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Abstract

Background: Many vertebrates distinguish between short and long day lengths using suprachiasmatic nuclei (SCN). In birds
particular, the mediobasal hypothalamus (MBH) is suggested to be involved in the timing of seasonal reproduction. This
study investigated the response of SCN and MBH to a single long day, and the role of MBH in induction of the migratory
phenotype in night-migratory blackheaded buntings.

Methodology/Principal Findings: Experiment 1 immunocytochemically measured c-fos in the SCN, and c-fos, vasoactive
intestinal peptide (VIP) and neuropeptide Y (NPY) in the MBH of buntings exposed to a 20 h light period. Long light period
induced significantly stronger c-fos expression, measured as number of c-fos-like immunoreactive (c-fos-lir) cells, in MBH,
but not in the SCN. Within the MBH, c-fos-lir cells were significantly denser in the inferior hypothalamic nucleus (IH) and
infundibular nucleus (IN), but not in the dorsomedial hypothalamus (DMH). IH and IN also had significantly increased
number of VIP and NPY labeled cells. DMH had significantly increased number of VIP labeled cells only. Experiment 2
assayed c-fos, VIP and NPY immunoreactivities in the middle of day and night in the MBH of buntings, after seven long days
(day active, non-migratory state) and after seven days of Zugunruhe (night active, migratory state) in long days. In the
migratory state, the number of c-fos-lir cells was significantly greater only in DMH; VIP-lir cells were denser in all three MBH
regions suggesting enhanced light sensitivity at night. The denser NPY-lir cells only in IN in the non-migratory state were
probably due to premigratory hyperphagia.

Conclusions/Significance: In buntings, SCN may not be involved in the photoperiod-induced seasonal responses. MBH
contains the seasonal clock sensitive to day length. VIP and NPY are parts of the neuroendocrine mechanism(s) involved,
respectively, in sensing and translating the photoperiodic message in a seasonal response.
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Introduction

It is suggested that the self-sustained endogenously generated

circannual rhythms (circa = about; annum = year) control annual

(seasonal) life history processes like breeding and migration cycles

in birds [1,2]. In close interaction with external cues (e.g. day

length), circannual rhythms provide seasonal timing, in synchrony

with the yearly calendar time [2,3]. Interestingly, the mechanism

by which a seasonal species distinguishes between changing day

lengths in the year involves circadian (circadian, circa = about;

dian = day) rhythms [2–4]. Each day, a photoperiodic species

shows circadian rhythm of sensitivity to light, which in interaction

with daylight induces a specific response. Thus, circannual

rhythms are involved in the seasonal timing [1,5], while circadian

rhythms are involved in the maintenance, on a daily basis, of the

seasonally timed behavior or physiology [6–8].

In mammals, the principal circadian pacemaker lies in the

suprachiasmatic nucleus (SCN), which responds to day length and

functions both, as the daily and seasonal clock [9]. In birds, on the

other hand, circadian pacemaker system is present at a minimum

of three separate clock sites, the retina of the eyes, the pineal gland

and the hypothalamus [2]. Unlike in mammals, the avian SCN

consists of two neuronal populations, mSCN (medial SCN, does

not receive light input from the retina) and vSCN (visual SCN,

receives light input from the retina) [10]. These three circadian

clocks interact and regulate daily activity-rest cycle [2]. Further, it

is known that these three clocks may not directly regulate

photoperiodic response of the hypothalamo-piutitary-gonad

(HPG) axis [2,11,12], but it is unclear whether they have a role

in regulating other seasonal events. There is no direct evidence

that these clocks are not involved in avian migration. However,

there is evidence of the involvement of circadian clocks in control

of the phenologies linked with seasonal reproduction (gonadal

maturation) and migration (viz. body fattening and premigratory

night time restlessness, Zugunruhe) [6–8,13].
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Several lines of evidence including those from the lesion and

electrical stimulation studies, suggest mediobasal hypothalamus

(MBH) in birds as the photoperiodic induction site [14,15]. Using

c-fos (the protein product of c-fos, a proto-oncogene) expression as

an indicator of the neural activity, studies have shown that MBH

rapidly responds to light [12,16]. At the end of the first long day,

the response is measurable both at the levels of genes (clock genes:

period 2, cryptochromes, clock and bmal1 [17], Eya3 and Tshb [18,19];

genes encoding thyroid hormone activating and deactivating

enzymes, type 2 and type 3 iodothyronine deiodinase, Dio2 and Dio3

[18,20,21,22]) and peptide (vasoactive intestinal peptide, VIP [21])

and proteins (e.g. gonadotrophin releasing hormone, GnRH [23]).

