH-ir neurons (16) and melatonin causes 
hypothalamic GnIH release in quail (17).  Pinealectomy combined with orbital enucleation 
(Px+Ex), which removes the major sources of melatonin in quail, decreases the expression of 
GnIH in the diencephalon; while subsequent melatonin administration rescues these effects (16). 
Thus in birds, melatonin appears to act directly on GnIH neurons via its receptor to induce 
hypothalamic GnIH expression and release. The potential therefore exists for photoperiodic 
regulation of the avian reproductive axis via action of the changing melatonin signal on GnIH.   

 
Melatonin may also act peripherally to control reproductive physiology.  The 

concentration, duration and phase of plasma melatonin follows that of the pineal (4).  Thus 
peripheral organs are also provided with a hormonal measurement of day length.  Melatonin 
appears to mediate the observed seasonal changes in immune function in the thymus, spleen and 
bursa of Fabricius in conjunction with gonadal steroids in birds and mammals (18). Cell-
mediated immunity can also be modulated my melatonin administration in birds (19). Thus, 
peripheral tissues in birds are able to detect and respond to changes in the melatonin signal. 

 
In mammals, the testes respond directly to melatonin. Intra-testicular injection of 

melatonin decreased androgen receptor and androgen binding protein expression, 3β-
hydroxysteroid dehydrogenase (3β-HSD) activity, testosterone release, spermatogenesis and 
testes weight, while increasing melatonin 1a receptor immunoreactivity on Leydig cells in Indian 
palm squirrels (20). Expression of mRNA for the Mel1a receptor subtype was detected in 
isolated Syrian hamster Leydig cells (21).  In addition, melatonin administration to long day 
(breeding) hamsters significantly reduced human chorionic gonadotropin (hCG)-stimulated 
testosterone and cAMP production and decreased the expression of steroidogenic acute 
regulatory (StAR) protein, P450 side chain cleavage, 3β-HSD and 17β-HSD (21).  Similarly, 
melatonin reduced LH-stimulated testosterone secretion from Djungarian hamster Leydig cells 
(22).  

 
Avian gonads also have the potential to respond to plasma melatonin, but the effect on 

gonadal activity is not well studied.  In galliform birds (chicken, duck, quail), the testes and 
ovary bind 2-[125I]-iodomelatonin and the melatonin binding site appears to be coupled to a 
guanine nucleotide binding protein second messenger system (23).  The membrane fraction of 
hen granulosa cells binds 2-[125I]-iodomelatonin and LH-stimulated progesterone production is 
markedly reduced with melatonin co-incubation (24).   

 
Along with melatonin receptor, GnIH and its receptor (GnIHR) are expressed in avian 

testes and ovaries in addition to the brain (25).  GnIH dose-dependently reduces testosterone 
secreted from cultured testes (25).  As already mentioned, there is a strong relationship between 
melatonin and GnIH release in the brain. The regulation of the gonadal GnIH system is, as yet, 
unknown and evidence for the influence of melatonin and/or GnIH on the annual reproductive 
cycle is sparse. Due to the inhibitory actions of melatonin on the gonads of long day breeding 
mammals, the expression of melatonin receptors in the gonads of birds and the interaction of 
melatonin and GnIH in the avian brain, we predicted that melatonin could directly inhibit 
gonadal function in long day breeding birds.  As these birds have seasonal cycles of reproduction 
and the melatonin signal differs with season, we hypothesized that this inhibition was mediated 
seasonally, through the expression and action of the gonadal GnIH system.   
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Materials and methods 
 

All procedures were performed in accordance with federal and state laws and with 
appropriate agreements from the UC Berkeley Office of Laboratory Animal Care.  European 
starlings (Sturnus vulgaris) housed under natural photoperiods in outdoor aviaries in Berkeley, 
CA were captured in mist nets and euthanized on six separate days from 2008-2011.  All birds 
were terminally anesthetized using isoflurane within 3 minutes of capture. Tissues were removed 
after decapitation.  A summary of photoperiod lengths and starling breeding states for each date 
can be found in Figure 1.  Birds were classified as photosensitive, photostimulated or 
photorefractory following previously established parameters for European starlings (5, 6). 
 

 
Figure 1. Summary of photoperiod lengths and starling breeding states for the six sampling dates of European 
starlings (Sturnus vulgaris).  Starlings were collected from outdoor aviaries at 11 am on each date.  Average volume 
of testes is reported in mm3 (black line).  Photoperiod length is reported in hours of daylight (grey line).  On October 
1, 2008, starlings were exposed to a prolonged period of short days after photorefractoriness, and were thus 
characterized as photosensitive (day length (DL): 11h 46 m, average testes volume (ATV): 8.6±2.3 mm3).  On April 
1, 2009, day length had exceeded 11.5 hours (DL: 12h 38 min), so starlings were characterized as photostimulated 
(ATV: 445.9±48.0 mm3).   On June 19, 2009, starlings had been exposed to prolonged long days (via natural 
photoperiod, DL: 14h 46m) and their gonads were regressing (ATV: 65.2±13.8 mm3).  On February 5, 2010, 
starlings were exposed to a prolonged period of short days after photorefractoriness and had not yet experienced 
critical day length for the onset of photostimulation (6, 7).  They were thus characterized as photosensitive (DL: 10h 
27m, ATV: 76.0±22.5mm3).  On April 7, 2010, day length had exceeded 11.5 hours (DL: 12h 52 min), so starlings 
were characterized as photostimulated (ATV: 502.0±168.9 mm3).   Similar to February 2010, starlings were 
photosensitive on February 4, 2011 (DL): 10h 25m, ATV: 158.0±64.3 mm3). On this date, one male had a testis 
volume of 807.9 mm3.  The ATV excluding this male (n=9) was 70.4±18.9 mm3.  Day lengths plotted were recorded 
on the 1st of each month.  The photosensitive period is delineated by the light grey boxes.  The photostimulated 
period is delineated by the dark grey boxes.  The photorefractory period is delineated by the white boxes. 
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Expression of GnIH, GnIHR and melatonin receptors 1B and 1C in the testis  
 

cDNA to determine the expression of GnIH, GnIHR, and melatonin receptors 1B (Mel 
1B) and 1C (Mel 1C) was synthesized from the testes of 4 male European starlings collected on 
October 1, 2008 (photoperiod, 11h 46m; Fig 1). Tissues were immediately removed, placed on 
dry ice and stored at -80°C.  Partial precursors to GnIH, GnIHR, Mel 1B and Mel 1C were 
amplified from 1 ug cDNA by PCR using primers based on European starling (Sturnus vulgaris) 
and chicken (Gallus gallus) cDNA sequences (GenBank accession #s EF486798 (GnIH), 
EF212891 (GnIHR), NM001048258 (Mel 1B), U31821 (Mel 1C)): GnIH forward primer 5’-
GGAAGAAAAGCAGAGGAGTCTC-3,’ reverse primer 5’-TGGAGATCTCCCAAGCCTGT-
3;’ GnIHR forward primer 5’-TCCTGGCCTACACCTTCATCT-3,’ reverse primer 5’-
AGATGATGGCGATGGTCAGCA-3;’ Mel 1B forward primer 5'- 
TACAATGTTGTATGTCTCCTTAGTC-3,’ reverse primer 5’- 
CTTTTGGTGCCATTTCCGTA-3.’; Mel 1C forward primer 5'-
TCAACCTGAAGAACACCTGC-3,' reverse primer 5'-AGAAATTCCGTATGTCAGCA-3.' 

 
PCR products were run on a 1.5% agarose gel and bands of the appropriate size were 

selected for identity verification.  PCR products were sub-cloned into a pGEM-T Easy vector 
(Promega cat #A1360) and the DNA inserts of positive clones were amplified by PCR with 
universal M13 primers.  The amplified products were sequenced at the UC Berkeley DNA 
sequencing facility and their homologies to European starling GnIH and GnIHR and chicken Mel 
1B and Mel 1C were assessed in GenBank (accession numbers EF486798, EF212891, 
NM001048258 and U31821). 

 
 

Seasonal GnIH/ GnIHR and Mel 1B/ Mel 1C expression 
 

Testes from European starlings were collected on April 1, 2009 (n=10, photostimulated, 
day length 12hr 38m), June 19, 2009 (n=10, photorefractory, in molt, day length 14hr 46m) and 
February 4, 2011 (n=10, photosensitive, day length 10hr 25m) (Fig 1).  Testes were measured, 
removed, frozen on dry ice and then stored at -80C until use.  

 
RNA was isolated from the left testis of each bird using TRIzol (Invitrogen cat# 

15596018) according to the manufacturer’s protocol.  For maximum extraction efficiency, at 
least 1 ml of TRIzol per 100 mg of tissue was used.  RNA concentration and quality were 
assessed using a NanoDrop and NanoDrop-1000 3.3.0 accessory software.  RNA samples with 
10 mm absorbance at wavelengths from 220-350 nms or 260/280 ratio of > 1.6 were not used for 
further analysis.   

 
For cDNA, 1 ug total RNA for each testis was reverse transcribed using 

oligo(deoxythymidine)15 primer and M-MLV Reverse Transcriptase (Promega cat #s: C1101, 
M1701).  Concentration of cDNA was assessed using a NanoDrop and NanoDrop-1000 3.3.0 
accessory software.   Partial European starling GnIH, GnIHR, 1B and 1C precursors were 
amplified from 500 ng cDNA by PCR using primers based on European starling GnIH and 
GnIHR and chicken (Gallus gallus) Mel 1B and Mel 1C precursor cDNA sequences (respective 
GenBank accession #s EF486798, EF212891, NM001048258 and U31821): GnIH forward 
primer 5’-GGAAGAAAAGCAGAGGAGTCTC-3’, reverse primer 5’-
TGGAGATCTCCCAAGCCTGT-3’; GnIHR forward primer 5’-
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TCCTGGCCTACACCTTCATCT-3’, reverse primer 5’-AGATGATGGCGATGGTCAGCA-3;’ 
Mel 1B forward primer 5'- TACAATGTTGTATGTCTCCTTAGTC-3,’ reverse primer 5’- 
CTTTTGGTGCCATTTCCGTA-3.’; Mel 1C forward primer 5'-
TCAACCTGAAGAACACCTGC-3,' reverse primer 5'-AGAAATTCCGTATGTCAGCA-3.'  β-
actin was also amplified from the cDNA as the endogenous control.  All PCR amplifications 
were performed using a Taq polymerase kit (TaKaRa Ex TaqTM; Takara Bio Inc., Shiga, Japan).  

  
Samples for quantitative PCR must be assayed for concentration within the exponential 

phase before amplification efficiency decreases and relative concentration of coamplicons begins 
to vary (26). To establish an optimized and standardized cycle number, a trial using European 
starling testis cDNA was run and a 4ul aliquot of each PCR reaction was removed every five 
cycles during a 40 cycle amplification.   The aliquots were run on an agarose gel and assessed 
using UV Transilluminator and NIH software package.  Another parameter of PCR which can 
affect amplification efficiency is the extension time.  However, this is a set value of 1 min/ 1 kB 
template with a minimum of 1 min, thus a 1 minute extension time was used.  Annealing 
temperature, 55°C, was based on our established lab protocol for these primers and published 
data on GnIH and GnIHR sequences using this temperature.   

 
Products were run on a 1.5% agarose gel and quantified by fluorescence of ethidium 

bromide under a UV Transilluminator (UVP Inc., Upland, CA) using a two-dimensional image 
analysis of the gel in Adobe Photoshop CS2.  The intensity of each of the signals was normalized 
to the β-actin internal control intensity of the same bird. Expressing the values as relative, rather 
than absolute, amounts controls for a reasonable margin of error in the estimation of original 
RNA concentration (26).  The relative mRNA levels of GnIH and GnIHR in each bird (expressed 
as 0-100% of B-actin) were then compared.  This procedure is a minor modification of (26-29).  
It is advantageous over qPCR in this protocol as it allows for a greater number of samples to be 
run concurrently and allows comparison of RNA in tissues of highly disparate volumes (i.e. 
regressed and recrudesced testes). 

 
To verify the identity of the bands a random sample of PCR products was sub-cloned into 

a pGEM-T Easy vector (Promega cat #A1360) and the DNA inserts of positive clones were 
amplified by PCR with universal M13 primers.  The amplified products were sequenced at the 
UC Berkeley DNA sequencing facility and their homologies to European starling GnIH, GnIHR, 
Mel 1B and Mel 1C were assessed in GenBank (accession numbers EF486798, EF212891, 
NM001048258 and U31821), translated by Translate (Molecular Toolkit, Colorado State 
University) and compared using CLUSTAL W. 
 
 
Gonad culture 
 

Testes were collected from European starling males on February 5, 2010 (6 males, 
photosensitive, day length 10h 27m) and April 7, 2010 (6 males, photostimulated, day length 12h 
52m) (Fig 1).  Gonad cultures were performed on both days with an identical procedure, except 
where noted.  Length and width of each testis was measured and then testes were removed and 
placed in individual tubes of Dulbecco's Modified Eagle's Medium/ Nutrient Mixture F12 
(DMEM; Sigma cat# D8437).  Gonads were incubated in culture medium for 4 hours at 4° C 
prior to experimentation to establish basal steroidogenesis/ steroid secretion/ protein 
transcription. 
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Each right testis (TR) was snipped into 4 pieces using clean dissection scissors.  The mass 

of each piece was recorded and then placed randomly into one of four fresh culture media 
containing: (1) 500 µl DMEM alone, (2) 0.25 µg/ml LH/FSH (0.244 µg/ml LH and 0.006 µg/ml 
FSH; National Hormone and Peptide Program, Torrance, CA) in DMEM, (3) 1 µM melatonin 
(Sigma cat# M5250) and 0.25 µg/ml LH/FSH in DMEM or (4) 1 µM GnIH and 0.25 µg/ml 
LH/FSH in DMEM.  Hereafter, cultures are referred to as: (1) basal, (2) LH/FSH, (3) LH/FSH + 
melatonin, and (4) LH/FSH + GnIH.  LH and FSH concentration used is deemed to be 
physiological as defined by (30).  As the concentration of GnIH within the testis requires further 
elucidation, the doses of GnIH used were based on physiological concentrations of gonadotropin 
releasing hormone (GnRH) and corticotropin releasing hormone (CRH) in the testis (31, 32).  
Hormones used were the best match to passerine LH, FSH and GnIH commercially available and 
have been used successfully in the past (25).  Culture followed the technique of (30, 33).   

 
All cultures were placed in a sealed incubator for a 4 h, high humidity incubation at 37°C 

immediately after placement of tissue into media.  100% oxygen was pumped into the chamber 
at 4L/min to allow for maximum respiration of cells.  Cultures were removed to ice after 4 hours 
and then centrifuged at 1500g 4°C. The supernatant was removed to a clean tube and stored at -
20°C.  The tissues were washed once with clean incubation medium, then stored at -20°C prior 
to analysis.  

 
The culture media supernatants from all cultures were assayed for testosterone using 

ELISA (Cayman Chemical cat # 582701) according to the manufacturer’s instructions.   Briefly, 
standards and samples were incubated with testosterone antiserum and testosterone 
acetylcholinesterase tracer in mouse anti-rabbit IgG-coated microplate wells at room temperature 
for 2 hours at 45 rpm.  Blank (no reagents) and maximum binding (buffer only) wells were also 
prepared at this time.  After washing, all wells were developed with Ellman’s reagent, 5, 5'-
dithiobis-(2-nitrobenzoic acid), in the dark for 60 minutes.   Assays were performed in duplicate 
and were read at 415 nm on a microplate reader (BioRad, Model 680XR) at +0, +5, +15 and +30 
minutes after development.  Data were collected when maximum binding wells reached an 
absorbance within 0.3-1 absorbance units (A.U.).   All readings were corrected to the absorbance 
of the blank wells, then standards and samples were converted to percentages of maximum 
binding.  A standard curve was drawn using log(agonist) vs. response variable slope four 
parameter curve fit in GraphPad Prism 5.0 software.  The concentrations of testosterone in the 
culture media were interpolated from the appropriate standard curves. 

 
To control for potential differences in individual culture tissue masses, testosterone data 

were corrected to testes mass (pg testosterone/ ml/ mg tissue).  
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Effects of culture on expression of GnIH, Mel 1B and Mel 1C in the testes 
 

Testis tissue recovered from each culture on February 5, 2010 and April 7, 2010 were 
subjected to RNA isolation, cDNA synthesis and semi-quantitative PCR using an endogenous 
control according to the methods outlined in Seasonal GnIH/ GnIHR and Mel 1B/ Mel 1C 
expression. Briefly, RNA was extracted using TRIzol (Invitrogen cat# 15596018) according to 
the manufacturer’s protocol and assessed using a NanoDrop and NanoDrop-1000 3.3.0 accessory 
software.   cDNA synthesis proceeded using 1 µg RNA, oligo(deoxythymidine)15 primer and M-
MLV Reverse Transcriptase (Promega cat #s: C1101, M1701).  Partial European starling GnIH, 
GnIHR, Mel 1B and Mel 1C precursors were amplified from 500 ng cDNA by PCR using 
primers based on European starling GnIH and GnIHR and chicken (Gallus gallus) Mel 1B and 
Mel 1C precursor cDNA sequences (respective GenBank accession #s EF486798, EF212891, 
NM001048258 and U31821). Products were quantified by fluorescence of ethidium bromide 
bands on a 1.5% agarose gel under a UV Transilluminator (UVP Inc., Upland, CA) using a two-
dimensional image analysis of the gel in Adobe Photoshop CS2.  The intensity of each band was 
normalized to the β-actin internal control intensity of the same bird. The relative mRNA levels of 
GnIH, GnIHR, Mel 1B or Mel 1C in each bird (expressed as 0-100% of B-actin) were then 
compared. 
 
 
Statistical analysis 
 

For seasonal GnIH and GnIHR expression and for seasonal Mel 1B and Mel 1C 
expression where three independent groups were compared, one-way ANOVAs were used. 
Where P<0.05, Tukey’s posthoc tests were used to analyze differences between each group. 

 
Differences in testosterone secretion from cultured testes where four groups of data 

collected from each individual were compared, repeated measures ANOVAs were used.  If 
P<0.05, Bonferroni posthoc tests were used to analyze differences between LH/FSH-treated and 
each other culture treatment.  

 
Differences in GnIH expression in cultured testes where three groups of data collected 

from each individual were compared, a repeated measures ANOVA was used.  Bonferroni 
posthoc tests analyzed the differences between LH/FSH treatment versus basal and LH/FSH + 
melatonin. 

 
Differences in Melatonin receptor 1B and 1C expressions between LH/FSH-treated and 

basal cultured testes collected from each individual were compared using paired T tests. 
 

Correlations between expression levels of GnIH, GnIHR and melatonin receptors were 
tested using Nonparametric Pearson correlation. 

 
All statistical analyses were performed using GraphPad Prism 5.0 software. 
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Results 
 
European starling testes express mRNA for GnIH, GnIHR, Mel 1B and Mel 1C 
 

European starling testes express mRNA for GnIH, GnIH receptor and two forms of 
melatonin receptor, 1B and 1C (Fig. 2). RT-PCR yielded electrophoretic bands of the appropriate 
size, which were then confirmed by sequencing.  Melatonin receptor 1A could not be isolated 
from European starling testes cDNA using RT-PCR, nor could it be sequenced. 

