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Birds from the temperate and cold zones show annual sexual activity accompanied by gonadal changes 
and fluctuation in their brain gonadotropin-releasing hormone (GnRH) levels. However, most of the stud-
ies were done on captive birds where the constant environment can profoundly modify periodical 
changes. Therefore our aim was to reveal annual variations of hypothalamic and gonadal changes in male, 
free-living European starlings (Sturnus vulgaris) captured directly from their natural environment. We 
analyzed hypothalamic GnRH-I immunoreactivity and testes volume. Four key time points of the active 
reproductive cycle and the photorefractory phase were studied. GnRH-I immunoreactivity was analyzed 
in the preoptic area (POA) and the median eminence (ME). Photorefractory birds (August) with regressed 
gonads had the lowest level of GnRH-I immunoreactivity compared to other birds from the active repro-
ductive phases. These results suggest that parallel with the gonadal volume GnRH-I undergoes seasonal 
changes in adult male free-living European starlings.
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INTRODUCTION

The onset of breeding season in most birds of the temperate and cold zones is deter-
minated by the seasonal changes in photoperiod. In spring when daylength elongates 
together with an increase in the synthesis of gonadotropin-releasing hormone 
(GnRH), the birds become reproductively active. GnRH in turn induces the release of 
follicle-stimulating hormone (FSH) and luteinizing hormone (LH), that stimulates 
testicular growth and testosterone secretion [4, 27]. However, the increased daylength 
has an inhibitory effect, too. Most of the birds become photorefractory and stop 
breeding while days are still long during summer. Birds, like European starlings 
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(Sturnus vulgaris) [3], house finches (Carpodacus mexicanus) [2], house sparrows 
(Passer domesticus) [11], black-capped chickadees (Poecile atricapillus) [24], white-
crowned sparrows (Zonotrichia leucophrys gambelii) [17] show absolute photore-
fractoriness, which is associated with a marked decrease in hypothalamic GnRH 
expression, leading to gonadal regression. Exposure of these birds to longer photope-
riod, fails to evoke renewed gonadal maturation [20]. Contrary, birds with relative 
photorefractoriness – e.g. Japanese quail (Coturnix japonica) [9] – exhibit little or no 
changes in GnRH immunoreactivity (ir) over the breeding season (long day phase). 
In these birds refractoriness occurs only when the daylength decreases after the sum-
mer solstice [8, 26].

Birds possess three forms of GnRH, namely GnRH-I, GnRH-II and GnRH-III. 
GnRH-I stimulates the release of gonadotropins, GnRH-II plays a behavioural role in 
females independently of GnRH-I [16], while the presence of GnRH-III in auditory 
processing areas suggests a role in the regulation of song production [1].

By immunohistochemical localization GnRH-I perikarya can be found primarily in 
the anterior hypothalamus, preoptic area (POA), median preoptic nucleus (POM) and 
in the parvocellular elements of the paraventricular nucleus (PVN) in the hypothala-
mus. GnRH-I-ir fiber bundles originate in the POA and PVN regions, running along 
the wall of the third ventricle and terminate in the median eminence (ME). A second 
fiber bundles project along and terminate on the wall of the third ventricle. GnRH-I 
is released from the ME and transported through the portal vessels to the anterior 
pituitary [10].

In this study we used a seasonally breeding songbird species, European starling. 
Starling is a widespread seasonal breeder, and shows highly predictable repeated 
changes in reproductive physiology and behavior in response to the annual cycle of 
the photoperiod. It is a very popular species among the avian endocrinologist and 
numerous works have been reported about the neuroendocrine control of the starling 
reproductive system [6, 10, 21, 25, 29, 34]. Therefore, starling is an ideal model sys-
tem for studying the neuroendocrine control of seasonality. However, all of the previ-
ous studies were done on captive starlings. Some studies showed that reproductive 
parameters can differ markedly between free-living and captive birds [12–15]. 
Namely, captive birds are exposed to artificial light (in most cases), comercial poultry 
food (ad libitum), presence of other birds inside of crowded aviarium etc. All these 
factors can modify the reproductive system. 