The MBH contains vasoactive intestinal peptide (VIP) secreting

neurons, which have been suggested as the encephalic photore-

ceptors (EPRs) [21,24]. The MBH possibly communicates with the

lateral septal organ (LSO), which also contains light sensitive

neurons, the EPRs [25]. There is a direct neuronal projection from

VIP containing CSF-contacting neurons in the LSO to median

eminence (ME) [21]. In the LSO, VIP immunoreactive (ir) cells

were found co-existed with GnRH-I-ir cells in Japanese quail

(Coturnix coturnix japonica) [26]. VIP is also found involved in

prolactin release from the pituitary, both in vivo and in vitro [27,28].

Thus, VIP seems to be involved in induction of the photoperiodic

responses linked with reproduction [26] including the incubation

behaviour [29].

There is also a close association of neuropeptide Y (NPY) with

GnRH perikarya in the bed nucleus of pallial commissure (nCPa),

infundibular nucleus (IN) and median eminence in birds [30]. This

suggests a functional interaction between the NPY and GnRH in

regulation of gonadal functions in birds [30]. NPY is reported to

be involved in GnRH release [31], gonadal development and

sexual maturation [32]. Besides, NPY plays major role in

regulating premigratory hyperphagia and fat deposition in

migratory birds [33–34], and in parental hyperphagia and gonadal

activation in non-migratory ringdoves, Streptopelia risoria [35].

However, the neural basis of migration is less understood, except a

few studies have identified brain areas involved in processes linked

with migration, e.g. vision, magnetoreception and olfaction [8,36–

38].

To gain insight into how putative daily and seasonal clock sites

(the SCN and MBH) in a songbird species acutely responding to

stimulatory long days, first we examined the c-fos expression in the

SCN and MBH of birds on the first day of transition from short to

long days. Then, VIP and NPY were immunohistochemically

labeled in the MBH, and their expression was considered as

functional correlate of the response of MBH to acute photo-

stimulation. We further compared c-fos, VIP and NPY expression

levels in the MBH between non-migratory and migratory states in

birds subjected to long days (16 h light: 8 h darkness, LD 16/8)

and sampled in the middle of day and night first after seven long

days, when they were still day active (non-migratory state), and

then after birds have shown seven days of night time restlessness

(Zugunruhe, migratory state). The experiments were done on the

highly photosensitive, night-migratory songbird species, the black-

headed bunting (Emberiza melanocephala). Buntings show rapid rise

in plasma luteinizing hormone (LH) levels on the first long day, i.e.

18 h after the light exposure [39]. Under long days, buntings

exhibit migratory phenotypes with phase inversion of neural

activity in the olfactory and visual systems in parallel with the

behavioral shift, from day to night activity [7,8]. The results show

that MBH contains the photoperiod sensitive seasonal clock, and

VIP and NPY are the part of the neuroendocrine mechanism(s)

involved, respectively, in sensing and translating the photoperiodic

message.

Materials and Methods

Animal and experiments
The experiments were carried out as per approval by the

Institutional Animal Ethics Committee (IAEC), Department of

Zoology, University of Lucknow, Lucknow, India; this is

equivalent of the Institutional Animal Care and Use Committee

(IACUC) in other countries. The experiments were done on the

blackheaded bunting (Emberiza melanocephala), which is a Palaearc-

tic-Indian latitudinal long-distance night-migratory songbird

species. It arrives in India (,25uN) in the fall, overwinters, and

returns to its breeding grounds situated in the west Asia and south

east Europe (,40uN) in spring [40]. Buntings are not an

endangered or protected species. In February, birds were captured

from an area located outside of any protected or privately owned

area, and as per permission accorded for the purpose of scientific

research by Chief Wildlife Warden of the State of Uttar Pradesh,

India, where the study was done.