 
  

 
 
Figure 2. Gonadotropin inhibitory hormone (GnIH), its receptor (GnIHR) and Melatonin receptors 1B (Mel 1BR) 
and 1C (Mel 1CR) are expressed in the testes of European starlings.  All bands represent products from RT-PCR of 
European starling testes cDNA: GnIH, 257 base pairs (bp); GnIHR, 357 bp; Mel 1B, 377 bp; Mel 1C, 387 bp. 
Products were confirmed by sequencing.   
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Expression of testicular GnIH and GnIHR are season-dependent 
 

There is a statistically significant seasonal expression pattern of GnIH (ANOVA: 
p=0.033, F=3.87, R2=0.22, df=28) and its receptor (ANOVA: p=0.0001, F=12.73, R2=0.48, 
df=28) in the testes of European starlings (Fig. 3). Relative GnIH mRNA expression was 
significantly higher in photosensitive birds on February 4 (Feb 4) compared to photostimulated 
birds on April 1 (Apr 1) (Tukey’s: p<0.05). GnIHR mRNA expression was significantly higher 
in photorefractory birds on June 19 compared to photosensitive birds on Feb 4 (Tukey’s: 
p<0.005) and to photostimulated birds on Apr 1 (Tukey’s: p<0.01).   

 
 

 
 
Figure 3. Seasonal status affects expression of gonadotropin inhibitory hormone (GnIH) and GnIH receptor 
(GnIHR) in European starling testes.  There is a significant effect of season on both (A) GnIH mRNA expression 
(ANOVA: p=0.033, F=3.87, R2=0.22, df=28) and (B) GnIHR mRNA expression (ANOVA: p=0.0001, F=12.73, 
R2=0.48, df=28) in the testes.  GnIH mRNA expression is significantly higher in photosensitive birds on February 4 
(Feb 4) compared to photostimulated birds on April 1 (Apr 1) (Tukey’s: p<0.05).  GnIHR mRNA expression is 
significantly higher in photorefractory birds on June 19 compared to photosensitive birds on Feb 4 (Tukey’s: 
p<0.005) and to photostimulated birds on Apr 1 (Tukey’s: p<0.01).  Asterisks indicate statistical significance. 
 
 



  45 

Effects of melatonin and GnIH in the testes are season-dependent 
 

The testes of photosensitive and photostimulated birds responded to 0.25 µg/ml LH/FSH 
stimulation in culture by significantly increasing testosterone secretion above basal levels (Fig 4; 
Bonferroni: February 5, p<0.01, t=4.68; April 7, p<0.05, t=3.19). The effects of melatonin and 
GnIH on LH/FSH-stimulated testosterone secretion from the testes are season-dependent. On 
February 5, prior to breeding when starlings were photosensitive, the testes exhibited a reduced 
release of testosterone in response to melatonin and GnIH in culture (Fig 4A; RMANOVA: 
p=0.003, F=8.04, R2=0.67, df=5; Bonferroni: LH/FSH+melatonin p<0.05, t=3.02; LH/FSH + 
GnIH p<0.05, t=3.60).  On April 7, during breeding while starlings were photostimulated, the 
testes showed no reduction in testosterone release (relative to LH/FSH stimulated controls) in 
response to melatonin and GnIH in culture (Fig 4B; RMANOVA: p=0.12, F=2.42, R2=0.38, 
df=5; Bonferroni: LH/FSH+melatonin p>0.05, t=0.01; LH/FSH + GnIH p>0.05, t=0.01).  
  
 

 
 
Figure 4. Effects of melatonin and GnIH on testosterone secretion in European starling testes are dependent upon 
season.  A) On February 5, in photosensitive birds just prior to breeding, testes co-culture with melatonin or GnIH 
significantly reduces LH/FSH-stimulated testosterone secretion (RMANOVA: p=0.003, F=8.04, R2=0.67, df=5. 
Bonferroni: LH/FSH+melatonin p<0.05, t=3.02; LH/FSH + GnIH p<0.05, t=3.60).  B) On April 7, in 
photostimulated birds during breeding, testes co-culture with melatonin or GnIH does not significantly reduce 
LH/FSH-stimulated testosterone secretion (RMANOVA: p=0.12, F=2.42, R2=0.38, df=5. Bonferroni: 
LH/FSH+melatonin p>0.05, t=0.01; LH/FSH + GnIH p>0.05, t=0.01).   On February 5 and April 7, LH/FSH-
stimulation alone significantly increases testosterone secretion from testes cultures relative to basal (Bonferroni: 
February 5, p<0.01, t=4.68; April 7, p<0.05, t=3.19).  Asterisks indicate statistical significance from LH/FSH treated 
group. 
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Gonadal GnIH is regulated by LH/FSH and melatonin in photosensitive birds 
 

The expression of gonadal GnIH in cultured testes from photosensitive European 
starlings was significantly altered by luteinizing hormone/ follicle stimulating hormone 
(LH/FSH) and melatonin on February 5, 2010 (Fig 5; RMANOVA: p=0.01, F=7.46, R2=0.60, 
df=5).  Testes cultured with LH/FSH had significantly reduced GnIH mRNA expression 
compared to testes cultured without LH/FSH, in basal medium alone (Bonferroni: LH/FSH v 
basal, p<0.05, t=3.13).  However, melatonin treatment was able to restore GnIH expression 
levels in the presence of LH/FSH, significantly increasing GnIH mRNA expression above 
LH/FSH levels (Bonferroni: LH/FSH alone v LH/FSH+melatonin, P<0.05, t=3.53). 
 
 

 
 
Figure 5. Luteinizing hormone/ follicle stimulating hormone (LH/FSH) and melatonin (mel) significantly affect 
gonadotropin inhibitory hormone (GnIH) expression in cultured photosensitive European starling testes 
(RMANOVA: p=0.01, F=7.46, R2=0.60, df=5).  Testes cultured with LH/FSH have significantly reduced GnIH 
mRNA expression compared to untreated testes cultured in basal medium alone (Bonferroni: LH/FSH v basal, 
p<0.05, t=3.13).  Melatonin significantly increased GnIH mRNA expression in testes cultured with LH/FSH 
(Bonferroni: LH/FSH alone v LH/FSH+melatonin, P<0.05, t=3.53).  Asterisk indicates statistical significance.   
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Expression of Melatonin receptor subtypes 1B and 1C in the testes is season-dependent 
 

There was a statistically significant effect of seasonal status on both Mel 1B and Mel 1C 
expression in the testes of European starlings (1B- ANOVA: p=0.009, F=5.77, R2=0.32, df=28; 
1C- ANOVA: p=0.002, F=12.13, R2=0.50, df=28) (Fig. 6). Mel 1B mRNA was significantly 
upregulated in the testis of photorefractory birds on June 19 compared to photosensitive birds on 
February 4 (Feb 4) (Tukey’s p<0.05) and compared to photostimulated birds on April 1 (Apr 1) 
(Tukey’s: p<0.01). There was no statistically significant difference in Mel 1B expression 
between photosensitive and photostimulated birds.  Mel 1C mRNA expression was significantly 
downregulated in the testis of photostimulated birds (Apr 1) compared to photosensitive birds 
(Feb 4) (Tukey’s: Feb v Apr, p<0.05) and compared to photorefractory birds (June 19) (Tukey’s: 
June v Apr, p<0.005).   
 
 

 
 
Figure 6. Seasonal status affects expression of melatonin receptors in European starling testes.  There is a significant 
effect of season on both (A) Melatonin receptor 1B mRNA expression (ANOVA: p=0.009, F=5.77, R2=0.32, df=28) 
and (B) Melatonin receptor 1C mRNA expression (ANOVA: p=0.002, F=12.13, R2=0.50, df=28) in the testes.  Mel 
1B mRNA expression is significantly higher in the testis of photorefractory birds on June 19 compared to 
photosensitive birds on February 4 (Feb 4) (Tukey’s p<0.05) and compared to photostimulated birds on April 1 (Apr 
1) (Tukey’s: p<0.01). Mel 1C mRNA expression is significantly upregulated in the testis of photosensitive birds on 
Feb 4 and photorefractory birds on June 19 compared to photostimulated birds on Apr 1 (Tukey’s: Feb v Apr, 
p<0.05; June v Apr, p<0.005).  The highest expression of Mel 1C mRNA is seen in the testis of photorefractory 
birds (Tukey’s: Feb v June, p<0.01).  a: p<0.05, b: p<0.01, c: p<0.005. 
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Seasonal upregulation of GnIH and GnIHR is correlated with upregulation of Mel 1C and Mel 
1B, respectively 
 

There was a significant correlation between the upregulation of gonadal GnIH expression 
and gonadal Mel 1C expression in birds from all time points (Pearson R=0.43, R2=0.18, 
p=0.022).  There was also a significant correlation between the upregulation of gonadal GnIHR 
expression and gonadal Mel 1B expression in birds from all time points (Pearson R=0.46, 
R2=0.21, p=0.019).  The linear regression lines are shown in the figure (Fig 7). 
 
 

 
 
Figure 7. Seasonal upregulation of GnIH and GnIHR is correlated with seasonal upregulation of Mel 1C and Mel 
1B, respectively.  There is a significant correlation between gonadal GnIH expression and gonadal Mel 1C 
expression in European starling testes (Pearson R=0.43, R2=0.18, p=0.022).  This relationship is described by the 
linear regression line y=0.15+0.51x. There is a significant correlation between gonadal GnIHR expression and 
gonadal Mel 1B expression in European starling testes (Pearson R=0.46, R2=0.21, p=0.019).  This relationship is 
described by the linear regression line y=0.07+0.66x.  
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Gonadal expression of melatonin receptor 1C is regulated by LH/FSH 
 
 The expression of Mel 1C mRNA in cultured European starling testes was significantly 
attenuated by luteinizing hormone/ follicle stimulating hormone (LH/FSH) compared to testes 
cultured without LH/FSH, in basal media alone (Paired T test: p=0.006, T=4.53, R=0.80, df=5) 
(Fig. 8B).  There was no statistically significant difference in the expression of Mel 1B mRNA in 
testes cultured with and without LH/FSH (Paired T test: p=0.09, T=2.10, R=0.47, df=5) (Fig. 
8A). 
 
 

 
 
Figure 8.  LH/FSH treatment has no effect on Mel 1B mRNA expression (Paired T test: p=0.09, T=2.10, R=0.47, 
df=5), but significantly downregulates Mel 1C expression (Paired T test: p=0.006, T=4.53, R=0.80, df=5) in 
cultured photosensitive European starling testes.  
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Discussion 
 

Seasonally-breeding European starlings exhibit a localized seasonal pattern of 
responsiveness to melatonin and to GnIH in the gonads. The response to melatonin and GnIH 
consists of modulation (inhibition) of testosterone release in photosensitive birds. Melatonin 
increased gonadal GnIH expression at this time, thus the action of melatonin appears to involve 
regulation of the endogenous gonadal GnIH/GnIHR system.  Neither melatonin nor exogenous 
GnIH decreased T secretion in culture during the breeding stage – a time when endogenous 
GnIH and GnIHR expression are down-regulated. As gonadal melatonin receptors are responsive 
to LH and Mel 1C is upregulated in vivo and ex vivo (in culture) in photosensitive birds (prior to 
breeding) it is likely that the direct inhibitory action of melatonin on the gonads is season-
dependent.  The longer duration of melatonin secretion in  February (where ‘night’ is 13hr 35m) 
compared to April (where ‘night’ is 11hr 22m) may be responsible for modulating T secretion 
prior to breeding in the wild. This hypothesis remains to be tested.  Alternatively, this 
responsiveness could be mediated by plasma LH/FSH or gonadal melatonin receptors.   

 
The expression and action of the gonadal GnIH system in European starlings also 

depends on season. We showed previously that GnIH acts directly on the testes to reduce 
LH/FSH-stimulated testosterone secretion (25).   Here we show that the testes of European 
starlings respond to the inhibitory effects of gonadal GnIH on testosterone secretion during the 
photosensitive period, just prior to breeding, but not in the photostimulated period, during 
breeding.  In vivo, this may be physiologically mediated by up- and downregulation of gonadal 
GnIH expression. Evidence supporting this comes from our data indicating that gonadal GnIH 
expression is downregulated in April, when the birds are in full reproductive condition, 
compared to February, prior to the onset of breeding.  It is possible that starling testes use the 
gonadal GnIH system to modulate testosterone secretion and regulate the exact timing of the 
onset of full reproductive growth.  During photosensitivity, before the critical day length 
threshold is reached, starlings exhibit greater responsiveness to supplementary cues (such as food 
availability, presence of conspecifics and stress) than at other stages of the photo-induced 
breeding cycle. These supplementary signals can delay or advance the onset of full of gonadal 
function (34-37).  Endocrine responses  (e.g., glucocorticoid release) to many supplementary 
cues are detectable in the plasma (38-40), thus gonadal GnIH could act as a mediator of 
supplemental information in the testes if the gonadal GnIH system is responsive to such 
endocrine signals.  Our data indicate that this is the case (41).  During photostimulation, when 
the starling reproductive axis is already maximally stimulated, supplementary cues are less 
effective.  A physiological commitment to reproduction has already been made: full reproductive 
growth has occurred and high levels of testosterone secretion are required (7, 35).  Thus gonadal 
GnIH expression downregulation would be required, as our data indicate. 

 
The seasonal inhibitory effects of gonadal GnIH do not appear to be mediated by the 

gonadal GnIH receptor.  There does not appear to be a significant downregulation of GnIHR 
receptor expression in April compared to February.  The effects of gonadal GnIH in February 
versus April are thus not mediated by up- or downregulation of the receptor, but by another 
mechanism – possibly an interaction of the changing melatonin signal and its effect upon 
gonadal GnIH expression, as described above.  

Melatonin seasonally mediates the expression of the gonadal GnIH system.  Gonadal 
GnIH is upregulated in photosensitive European starling testes in response to melatonin in 
culture. Furthermore, gonadal GnIH expression is downregulated by LH/FSH, but this effect is 
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rescued by melatonin.  Additionally, Mel 1C expression is upregulated in February relative to 
April and this expression is significantly correlated with gonadal GnIH expression.  It is 
tempting to assume that gonadal melatonin receptors are directly regulated by the duration of 
melatonin secretion. Mel 1C could be upregulated by the longer duration melatonin secretion in 
the plasma of birds on February 4 (where ‘night’ is 13hr 35m) compared to April 1 (where 
‘night’ is 11hr 22m).  However, the highest expression of Mel 1C is observed in testes from birds 
collected June 19 (where ‘night’ is only 9hr 14 min).  Instead, we propose that Mel 1C is 
potentially regulated by LH/FSH rather than melatonin duration: Mel 1C expression is 
significantly reduced in testes cultured with LH/FSH compared to testes cultured in basal media 
alone.  In this way, Mel 1C expression is high during non-breeding periods (photosensitivity and 
photorefractoriness) when LH/FSH concentration is relatively low and Mel 1C is by contrast 
minimal during the breeding season (photostimulation) when plasma LH/FSH concentration is 
high.  Thus gonadal GnIH can be directly upregulated by seasonal status: via seasonally 
appropriate durations of melatonin secretion acting on a receptor (Mel 1C) downregulated by 
hormones (LH and FSH) secreted during the breeding season (Fig. 9A).   

 
Interestingly, as in the brain, the direct action of melatonin explains the inhibition of 

gonadal function in the photosensitive period, but not at the onset of photorefractoriness.  
Starling gonads begin to regress while days are still long in the summer, and this is neither due to 
significant upregulation of gonadal GnIH (testes expression of GnIH is not significantly different 
in June compared to April) nor duration of melatonin signal.   However, both the expression of 
GnIH receptor and melatonin receptor 1B are upregulated in photorefractory birds compared to 
photosensitive and photostimulated birds. GnIH receptor does not appear to be regulated by 
gonadal GnIH expression, melatonin duration, melatonin receptor 1C or LH/FSH secretion, as its 
seasonal pattern of expression is not well matched to these agents (the highest expression of 
GnIHR is in June, when these factors are relatively low).  However, GnIHR expression is 
correlated with gonadal expression of Mel 1B.  Mel 1B is significantly upregulated in June 
(compared to February and April) and its expression does not appear to be regulated by LH/FSH 
(Fig 9B).  As the agents governing the onset of photorefractoriness in birds are not well 
understood, gonadal GnIHR and Mel 1B, which are upregulated at this time, may be an 
important avenue for future study.  

 
In sum, we propose that in European starlings, melatonin acts via melatonin receptor 1C 

and melatonin receptor 1B in the testis to seasonally regulate the expression and action of the 
gonadal GnIH system, which modulates testosterone secretion. 

 
In a broader context, mammals also express the mammalian form of GnIH, RF-amide 

related peptide, and its receptors GPR74/GPR147/RFRPR in their gonads (42, 43)   
Photoperiodic mammals have detectable levels of melatonin in their plasma and seminal plasma 
that are consistent with pineal secretions (44, 45), they express melatonin subtype 1a receptor 
(21) in the testes and respond to melatonin challenge with reduced testosterone output from the 
testes (20-22).  Thus the testes of mammals are capable of directly responding to melatonin, and 
this effect may be mediated through the gonadal GnIH system as well.  More study will be 
needed to confirm this. Nonetheless, the ability of melatonin to directly to convey photoperiodic 
information to the gonads, and the responsiveness of the gonads to this information, appears to 
be a common property among photoperiodic vertebrates. The timing of breeding of 
photoperiodic vertebrates thus appears to involve integration of cues at the level of the gonads in 
addition to the brain. 
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Figure 9. Schematic representation of relative gonadal expression of GnIH and Mel 1C (A) and GnIHR and Mel 1B 
(B) according to data collected in this study, together with relative endogenous plasma concentrations of LH/FSH 
and melatonin in European starlings (46-48).  GnIH, Mel 1C, GnIHR and Mel IB data are fit by non-linear 
regression with second order polynomial best fit equations using GraphPad Prism 5.0 software. 
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Figure Legend 
 
Figure 1. Summary of photoperiod lengths and starling breeding states for the six sampling dates 
of European starlings (Sturnus vulgaris).  Starlings were collected from outdoor aviaries at 11 
am on each date.  Average volume of testes is reported in mm3 (black line).  Photoperiod length 
is reported in hours of daylight (grey line).  On October 1, 2008, starlings were exposed to a 
prolonged period of short days after photorefractoriness, and were thus characterized as 
photosensitive (day length (DL): 11h 46 m, average testes volume (ATV): 8.6±2.3 mm3).  On 
April 1, 2009, day length had exceeded 11.5 hours (DL: 12h 38 min), so starlings were 
characterized as photostimulated (ATV: 445.9±48.0 mm3).   On June 19, 2009, starlings had 
been exposed to prolonged long days (via natural photoperiod, DL: 14h 46m) and their gonads 
were regressing (ATV: 65.2±13.8 mm3).  On February 5, 2010, starlings were exposed to a 
prolonged period of short days after photorefractoriness and had not yet experienced critical day 
length for the onset of photostimulation (6, 7).  They were thus characterized as photosensitive 
(DL: 10h 27m, ATV: 76.0±22.5mm3).  On April 7, 2010, day length had exceeded 11.5 hours 
(DL: 12h 52 min), so starlings were characterized as photostimulated (ATV: 502.0±168.9 mm3).   
Similar to February 2010, starlings were photosensitive on February 4, 2011 (DL): 10h 25m, 
ATV: 158.0±64.3 mm3). On this date, one male had a testis volume of 807.9 mm3.  The ATV 
excluding this male (n=9) was 70.4±18.9 mm3.  Day lengths plotted were recorded on the 1st of 
each month.  The photosensitive period is delineated by the light grey boxes.  The 
photostimulated period is delineated by the dark grey boxes.  The photorefractory period is 
delineated by the white boxes.  
 
Figure 2. Gonadotropin inhibitory hormone (GnIH), its receptor (GnIHR) and Melatonin 
receptors 1B (Mel 1BR) and 1C (Mel 1CR) are expressed in the testes of European starlings.  All 
bands represent products from RT-PCR of European starling testes cDNA: GnIH, 257 base pairs 
(bp); GnIHR, 357 bp; Mel 1B, 377 bp; Mel 1C, 387 bp. Products were confirmed by sequencing.   
 