Therefore we investigated free-living adult male European starlings to find out if 
there are seasonal variations in the GnRH-I-ir among natural conditions. We were 
interested how the GnRH-I-ir in the POA and ME and the volume of testes change in 
the four different phases of the active reproductive cycle (photosensitive, pair forma-
tion, nesting and hatching of nestlings) and in the photorefractory phase. We showed 
for the first time the seasonal variation in brain GnRH-I-ir in free-living European 
starlings. 
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MATERIALS AND METHODS

Animals and tissue processing

Twenty adult wild male birds were collected from Central Hungary, using shotgun, 
between 2003 and 2006. This procedure was performed in accordance with the 
authorities of the Danube-Ipoly National Park and The Middle Transdanubian 
Inspectorate for Environmental Protection, Natural Protection and Water Management 
in Hungary (permit registry numbers: 6340/2/2003, 17/6-4/2004, 92172-6/2005, 
6958/2006). The birds composed five groups, with 4 birds per group. Photosensitive 
group was collected in second half of March (referred to March). Photostimulated 
group was subdivided into three subgroup: first half of April (April I) as pair forma-
tion, second half of April (April II) as nesting, first half of May (May) as hatching of 
nestlings. Birds in photorefractory phase was collected during the second half of 
August  (August). 

The caught birds were immediately decapitated, and the brains were remowed and 
fixed by immersion in 4% paraformaldehyde for 24 h, than cryoprotected overnight 
in 10% sucrose solution at 4 °C. Testes were collected and the length and width were 
measured with 0.1 mm accuracy. For determination of the volume of the testes, we 
used the formula for volume of an ovoid sphere [23]:

V = (π × length × width2)/6

Brains were coronally sectioned with microtome at –20 °C. We collected 30 μm-thick 
sections at region where GnRH neurons and fibers could be typically found in the 
other passerines. The tractus septomesenchephalicus (TrSM) was used as an ana-
tomical landmark for identifying the preoptic area (POA). 

Gonadotropin-releasing hormone immunohistochemistry

Sections were washed 3 × 10 min in KPBS buffer (pH = 7.2), incubated for 10 min in 
0.3% H2O2, washed 3 × 10 min in KPBS, incubated 1 hour with normal goat serum 
(2% solution in 0.3% KPBS/TritonX), than incubated 48 hours in primary antibody 
at 1 : 1000 dilution (rabbit anti chicken GnRH-I, generous gift from Dr. J. R. Millam, 
Davis, California, USA) [18]. Sections were washed three times (10 min each) in 
KPBS, incubated 1 hour in secondary antibody (Vector, anti-rabbit, 1 : 500), washed 
3 × 10 min in KPBS, incubated in Vectastain ABC solution (Vector Laboratories, Inc; 
1 : 500; 1 h) then washed 1 × 10 min in KPBS and 2 × 10 min in 0.1 M Na-acetate buf-
fer (pH = 6). The GnRH-I antibodies were visualized by incubating the sections with 
diaminobenzidine-nickel (DAB, Sigma). After washing the brain slices were mounted 
onto glass microscope slides and dehydrated. Coverslipes were mounted using 
DePeX (SERVA Electrophoresis GmBH).
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Image analysis and statistics

In each bird brain, the size of GnRH-I-ir perikarya in the POA, the integrated density 
of GnRH-I-ir perikarya and fibers in the POA (total GnRH-I density), and the inte-
grated density of GnRH-I-ir fibers in the ME were measured. The observer was blind 
to the groups of images. 

To assess the average size of GnRH-ir perikarya, we have been measured 40 per-
ikarya/bird (or of all perikarya in those sections which contained less than 40 cells) 
using Nikon Eclipse E600 microscope (Nikon Corp., Japan) connected to a video-
camera (RT COLOR SPOT, Model: 2.2.1, USA). Photomicrographs (×600 magnifi-
cation) of GnRH-ir perikarya in the POA were analyzed using SPOT-Advanced 
software. The size of perikarya were expressed as μm2.