After capture, birds were kept in the outdoor aviary under

natural light and temperature conditions (NDL). Then, buntings

were brought indoors, and maintained on short days (8 h light:

16 h darkness, LD 8/16) at constant temperature (24.062.0uC)

until the beginning of the experiment. Buntings on short days are

unstimulated, but on exposure to long days (.12 h light per day)

they exhibit phenotypes linked with migration (body fattening and

intense night activity, Zugunruhe) and reproduction (gonadal

maturation) [7]. Thus, those maintained on short days remain

sensitive to light stimulation, and are called photosensitive. The

general experimental setup was similar to that described in our

recent publication [8]. Briefly, buntings were singly housed in

custom designed activity cages placed inside photoperiodic

chambers lit by the compact fluorescent tubes (14 watt, Phillips)

on a programmed light-dark cycle (LD; L = 15065.0 lux;

D = ,1.0 lux). The movement of an individual within its cage

was continuously counted through an infrared sensor mounted on

the cage, and the activity in 2 min bins was stored using the

Stanford Software System, Stanford, CA, USA [41].

Experiment 1: Effect of transition from short to long day
This experiment examined neural activation of the putative

daily and seasonal clock sites, the SCN and MBH, respectively, in

response to a single long day exposure, using an experimental

paradigm, based on ‘‘first day release’’ protocol employed by

Meddle and Follett [16]. We also examined the expression of VIP

and NPY as functional correlate of the response of MBH to acute

photostimulation. Briefly, a group of twelve unstimulated males

maintained on short days (body mass = 25–27 g; testis vol-

ume = 0.33–0.45 mm3) were singly housed in the activity cages

and exposed to short days (8 h light: 16 h darkness, LD 8/16). On

day 5, six birds were perfused 4 h after lights on (ZT4; zeitgeber

time, ZT0 = lights on). For the remaining six individuals, light was

not turned off at ZT8 and extended until ZT20 when they were

perfused. There was no marked change in the body mass and testis

size in 5 days of short days in activity cages.

Experiment 2: Effect of transition from non-migratory to
migratory state

In order to evaluate the role of MBH in induction of the

migratory phenotype, this experiment examined protein expres-

sion of c-fos, VIP and NPY in the MBH in the middle of the day

and night during both the non-migratory and migratory states. A

total of 23 unstimulated buntings (group A; n = 11; group B;

n = 12; body mass = 25–27 g; testis volume = 0.33–0.52 mm3)

were used. Individually housed birds in activity cages and placed

Photoperiodic Induction Sites in the Hypothalmus

PLOS ONE | www.plosone.org 2 October 2013 | Volume 8 | Issue 10 | e70065



on short days (LD 8/16) were exposed to long days (LD 16/8).

After one week of long days, a group of birds were perfused in the

middle of day (ZT8; n = 7) or night (ZT20; n = 4). At this time

birds were still day active, hence represented the ‘non-migratory

state’. After about two weeks of exposure birds began showing

Zugunruhe; this was called the onset of the ‘migratory state’. After

seven nights of Zugunruhe, birds were perfused in the middle of the

day or night (n = 6 each time).

Tissue preparation
We used the protocol, as described in Rastogi et al. [8]. Briefly,

deeply anesthetized birds with ketamine - xylazine solution

(0.003 ml/g body weight) were transcardially perfused successively

with 50 ml saline (pH 7.4) and 30 ml fixative (4% paraformalde-

hyde in 0.1 M phosphate buffer, pH 7.4). The nighttime

perfusions were done under non-stimulatory dim green light at

the intensity of ,1.0 lux, equal to that of the dark time

illumination of an LD cycle. Quickly dissected brains were post-

fixed overnight in the same fixative, and thereafter cryoprotected

in 10-, 20- and 30% sucrose (Merck) solutions at 4uC. Finally,

brains were embedded in 15% polyvinylpyrrolidone (PVP;