Figure 3. Seasonal status affects expression of gonadotropin inhibitory hormone (GnIH) and 
GnIH receptor (GnIHR) in European starling testes.  There is a significant effect of season on 
both (A) GnIH mRNA expression (ANOVA: p=0.033, F=3.87, R2=0.22, df=28) and (B) GnIHR 
mRNA expression (ANOVA: p=0.0001, F=12.73, R2=0.48, df=28) in the testes.  GnIH mRNA 
expression is significantly higher in photosensitive birds on February 4 (Feb 4) compared to 
photostimulated birds on April 1 (Apr 1) (Tukey’s: p<0.05).  GnIHR mRNA expression is 
significantly higher in photorefractory birds on June 19 compared to photosensitive birds on Feb 
4 (Tukey’s: p<0.005) and to photostimulated birds on Apr 1 (Tukey’s: p<0.01).  Asterisks 
indicate statistical significance. 
 
Figure 4. Effects of melatonin and GnIH on testosterone secretion in European starling testes are 
dependent upon season.  A) On February 5, in photosensitive birds just prior to breeding, testes 
co-culture with melatonin or GnIH significantly reduces LH/FSH-stimulated testosterone 
secretion (RMANOVA: p=0.003, F=8.04, R2=0.67, df=5. Bonferroni: LH/FSH+melatonin 
p<0.05, t=3.02; LH/FSH + GnIH p<0.05, t=3.60).  B) On April 7, in photostimulated birds 
during breeding, testes co-culture with melatonin or GnIH does not significantly reduce 
LH/FSH-stimulated testosterone secretion (RMANOVA: p=0.12, F=2.42, R2=0.38, df=5. 
Bonferroni: LH/FSH+melatonin p>0.05, t=0.01; LH/FSH + GnIH p>0.05, t=0.01).   On February 
5 and April 7, LH/FSH-stimulation alone significantly increases testosterone secretion from 
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testes cultures relative to basal (Bonferroni: February 5, p<0.01, t=4.68; April 7, p<0.05, t=3.19).  
Asterisks indicate statistical significance from LH/FSH treated group. 
 
Figure 5. Luteinizing hormone/ follicle stimulating hormone (LH/FSH) and melatonin (mel) 
significantly affect gonadotropin inhibitory hormone (GnIH) expression in cultured 
photosensitive European starling testes (RMANOVA: p=0.01, F=7.46, R2=0.60, df=5).  Testes 
cultured with LH/FSH have significantly reduced GnIH mRNA expression compared to 
untreated testes cultured in basal medium alone (Bonferroni: LH/FSH v basal, p<0.05, t=3.13).  
Melatonin significantly increased GnIH mRNA expression in testes cultured with LH/FSH 
(Bonferroni: LH/FSH alone v LH/FSH+melatonin, P<0.05, t=3.53).  Asterisk indicates statistical 
significance.   
 
Figure 6. Seasonal status affects expression of melatonin receptors in European starling testes.  
There is a significant effect of season on both (A) Melatonin receptor 1B mRNA expression 
(ANOVA: p=0.009, F=5.77, R2=0.32, df=28) and (B) Melatonin receptor 1C mRNA expression 
(ANOVA: p=0.002, F=12.13, R2=0.50, df=28) in the testes.  Mel 1B mRNA expression is 
significantly higher in the testis of photorefractory birds on June 19 compared to photosensitive 
birds on February 4 (Feb 4) (Tukey’s p<0.05) and compared to photostimulated birds on April 1 
(Apr 1) (Tukey’s: p<0.01). Mel 1C mRNA expression is significantly upregulated in the testis of 
photosensitive birds on Feb 4 and photorefractory birds on June 19 compared to photostimulated 
birds on Apr 1 (Tukey’s: Feb v Apr, p<0.05; June v Apr, p<0.005).  The highest expression of 
Mel 1C mRNA is seen in the testis of photorefractory birds (Tukey’s: Feb v June, p<0.01).  a: 
p<0.05, b: p<0.01, c: p<0.005. 
 
Figure 7. Seasonal upregulation of GnIH and GnIHR is correlated with seasonal upregulation of 
Mel 1C and Mel 1B, respectively.  There is a significant correlation between gonadal GnIH 
expression and gonadal Mel 1C expression in European starling testes (Pearson R=0.43, 
R2=0.18, p=0.022).  This relationship is described by the linear regression line y=0.15+0.51x. 
There is a significant correlation between gonadal GnIHR expression and gonadal Mel 1B 
expression in European starling testes (Pearson R=0.46, R2=0.21, p=0.019).  This relationship is 
described by the linear regression line y=0.07+0.66x.  
 
Figure 8.  LH/FSH treatment has no effect on Mel 1B mRNA expression (Paired T test: p=0.09, 
T=2.10, R=0.47, df=5), but significantly downregulates Mel 1C expression (Paired T test: 
p=0.006, T=4.53, R=0.80, df=5) in cultured photosensitive European starling testes.  
 
Figure 9. Schematic representation of relative gonadal expression of GnIH and Mel 1C (A) and 
GnIHR and Mel 1B (B) according to data collected in this study, together with relative 
endogenous plasma concentrations of LH/FSH and melatonin in European starlings (46-48).  
GnIH, Mel 1C, GnIHR and Mel IB data are fit by non-linear regression with second order 
polynomial best fit equations using GraphPad Prism 5.0 software. 
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Chapter 4 
 

The ovarian gonadotropin inhibitory hormone (GnIH) system in European starlings (Sturnus 
vulgaris): regulation of estradiol secretion 
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Abstract 
 
 In seasonally breeding vertebrate females, ovarian follicular development proceeds when 
the environment is favorable for breeding, incubating eggs and rearing young.  Because the 
development of eggs is energetically expensive, organisms have regulatory mechanisms in place 
to ensure appropriate timing of gamete maturation and sex steroid secretion.  Here we show that 
European starling ovaries are capable of responding directly to melatonin and gonadotropin 
inhibitory hormone (GnIH) in addition to signals from the hypothalamic-pituitary-gonad (HPG) 
axis.  Starling females express transcripts for GnIH and GnIH receptor (GnIHR) on steroidogenic 
cells of the ovary, most notably in prehierarchical follicles.  Ex vivo incubation of ovaries with 
GnIH reduces basal, but not LH/FSH-stimulated estradiol secretion. Ex vivo incubation of 
ovaries with melatonin reduces LH/FSH-stimulated estradiol secretion and upregulates GnIH 
mRNA.  Thus melatonin and gonadal GnIH can locally regulate estradiol secretion in the ovary. 
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Introduction 
 

In seasonally breeding songbirds, ovarian development proceeds once females have 
received appropriate cues that indicate the environment is favorable for breeding, incubating 
eggs and rearing young (1).  Photoperiodic stimulation initiates follicular growth, but 
supplementary cues are required for full maturation (1-6). Appropriate cues stimulate the 
hypothalamo-pituitary-gonad (HPG) axis, causing the secretion of gonadotropin releasing 
hormone (GnRH) from the hypothalamus into the pituitary gland (7). GnRH then stimulates the 
release of luteinizing hormone (LH) and follicle stimulating hormone (FSH) into the plasma, 
where they travel to the ovary to promote gamete maturation (8, 9).  It is not known by what 
pathway supplementary cues modulate ovarian development. 

 
In European starling (Sturnus vulgaris) females, ovarian development proceeds with the 

recruitment of 4-6 ovarian follicles from a pool of prehierarchical follicles, which develop, gain 
yolk and are ovulated in succession (follicular hierarchy).  Plasma estradiol increases in females 
from non-breeding through the establishment of the full follicular hierarchy (10).   
Prehierarchical follicles are the major source of estradiol prior to this establishment (11)- these 
follicles secrete low (or “basal”) levels of estradiol without stimulation by LH and FSH.  In fact, 
these follicles secrete up to 87.5% of the basal estradiol output by ovarian tissue (12) and their 
combined aromatase activity level is approximately equal to the hierarchical follicles (13).  
Starling females exhibit an increase in resting metabolic rate of 22.4% in the transition from 
prelaying to development of a complete follicular hierarchy (but prior to 1st ovulation) (14).  This 
is the energy expended to actually produce mature gametes, not including energy required for 
foraging, thermoregulation etc.- which can push the energetic cost to 4x the basal metabolic rate 
(15).  Thus the development of eggs (even prior to yolking and deposition of shell) is an 
expensive process, which requires appropriate timing for success of the parents and the 
offspring.  This timing might require greater regulation than is possible through the action of 
hypothalamic GnRH alone. 

 
Gonadotropin inhibitory hormone (GnIH) is candidate for further regulating follicular 

development in the ovary.  GnIH is a hypothalamic peptide that inhibits the synthesis and 
secretion of luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the pituitary 
gland (16, 17).  It also inhibits the action of gonadotropin releasing hormone (GnRH) neurons 
directly in birds and mammals (18-21).  Hypothalamic GnIH may be acting as a “pause button” 
on reproduction: its expression is elevated during breeding, possibly to allow for rapid release in 
response to environmental stimuli (22-26).  In terms of regulation of GnIH, the pineal hormone 
melatonin may be indirectly involved in mediating reproductive responsiveness in the brain via 
its action on GnIH. Melatonin induces GnIH secretion in quail and melatonin receptor 1C is 
expressed on GnIH neurons in the hypothalamus (27, 28). Thus melatonin might influence the 
activity of the reproductive system, particularly early in the breeding season when nights are still 
relatively long. 

 
We previously reported that GnIH and its receptor (GnIHR) are synthesized in the 

ovaries of European starlings (29) and house sparrows  (30) in addition to the brain. GnIHR 
mRNA is expressed in significantly greater quantity in prehierarchical compared to preovulatory 
follicles in chickens and incubation of prehierarchical follicles with GnIH reduced basal but not 
FSH-stimulated cellular viability (31).  This latter study was unable to identify GnIH mRNA 
transcripts in the chicken ovary, however our previous studies indicated the potential for locally 
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synthesized GnIH to affect the ovary in a paracrine or autocrine fashion.  We sought to localize 
further the sites of synthesis of both identified transcripts of ovarian GnIH and GnIHR mRNA in 
our songbird model.  Furthermore, we sought to understand whether the presence of GnIHR on 
prehierarchical follicles and the observed effects of GnIH on cellular viability in chickens could 
be explained by GnIH-induced changes in sex steroid synthesis.  GnIH directly decreases 
testosterone secretion in male European starling testes (30).  We hypothesized that GnIH would 
also directly affect estradiol secretion.  Finally, previous studies have shown hen ovaries have 
melatonin binding cites (32) and melatonin directly decreases LH-stimulated progesterone 
production in the ovary (33).  Thus the potential exists for melatonin and GnIH to interact in the 
ovary, as they do in the brain.  We hypothesized that melatonin and ovarian GnIH might act 
together to regulate ovarian development and follicular maturation via action on estradiol 
secretion.   
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Materials and Methods 
 
Effects of GnIH on estradiol synthesis 
 

To determine the capability of GnIH to affect estradiol secretion directly and dose-
dependently, ovaries from 6 female European starlings (Sturnus vulgaris) were subjected to 
gonadal culture.  Birds were collected on April 24, 2008 (day length: 13h 32m).   Birds at this 
time are photostimulated and capable of full reproductive condition (34).  These ovaries all had a 
largest follicle diameter (LDF) of 1-3 mm and had a follicular hierarchy with yolky follicles.  
After measurement, whole ovaries were removed and placed in individual tubes of Dulbecco's 
Modified Eagle's Medium/ Nutrient Mixture F12 (DMEM; Sigma cat# D8437).  Ovaries were 
incubated in culture medium for 4 hours at 4° C prior to experimentation to establish basal 
steroidogenesis/ steroid secretion/ protein transcriptions. 

 
After 4 hours, each ovary was placed in 12 ml fresh DMEM and then pulse-homogenized 

with an Omni International Tissue Master 240 (pulses were four 2 second intervals).  
Homogenate was then aliquoted in 12 microcentrifuge tubes for treatment.  Four ‘basal’ cultures 
received DEPC water only, four ‘low stimulation’ cultures received 0.25 µg/ml ovine luteinizing 
hormone / chicken follicle stimulating hormone (44:1- 0.244 µg/ml LH and 0.006 µg/ml FSH; 
National Hormone and Peptide Program, Torrance, CA) and four ‘high stimulation’ cultures 
received 0.5 µg/ml ovine luteinizing hormone / chicken follicle stimulating hormone (44:1- 
0.488 µg/ml LH and 0.012 µg/ml FSH; National Hormone and Peptide Program, Torrance, CA).  
LH and FSH concentration used is deemed to be physiological as defined by (35).  Avian 
gonadotropin-inhibitory hormone (synthesized in house) was also added.  The four tubes in each 
of the basal, low stimulation and high stimulation sets received either 0, 0.1, 1 or 10 µM GnIH.  
As the concentration of GnIH within the ovary requires further elucidation, the doses of GnIH 
used were based on physiological concentrations of gonadotropin releasing hormone (GnRH) 
and corticotropin releasing hormone (CRH) in the testis (36, 37).  Hormones used were the best 
match to passerine LH, FSH and GnIH available and have been used successfully in the past 
(30).  Culture followed the technique of (35, 38).   

 
All cultures were placed in a sealed incubator for a 4h, high humidity incubation at 37°C 

immediately after placement of tissue.  100% oxygen was pumped into the chamber at 4L/min to 
allow for maximum respiration of cells.  Cultures were then removed, placed on ice and 
centrifuged at 1500g 4°C. The supernatant was removed to a clean tube and stored at -20°C.  The 
tissues were washed once with clean incubation medium, then stored at -20°C prior to analysis.  

 
The culture media supernatants from all cultures were assayed for estradiol using ELISA 

(Cayman Chemical cat # 582251) according to the manufacturer’s instructions.   Briefly, 
standards and samples were incubated with estradiol antiserum and estradiol acetylcholinesterase 
tracer in mouse anti-rabbit IgG-coated microplate wells at room temperature for 2 hours at 45 
rpm.  Blank (no reagents) and maximum binding (buffer only) wells were also prepared at this 
time.  After washing, all wells were developed with Ellman’s reagent, 5, 5'-dithiobis-(2-
nitrobenzoic acid), in the dark for 60 minutes.   Assays were performed in duplicate and were 
read at 415 nm on a microplate reader (BioRad, Model 680XR) at +0, +5, +15 and +30 minutes 
after development.  Data were collected when maximum binding wells reached an absorbance 
within 0.3-1 absorbance units (A.U.).   All readings were corrected to the absorbance of the 
blank wells, then standards and samples were converted to percentages of maximum binding.  A 
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standard curve was drawn using log(agonist) vs. response variable slope four parameter curve fit 
in GraphPad Prism 5.0 software.  The concentrations of estradiol in the culture media were 
interpolated from the appropriate standard curves. 

 
To control for potential differences in individual culture tissue masses, estradiol data 

were corrected to protein concentration (pg estradiol/ mg of protein).  The protein concentration 
of each culture was determined using Quick Start Bradford Protein assay kit (Bio-Rad cat# 500-
0204). 

 
 

Localization of sites of synthesis of GnIH and GnIHR in the ovary 
 

To localize further the expression of GnIH and GnIHR in the ovary, tissues from 4 
female European starlings (Sturnus vulgaris) were subjected to in situ hybridization.  Birds were 
collected on April 1, 2009 (day length: 12h 38m).   Birds at this time are photostimulated and 
capable of full reproductive condition (34).  These ovaries all had a largest follicle diameter 
(LDF) of 1-2 mm and had a developing follicular hierarchy but contained no yolky follicles.   

 
Digoxigenin (DIG)-labeled antisense probes for in situ hybridization were produced from 

in house cloned partial European starling GnIH and GnIHR templates using DIG RNA labeling 
kit SP6/T7 (Roche Diagnostics cat #1175025910). Control in situ hybridization to test the 
specificity of the antisense probes for GnIH and GnIHR mRNA, respectively, was performed 
using DIG-labeled sense RNA probes, the sequences of which were complementary to the 
respective antisense probe sequence.  Specificity was further confirmed by sequencing of 
direction check PCR products.  Probe concentration was determined prior to experimentation 
using dot blot on a nylon membrane (Hybond-N+ nylon membrane, Amersham Biosciences, cat 
#RPN199B).  

 
Ovaries were removed and fixed in 4% paraformaldehyde immediately, then dehydrated 

and embedded in paraffin wax prior to use to preserve morphology.  Paraffin-embedded ovaries 
were sectioned at 14 um on a microtome and mounted on gelatin-coated slides, then rehydrated 
in a xylene and ethanol series.  Serial sections were pretreated for hybridization, then incubated 
overnight at room temperature in antisense or sense probe for GnIH at 325 ng/ml or GnIHR at 
400 ng/ml in deionized formamide and hybridization solution (Sigma-Aldrich cat # H7782).  
After overnight hybridization, the sections were blocked (Roche Diagnostics cat #11096176001) 
for 30 minutes then incubated for 1 hour with alkaline phosphatase-labeled sheep anti-DIG 
antibody (Roche Diagnostics cat #11093274910).  The immunoreactive product was detected 
using 2% Nitro blue tetrazolium chloride/ 5-Bromo-4-chloro-3-indolyl phosphate toluidine salt 
(NBT/BCIP, Roche Diagnostics cat # 11681451001) in alkaline phosphatase buffer.  Sections 
were coverslipped with Crystal Mount aqueous mounting medium (Sigma-Aldrich cat # C0612) 
before microscope analysis. 
 
 
Action of melatonin on ovarian estradiol secretion  

 
Ovaries were collected from European starling females on February 5, 2010 (6 females, day 

length 10h 27m, photosensitive (34)). The average ovarian mass was 6.2 ± 1.5 mg and the 
diameter of the largest follicle for all ovaries was <1 mm.  No discernable hierarchy was 
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detected.  After measurement, ovaries were removed and placed in individual tubes of 
Dulbecco's Modified Eagle's Medium/ Nutrient Mixture F12 (DMEM; Sigma cat# D8437).  
Ovaries were incubated in culture medium for 4 hours at 4° C prior to experimentation to 
establish basal steroidogenesis/ steroid secretion/ protein transcriptions. 

 
Each ovary was snipped into pieces using clean dissection scissors.  The mass of each piece 

was recorded and then placed randomly into one of five fresh culture media containing: (1) 500 
µl DMEM alone, (2) 0.25 µg/ml LH/FSH (0.244 µg/ml LH and 0.006 µg/ml FSH; National 
Hormone and Peptide Program, Torrance, CA) in DMEM or (3) 1 µM melatonin (Sigma cat# 
M5250) and 0.25 µg/ml LH/FSH in DMEM.  Hereafter, cultures are referred to as: (1) basal, (2) 
LH/FSH, (3) LH/FSH + mel.  LH and FSH stimulate estradiol production in ovarian tissue and 
the concentration used is deemed to be physiological as defined by (35). Melatonin is secreted by 
the pineal gland into the brain and plasma of vertebrates during subjective night (39).  It is used 
by photoperiodic vertebrates to the time changes in day length associated with different seasons 
(40). Dose used was based on previous studies using ovarian cultures to determine the effects of 
melatonin on steroidogenesis (41, 42).  Culture followed the technique of (35, 38).   

 
All cultures were placed in a sealed incubator for a 4 h, high humidity incubation at 37°C 

immediately after placement of tissue into media.  100% oxygen was pumped into the chamber 
at 4L/min to allow for maximum respiration of cells.  Cultures were removed to ice after 4 hours 
and then centrifuged at 1500g 4°C. The supernatant was removed to a clean tube and stored at -
20°C.  The tissues were washed once with clean incubation medium, then stored at -20°C prior 
to analysis.  