For densitometry, images were captured by means of Nikon OPTIPHOT-2 micro-
scope (Nikon Corp., Japan) equipped with a CCD videocamera (AVC-D7CE, Sony, 
Tokyo, Japan). Semi-quantitative densitometry was performed using the NIH Image 
1.59 software. We defined integrated density as the sum of pixel values minus a back-
ground value for each pixel, within a bounded area. The integrated density of images 
was detected on identical lighting conditions. 

For reading the GnRH-I signals in the POA, a rectangular frame (218 μm × 396 
μm) was used – to ensure equivalent areas for all analyzed animals – at ×100 magni-
fication. We used two adjacent sections from each brain in which the tractus septom-
esencephalicus was anatomically best defined. Integrated density represent the cumu-
lative changes from perikarya and fibers.

To determine the integrated density of GnRH-I-ir fibers in the ME, we used two 
sections per brain. In each image, the area of ME was drew manually and integrated 
density and the given area were measured. The summarized integrated density and 
measured area of each bird were divided to assess density per 1 μm2. The values were 
averaged to obtain a single value for each group. 

Statistical analysis was performed using GraphPad Prism 4 software. Results are 
expressed as the mean ± SEM, differences between the groups were demonstrated 
using one-way analysis of variance (ANOVA) followed by Newman-Keuls Multiple 
Comparison Test. Finally, Pearson’s correlation was performed to determine the cor-
relation between testicular volume and GnRH-I immunoreactivity in the POA and 
ME. In every case, differences were considered significant if p < 0.05.

RESULTS

Testes volume

The differences in the volume of the testes were statistically significant between the 
five groups: left testis: F(4, 13) = 23.41, p < 0.0001; right testis: F(4, 11) = 13.26, 
p < 0.001 (Fig. 1). Volumetrical analysis of the testes showed typical seasonal pattern. 
In March the volume of testes were relatively low (left testis: 47.2 ± 14.4 mm3; right 
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testis: 35.1 ± 3.0 mm3). In the first half of April – time of pair formation and nest hole 
occupation – birds undergone rapid sexual maturation and the testes increased dra-
matically (left testis: 524.8 ± 40.8 mm3, p < 0.001; right testis: 455.5 ± 56.2 mm3, 
p < 0.05). In the second half of April the size of testes were almost the same as in the 
previous group. Birds of the May group showed full gonadal development with 

Fig. 1. Seasonal changes in the mean value of left (■) and right (□) testis volume during photosensitive 
(March), photostimulated (April I, April II, May) and photorefractory (August) phases. One-way ANOVA 
revealed statistical significance. Bars are mean ± SEM. Asterisks indicate means that differ significantly 

(*p < 0.05)

Fig. 2. Seasonal changes in the integrated density of GnRH-I-ir perikarya and fibers in the POA during 
photosensitive (March), photostimulated (April I, April II, May) and photorefractory (August) phases. 
One-way ANOVA revealed statistical significance. Bars are mean ± SEM. The asterisk indicates means 

that differ significantly (*p < 0.05)
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Fig. 3. Photomicrographs of GnRH-I-ir perikarya and fibers in the POA. Moderate immunoreactivity of perikarya (arrows) and low immunoreactivity of 
fibers (arrowheads) in photosensitive birds (A – March), increased reactivity of both perikarya and fibers in the photostimulated birds (B – April I, C – April 
II, D – May) and minimal presence of perikarya and fibers in the photorefractory birds (E – August) were detected. Third ventricle is indicated by 3 V. Scale 

bar: 200 μm
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maximally enlarged testes (left testis: 698.5 ± 122.7 mm3; right testis: 
590.5 ± 164.6 mm3). In the nonbreeding month (August) the volume of testes signifi-
cantly decreased (left testis: 3.4 ± 1.3 mm3, p < 0.001; right testis: 2.4 ± 0.7 mm3, 
p < 0.001). This reduction in size is approximately two-hundredfold compared  
to May.

Seasonal changes of GnRH-I-ir perikarya and fibers in POA

The staining of GnRH-I-ir perikarya and axon fibers in the POA significantly differed 
between the five observed timepoint of the year [F(4, 15) = 5.13, p < 0.05, Fig. 2]. 