 
The culture media supernatants from all cultures were assayed for estradiol using ELISA 

(Cayman Chemical cat # 582701) according to the manufacturer’s instructions.   Briefly, 
standards and samples were incubated with estradiol antiserum and estradiol acetylcholinesterase 
tracer in mouse anti-rabbit IgG-coated microplate wells at room temperature for 2 hours at 45 
rpm.  Blank (no reagents) and maximum binding (buffer only) wells were also prepared at this 
time.  After washing, all wells were developed with Ellman’s reagent, 5, 5'-dithiobis-(2-
nitrobenzoic acid), in the dark for 60 minutes.   Assays were performed in duplicate and were 
read at 415 nm on a microplate reader (BioRad, Model 680XR) at +0, +5, +15 and +30 minutes 
after development.  Data were collected when maximum binding wells reached an absorbance 
within 0.3-1 absorbance units (A.U.).   All readings were corrected to the absorbance of the 
blank wells, then standards and samples were converted to percentages of maximum binding.  A 
standard curve was drawn using log(agonist) vs. response variable slope four parameter curve fit 
in GraphPad Prism 5.0 software.  The concentrations of estradiol in the culture media were 
interpolated from the appropriate standard curves. 

 
To control for potential differences in individual culture tissue masses, estradiol data were 

corrected to ovary piece mass (pg estradiol/ mg tissue).  
Action of melatonin on GnIH/GnIHR expression 
 

The ovarian tissues from the February 5th culture were used to assay the effects of the culture 
agents on ovarian GnIH and GnIHR synthesis. RNA was isolated from the ovarian tissue from 
culture using TRIzol (Invitrogen cat# 15596018) according to the manufacturer’s protocol.  For 
maximum extraction efficiency, at least 1 ml of TRIzol per 100 mg of tissue was used.  RNA 
concentration and quality were assessed using a NanoDrop and NanoDrop-1000 3.3.0 accessory 
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software.  RNA samples with 10 mm absorbance at wavelengths from 220-350 nms or 260/280 
ratio of > 1.6 were not used for further analysis.   

 
For cDNA, 1 ug total RNA for each testes was reverse transcribed using 

oligo(deoxythymidine)15 primer and M-MLV Reverse Transcriptase (Promega cat #s: C1101, 
M1701).  Concentration of cDNA was assessed using a NanoDrop and NanoDrop-1000 3.3.0 
accessory software.   Partial European starling GnIH and GnIHR precursors were amplified from 
500 ng cDNA by PCR using primers based on European starling GnIH and GnIHR precursor 
cDNA sequences (respective GenBank accession #s EF486798 and EF212891). GnIH forward 
primer 5’-GGAAGAAAAGCAGAGGAGTCTC-3’, reverse primer 5’-
TGGAGATCTCCCAAGCCTGT-3’; GnIHR forward primer 5’-
TCCTGGCCTACACCTTCATCT-3’, reverse primer 5’-AGATGATGGCGATGGTCAGCA-3.’  
β-actin was also amplified from the cDNA as the endogenous control.  All PCR amplifications 
were performed using a Taq polymerase kit (TaKaRa Ex TaqTM; Takara Bio Inc., Shiga, Japan).   

 
Products were run on a 1.5% agarose gel and quantified by fluorescence of ethidium bromide 

under a UV Transilluminator (UVP Inc., Upland, CA) using a two-dimensional image analysis of 
the gel in Adobe Photoshop CS2.  The intensity of each of the GnIH and GnIHR signals was 
normalized to the β-actin internal control intensity of the same bird. Expressing the values as 
relative, rather than absolute, amounts controls for a reasonable margin of error in the estimation 
of original RNA concentration (43).  The relative mRNA levels of GnIH and GnIHR in each bird 
(expressed as 0-100% of B-actin) were then compared.  This procedure is a minor modification 
of (43-46).   

 
To verify the identity of the bands a random sample of PCR products was sub-cloned into a 

pGEM-T Easy vector (Promega cat #A1360) and the DNA inserts of positive clones were 
amplified by PCR with universal M13 primers.  The amplified products were sequenced at the 
UC Berkeley DNA sequencing facility and their homologies to European starling GnIH and 
GnIHR were assessed in GenBank (accession numbers EF486798, EF212891, NM001048258 
and U31821), translated by Translate (Molecular Toolkit, Colorado State University) and 
compared using CLUSTAL W. 
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Results 
 
GnIH affected basal, but not LH/FSH-stimulated, estradiol synthesis in the ovary 
 
 Culture with GnIH significantly reduced estradiol secretion in basal, but not LH/FSH-
stimulated ovaries (Fig. 1, RMANOVA- basal: F=3.60, r2=0.32, p=0.027; low stimulation: 
F=0.62, r2=0.08, p=0.611; high stimulation: F=1.22, r2=0.15, p=0.326).   
 
 

 
 
Figure 1. GnIH affected basal, but not LH/FSH-stimulated, estradiol synthesis in the ovary of European starlings.  
(A) In ovarian culture without LH/FSH stimulation, all doses of GnIH caused a significant change in estradiol 
secretion relative to cultures without GnIH (RMANOVA- F=3.60, r2=0.32, p=0.027).  In ovarian cultures stimulated 
by low (B) and high (C) doses of LH/FSH, GnIH did not cause a significant change in estradiol secretion relative to 
cultures with no GnIH (RMANOVA- low stimulation: F=0.62, r2=0.08, p=0.611; high stimulation: F=1.22, r2=0.15, 
p=0.326). 
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GnIH and GnIHR mRNAs were expressed in the steroidogenic cells of prehierarchical and 
developing follicles 
  

In situ hybridization revealed the expression of GnIHR mRNA in the granulosa cells of 
developing and prehierarchical follicles (Fig. 2A).   GnIH mRNA was localized to the granulosa 
cells of prehierarchical follicles and in the oocytes of developing follicles (Fig. 2C).  

 
 

 
 

Figure 2. GnIH and GnIH receptor (GnIHR) were produced in steroidogenic cells of the gonads.  In situ 
hybridization localized mRNA for GnIH and GnIHR on estradiol-producing cells in the European starling ovary.  A) 
GnIHR mRNA in granulosa cells of developing and prehierarchical follicles.  B) GnIHR sense probe (control) on an 
adjacent section.  C) GnIH mRNA in granulosa cells of prehierarchical, but not developing follicles and in an oocyte 
of a developing follicle.  D) GnIH sense probe (control) on an adjacent section. DF, developing follicles; PH, 
prehierarchical follicle; gc, granulosa cells; o, oocyte.  
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Ovarian estradiol secretion was directly reduced by melatonin 
 
 Estradiol secretion was directly affected by culture agents (Fig. 3, RMANOVA- F=17.74, 
r2=0.82, p=0.001).  LH/FSH stimulation significantly increased estradiol secretion relative to 
basal (Tukey’s- q=7.67, p<0.01).  Melatonin significantly decreased LH/FSH-stimulated 
estradiol secretion (Tukey’s- t=6.85, p<0.01). In fact, the estradiol secretion in the LH/FSH + 
mel culture was not significantly higher than basal estradiol secretion (Tukey’s- mel: q=0.82, 
p>0.05). 
 
 

 
 
Figure 3. Melatonin directly reduced estradiol secretion in cultured European starling ovaries (RMANOVA- 
F=17.74, r2=0.82, p=0.001).  LH/FSH stimulation significantly increased estradiol secretion relative to basal 
(Tukey’s- q=7.67, p<0.01).  Melatonin significantly decreased LH/FSH-stimulated estradiol secretion (Tukey’s- 
t=6.85, p<0.01); estradiol secretion in this culture was not significantly higher than basal estradiol secretion 
(Tukey’s- mel: q=0.82, p>0.05). 
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Melatonin upregulated the expression of ovarian GnIH  
 

GnIH expression was affected by culture treatment (Fig 4A, RMANOVA: F=11.83, r2=0.75, 
p=0.004). GnIH expression was not affected by treatment with LH/FSH alone (Tukey’s- q=1.58, 
p>0.05).  GnIH expression was upregulated above basal and LH/FSH-stimulated levels by 
melatonin (Tukey’s- basal v LH/FSH+mel: q=6.59, p<0.01; LH/FSH v LH/FSH+mel: q=5.00, 
p<0.05).  

 
GnIHR expression was not significantly affected by culture treatment (Fig 4B, RMANOVA- 

F=0.14, r2=0.03, p=0.872). 
 

 
 
Figure 4. Melatonin upregulated the expression of ovarian GnIH in cultured European starling ovaries.  (A) GnIH 
expression was affected by culture treatment (RMANOVA: F=11.83, r2=0.75, p=0.004). GnIH expression was not 
affected by treatment with LH/FSH alone (Tukey’s- q=1.58, p>0.05), but was upregulated above basal and LH/FSH-
stimulated levels by melatonin (Tukey’s- basal v LH/FSH+mel: q=6.59, p<0.01; LH/FSH v LH/FSH+mel: q=5.00, 
p<0.05).  (B) GnIHR expression was not significantly affected by culture treatment (RMANOVA- F=0.14, r2=0.03, 
p=0.872). 
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Discussion 
 

GnIH has been previously shown to reduce viability in prehierarchical follicles 
(Maddineni 2008) and here we show that it reduces basal steroidogenesis in similar tissue. 
Prehierarchical follicles are the major source of estradiol in non-stimulated ovarian tissue (11, 
12).  As GnIH and its receptor are expressed in the granulosa cell layer of prehierarchical 
follicles, it is likely that GnIH is used as an autocrine or paracrine signal to reduce growth and 
development of prehierarchical follicles by limiting estradiol production in granulosa cells of 
these follicles.  Oocytes of developing follicles may have a similar self-regulating mechanism for 
limiting growth.  These oocytes appear to express GnIH, while their granulosa cells express 
GnIH receptor (Fig. 2).  It is likely that during basal steroidogenesis, oocytes of small developing 
follicles secrete GnIH.  GnIH then acts on its receptor to limit estradiol production in the 
granulosa cell layer of these follicles and limits further growth.  Alternatively, GnIH secreted by 
oocytes could be used to limit growth and estradiol secretion in neighboring prehierarchical 
follicles, although at present we have no data indicating that GnIH is released externally from 
individual follicles. Differential GnIH production from one follicle to the next might also 
contribute to the development of a hierarchy.    

 
What situations might arise that require limiting follicular growth in European starling 

ovaries?  Photoperiodic birds are traditionally thought of as having reproductive systems that are 
‘switched on’ or “off” with the appropriate light cue.  However, in the case of European 
starlings, gonadal recrudescence and LH secretion begin at low levels while birds are 
photosensitive (47), ‘critical day length’ (11.5 hours) that stimulates acute increases in 
gonadotropin releasing hormone (GnRH) and LH secretions (‘photostimulation’) (34, 48).  
During photostimulation, females may experience adequate photoperiodic drive (49) and exhibit 
increasing levels of LH and FSH, yet they do not initiate full reproductive (follicular) growth 
until all the appropriate environmental cues are present.  That is, they use both photoperiodic and 
‘supplementary cues’ to determine whether the environment is or will be suitable for laying, 
hatching and rearing young.  These cues include male song, food and water availability, absence 
of environmental stress and ambient temperature (1, 4, 50, 51).  Unfavorable measures of these 
cues can delay the onset of full reproductive condition in females according to the above studies.  
Many of these cues can be detected in the plasma in addition to the brain (glucocorticoids, 
metabolic stress, melatonin).  Comcomitantly, the ovaries express glucocorticoid receptor (45), 
melatonin receptors (29, 30) and are a metabolically active tissue.  Thus the ovaries may respond 
directly to unfavorable conditions by limiting follicular growth.  This localized detection and 
response system in the gonad would be capable of causing more fine-tuned and transient follicle-
specific changes than responsiveness of the brain, which would be modulated through the HPG 
axis.  The ovarian GnIH system does not appear to be regulated by components of the HPG axis, 
as LH/FSH does not affect ovarian GnIH or GnIHR mRNA expression.  This is most probably 
due to the fact that GnIH and GnIHR are primarily expressed on prehierarchical follicles, which 
have low responsiveness to LH and FSH stimulation.   

 
Our data show that European starling ovaries are capable of reducing estradiol secretion 

in direct response to GnIH and melatonin.  Melatonin on its own causes upregulation of ovarian 
GnIH.  We propose that prehierarchical follicles and developing follicles increase the production 
of GnIH in response to melatonin to limit estradiol production and follicular growth in 
photosensitive European starlings during photosensitivity, while days are still relatively short and 
starlings are still making the “decision” to breed.  This responsiveness may be over-ridden as 
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starlings become photostimulated and reach full breeding condition.  Such an effect could be 
accomplished through downregulation of melatonin receptors in response to LH (as occurs in 
males (52), by the decreased duration of the melatonin signal (53) or possibly by the inability of 
melatonin, through GnIH, to affect estradiol production in large follicles.  

 
The actions of GnIH may not be limited to birds alone. Investigation in primates revealed 

that RFRP (the mammalian analog of GnIH) and its receptor (OT7T022) are also expressed in 
the granulosa cell layer and in oocytes of developing follicles of rhesus macaques (Macaca 
mulatta) (54)- a similar distribution to seasonally-breeding songbirds.  Thus the action of this 
system may be conserved in mammals as well.  At present, the connection between melatonin 
and ovarian GnIH in mammals is unknown.  However, melatonin receptor is expressed in 
mammalian ovaries from rodents to humans (41, 55, 56) and melatonin appears to exert 
inhibition on cAMP accumulation and estradiol production in mammalian ovaries (41).  
Furthermore, data from mammals support the conclusion that the direct responsiveness of the 
ovary to melatonin is over-ridden by breeding status: high levels of estradiol downregulate 
ovarian melatonin receptors (41, 56).    

 
In sum, the evidence we present indicates the ovaries of European starlings respond 

directly to GnIH and melatonin by decreasing estradiol secretion.  GnIH and its receptor are 
expressed in small follicles of the ovary, indicating the potential for this system to act as a 
paracrine or autocrine regulator of ovarian function.  Furthermore, our data indicate that ovarian 
GnIH is upregulated by melatonin.  Thus the relationship between melatonin and GnIH in the 
brain may be functionally preserved in the ovary as well.   
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Figure legend  
 
Figure 1. GnIH affected basal, but not LH/FSH-stimulated, estradiol synthesis in the ovary of 
European starlings.  (A) In ovarian culture without LH/FSH stimulation, all doses of GnIH 
caused a significant change in estradiol secretion relative to cultures without GnIH 
(RMANOVA- F=3.60, r2=0.32, p=0.027).  In ovarian cultures stimulated by low (B) and high 
(C) doses of LH/FSH, GnIH did not cause a significant change in estradiol secretion relative to 
cultures with no GnIH (RMANOVA- low stimulation: F=0.62, r2=0.08, p=0.611; high 
stimulation: F=1.22, r2=0.15, p=0.326).   
 
Figure 2. GnIH and GnIH receptor (GnIHR) were produced in steroidogenic cells of the gonads.  
In situ hybridization localized mRNA for GnIH and GnIHR on estradiol-producing cells in the 
European starling ovary.  A) GnIHR mRNA in granulosa cells of developing and prehierarchical 
follicles.  B) GnIHR sense probe (control) on an adjacent section.  C) GnIH mRNA in granulosa 
cells of prehierarchical, but not developing follicles and in an oocyte of a developing follicle.  D) 
GnIH sense probe (control) on an adjacent section. DF, developing follicles; PH, prehierarchical 
follicle; gc, granulosa cells; o, oocyte. 
 
Figure 3. Melatonin directly reduced estradiol secretion in cultured European starling ovaries 
(RMANOVA- F=17.74, r2=0.82, p=0.001).  LH/FSH stimulation significantly increased estradiol 
secretion relative to basal (Tukey’s- q=7.67, p<0.01).  Melatonin significantly decreased 
LH/FSH-stimulated estradiol secretion (Tukey’s- t=6.85, p<0.01); estradiol secretion in this 
culture was not significantly higher than basal estradiol secretion (Tukey’s- mel: q=0.82, 
p>0.05). 
 
Figure 4. Melatonin upregulated the expression of ovarian GnIH in cultured European starling 
ovaries.  (A) GnIH is expression was affected by culture treatment (RMANOVA: F=11.83, 
r2=0.75, p=0.004). GnIH expression was not affected by treatment with LH/FSH alone (Tukey’s- 
q=1.58, p>0.05), but was upregulated above basal and LH/FSH-stimulated levels by melatonin 
(Tukey’s- basal v LH/FSH+mel: q=6.59, p<0.01; LH/FSH v LH/FSH+mel: q=5.00, p<0.05).  (B) 
GnIHR expression was not significantly affected by culture treatment (RMANOVA- F=0.14, 
r2=0.03, p=0.872). 
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Chapter 5 

 
The direct response of the gonads to cues of stress in a temperate songbird species is season-

dependent 
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Abstract 
 

The gonadotropin releasing hormone (GnRH) system in the hypothalamus has been 
considered the final integration point of vertebrate reproductive responses to environmental cues. 
However, cues such as stress and food availability are detectable in the plasma (through 
glucocorticoids and absence/ presence of metabolic fuels) and vertebrate gonads express 
glucocorticoid receptors. Therefore we hypothesized that the gonads can detect and respond to 
such cues directly.  We provide evidence here that, in addition to regulation by the brain, the 
gonads of European starlings (Sturnus vulgaris) directly respond to stressful stimuli by 
modulating sex steroid secretion.  Using a 4-hour gonad culture, we show that physiologically-
relevant levels of corticosterone and metabolic stress (via use of the glucose utilization inhibitor 
2-deoxy-D-glucose and the fatty acid oxidation inhibitor ethyl 2-mercaptoacetate (2DG/MA)) 
can directly decrease testosterone and estradiol secretion from luteinizing hormone and follicle-
stimulating hormone (LH/FSH)-stimulated testes and ovaries.  This effect is regulated 
seasonally.  Prior to the breeding season, testes and ovaries respond to corticosterone and 
2DG/MA by significantly decreasing gonadal steroid release.  Within the breeding season, the 
testes do not respond to these cues of stress, while the ovaries respond only to corticosterone.  
This seasonal difference in response may be due in part to the influence of these cues of stress on 
gonadal neuropeptide expression: corticosterone upregulates GnIH expression in the testes while 
metabolic stress upregulates GnIH in the ovaries.  Thus the gonads can directly respond to 
stressful stimuli during a time of critical importance to the onset of breeding. 
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Introduction 
 

It is well-established that seasonally-breeding temperate songbirds undergo seasonal 
cycles of gonadal regression and recrudescence, modulated primarily by photoperiod cues (1).  
This seasonal stimulation of testicular and ovarian sex steroid production and gamete maturation 
is primarily mediated through photostimulation of gonadotropin releasing hormone neurons of 
the hypothalamo-pituitary-gonad (HPG) axis (2).  In addition, the onset of breeding can be 
modulated by multiple supplementary cues, including food availability, temperature, weather, 
habitat loss and sustained stress (3-6).  Traditionally, release or inhibition of GnRH from the 
hypothalamus has been considered as the final integration point of the bird’s reproductive 
response to environmental information (7).  However, the appropriate timing of reproduction and 
synchrony with conspecifics is so important that multiple regulatory points in the hypothalamo-
pituitary-gonad (HPG) axis might well be needed.   Responses to supplementary cues such as 
stress and food availability are detectable in the plasma through fluctutations in glucocorticoids 
and metabolic fuels. Receptors for glucocorticoids are present in gonadal tissue of various 
vertebrates (8-11) in addition to songbirds (10, 12) and the gonads are a metabolically active 
tissue.  Thus it is likely that the gonads can detect changes in plasma corticosterone and 
metabolic fuels directly. 
 

Indirect evidence indicates that mammalian gonads directly detect stress and respond 
with altered sex steroid secretion.  Adult male rats subjected to 3 hour immobilization stress 
show a significant reduction in plasma testosterone, without a concomitant decrease in plasma 
LH (13).  Similarly, in adult male mice, immobilization stress elicited a significant increase in 
plasma cortisol and a significant decrease in testicular T from 0.5 – 6 h (14).  Again, this 
occurred without an appreciable decrease in plasma LH.  More direct evidence indicates that the 
ability of glucocorticoids to decrease testosterone secretion ex vivo in cultured testes is time- and 
dose-dependent. Isolated Leydig cells of mice responded to 1.44 µM cortisol with decreased 
hCG-stimulated testosterone production within 30 min (14).  A 3 hour incubation of isolated 
testicular interstitial cells with 1.0 µM cortisol caused a significant reduction in hCG-stimulated 
T secretion (13), while a 6 hour incubation with 0.1 µM corticosterone reduced hCG-treated T 
secretion in testicular cells (8).  Furthermore, a 24 hour incubation of isolated rat Leydig cells 
with 400 nM corticosterone significantly reduced the expression and activity of the steroidogenic 
enzymes 3β- and 17β-HSD (15).  
 

Gonadal tissues of birds may also have the capacity to detect cues of stress directly, but 
the ability to alter sex steroid secretion in response may be season-specific and species- and sex-
dependent.  Acute stress in birds is typically elicited experimentally using a capture restraint 
stress (CRS) paradigm: birds are caught and placed in a bag for 30-60 minutes, mimicking a 
predation event; CRS reliably causes rapid increases in plasma corticosterone (16).  Recent 
studies indicate testosterone secretion is also rapidly altered by CRS.  In lab-housed 
photostimulated male European starlings, CRS caused an increase in plasma testosterone, onset 
from 12-33 minutes (17).  In field-caught breeding male rufous-winged sparrows (Aimophila 
carpalis), CRS caused a decrease in plasma testosterone, which was statistically significant 
within 5 minutes (18). Interestingly, there was no detectable change in plasma LH in the latter 
study, even after 30 minutes of CRS.  Additionally, when the same birds were recaptured up to 
80 minutes post-treatment, they still exhibited significantly elevated levels of corticosterone and 
significantly depressed levels of testosterone (19).  Abert’s towhees (Pipilo aberti), curve-billed 
thrashers (Toxostoma curvirostre) and Cassin’s sparrows (Aimophila cassinii) also showed 
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significantly reduced testosterone in response to 30 min CRS (Pierre Deviche, personal 
communication).  Another established paradigm for testing chronic stress in lab-housed birds is 
the “six stressor stress test”, where caged birds are subjected to 4x30 minute stressors each day 
for 3 weeks (20).  In this model of chronic stress, the hypothalamo-pitiutary-adrenal (HPA) axis 
is dampened over time and stressed birds have reduced baseline corticosterone levels relative to 
control birds at the conclusion of the experiment.  The effect of this type of chronic 
psychological stress on gonadal function and the onset of breeding is unknown.  However, in the 
wild, birds may experience chronic stress in response to sustained stressful environmental 
conditions such as habitat destruction, human disturbance, food shortage or inclement weather.  
If these events occur during the photosensitive period, while birds are still ‘deciding’ whether to 
breed but have not reached full reproductive condition, these stressors can even delay the onset 
of the breeding season. A song sparrow (Melospiza melodia) population in Pleasant Valley, NY 
delayed the onset of testes recrudescence and testosterone production in 1982 relative to 1981 
after a severe winter storm (21).  It was hypothesized that the sharp decline in fat score and body 
mass as well as the sustained increase in plasma corticosterone levels during the storm led to the 
delay in the onset of recrudescence.  Female song sparrows also experienced a decline in body 
mass and fat score and a sustained increase in plasma corticosterone in response to the storm 
(22).  Females did not experience a change in circulating LH levels in 1982 relative to 1981, 
although plasma estradiol was greatly reduced during the storm period and the mean lay date was 
delayed by one week relative to 1981.   Thus in both cases, gonadal function, specifically the 
onset of gonadal recrudescence and steroid secretion, is inhibited by chronic increases in 
corticosterone and/ or metabolic stress, and this occurs seemingly independently of LH. 
 

The synthesis and secretion of the HPG axis neuropeptides gonadotropin releasing 
hormone (GnRH) and gonadotropin inhibiting hormone (GnIH) are altered in response to food 
restriction and stimulation of the stress (hypothalamo-pituitary-adrenal) axis (23-28). Expression 
of GnIH and its receptor (GnIHR) were more recently identified in the gonads of songbirds and 
primates, in addition to the brain (29, 30).  Furthermore, GnIH was able to decrease directly and 
dose-dependently the amount of testosterone secreted by luteinizing hormone/ follicle stimulated 
hormone (LH/FSH)-stimulated house sparrow testes in culture (31). Gonadotropin releasing 
hormone (GnRH) and its receptor (GnRHR) are also expressed in the gonads of vertebrates and 
have direct and typically inhibitory effects on sex steroid synthesis in species from 
protochordates to mammals (30). Due to their roles in the on site inhibition of sex steroid 
synthesis and their responsiveness to stress in the brain, we predicted that gonadal GnIH and 
GnRH would be upregulated in the gonads in response to stressful stimuli. 
  

As gonadal function is directly responsive to cues of stress and supplementary cues 
appear to be most important prior to the onset of breeding, we hypothesized that, in addition to 
regulation by the brain, the gonads of European starlings (Sturnus vulgaris) are able to detect 
glucocorticoids and metabolic stress. We predicted that the gonads would respond in a season-
specific manner with modulations of sex steroid secretion.  Furthermore, we predicted that this 
responsiveness involves the gonadal forms of the neuropeptides GnRH and GnIH. 
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Materials and methods 
 

All procedures were performed in accordance with federal and state laws and with 
appropriate agreements from the UC Berkeley Office of Laboratory Animal Care.   
European starlings (Sturnus vulgaris) under natural photoperiods in outdoor aviaries in Berkeley, 
CA were captured in mist and hand nets on February 5, 2010 (n=6 males, 6 females) and April 7, 
2010 (n=6 males, 5 females). February 5, 2010 had a day length of 10h 27min and was 
preceeded by >6 weeks of natural short days.  April 7, 2010 had a day length of 12h 52min.  All 
birds were terminally anesthetized using isoflurane and then decapitated within 3 minutes of 
capture.  
 
 
Gonadal culture 
 

Gonad culture was performed on each day of capture with an identical procedure, except 
where noted. Testes and ovary from each bird were removed, measured and incubated in 
individual tubes of Dulbecco’s modified eagle medium (DMEM; Sigma cat# D8437) for 4 hours 
at 4 °C prior to experimentation to establish basal levels of steroidogenesis and protein 
transcription.  Then each left testis (TL) and each ovary (O) were snipped into pieces using clean 
dissection scissors.  Hierarchical follicles, if present, were removed and not used for this 
experiment.  The mass of each piece was recorded and then placed in to fresh culture medium 
containing: (1) 500 µl DMEM alone, (2) 0.25 µg/ml LH/FSH (44 LH: 1 FSH; National Hormone 
and Peptide Program, Torrance, CA) in DMEM, (3) 400 nM corticosterone (Sigma cat# C2505) 
and 0.25 µg/ml LH/FSH in DMEM, (4) 75 µg/ml 2-deoxy-D-glucose (2DG, Sigma cat# D8375) 
or 2.5 µg/ml ethyl 2-mercaptoacetate (MA, Spectrum Chemical Mfg. cat#E2833) and 0.25 µg/ml 
LH/FSH in DMEM.  We hereafter refer to culture medium 1 as “basal” since it contains no 
treatment agents that would affect steroidogenesis.  The ratio and concentration of LH/FSH we 
used has been previously defined as physiological and used successfully to stimulate sex steroid 
production (31, 32).  Corticosterone is the native glucocorticoid in European starlings, and its 
plasma concentration is elevated during times of stress (33).  2DG is a pharmacological agent 
which potently inhibits glucose utilization (34). MA is a pharmacological agent which prevents 
tissues from oxidizing fatty acids (35, 36).   2DG/MA prevent the utilization of metabolic fuels, 
thus they were used here, in culture, to simulate the lack of available metabolic fuels experienced 
by European starlings under food-limited conditions.  Concentration of total corticosterone used 
was within physiological range (33, 37).  2-DG and MA are pharmacological agents (34, 35). 
 

All cultures were placed in a sealed incubator for a 4 h, high humidity incubation at 37°C 
immediately after placement of tissue.  100% oxygen was pumped into the chamber at 4L/min to 
allow for maximum respiration of cells. A time period of four hours was chosen to simulate a 
stress event of longer duration than typical capture restraint.  The type of chronic stress that we 
are referring to would be experienced during an environmental perturbation (i.e. winter storm, 
habitat disturbance, microclimate change, human disturbance, temperature stress or food 
shortage).  Corticosterone levels in birds are often chronically elevated during such events and 
they may also experience restricted access to food (38-45).  Although we aimed to mimic chronic 
stressors, the time period we chose may also be applicable to capture restraint stress paradigms 
as corticosterone can remain elevated for 30-180 minutes post-stimulus/CRS in a number of 
species (46).  Experimentally, the elevation of corticosterone in response to chronic stress is 
dampened only after days to weeks of exposure to stressors, thus a 4 hour stress event would not 
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elicit this phenomenon (20).  A four hour culture is also applicable to metabolic stress, as birds 
have significantly reduced plasma glucose and triglycerides after a 2-12 hour fast (47).  The ex 
vivo culture was not extended beyond 8 hours so as to prevent artifacts associated with tissue 
death.   
 

Following incubation, cultures were removed from the incubator, placed on ice and 
centrifuged at 1500g 4°C. The supernatant was pipetted to a clean tube and stored at -20°C for 
sex steroid analysis using ELISA.  The tissues were washed once each with DMEM and 0.01 M 
phosphate buffered saline, then stored at -20°C prior to analysis for GnIH and GnRH expression 
using semi-quantitative PCR with an endogenous control.  
 
 
Analysis of testosterone and estradiol secretion 
 

The culture media supernatants from testes cultures were assayed for testosterone using 
ELISA (Cayman Chemical cat# 582701) and the culture media supernatants from ovary cultures 
were assayed for estradiol using ELISA (Cayman Chemical cat# 582251) according to the 
manufacturer’s instructions.   Briefly, standards and samples were incubated with testosterone or 
estradiol antiserum and testosterone or estradiol acetylcholinesterase tracer in mouse anti-rabbit 
IgG-coated microplate wells at room temperature for 2 hours at 45 rpm.  Blank and maximum 
binding (buffer only) wells were also prepared at this time.  After washing, the wells were 
developed with Ellman’s reagent, 5, 5'-dithiobis-2-nitrobenzoic acid, in the dark for 60 minutes.   
Assays were performed in duplicate and were read at 415 nm on a microplate reader (BioRad, 
Model 680XR) at +0, +5, +15 and +30 minutes.  Data were collected when maximum binding 
wells reached an absorbance within 0.3-1 A.U.  All readings were corrected to the absorbance of 
the blank wells, then standards and samples were converted to percentages of maximum binding.  
A standard curve was drawn using log(agonist) v. response variable slope four parameter curve 
fit in GraphPad Prism 5.0 software.  The concentrations of testosterone or estradiol in the culture 
media were interpolated from the appropriate standard curves. 
 

Testosterone and estradiol concentrations from each culture were corrected to the amount 
of tissue in each culture. To control for differences in mass of gonad sections in each culture, 
testosterone and estradiol data are corrected to testes or ovary section mass measured just prior to 
placement in treatment cultures (pg testosterone or estradiol / mg tissue). 
 
 
Analysis of GnIH and GnRH expression 
 

Tissues from the February 5 cultures were analyzed for the effects of treatments on 
relative GnIH and GnRH mRNA expression using semi-quantitative PCR with an endogenous 
control.  This method has been previously described (48-50).  Briefly, RNA was isolated from 
tissue in each culture using TRIzol (Invitrogen cat# 15596018) according to the manufacturer’s 
protocol. RNA concentration, quality, contamination was assessed using NanoDrop and 
NanoDrop-1000 3.3.0 accessory software.  RNA samples with 10 mm absorbance at 
wavelengths from 220-350 nms or 260/280 ratio of > 1.6 were not used for further analysis.  1 ug 
total RNA from each tissue sample was then reverse transcribed using oligo(deoxythymidine)15 
primer and M-MLV Reverse Transcriptase (Promega cat #s: C1101, M1701). Partial European 
starling GnIH and GnRH precursors were amplified from 500 ng cDNA by PCR using primers 
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based on European starling GnIH and GnRH precursor cDNA sequences (respective GenBank 
accession #s EF486798, FJ514493): GnIH forward primer 5’-
GGAAGAAAAGCAGAGGAGTCTC-3’, reverse primer 5’-TGGAGATCTCCCAAGCCTGT-
3’; GnRH forward primer 5′-TCTCTCAGGCAGCAGGATGGA-3′, reverse primer 5’- 5′-
CTTTCTTCTGCCTTGTTCCTCC-3′.’  β-actin was also amplified from the cDNA and used as 
the endogenous control.  All PCR amplifications were performed using a Taq polymerase kit 
(TaKaRa Ex TaqTM; Takara Bio Inc., Shiga, Japan).  Products were run on a 1.5% agarose gel 
and quantified by fluorescence of ethidium bromide under a UV Transilluminator (UVP Inc., 
Upland, CA) using a two-dimensional image analysis of the gel in Adobe Photoshop CS2.  The 
intensity of each of the GnIH and GnRH signals was normalized to the B-actin internal control 
intensity of the same bird. The relative mRNA levels of GnIH and GnRH from the tissue in each 
culture (expressed as 0-100% of B-actin) were then compared.  
 
 
Statistical analysis 
 

Repeated measures ANOVAs were used to determine whether the treatments 
significantly affected testosterone and estradiol production in cultured testes and ovaries, 
respectively.  Bonferroni post-hoc tests compared the effects of basal, LH/FSH + corticosterone 
or LH/FSH + 2DG/MA treatment to LH/FSH-stimulation alone.  
 

Repeated measures ANOVAs were also used to determine whether the treatments 
significantly effected GnIH and GnRH expression in the cultured testes and ovaries.  Bonferroni 
post-hoc tests compared the expression of GnIH and GnRH in tissues cultured with LH/FSH + 
corticosterone or LH/FSH + 2DG/MA compared to LH/FSH alone. 
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Results 
 
Breeding status of European starlings 
 

February 5, 2010 had a day length of 10h 27min.  This day length is less than the critical 
day length of 11.5 hours required for full photostimulation (and for the onset of ensuing 
photorefractoriness several weeks later) and was preceeded by >6 weeks of short days.  Birds 
were thus classified as photosensitive (pre-breeding) (51, 52).  Testes collected from European 
starling males had an average testes volume of 76.0±22.5 mm3 and ovaries collected from 
European starling females had an average ovarian mass of 6.2±1.5 mg and all follicles were <1 
mm. 
 

April 7, 2010 had a day length of 12h 52min, which exceeds the critical day length of 
11.5 hours required for photostimulation and for the resulting onset of photorefractoriness 
several weeks later.  Birds were thus classified as photostimulated (breeding) (51).  Testes 
collected from European starling males had an average testes volume of 502.0±168.9mm3 and 
ovaries collected from European starling females had an average ovarian mass of 30.2±11.3 mg 
and had hierarchical follicles present.  
 
 
Effect of gonadal culture treatments on testosterone and estradiol secretion 
 

Testosterone secretion in cultured European starling testes is significantly affected by 
culture treatments.  However, the treatments are more effective prior to the breeding season 
compared to breeding birds (Fig. 1: breeding, P=0.048, F=3.33, R2=0.40, df=5; prior to breeding 
P=0.005, F=10.67, R2=0.68, df=5).   Both within and prior to the breeding season, testes are able 
to respond to culture with LH/FSH by increasing testosterone production significantly above 
basal levels (breeding: p<0.05, t=3.06 ; prior to breeding: p<0.005, t=5.38).  Prior to breeding, 
cultured testes show significantly reduced testosterone secretion in the presence of corticosterone 
or metabolic inhibition (via 2DG/MA) compared to testes cultured in LH/FSH alone 
(corticosterone: p<0.01, t=3.91; 2DG/MA: p<0.01, t=3.96). Testes collected from breeding birds 
do not show reduce testosterone secretion in response to corticosterone or metabolic inhibition 
(corticosterone: p>0.05, t=2.09; 2DG/MA p>0.05, t=1.34).   
 

Estradiol secretion in cultured European starling ovaries is significantly affected by 
culture treatments in photosensitive (prior to breeding) and photostimulated (breeding) birds 
(Fig. 2: breeding, P=0.046, F=6.60, r2=0.57, df=5; prior to breeding P=0.003, F=7.31, r2=0.59, 
df=5).   Both within and prior to the breeding season, ovaries are able to respond to culture with 
LH/FSH by increasing estradiol production significantly above basal levels (breeding: p<0.01, 
t=4.26; prior to breeding: p<0.01, t=4.22).  Prior to breeding, cultured ovaries show significantly 
reduced estradiol secretion in the presence of corticosterone or metabolic inhibition (via 
2DG/MA) compared to ovaries cultured in LH/FSH alone (corticosterone: p<0.01, t=3.67, df=3; 
2DG/MA: p<0.05, t=3.38).  Ovaries collected from breeding birds show reduced estradiol 
secretion in response to corticosterone only (corticosterone: p<0.05, t=3.10; 2DG/MA: p>0.05, 
t=1.95). 
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Figure 1. Seasonal differences in response to corticosterone and metabolic stress in European starling (Sturnus 
vulgaris) testes.  A) In testes collected from photostimulated male starlings, testosterone secretion is significantly 
increased in culture by incubation with LH/FSH compared to media alone (p<0.05, t=3.06).  Corticosterone and the 
metabolic inhibitors 2DG/MA do not attenuate LH/FSH-stimulated testosterone levels in photostimulated starlings 
(corticosterone: p>0.05, t=2.09; 2DG/MA p>0.05, t=1.34).  RMANOVA p=0.048, F=3.33, R2=0.40, df=5.  B) In 
testes collected from photosensitive male starlings, testosterone secretion is significantly increased in culture by 
incubation with LH/FSH compared to media alone (p<0.005, t=5.38).  Corticosterone and the metabolic inhibitors 
2DG/MA significantly attenuate LH/FSH-stimulated testosterone levels (corticosterone: p<0.01, t=3.91; 2DG/MA: 
p<0.01, t=3.96).  RMANOVA p=0.005, F=10.67, r2=0.68, df=5.  Bars are mean testosterone secreted ± S.E.M. 
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Figure 2. Seasonal differences in response to corticosterone and metabolic stress in European starling (Sturnus 
vulgaris) ovaries. A) In ovaries collected from photostimulated female starlings, estradiol secretion is significantly 
increased in culture by incubation with LH/FSH compared to media alone (p<0.01, t=4.26).  Corticosterone 
significantly attenuates LH/FSH-stimulated estradiol levels in photostimulated starlings (corticosterone: p<0.05, 
t=3.10; 2DG/MA: p>0.05, t=1.95).  RMANOVA P=0.046, F=6.60, R2=0.57, df=5.  B) In ovaries collected from 
photosensitive female starlings, estradiol secretion is significantly increased in culture by incubation with LH/FSH 
compared to media alone (p<0.01, t=4.22).  Corticosterone and the metabolic inhibitors 2DG/MA significantly 
attenuate LH/FSH-stimulated testosterone levels (corticosterone: p<0.01, t=3.67; 2DG/MA: p<0.05, t=3.38).  
RMANOVA p=0.003, F=7.31, R2=0.59, df=5. Bars are mean estradiol secreted ± S.E.M. 
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Effect of gonadal culture treatments on gonadal neuropeptide expression 
 

Corticosterone and the metabolic stressors 2DG/MA directly affect the expression of 
gonadal GnIH in gonadotropin-stimulated photosensitive European starling testes and ovaries 
(testes: p=0.002, F=12.70, R2=0.72, df=5; ovaries: p=0.013, F=7.81, R2=0.66, df=5).  In the 
testes, incubation with corticosterone significantly increases relative GnIH expression compared 
to LH/FSH-stimulated tissue (p<0.01, t= 4.48).  In the ovaries, incubation with the metabolic 
inhibitors 2-DG/MA significantly increases relative GnIH expression compared to LH/FSH-
stimulated tissue (p<0.05, t=3.308).   
 