Fig. 4. Size of GnRH-ir perikarya in the POA during photosensitive (March), photostimulated (April I, 
April II, May) and photorefractory (August) phases. One-way ANOVA revealed statistical significance. 

Bars are mean ± SEM. Asterisks indicate means that differ significantly (**p < 0.001)

Fig. 5. Photomicrographs of GnRH-I-ir perikarya and fibers in the POA under higher magnification. 
Bigger cells (arrows) with marked dendrites and fibers (arrowheads) are shown in the reproductively 

active bird (A – April II) compared to photorefractory bird (B – August). Scale bar: 50 μm
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There was only a tendecy for increased integrated density of GnRH-I-ir perikarya and 
fibers from March to May. In August only few cells and several weakly stained fibers 
were observed. Despite the lack of statistical significance in the integrated density it 
can be clearly seen in Fig. 3 that the staining of fibers dramatically enhanced during 
the active reproductive phase (from March to May). Technical difficulties of the mea-
surement could mask the obvious differences. The correlation coefficient showed a 
good relationship between averaged  testicular volume (left and right testis) and the 
integrated density of GnRH-I-ir perikarya and fibers in the POA (r = 0.68; p = 0.01).

On the other hand there were significant differences in size of the immunoreactive 
cell bodies (F[4, 15] = 20.06, p < 0.0001, Fig. 4). The cell size varied among the four 
groups of photosensitive and photostimulated phase without significant difference. 
Birds caught in spring had larger cells than birds caught in August (p < 0.001). During 
the active reproductive cycle (groups 1–4) the darkly stained GnRH-I-ir cell bodies 
were mostly multipolar or bipolar (Fig. 5). It is worth to mention that the labeling of 
perikarya from the August group was less intensive than perikarya from photostimu-
lated birds. There was a positive correlation between averaged testicular volume (left 
and right testis) and the size of GnRH-I-ir perikarya in the POA (r = 0.63; p = 0.02). 

Seasonal changes of GnRH-I-ir fibers in ME

Immunohistochemistry indicated the presence of GnRH-I-ir fibers in the internal and 
particularly in the external layer of the ME. The integrated density of GnRH-I-ir 
fibers in the ME changed significantly during the annual cycle of starling 
(F[4, 15] = 11.94, p < 0.0001; Figs 6, 7). In March we observed relatively few  
GnRH-I-ir fibers in the ME. There was a tendency for increased quantity of  
GnRH-I-ir fibers in the ME till the end of May. Males caught in spring had signifi-

Fig. 6. Integrated density of GnRH-I-ir fibers in the ME during photosensitive (March), photostimulated 
(April I, April II, May) and photorefractory (August) phases. One-way ANOVA revealed statistical sig-

nificance. Bars are mean ± SEM. Asterisks indicate means that differ significantly (**p < 0.001)
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cantly higher amount of GnRH-I-ir fibers in the ME compared to the photorefractory 
males in August (p < 0.001). The correlation between averaged testicular volume (left 
and right testis) and integrated density of GnRH-I-ir fibers in the ME was not sig-
nificant (r = 0.53; p = 0.7).