 
 
Figure 3. Stressors upregulate gonadal expression of GnIH mRNA in photosensitive birds (testes: p=0.002, F=12.70, 
R2=0.72, df=5; ovaries: p=0.013, F=7.81, R2=0.66, df=5).  Expression of GnIH is significantly upregulated by 
corticosterone in the testes (p<0.01, t= 4.48) and by the metabolic inhibition via 2DG/MA in the ovary (p<0.05, 
t=3.308) compared to LH/FSH stimulation alone. Bars are mean GnIH expressed ± S.E.M. 
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Stressors do not directly affect the expression of gonadal GnRH in gonadotropin-
stimulated photosensitive European starling testes and ovaries (testes: p=0.408, F=1.00, R2=0.20, 
df=5; ovaries: p=0.109, F=2.80, R2=0.36, df=5).   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Stressors do not affect gonadal expression of GnRH mRNA in photosensitive birds.  Expression of GnRH 
in the testes and ovaries is not significantly different in cultures treated with LH/FSH alone, LH/FSH + 
corticosterone or LH/FSH + 2DG/MA (testes: p=0.408, F=1.00, R2=0.20, df=5; ovaries: p=0.109, F=2.80, R2=0.36, 
df=5). Bars are mean GnRH expressed ± S.E.M.
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Discussion 
 

In addition to regulation from the brain, the gonads of European starlings (Sturnus 
vulgaris) are able to detect cues of stress directly and respond (in a season-specific manner) by 
modulating sex steroid secretion. The testes and ovaries of photosensitive (prior to breeding) 
European starlings show significantly reduced gonadotropin-stimulated testosterone and estradiol 
secretion when cultured with the glucocorticoid corticosterone, or with the metabolic inhibitors, 
2DG/MA, compared to gonadotropin-stimulation alone.  As birds become photostimulated and 
reach full reproductive condition, the testes no longer respond to corticosterone or 2DG/MA in 
culture with reduced testosterone secretion.  The ovaries of photostimulated starlings do maintain 
their responsiveness to corticosterone at this time, but no longer respond to 2DG/MA in culture 
with reduced estradiol secretion. 
 

What accounts for these seasonal and sex differences?  Photosensitive birds are still 
making the ‘decision’ to breed, while photostimulated birds are already maximally stimulated by 
gonadotropins from the HPG axis.  Supplementary cues (i.e., non-photic cues of the suitability of 
the future environment for breeding and rearing young, such as habitat quality, presence of 
mates, weather and stress) are much more important in the decision to delay or advance the onset 
of breeding, and appear to be less influential once birds have already committed to breeding (3, 
7, 53, 54).   This may be mediated physiologically in the gonads by a dampening of the 
responsiveness to stress hormones and metabolic stress during breeding.  Additionally, 
recrudescence of the gonads represents a higher metabolic cost than simply maintaining large 
gonads once they have recrudesced (55).  Thus when metabolic fuels are limited, onset of 
gonadal growth (which would occur in photosensitive birds) is delayed, but maintenance of 
gonads (which would occur in photostimulated birds) is not.  Interestingly, ovaries do continue to 
respond to corticosterone by locally reducing sex steroid secretion even while in breeding 
condition, while testes do not.  This result might reflect the differing breeding strategies of males 
and females.  Female songbirds do not initiate full follicle growth until conditions are favorable 
for laying (39).  However, males will continue to support testosterone-stimulated behaviors/ 
physiology even while stressed, so that fertilization opportunities are not lost (6, 56).  
 

Our data indicate that gonadal GnIH may be involved in mediating the season- and sex-
specific responses to cues of stress.  GnIH has been previously identified as a local inhibitor of 
testosterone production (31) and GnIH is upregulated in the testes of photosensitive males in 
response to corticosterone and in the ovaries of photosensitive females in response to metabolic 
stress (via 2DG/MA). Thus the gonads are able to respond to cues of stress directly by up-
regulating this hormone.  In this way, the gonads of birds are able to fine-tune their steroid 
secretion and possibly optimize the onset and degree of gonadal recrudescence in response to 
their local environment.  Alternatively, other hormones may be involved.  An obvious difference 
between breeding and non-breeding birds is exposure level to circulating gonadotropins.  LH and 
FSH may play a role in decreasing the responsiveness of the gonads to corticosterone and 
metabolic stress.  Additionally, prior to the breeding season, photosensitive birds experience 
shorter days than photostimulated birds.  Light cues are normally mediated through the brain and 
affect the gonads via hormones of the HPG axis (1).  However, it is possible the gonads can 
respond directly to cues of day length.  Melatonin, a hormone secreted by the pineal gland at 
night (thus providing a proxy of day length), is detectable in the plasma in the same phase and 
duration as the brain (57, 58).  Melatonin receptors are expressed in the gonads of birds and 
mammals, and melatonin appears to affect directly the physiological actions of the gonads (59-
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63).  Melatonin may thus also play a role in the regulation of seasonal responsiveness to stress in 
the gonads.   Additionally, glucocorticoid receptor may be seasonally regulated in the gonads of 
birds, much like amphibians (9). Alternatively, avian gonads may respond to stress through an 
additional pathway in vivo that circumvents the HPG axis: the neural brain-testicular pathway 
identified in rats (64).  The existence and seasonal regulation of this system is as yet unknown in 
birds and requires further investigation. The possible use of seasonal cycles of LH/FSH, 
melatonin or glucocorticoid receptors however does not exclude the use of seasonal cycles of 
gonadal GnIH.  In fact, GnIH in the hypothalamus is upregulated independently by both 
melatonin and stress, and GnIH neurons express GR and MelR (23, 65).  Thus there is a 
precedent for melatonin and corticosterone to influence GnIH directly. 
 

The regulation and action of gonadal GnRH in songbirds requires further determination.  
However, we conclude here that GnRH mRNA is not upregulated in the gonads of 
photosensitive European starlings by the stress hormone, corticosterone, nor by the metabolic 
inhibitors, 2DG/MA.  
 

In sum, the evidence provided by our model shows that the testes and ovaries of 
European starlings respond directly to chronically elevated corticosterone and metabolic stress 
independently of the brain by modulating testosterone and estradiol secretion. This modulation is 
season- and sex-specific: it occurs only while birds are deciding to breed, and it appears to 
involve the gonadal GnIH system.  It is likely that this direct modulation of gonadal function in 
response to stress is most important prior to the onset of breeding because the gonads are not 
already maximally stimulated by components of the HPG axis and fully recrudesced. Taken 
together, our data indicate that photosensitive temperate songbird testes and ovaries are capable 
of responding directly to corticosterone and metabolic stress, in addition to GnRH-induced 
gonadotropin release, by increasing GnIH expression and decreasing testosterone and estradiol 
secretion.  Thus, we suggest that the GnRH system is not the only pathway for integration of 
cues into a gonadal response. 
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Figure Legend 
 
Figure 1. Seasonal differences in response to corticosterone and metabolic stress in European 
starling (Sturnus vulgaris) testes.  A) In testes collected from photostimulated male starlings, 
testosterone secretion is significantly increased in culture by incubation with LH/FSH compared 
to media alone (p<0.05, t=3.06).  Corticosterone and the metabolic inhibitors 2DG/MA do not 
attenuate LH/FSH-stimulated testosterone levels in photostimulated starlings (corticosterone: 
p>0.05, t=2.09; 2DG/MA p>0.05, t=1.34).  RMANOVA p=0.048, F=3.33, R2=0.40, df=5.  B) In 
testes collected from photosensitive male starlings, testosterone secretion is significantly 
increased in culture by incubation with LH/FSH compared to media alone (p<0.005, t=5.38).  
Corticosterone and the metabolic inhibitors 2DG/MA significantly attenuate LH/FSH-stimulated 
testosterone levels (corticosterone: p<0.01, t=3.91; 2DG/MA: p<0.01, t=3.96).  RMANOVA 
p=0.005, F=10.67, r2=0.68, df=5.  Bars are mean testosterone secreted ± S.E.M. 
 
Figure 2. Seasonal differences in response to corticosterone and metabolic stress in European 
starling (Sturnus vulgaris) ovaries. A) In ovaries collected from photostimulated female 
starlings, estradiol secretion is significantly increased in culture by incubation with LH/FSH 
compared to media alone (p<0.01, t=4.26).  Corticosterone significantly attenuates LH/FSH-
stimulated estradiol levels in photostimulated starlings (corticosterone: p<0.05, t=3.10; 
2DG/MA: p>0.05, t=1.95).  RMANOVA P=0.046, F=6.60, R2=0.57, df=5.  B) In ovaries 
collected from photosensitive female starlings, estradiol secretion is significantly increased in 
culture by incubation with LH/FSH compared to media alone (p<0.01, t=4.22).  Corticosterone 
and the metabolic inhibitors 2DG/MA significantly attenuate LH/FSH-stimulated testosterone 
levels (corticosterone: p<0.01, t=3.67; 2DG/MA: p<0.05, t=3.38).  RMANOVA p=0.003, 
F=7.31, R2=0.59, df=5. Bars are mean estradiol secreted ± S.E.M. 
 
Figure 3. Stressors upregulate gonadal expression of GnIH mRNA in photosensitive birds 
(testes: p=0.002, F=12.70, R2=0.72, df=5; ovaries: p=0.013, F=7.81, R2=0.66, df=5).  Expression 
of GnIH is significantly upregulated by corticosterone in the testes (p<0.01, t= 4.48) and by the 
metabolic inhibition via 2DG/MA in the ovary (p<0.05, t=3.308) compared to LH/FSH 
stimulation alone. Bars are mean GnIH expressed ± S.E.M. 
 
Figure 4. Stressors do not affect gonadal expression of GnRH mRNA in photosensitive birds.  
Expression of GnRH in the testes and ovaries is not significantly different in cultures treated 
with LH/FSH alone, LH/FSH + corticosterone or LH/FSH + 2DG/MA (testes: p=0.408, F=1.00, 
R2=0.20, df=5; ovaries: p=0.109, F=2.80, R2=0.36, df=5). Bars are mean GnRH expressed ± 
S.E.M. 
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Chapter 6 
 

Neuropeptides in the Gonads: From Evolution to Pharmacology  
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Abstract 
 

Vertebrate gonads are the sites of synthesis and binding of many peptides that were 
initially classified as neuropeptides. These gonadal neuropeptide systems are neither well 
understood in isolation, nor in their interactions with other neuropeptide systems. Further, our 
knowledge of the control of these gonadal neuropeptides by peripheral hormones that bind to the 
gonads, and which themselves are under regulation by true neuropeptide systems from the 
hypothalamus, is relatively meagre. This review discusses the existence of a variety of 
neuropeptides and their receptors which have been discovered in vertebrate gonads, and the 
possible way in which such systems could have evolved. We then focus on two key 
neuropeptides for regulation of the hypothalamo-pituitary-gonadal axis: gonadotropin-releasing 
hormone (GnRH) and gonadotropin-inhibitory hormone (GnIH). Comparative studies have 
provided us with a degree of understanding as to how a gonadal GnRH system might have 
evolved, and they have been responsible for the discovery of GnIH and its gonadal counterpart. 
We attempt to highlight what is known about these two key gonadal neuropeptides, how their 
actions differ from their hypothalamic counterparts, and how we might learn from comparative 
studies of them and other gonadal neuropeptides in terms of pharmacology, reproductive 
physiology and evolutionary biology.  
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Introduction 
 
 

“What’s in a name? That which we call a rose 
By any other name would smell as sweet." 

Romeo and Juliet (Act 2, scene 2) 
 

Neuropeptides appear to be appropriately named: they are peptides synthesized by 
neurons in the central nervous system. However, what matters is what they do, not what they are 
called, and we shall see in this review that neither the synthesis nor actions of neuropeptides are 
limited to the brain.  This article focuses on “neuro”peptides in the gonads of vertebrates, with 
special emphasis on what we can learn from pharmacological experiments on gonadal tissue and 
then apply to our understanding of an animal’s ecology in the wild.  
  

Investigating the presence of neuropeptides in the gonads of a diverse array of species 
will provide us with information as to the possible evolutionary origins, adaptations, interactions 
and functions of what we are choosing to term “gonadal neuropeptide” systems.  The 
conservation of localized gonadal regulation by gonadal neuropeptides across vertebrates has 
important implications for understanding the evolution, reproductive physiology and ecology of 
animals, along with the study and practice of reproductive health and medicine, both clinical and 
veterinary.  
 
 
Neuropeptides in the gonads 
  

Many neuronally-produced hormones with important endocrine, behavioral, sensory and 
autonomic roles in the vertebrate brain are also expressed by and may act directly within the 
gonads (Table 1; neuropeptide Y (NPY) (1), bradykinin (2), corticotropin releasing factor (CRF) 
(3), gonadotropin releasing hormone (GnRH) (4-6), gonadotropin inhibitory hormone (GnIH) (7, 
8), kisspeptin (9). The presence of neuropeptide receptors in the gonads: GnRH-R in mammals 
(5, 10, 11) and fish (12, 13), galanin receptor in mammals (14), vasoactive intestinal peptide 
receptor (VIP-R) in birds and mammals (15-18), NPY-R in mammals (19), CRF-R in mammals 
(20, 21), urocortin receptor in mammals (22) and kisspeptin receptor (GPR54) in mammals (23), 
supports this function.  See Table 1 for further clarification. 
 

In the same way that synthesis and actions of steroids in the brain or other, non-gonadal 
tissues are often overlooked (24), so are the synthesis and actions of gonadal neuropeptides. It is 
likely that the synthesis and actions of these hormones are often not taken into consideration in 
endocrine studies because they fall outside the classic endocrine axes (for example, the 
hypothalamo-pituitary-gonadal [HPG] axis). It is also sometimes harder to manipulate these 
systems in isolation within the gonads or brain than as intact components of the classic axes. 
Generally, neural or gonadal tissue needs to be cultured ex vivo in order to gain some 
understanding of the hormone of interest that they produce, which of course limits interpretation. 
Furthermore, although it is somewhat logical to assume that the brain is able to interpret 
environmental and physiological cues and regulate its own steroid production, it is harder to 
understand how the gonads might respond to similar cues outside of the framework of the classic 
HPG axis. How, for example, does a gonad regulate its own GnRH production? Can a gonad 
respond to changes in day length, or social stimuli, or stress? How are these stimuli perceived? 
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 Another consideration is that it might seem hard to understand why a gonadal neuropeptide 
system exists and how it evolved? The primary functions of gonads are to synthesize gonadal 
steroids and produce gametes, both of which appear to be exquisitely regulated and 
accomplished by the H-P components of the HPG axis. An additional, internal regulatory system 
in the gonad appears at first glance to be superfluous. It is possible that in early vertebrates, 
neural tissue containing neuropeptides and gonadal tissue were not as disparate as they are in 
modern vertebrates. It is thought that before the evolution of the vertebrate pituitary gland, 
GnRH neurons might have released GnRH directly into the bloodstream very close to the gonads 
and acted directly on the gonads (25).  More evidence for this scenario comes from bivalve 
mollusks (26).   The vertebrate gonads may thus have retained the capability of at least 
responding to neuropeptides directly, but this does not enlighten us as to how the gonads have 
retained (or acquired) the capability of synthesizing neuropeptides such as GnRH.   Additionally, 
all isoforms of GnRH are bioactive (affect DNA synthesis) in the molluscan gonad. The 
protochordate Ciona intestinalis, synthesizes two isoforms of GnRH, mammalian GnRH 
(mGnRH) and chicken GnRH-II (cGnRH-II), in its gonads (27).  Ciona gonads cultured in vitro 
with both isoforms show an increase in sex steroid synthesis and release.   The gonads of 
vertebrates may thus have retained the capability of producing and responding to neuropeptides 
directly. As well, in higher vertebrates, local control of the gonads may have been retained for 
rapid, transient responsiveness to environmental and physiological stimuli.  It is less clear what 
the regulatory mechanisms governing the synthesis of these gonadal neuropeptides might be.  
 
 
Neuropeptides of the HPG axis in the gonads 
 

Vertebrate gonadal tissues typically synthesize and contain receptors for several 
hormones that are classified as neuropeptides. For example, gonadotropin-releasing hormone 
(GnRH), a key hormone for vertebrate reproduction, and its receptor are present in the gonads of 
fish, amphibians, birds, reptile and mammals (4-6, 12, 13, 28-34). Gonadal GnRH most likely 
plays an autocrine/paracrine function in the regulation of gonadal development and activity. For 
example, its action includes testicular steroidogenesis in rats and frogs (35, 36), spermatogenesis 
in fish (37, 38) and oocyte meiosis and follicular steroidogenesis in fish (39). There is also 
variation in the expression of GnRH and GnRH-R across the estrus cycle and in a circadian 
manner in rats (11, 40), although specific function has yet to be assigned to this variation. 

Along with GnRH, this article will place emphasis on another neuropeptide involved in 
the HPG axis: gonadotropin-inhibitory hormone (GnIH). This neuropeptide was discovered ten 
years ago in Japanese quail (41), when it was isolated and found to inhibit pituitary luteinizing 
hormone (LH) release. It is now known that GnIH is a regulator of pituitary gonadotropin 
synthesis and release in birds and (41-51).  
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GnRH in the gonads 
 

Gonadotropin-releasing hormone (GnRH) was initially characterized as a hypothalamic 
neuroendocrine regulator of luteinizing hormone and follicle stimulating hormone synthesis and 
release from the anterior pituitary gland (52, 53). Evidence now exists that GnRH is also 
produced in, binds to and exerts a local action on the gonads.  Several isoforms of GnRH 
(identified by both species letters and isoform numbers) and GnRH receptor are present in the 
gonads of vertebrates and will be discussed below.  Many species possess multiple isoforms, 
including isoforms named as a result of their initial discovery in other species. 
  

GnRH-I and GnRH type 1 receptor (GnRH-I R) are expressed in the mammalian gonads.  
This isoform is also known as mammalian GnRH (mGnRH).  GnRH-I mRNA and GnRH-I R 
mRNA have been identified in granulosa and luteal cells of adult female rats (10, 30) and 
humans (54).  In males, GnRH-I mRNA is present in Sertoli cells and germ cells of adult rats and 
humans, while the interstitial layer of the testis expresses GnRH-I R mRNA (4).  Gonadal GnRH 
is also expressed in fetal rats (55).  In addition to GnRH-I, primate testes and ovaries express a 
second GnRH isoform, first characterized in chicken (cGnRH-II) and its receptor, GnRH type 2 
receptor.  
  

In addition to mammals, protochordates, fish, amphibians, reptiles and birds also express 
isoforms of GnRH and GnRHR in their testes and ovaries(12, 27, 29, 31, 56).  See Table 1. 
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Table 1. Presence of neuropeptides in the gonads of vertebrates.  GnRH isoforms appear to be highly conserved 
across vertebrates, but there are large gaps in our knowledge of the evolution of other gonadal neuropeptides.  

 

Effects of gonadal GnRH are isoform-, species- and sex-dependent in non-mammalian 
vertebrates 
 

The gonadal GnRH system has a diversity of functions in non-mammalian vertebrates. 
As mentioned earlier, the gonads of the protochordate Ciona intestinalis, synthesize both 
mGnRH and cGnRH-II (27).  Ciona gonads cultured in vitro with these isoforms show an 
increase in testosterone, progesterone and estradiol synthesis and release.  A lamprey isoform of 
GnRH (lGnRH-III) significantly stimulates basal estradiol production and ovulation in the ovary 
and significantly increases estradiol and progesterone production in the testes of lampreys in 
vitro (57).  In a later study, two isoforms of lGnRH, lGnRH-I and –III, independently stimulated 
estradiol production by lamprey testis in vitro, with lGnRH-III being the more potent of the two 
GnRH isoforms used.  In contrast to their earlier study, the authors conclude there is no direct 
effect of either form of lGnRH on the ovary in this study, although the authors do state that 
“lamprey GnRH-III at 1000 ng/ml directly stimulated the ovaries incubated at 14°C (P<0.05) 
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(data not shown)” (58). Taken together, it seems that the lGnRHs are capable of acting directly 
on male and female lamprey gonads to elicit steroid production.  
 

The differential expression of GnRH isoforms and their cognate receptors in rainbow 
trout gonads indicates a role for these peptides in paracrine/ autocrine regulation of gonadal 
function in this species. In the rainbow trout (Oncorhynchus mykiss), salmon GnRH (sGnRH) 
mRNA from whole testes increases as the spermatogenic cycle proceeds while chicken GnRH 
(cGnRH-II) mRNA decreases (59). GnRHR mRNA 1, which putatively codes for the receptor 
that binds sGnRH, also increases in whole testes as spermatogenesis progresses (59).  Stage-
specific expression indicates sGnRH may be associated with spermatogenic development while 
cGnRH-II may hinder it.  In whole ovaries, GnRHR type 1 mRNA was undetectable in the same 
study, but sGnRH, cGnRH-II and GnRHR type 2 mRNA were expressed from the beginning of 
vitellogenesis to post-ovulation (59).  Although the manner of this regulation remains unclear, 
when combined with functional evidence from goldfish-  sGnRH and cGnRH-II inhibit 
gonadotropin-stimulated oocyte meiosis and follicular testosterone production (39)- sGnRH and 
cGnRH-II are most probably involved in regulation of follicular hierarchy and/ or maturation via 
inhibitory actions.   
 

In toads (Bufo arenarum), mammalian GnRH (mGnRH or GnRH-I) inhibits basal and 
human chorionic gonadotropin (hCG)-stimulated testosterone release in the testes by decreasing 
the activity of cytochrome P450c17 (steroid 17 alpha-hydroxylase/17,20 lyase) (60).  In leopard 
frogs, Rana pipiens, and bullfrogs, R. catesbeiana, no action of 1000 ng/ml GnRH was observed 
on testosterone or progesterone secretion from mature follicles coincidently incubated with 
pituitary homogenate or with bullfrog LH (61).  Which isoform of GnRH used here is not clear 
from this study, but we assume that it was mGnRH- this is important as different isoforms appear 
to have different effects.  This may be one reason why some studies show inhibition while others 
show stimulation. In another, contrasting study on ovaries of frog (Rana esculenta), lizard 
(Podarcis sicula sicula) and fish (Torpedo ocellata and Gobius paganellus) indicated that the 
action of GnRH in the gonads may be species-dependent.  In frogs, a GnRH agonist (GnRHa, 
HOE766) inhibited LH-induced progesterone release (62) whereas in lizards, GnRHa stimulated 
progesterone production in preovulatory follicles. In both fish species studied no effects of 
GnRHa or ovine LH were seen.  However, in a later study on goldfish (Carassius auratus), 
sGnRH and cGnRH-II increased testicular apoptosis, indicating a paracrine role for GnRH in the 
control of apoptosis. This effect of sGnRH and cGnRH-II on apoptosis was also observed in 
goldfish ovaries (63).  
 

In cockerels (Gallus domesticus), both cGnRH-II and cGnRHR are expressed in the 
testes in addition to the brain and although its regulatory role has not been tested, estrogen 
treatment appears to reduce the concentration of cGnRH-II in the testes (29).  GnRH can directly 
alter steroid biosynthesis in chicken ovaries: LH- stimulated progesterone production is 
increased by GnRH in isolated granulosa cells of domestic chickens (64).  Differences in the 
stimulatory/ inhibitory properties of GnRH in non-mammalian vertebrate gonads appear to be 
isoform-, species- and sex-dependent.    
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Effects of gonadal GnRH on steroid biosynthesis in the mammalian testes 
 

GnRH immunoreactivity was first identified in the rat testis in 1981 (Paull 1981) and  rats 
have since been consistently used as a mammalian model for studies on the activity of gonadal 
GnRH-I. The GnRH-I R (GnRH type 1 receptor) in rat gonad is structurally identical to that in 
the pituitary (65).  Functionally, in immature rat testicular cells, GnRH decreases hCG/FSH- 
stimulated androstanediol and androsterone production, but not steroidogenic acute regulatory 
(StAR) protein and progesterone production (60).   The short-term (4h) effect of the GnRH 
agonist LHRH ethylamide on Leydig cells is to stimulate steroidogenesis, but in contrast, 24h 
stimulation with the agonist inhibits responsiveness to LH and hCG (66).  In another study using 
adult rat primary testis culture, GnRH agonist decreased testosterone (T), androstenedione and 
17a-OH progesterone (35).  In yet another study, GnRH agonists inhibited LH-dependent steroid 
production in a dose-dependent fashion and abolished the acute testosterone rise in response 
response to hCG. The expression of functional GnRH receptor during culture and its suppression 
by LH suggest that there is an interaction between pituitary gonadotropins and the gonadal 
GnRH system. It is likely that pituitary gonadotropins exert a tonic inhibitory effect upon 
testicular GnRH receptors. The presence of a functional GnRH receptor and inhibitory actions of 
GnRH agonists in cultured fetal and neonatal Leydig cells indicates that GnRH-related peptides 
can influence the actions of gonadotropins on the fetal Leydig cell population (67). 
 
 
Effects of gonadal GnRH on steroid biosynthesis in the mammalian ovary 

In female rats, GnRH-I is highly expressed and functional in the corpus luteum and in 
granulosa cells.  Pharmacological levels of GnRH-I (0.5uM) decrease basal luteal progesterone 
synthesis, but hCG (at concentrations greater than 10-13 M) is able to rescue this effect (68). 
Cultured rat granulosa cells experience a significant reduction in estradiol (E2) and progesterone 
production stimulated by FSH in the presence of GnRH-I.  No change in total mass occurs, 
apparently precluding an effect of GnRH in cell death (69), although GnRH agonists have since 
been implicated in the promotion of ovarian apoptosis (70).  A later experiment by Hsueh et al. 
(71) showed that GnRH reduces E2 production by preventing the FSH-induced 12-fold increase 
in LH/hCG receptor expression in granulosa cells.  If GnRH indirectly reduces E2 production via 
reduced LH/hCG receptors in the ovary, ovarian androgen production should be directly reduced 
as well.  Prepubertal female rat ovaries cultured with hCG, LH and leuprolide acetate, a GnRH 
agonist, show a concomitant decrease in both androsterone and P450(C17) enzyme activity 
relative to ovaries treated with hCG/LH alone (72).  As we have already mentioned, GnRH-I 
inhibits P450(C17) in toad (Bufo arenarum) testes, resulting in decreased testosterone secretion 
(56).  Thus this property may be evolutionarily conserved.  GnRH-I also appears to inhibit FSH-
stimulated aromatase activity in addition to P450(C17) inhibition in rat granulosa, but not Sertoli 
cells (73).  The sex difference is likely due to the lack of GnRH-I R on male rat Sertoli cells.  
Again, there appears to be a sex and/or tissue difference, where GnRH is acting upstream of 
progesterone synthesis in the female corpus luteum but downstream of progesterone synthesis in 
male Leydig cells.  Interestingly, the inhibitory effect of GnRH agonist on 17β-estradiol and 
progesterone secretion occurred in granulosa cells from large but not from small and medium 
follicles. The stimulatory effect of GnRH agonist on apoptosis was, however, uniform regardless 
of the stages of follicular growth (70). Thus GnRH-I potentially exerts diverse actions on 
granulosa cells over the course of follicular growth. One is to downregulate granulosa cell 
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proliferation in immature follicles as well as steroidogenesis in mature follicles, and the other is 
to upregulate apoptosis of granulosa cells, regardless of the stage of follicular growth 

Functionally, local GnRH action on estrogen synthesis may not be needed to regulate 
estrogen production in males, as estrogen has a much larger contribution to gametogenesis in 
females and would require tighter control in that sex.  GnRH-I inhibits both androgen and 
consequently estrogen production in rat ovaries.  In rat testes, GnRH-I primarily inhibits 
testosterone production.  In both sexes, local GnRH modulates and primarily limits the major 
steroid supporting gamete maturation.   
      
 
Gonadal GnRH in primates 
 

Humans and other primates express both mammalian GnRH (mGnRH/ GnRH-I) and 
chicken GnRH-II (cGnRH-II) and their cognate receptors (GnRH type 1 receptor/ GnRH-I R and 
GnRH type 2 receptor/ GnRH-II R), in the testes and ovary (4, 74, 75).  Both receptors are 
members of the 7 transmembrane family of G-protein coupled receptors and associated with Gαq 
protein.  GnRH-II R contains a c-terminal tail consistent with receptors able to internalize in 
response to high ligand concentration, while GnRH-I R lacks this tail and does not undergo 
receptor desensitization (75).  Although rats have been used a pharmacological and medical 
model, the presence of cGnRH-II and its receptor have not been identified in rat gonads.  In fact, 
the transcripts of cGnRH-II and GnRH-II R appear to be truncated in rat cDNA libraries 
generated from other tissues (76).  Thus it is hypothesized rats do not code for a functional 
GnRH-II R, and thus receptor densitization is a moot point for them.  In human granulosa-luteal 
cells, GnRH-I inhibits progesterone production (as it does in rats), and this effect is completely 
reversed by the MEK1 inhibitor PD98059, indicating GnRH-I acts through the MAP kinase 
signaling pathway (77).  cGnRH-II also inhibits basal and hCG-stimulated progesterone 
production and LH/FSH receptor expression (78).  GnRH-I agonists have also been implicated in 
causing apoptosis in granulosa-luteal cells (79).  If gonadal GnRH decreases LH/FSH receptors, 
inhibits basal and hCG-stimulated progesterone production and increases apoptosis in the corpus 
luteum, it may serve a functional role in luteolysis.  GnRH-I and cGnRH-II expression have been 
mapped across the luteal phase in primates and their comparative mRNA levels are consistent 
with this projection. GnRH-I mRNA expression is maximal at luteal regression, although GnRH-
I R mRNA remains low throughout the luteal phase (80).  An enhanced explanation of GnRH 
actions on the ovary during follicular development can be seen in Figure 1. 
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Figure 1.  Theoretical construct of local gonadotropin releasing hormone (GnRH) action on follicular development 
in the mammalian ovary, based on experimental evidence.  GnRH and GnRH receptor (GnRH-R) are expressed on 
granulosa cells at all stages of follicular development and on granulosa-luteal cells of corpora lutea.  Prehierarchical 
follicles (1) are not stimulated by Follicle stimulating hormone (FSH) and gonadal GnRH reduces granulosa cell 
numbers by reducing proliferation and increasing apoptosis in these follicles (70).  As follicles gain the ability to 
respond to FSH, they overcome this inhibition and grow into small/ medium hierarchical follicles (2).  GnRH 
increases apoptosis of granulosa cells in these follicles, but this does not cause a significant reduction in the 
secretion of already low levels of estradiol (E2) and progesterone (P) (70).  FSH, P and E2 enhance the growth of 
these follicles into large hierarchical follicles (3).  GnRH reduces granulosa cell proliferation, aromatase activity 
(73) and luteinizing hormone receptor (LH-R) expression (71) while continuing to increase granulosa cell apoptosis 
(70).  All of these factors contribute to a significant decrease in the secretion of E2 and P from these follicles (70, 
71).  The reduction in LH-R also makes the follicle less able to respond to the LH surge with ovulation.  If large 
hierarchical follicles are not able to overcome this inhibition, their growth will cease and they would become atretic 
(4).  If a large hierarchical follicle does overcome inhibition by GnRH it can become the corpus luteum (5) post-
ovulation.  GnRH decreases LH-R and FSH-R expression in, reduces secretion of progesterone from and increases 
apoptosis of granulosa-luteal cells (77-79). The highest expression of GnRH and GnRH-R occurs at the end of the 
luteal phase (80), indicating GnRH may be a contributing factor to luteolysis.  The diagram on the right is a 
representation of the photomicrograph on left, showing the relative location of each follicular stage for clarity.  

 
 
 
Less is known about the functional significance of GnRH-I and cGnRH-II and their 

receptors in the human and non-human primate testes.  This is probably due to the greater 
availability of and higher occurrence of treatment on female reproductive tissues in fertility 
treatments.  Although the bioactivity of systemically delivered GnRH antagonists has been 
studied for 25 years in primates in anticipation of their use as a male contraceptive (81) and 
chemotherapy protectant (cetrorelix, (82)), the testicular effects of GnRH-I and cGnRH-II are 
highly dependent upon reduced LH and FSH secretion from the pituitary and there have been no 
attempts to quantify direct effects of GnRH ex vivo.  lGnRH and sGnRH transcripts have not 
been identified in primate gonads.   
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Comparing the actions of hypothalamic and gonadal GnRH: What can we infer? 
 

Gonadal GnRH appears to act non-genomically, modifying enzyme activity through 
inositol phosphate breakdown via stimulation of its Gαq receptor (83).  This is also the 
mechanism used by hypothalamic GnRH on the pituitary for LH/FSH secretion.  However 
differences between gonadotropes and granulosa/luteal/interstitial cells cause the action of GnRH 
to be classified as 'stimulatory' to reproduction in the pituitary and 'inhibitory' to reproduction in 
the gonads.    
 
 
GnIH in gonads 
  

Gonadotropin inhibitory hormone (GnIH) was so named for its discovery as an inhibitor 
of luteinizing hormone (LH) release from the pituitary of Japanese quail (41).  Later work has 
shown that GnIH inhibits both LH and follicle stimulating hormone (FSH) synthesis and 
secretion from the pituitary of birds and mammals (45, 46, 48, 84, 85). GnIH not only acts at the 
level of the pituitary gland to influence gonadotropin synthesis and release, but also within the 
brain of birds and mammals to inhibit GnRH neurons (see (45, 84, 85)for reviews). Therefore, 
there are several lines of evidence that GnIH can act directly on multiple components of the 
hypothalamo-pituitary-gonadal (HPG) axis.  
 

Motivated by the direct action of GnIH on the other tissues of the HPG axis, we 
investigated the possibility that GnIH and/or its receptor are present in and act directly on the 
gonads of vertebrates. It is now clear that GnIH and GnIH-R are expressed in the gonads of birds 
and mammals, suggesting that GnIH acts directly elsewhere in the reproductive system. Further, 
our experimental evidence from pharmacological manipulations indicates that gonadal GnIH is 
responsive to cues from peripheral hormones and influences gonadal steroid release. These 
findings are important for us to understand the endocrine-behavior interactions when considering 
an animal’s behavioral ecology. Further, a localized regulatory system in reproductive tissues is 
an important consideration/ target for reproductive/ contraceptive therapies. 
 
 
Conservation of gonadal GnIH expression and actions 
 

A role for a local action of GnIH in vertebrate gonads was first hypothesized when 
systemic receptor fluorography revealed binding sites for GnIH on the thecal and granulosa 
layers of the ovary and within the interstitium and seminiferous tubules of the testes of white 
crowned sparrows (Zonotrichia leucophrys; (86)).  Building upon this initial finding, gonadal 
GnIH was first characterized in European starlings and Japanese quail, species of two different 
orders of birds (8).  Transcripts for GnIH and GnIH-R were found in the quail and starling testes, 
quail epididymis, starling vas deferens and starling ovary and oviduct, indicating its potential as 
a paracrine/ autocrine regulator within reproductive tissues.  Immunohistochemistry and in situ 
hybridization further localized production sites of GnIH and GnIH-R to specific cell types 
involved in steroid biosynthesis and gamete maturation in the gonads.  GnIH-immunoreactivity 
(GnIH-ir), indicating the presence of mature peptide, was detected in thecal and granulosa cells 
of starling ovaries and in the interstitium of the testes and psuedostratified columnar epithelium 
of the epididymus of quail testes (Bentley 2008).  In house sparrow testes, GnIH mRNA is 
present in the interstitium (87).  GnIH-R mRNA was localized to the germ cells and interstitium 
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of starling and house sparrow (Passer domesticus) testes (8, 87).  In house sparrows, germ cell 
expression of GnIH-R was further characterized as secondary spermatocyte expression (87).   In 
the ovary of chickens (Gallus domesticus), GnIH-R mRNA was detected in the thecal and 
granulosa layers by RT-PCR (88).  GnIH mRNA has not been detected in chicken ovary (87, 
88), although sequencing of PCR products confirms the presence of transcripts for GnIH in the 
ovaries of the other bird species studied (87).  It is possible these birds carry an ovarian transcript 
not detectable by our current methods.     
  

The sites of GnIH-R synthesis across birds are consistent with fluorescent GnIH binding 
observed in the first white crowned sparrow study.  Thus GnIH-R transcript detection is most 
likely associated with functional receptors and appears conserved across passeriform and 
galliform birds.   
 

Expression of GnIH mRNA and presence of GnIH peptide in steroid biosynthetic cells of 
the ovary and the testes, coupled with the presence of its Gαi protein-coupled receptor there, 
provide the potential for this system to act in a paracrine/autocrine fashion to regulate steroid 
biosynthesis.  As well, these findings indicate gonadal GnIH may be an important target for 
steroid production therapies.  Furthermore, the expression of these components on germ cells 
indicates the gonadal GnIH system may be an important consideration in the development of 
gamete maturation therapies.   
 

The mammalian ortholog of GnIH, RFRP, and its receptor are also present in the gonads 
of mammals.  Syrian hamster spermatocytes and round to early elongated spermatids are 
immunoreactive for RFRP and its putative rodent receptors, GPR-147 and GPR-74 (89).  The 
two receptors are differentially present across the spermatogenic cycle; GPR 147 is present at all 
stages, while GPR-74 immunoreactivity is observable in late elongated spermatids only, 
indicating their expression may be stage-regulated.  The sequential expression of RFRP and 
GPR-74 across different spermatogenic stages would allow a role for RFRP in the differentiation 
of germ cells in the testes.   
 
 
Gonadal GnIH in primates 
 

The sperm development patterns of rodents and primates are quite similar (Clermont 
1972).  Thus data garnered from the expression patterns of RFRP and GPR-74 across the 
spermatogenesic cycle of hamsters provide an excellent model for studies of sperm development 
issues in humans.  Although the gonadal expression of RFRP and OT7T022, its human cognate 
receptor, have not been studied in humans, RFRP and OT7T022 are expressed in the human 
hypothalamus (90).  
 

RFRP is not observed in the interstitium of Syrian hamsters.  However, RFRP-ir and 
mRNA are present in the steroid biosynthetic cells as well as the germ cells of the rhesus 
macaque (Macaca mulatta) testes.  mRNA for OT7T022, the putative macaque RFRP receptor, 
is also expressed there.   In situ hybridization reveals the presence of transcripts for RFRP in 
Leydig cells, spermatogonia, and spermatocytes (Fig. 2A).  The location of OT7T022  mRNA on 
spermatogonia, spermatocytes and Sertoli cells and Leydig cells (Fig 2C) .  RFRP and OT7T022 
are also expressed on rhesus macaque ovarian tissue.  RFRP-ir and mRNA and OT7T022 mRNA 
are present on granulosa cells and oocytes of preantral follicles (Fig 3).  Non-hierarchical 
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follicles and corpora lutea were not tested. Cell types were identified based on rhesus macaque 
gonadal morphology (82, 91, 92), and with concurrent sections labeled with hematoxylin & eosin 
stain (data not shown). RFRP thus has the potential to act as a regulator of steroid biosynthetic 
cells and gametes in rhesus macaque testes and ovaries.   
  