DISCUSSION

The present study demonstrates that the GnRH-I-ir cell bodies and fibers both in the 
POA and fibers in the ME (mostly in the zona externa) of male free-living European 
starlings undergo seasonal changes similar to that observed in captive starlings and 
other birds from the temperate and cold zones [2, 6, 30, 32, 33]. The activity of the 
reproductive system in starlings starts with the onset of photosensitvity in October, 
however, measurable testicular development – as a result of increased photoperiod – 
can be observed only in March [7]. The size of testes of photostimulated birds begins 
intensely grown and reach their maximum in May, nevertheless the copulation occurs 
mostly in the first half of April (observed in Hungary). The integrated density of 
GnRH-I-ir perikarya and fibers in the POA had an increasing tendency in the entire 
period of photostimulation and it was considerably greater than in birds from the 
photorefractory phase. This is in agreement with previous data obtained in captive 
starlings [6, 30, 33] and in other species involving house sparrows and house finches 
[2, 11, 32]. The GnRH-I-ir perikarya and fibers in the POA almost entirely disap-
peared in photorefractory birds. Furthermore, the size of immunoreactive GnRH-I 
perikarya in the POA of photosensitive and photostimulated birds did not change 
significantly during the spring’s months, however, in August a dramatic reduction in 
size was observed in photorefractory birds. In March, large quantity of cell body and 
low fiber density were observed suggesting that during the photosensitive phase the 
peptide synthesis increased in the GnRH-I-ir cells, but the transport and probably the 
release were moderate. Recent study on starlings demonstrated that even though pho-
tosensitive, i.e. pre-breeding birds can produce GnRH-I mRNA and GnRH-I protein, 
they do not release sufficient amount of GnRH-I to stimulate gonadal development 
typical for nesting birds. It seems that during the photosensitive phase the suppression 
of GnRH-I pulse frequency and/or amplitude is the cause of the suppressed reproduc-
tive state, rather than the insufficient production of the hormone [31]. Higher degree 
of fiber proliferation observed in the POA during the first half of April refer to a 
strong increase of GnRH-I transport. Dawson and Goldsmith [5] demonstrated that in 
male starlings the photoperiod of 13 : 11 h light/dark (13L : 11D) induced marked 
increases in plasma gonadotropin levels and gonadal maturation. However, birds held 
on 11L : 13D showed less intensive increase in gonadotropin levels and a slow gonad-
al maturation but these birds did not become refractory. Another studies supports the 
hypothesis that daylength could have a dual role controlling both the synthesis and 
the transport/release of GnRH [6, 30]. In Central Hungary – where the birds were 
caught – the natural photoperiod of 13L : 11D is realized in the first half of April, 
when male starlings start more and more intensive courtship, which is followed by 
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copulation. The photoperiod below 12-13L in March, could increase the synthesis of 
GnRH-I in the POA, but the remarkable changes in the hypothalamic-pituitary-go-
nadal axis can be observed in the first half of April. This photoperiod might causes 
higher GnRH-I transport to the adenohypophyseal gonadotropic cells accompanied 
by a decline in GnRH-ir of the perikarya. Recent work on captive starling showed that 
the presence of female also led to an increase in GnRH-I cell number in the POA [29]. 
This suggest that both photoperiod and social context could be responsible for the 
reduction of GnRH content (smaller perikarya) and the marked appearance of GnRH-
I-ir fibers in the POA at the beginning of April. The unexpected enlargement of the 
perikarya during the second half of April could be due to a preparation for a new 
copulation, as in Hungary approximately 60% of wild starlings have a second nest at 
the end of May [19]. Our data are consistent with the hypothesis that in birds with 
highly seasonal breeding patterns the GnRH-I stores appear to decrease with a simul-
taneously increased transport [10, 11, 22]. This differs from findings of birds with 
flexible breeding patterns which stores GnRH throughout the year, allowing them to 
start their reproduction in any time of the year when the enviromental conditions are 
favorable [23, 28].

The integrated density of GnRH-I-ir fibers in the ME of wild European starlings 
increased from March through the whole period of photostimulation, although the 
difference was not significant. However, studies on captive starlings already proved 
that photostimulated (enlarged gonads) birds tended to have more remarkable fiber 
staining in the ME than short-photoperiod photosensitive (regressed gonads) birds, 
suggesting that the rate of GnRH-I release was higher in photostimulated birds [10]. 
Both in wild and captive starlings the immunostaining of fibers in the ME was sig-
nificantly decreased in August consistently with our expectations, namely that photo-
refractory birds with decreased testes have a reduced GnRH-I release. 

In summary, we have demonstrated for the first time seasonal variations in neural 
GnRH-I-ir in adult male free-living European starlings. The results of the present 
study indicate that seasonal changes in GnRH-I immunoreactivity in the POA and in 
a lesser extent in the ME correlates with seasonal changes observed in the testes vol-
ume. 
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