 
 

 
    
Figure 2. In situ hybridization for RF-amide related peptide (RFRP) and its receptor (OT7T022) in rhesus macaque 
(Macaca mulatta) testis.  RFRP antisense probe labels mRNA in Leydig cells, spermatogonia and spermatocytes 
(A).  An adjacent section incubated with RFRP sense probe (control) is shown in (B).  OT7T022 antisense probe 
labels mRNA in Leydig cells, Sertoli cells, spermatogonia and spermatocytes (C). An adjacent section incubated 
with OT7T022 sense probe (control) is shown in (D). White arrows, Leydig cells.  Grey arrows, spermatogonia.  
Black arrows, spermatocytes.  Black arrowheads, Sertoli cells.  All figures to scale, scale bar= 50 µm.  
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Figure 3. In situ hybridization for RF-amide related peptide (RFRP) and its receptor (OT7T022) in rhesus  
macaque (Macaca mulatta) ovary.  RFRP antisense probe labels mRNA in granulosa cells and oocytes (A).  An 
adjacent section incubated with RFRP sense probe (control) is shown in (B).  OT7T022 antisense probe labels 
mRNA in granulosa cells and oocytes (C). An adjacent section incubated with OT7T022 sense probe (control) is 
shown in (D). Black arrows, granulosa cells.  Striped arrowheads, oocytes. 
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The expression pattern of RFRP and OT7T022 in primate gonads appears to be more 
closely related to that observed in seasonally-breeding songbirds than to hamsters (Table 2).  
Like house sparrows and hamsters, rhesus macaques undergo seasonal cycles of gonadal growth 
and regression characterized by significant changes in sex steroids and gametogenesis (93-95),  
in which the gonadal GnIH system may play a regulatory role.  It is not at present clear why 
hamsters differ from songbirds and rhesus macaques in the expression patterns of GnIH and its 
receptor. 
 

Although human reproductive cycles are not thought to be regulated by photoperiod or 
rain, they nonetheless retain the ability to modulate their reproductive output during times of 
food restriction and stress (96-98).  The conserved nature of gonadal neuropeptide systems 
makes it likely that this mechanism allowing for enhanced reproductive responsiveness is most 
likely conserved in humans as well.    
 
 

 
 
Table 2.  Summary of RFRP and OT7T022 mRNA and peptide localization in rhesus macaques.  Avian GnIH 
mRNA and peptide and GnIHR mRNA and binding sites characterized in European starlings (Sturnus vulgaris, (8)), 
house sparrows (Passer domesticus, (87)), Japanese quail (Coturnix japonica, (8)) and domestic chicken (Gallus 
gallus, (88)).  Rodent RFRP and GPR74 peptides characterized in hamster (Mesocricetus auratus, (89)). 
Checkmarks indicate presence in the cell type, dashes denote lack of mRNA, peptide or binding sites and blank 
spaces indicate lack of evidence. 
 
 
Comparing the actions of hypothalamic and gonadal GnIH: What can we infer? 
 

Although the expression sites/pattern of GnIH and its receptor are suggestive of a role in 
steroid synthesis and gamete maturation, a general inhibitory action for the peptide cannot be 
inferred simply based on direct inhibition of GnRH (99) and LH/FSH (41) by its more 
characterized counterpart in the hypothalamus.  However, GnIH-R has the same sequence, is 
recognized by the same antibodies and mRNA probes and binds fluorescently-labeled GnIH 
identically to pituitary GnIH-R (8, 86-88).  Yin et al. (100) identified GnIH-R in quail pituitary 
as a member of the GPCR family coupled to Gαi/o.  Thus agonist binding of this receptor causes 
inhibition of adenylate cyclase.  Hinuma et al. (7) showed that agonist binding of rat RFRP 
receptor reduced the forskolin-induced cAMP response in transfected Chinese hamster ovary 
(CHO) cells.  Inhibition of forskolin- stimulated adenylate cyclase and consequent decreased 
cAMP accumulation was later confirmed in chicken pituitary (101).  Thus it is likely that binding 
of GnIH/RFRP to it receptor in the gonads also reduces cAMP accumulation and inhibits 
transcription of proteins with cAMP responsive elements. 
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Gonadal GnIH and testosterone synthesis 
 

GnIH has the potential to, but does it actually directly affect testosterone synthesis in the 
testes?  Systemic (intraperitoneal) administration of GnIH to male quail reduced plasma 
testosterone and caused apoptosis in testicular germ cells (44).  These researchers concluded that 
the effects were caused by a reduction in LH secretion from the pituitary.  However, the 
administration route for GnIH (i.p. via osmotic pumps) did not prevent its action elsewhere in the 
HPG axis.  GnIH could be acting both to decrease LH secretion from the pituitary (indirectly effecting 
testosterone secretion) and by binding its receptor in the gonads and directly decreasing testosterone.  The 
presence of GnIH receptor was later identified in quail testes (8), specifically on germ cells and 
in the interstitium.  A parsimonious explanation of these data is that significant apoptosis in germ 
cells of GnIH-treated birds versus saline control birds resulted from lack of testosterone support 
(testosterone reduced by lower LH stimulation and higher direct GnIH inhibition) and/ or direct 
action of GnIH on germ cells.  Additionally, the observed reduction in testosterone was the result 
of both reduced gonadotropin support and direct action of GnIH in the interstitium.  New 
evidence from house sparrows suggests that GnIH can directly reduce testosterone secretion 
from the testes.  1 and 10 uM doses of GnIH significantly reduced the amount of testosterone 
secreted from LH/FSH- stimulated house sparrow testes cultured in vitro (87).  GnIH does not 
have a significant effect on basal testosterone synthesis, suggesting the gonadal GnIH system 
acts to regulate high levels of testosterone secretion and would have the greatest regulatory 
capability in post-pubertal males.  Thus GnIH can reduce testosterone via two mechanisms: 
GnIH reduces LH/FSH secretion from the pituitary, decreasing stimulation to produce 
testosterone and GnIH inhibits testosterone secretion in the testes directly, in the presence of 
LH/FSH stimulation.  
 

Why would such a system be necessary?  Why not constantly support tonically high 
levels of testosterone, the highest sperm production levels and the highest frequency of 
reproductive displays possible?  High testosterone levels are associated with a number of 
pathologies in vertebrates, including prostate cancer and immunocompromise (102, 103).  The 
brain already controls a mechanism whereby high levels of gonadal steroids limit further 
secretion of the hormones that stimulate their synthesis, but this process requires a lengthy and 
time-consuming feedback loop.  Fine-tuning of testosterone secretion on-site is highly adaptive 
in species with temporally or socially constrained breeding - especially if that system (in this 
case the gonad) is able to respond directly to environmental cues.   
 
 
Gonadal GnIH and estradiol synthesis 
 

Based on its distribution, GnIH has the potential to, but does it actually directly affect 
estradiol synthesis in the ovary?  The viability of granulosa cells from chicken ovaries was 
significantly reduced when cultured with GnIH alone but not when FSH was present in the 
culture medium (88).  Dispersion culture of whole European starling ovary reveals that GnIH 
reduces basal, but not LH/FSH-stimulated estradiol production (104).  Taken together, these data 
suggest that GnIH affects basal estradiol synthesis in the ovary by reducing viability of granulosa 
cells and this effect is rescued by FSH.   
 

The expression pattern of GnIH-R in ovaries is consistent with the observed reduction of 
basal, but not gonadotropin-stimulated estradiol production.  Sexually immature chickens 



  112 

express significantly more ovarian GnIH-R mRNA compared to sexually mature chicken ovaries 
(88).  Among mature hens, GnIHR mRNA is significantly decreased by estradiol and 
progesterone alone and in combination (88).  Like the differential expression of RFRP and GPR-
74 in Syrian hamster testes, ovarian GnIH-R/ OT7T022 has hierarchical expression in the ovary.  
GnIH-R mRNA is expressed on both prehierarchical and preovulatory follicles in hens (88) and 
on preantral follicles in macaque (Fig 2).  There is no difference in the relative levels of GnIH-R 
mRNA on granulosa cells between the two stages of hen follicles, although prehierarchical 
follicles express significantly more GnIH-R mRNA on their thecal cells than do preovulatory 
follicles. We therefore propose this scenario: in the absence of FSH stimulation, GnIH reduces 
granulosa cell viability in follicles (which would all be prehierarchical in the absence of FSH), 
reducing estradiol secretion and inhibiting their maturation.  As follicles mature, expression of 
GnIH-R mRNA on the theca is reduced, allowing them to respond to an LH surge with ovulation 
and progesterone production.  Post-ovulation, granulosa cell numbers of hierarchical follicles 
that did not ovulate are reduced in the absence of FSH and presence of unchanged levels of 
GnIH-R, causing follicular atresia. Overall, evidence suggests ovarian GnIH has the greatest 
regulatory capability in prepubertal hens and in the prehierarchical or atretic follicles of sexually 
mature hens, in contrast to the effects seen in males.    
 

The mechanism and timing of regulation by gonadal GnIH may be very different in male 
and female gonads.  In males, GnIH acts as a regulator of stimulated testosterone production and 
possibly gamete maturation.  In females, GnIH has a role in the prevention of follicle maturation 
and ovulation. As with gonadal GnRH, there appear to be sex differences in the actions of 
gonadal GnIH. 
 
 
Gonadal GnIH and the organism’s environment 
 

Is the gonadal GnIH system able to directly respond to environmental cues?  New 
evidence from starling testes and ovaries indicates that LH/FSH-stimulated testosterone and 
estradiol levels are directly reduced by cortisol and melatonin (105, 106).  Cultures treated with 
cortisol and melatonin also show higher levels of GnIH mRNA relative to LH/FSH-stimulated 
cells (105, 106).  Thus it is likely that the gonads directly respond to stress and an endocrine 
proxy of day length.  Although changes in seasonal day length are not cause for concern in most 
humans, these results point toward significant effects in shift workers, pilots/flight attendants and 
those who self-medicate with over-the-counter melatonin.  The stress-related hormone cortisol 
may act on GnIH and other factors to reduce follicle maturation.  This might have evolved as an 
adaptive process, allowing an organism to wait to breed until conditions are more favorable - but 
it may be one mechanism in stress-induced infertility.  Additionally, corticosteroid 
pharmaceuticals may have biologically significant effects on estradiol production and ovarian 
function.  Recently, we found that female rats express glucocorticoid receptor (GR) transcripts in 
their ovaries, even when not stressed.  However, they still significantly increase GR mRNA in 
the ovary in response to chronic, but not acute stress.  This indicates that the ovaries are highly 
responsive to levels of the stress hormone cortisol in the plasma and that they may become 
increasingly responsive to stressful events with repeated exposure.   
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Current Pharmacology of gonadal GnRH and GnIH 
 

Why do transient increases in GnIH or GnRH and decreases in testosterone and estradiol 
matter?  Repeated events which stimulate or inhibit this system over time may lead to decreased 
fertility or increased cancer risk.  Can pharmacological treatments manipulate this ratio 
favorably?  Will pharmacological treatments inadvertently manipulate this ratio unfavorably?  
Should gonadal GnIH and GnRH be considered in the development of new 
contraceptives/fertility treatments/ cancer therapies? 
 
 
GnRH and ovarian cancer lines 
 

The stimulatory potential of GnRH-I has already made it a target of oncology. For 
example, GnRH antagonists and cytotoxic GnRH analogues have been used to inhibit the 
pituitary and retard growth of ovarian and prostate cancers (107).  However, the assumed 
function of these systemic treatments precludes the ability of GnRH to act directly on the ovary.   
In the case of GnRH antagonists, the therapy may in fact further proliferation within the gonad 
and reduce programmed cell death.  The direct inhibitory capability of GnRH analogs on 
granulosa cells of the ovaries of a variety of species indicates that there is the potential for some 
therapies to be more localized: direct application of GnRH agonists or cytotoxic GnRH at the 
gonadal tumor site to reduce proliferation and cause apoptosis locally, while sparing the rest of 
the ovary.  Further research is needed to determine GnRH receptor expression in cancerous cells.  
GnRH-II has been less well studied than GnRH-I.  However, GnRH-II and its receptor are 
expressed in human ovarian cancer cell lines and native GnRH-II dose- and time-dependently 
reduces proliferation in those cancer cells (108).  The observed effect is significantly more potent 
than the anti-proliferative ability of GnRH-I.  As well, these researchers showed GnRH-II was 
able to reduce proliferation in another ovarian cancer cell line, SK-OV-3, which is not responsive 
to GnRH-I.   Development of GnRH-II analogues will further this line of research.  
 
 
GnIH antagonist 
 

RF9 is a recently reported agent that blocks opiod-induced hyperalgesia by antagonizing 
the NPFF receptor.  RF9 also antagonizes the closely related RFRP receptor, preventing 
regulation of the HPG axis by RFRP.  A pharmacological dose of RF9, delivered in a single 
bolus ICV injection, causes robust secretion of LH and FSH in diestrus-1 and estrus female rats 
(109).  These profiles are stronger and longer lasting than those induced by kisspeptin 
administered ICV.  In male rats, RF9 causes a robust, but transient increase in LH secretion.  
Thus, pharmacological doses of this chronic pain treatment antagonize RFRP receptor and 
remove its inhibitory action from LH/FSH secretion.  The researchers point out that the 
downstream activation of the HPG axis, as a side effect of using RF9 in chronic pain 
management, should be carefully considered.  Given the local action of GnIH on the gonads 
themselves, direct action of RF9 in the testes and ovaries may be highly consequential as well.  
RF9 action on the gonads could cause overproduction of sperm, benign prostatic hyperplasia, 
ovarian cysts or high synthesis of testosterone and estradiol, which may predispose the patient to 
increased risk of breast, prostate or uterine cancer over time.  Conversely, it may be a positive 
therapy in infertile patients. 
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Concluding remarks 
 

It is clear from the differences in action of GnRH, and sites of synthesis and receptor 
binding of GnIH in different study organisms even within the same vertebrate class that it would 
be unwise to create any sweeping generalizations about the gonadal actions of these peptides.  
The take-home message is that despite our knowledge of the existence of many gonadal 
neuroeptide systems (see Table 1) we still only have a vague understanding of how they operate 
and are regulated. It is also clear that we cannot assume that a gonadal neuropeptide will operate 
in a similar manner to its hypothalamic counterpart. Given that GnRH is the most well-studied 
gonadal neuropeptide, our knowledge of it is rather poor.  However, study of gonadal GnRH has 
provided us with some ideas as to how the HPG axis might have evolved from a common 
ancestor, and some important insights as to its gonadal actions. Table 1 indicates the large gaps 
in our knowledge of the existence of gonadal neuropeptides in different vertebrate classes; 
further comparative studies can only be beneficial in terms of creating a framework of 
knowledge upon which we can build and create novel therapeutic drugs, deepen our 
understanding of the evolution of the vertebrate reproductive system, and provide us with clues 
as to how the gonadal neuropeptides have adapted to the ecology of different vertebrates. In part, 
the naming of these peptides as neuropeptides creates immediate bias in terms of our 
consideration that they might exist in the gonads. Further, the functional names given to the 
gonadal counterparts of the neuropeptides in question might also bias us as to our consideration 
of their actions -with possible detriment to science and medicine. We feel that the time is ripe for 
further exploration of the gonads in terms of discovering new gonadal neuropeptides in different 
vertebrate classes as well as elucidating the actions of those already known to exist. 
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Figure Legend 
 
Table 1. Presence of neuropeptides in the gonads of vertebrates.  GnRH isoforms appear to be 
highly conserved across vertebrates, but there are large gaps in our knowledge of the evolution of 
other gonadal neuropeptides.  
 
Figure 1.  Theoretical construct of local gonadotropin releasing hormone (GnRH) action on 
follicular development in the mammalian ovary, based on experimental evidence.  GnRH and 
GnRH receptor (GnRH-R) are expressed on granulosa cells at all stages of follicular 
development and on granulosa-luteal cells of corpora lutea.  Prehierarchical follicles (1) are not 
stimulated by Follicle stimulating hormone (FSH) and gonadal GnRH reduces granulosa cell 
numbers by reducing proliferation and increasing apoptosis in these follicles (70).  As follicles 
gain the ability to respond to FSH, they overcome this inhibition and grow into small/ medium 
hierarchical follicles (2).  GnRH increases apoptosis of granulosa cells in these follicles, but this 
does not cause a significant reduction in the secretion of already low levels of estradiol (E2) and 
progesterone (P) (70).  FSH, P and E2 enhance the growth of these follicles into large 
hierarchical follicles (3).  GnRH reduces granulosa cell proliferation, aromatase activity (73) and 
luteinizing hormone receptor (LH-R) expression (71) while continuing to increase granulosa cell 
apoptosis (70).  All of these factors contribute to a significant decrease in the secretion of E2 and 
P from these follicles (70, 71).  The reduction in LH-R also makes the follicle less able to 
respond to the LH surge with ovulation.  If large hierarchical follicles are not able to overcome 
this inhibition, their growth will cease and they would become atretic (4).  If a large hierarchical 
follicle does overcome inhibition by GnRH it can become the corpus luteum (5) post-ovulation.  
GnRH decreases LH-R and FSH-R expression in, reduces secretion of progesterone from and 
increases apoptosis of granulosa-luteal cells (77-79). The highest expression of GnRH and 
GnRH-R occurs at the end of the luteal phase (80), indicating GnRH may be a contributing 
factor to luteolysis.  The diagram on the right is a representation of the photomicrograph on left, 
showing the relative location of each follicular stage for clarity.  
 
Figure 2. In situ hybridization for RF-amide related peptide (RFRP) and its receptor (OT7T022) 
in rhesus macaque (Macaca mulatta) testis.  RFRP antisense probe labels mRNA in Leydig cells, 
spermatogonia and spermatocytes (A).  An adjacent section incubated with RFRP sense probe 
(control) is shown in (B).  OT7T022 antisense probe labels mRNA in Leydig cells, Sertoli cells, 
spermatogonia and spermatocytes (C). An adjacent section incubated with OT7T022 sense probe 
(control) is shown in (D). White arrows, Leydig cells.  Grey arrows, spermatogonia.  Black 
arrows, spermatocytes.  Black arrowheads, Sertoli cells.  All figures to scale, scale bar= 50 µm.  
 
Figure 3. In situ hybridization for RF-amide related peptide (RFRP) and its receptor (OT7T022) 
in rhesus macaque (Macaca mulatta) ovary.  RFRP antisense probe labels mRNA in granulosa 
cells and oocytes (A).  An adjacent section incubated with RFRP sense probe (control) is shown 
in (B).  OT7T022 antisense probe labels mRNA in granulosa cells and oocytes (C). An adjacent 
section incubated with OT7T022 sense probe (control) is shown in (D). Black arrows, granulosa 
cells.  Striped arrowheads, oocytes. 
 
Table 2.  Summary of RFRP and OT7T022 mRNA and peptide localization in rhesus macaques.  
Avian GnIH mRNA and peptide and GnIHR mRNA and binding sites characterized in European 
starlings (Sturnus vulgaris, (8)), house sparrows (Passer domesticus, (87)), Japanese quail 
(Coturnix japonica, (8)) and domestic chicken (Gallus gallus, (88)).  Rodent RFRP and GPR74 
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peptides characterized in hamster (Mesocricetus auratus, (89)). Checkmarks indicate presence in 
the cell type, dashes denote lack of mRNA, peptide or binding sites and blank spaces indicate 
lack of evidence. 
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