PVP40T, Sigma) and sectioned in the coronal plane at 30 mm

thickness on a Leica CM 1850 cryostat. The four successive

sections were separately collected in the phosphate buffer saline

(PBS; 10 mM, pH 7.4) and the fifth section was thaw-mounted

onto a poly-L-lysine-coated slide. Thus, we had a total of 5 bins

with sections separated by 150 mm. We stored first four bins at 4uC
until processing for the immunohistochemistry of c-fos, NPY or

VIP. The fifth bin sections on slides were processed for Nissl

staining [42] to identify anatomical demarcations of suprachias-

matic nucleus, SCN (medial SCN, mSCN; visual SCN, vSCN) and

mediobasal hypothalamus, MBH (dorsal tuberal division-dorso-

medial hypothalamus, DMH; ventral tuberal division-inferior

hypothalamic nucleus, IH and infundibular nucleus, IN) as per

descriptions in Cantwell and Cassone [10], Yoshimura et al. [20]

and Sharp [43].

Immunohistochemical procedures
All sections for the immunohistochemistry of protein of interest

were processed together. The c-fos and VIP were labeled using

standard avidin-biotin protocol with minor modifications of the

method described in Rastogi et al. [8], and the NPY was labeled

using standard streptavidin-biotin-peroxidase protocol with minor

modifications of the method described by Sakharkar et al. [44].

Each procedure began with three 10-min rinses with the PBS.

Then, sections were treated for 30 min each with 0.3% hydrogen

peroxide dissolved in methanol and 1% normal bovine serum

albumin (BSA) dissolved in the PBS containing 0.3% Triton-X-

100 (PBSBT) to block the endogenous peroxidase activity and

non-specific binding, respectively. Thereafter, sections were

incubated with c-fos (rabbit anti-chicken antibody; 1:6000 in

PBSBT; generously gifted by Prof. Dr. Lut Arckens, Leuven,

Belgium), rabbit polyclonal VIP (1:2500; ab43841; Abcam) or

NPY (1:6000; N9528; Sigma) antibody for 18 h at 4uC. This was

followed by incubation for 2 h each with biotinylated goat anti-

rabbit secondary antibody (1:200; B2770; Invitrogen, Eugene,

USA) and avidin-biotin complex (1:110; Elite ABC Kit; Vector

Laboratories, Burlingame, CA) for c-fos and VIP labeling, or with

biotinylated goat anti-rabbit secondary antibody (1:200; EXTRA-

3; Sigma) and ExtrAvidin-peroxidase conjugate (1:200; EXTRA-

3; Sigma) for NPY labeling. All sections were washed with PBS

and visualized for the antigen-antibody reaction by treatment for

2–3 min with diaminobenzidine solution (DAB; D4293, Sigma)

prepared in 0.1M phosphate buffer (pH 7.4). After the appearance

of minimal background reaction, adding more PBS stopped the

color reaction. The sections were washed in the distilled water,

ordered and mounted onto poly-L-lysine-coated slides, which were

dehydrated in the ascending grades of alcohol, cleared in xylene

and coverslipped in the DPX.

Antibody specificity. Control procedures were performed to

verify the specificity of the immunoreaction. This included the

omission of the primary antisera from the reaction as well as the

replacement of the antisera with buffer or BSA. Both these

procedures resulted in the total loss of immunoreactivity. Our c-fos

antibody was generated in rabbit against chicken c-fos-peptide and

its specificity has already been demonstrated [45]. The preadsorp-

tion tests further verified specificity of the NPY and VIP

antibodies. 1 ml of diluted NPY and VIP antiserum were

incubated with respective peptides (NPY - N 3266; VIP - V

3628; Sigma) at 1025 M concentration for 18 h at 4uC. Incubation

of brain sections with such a conjugate in place of antiserum did

not yield positive immunoreaction for the NPY or VIP.

Microscopy and data analysis
The desired image of a brain section was captured using a Leica

DFC 420C digital camera attached on to Leica DM 3000

microscope. The dimension of the captured image was

259261944 pixel RGB 8 bit with the magnification/numerical

aperture (NA): 1006/0.25 or 4006/0.65. The microscopic

settings were standardized and kept constant. The images were

labeled and panels were prepared using the Corel Draw X3

(Toronto, Canada).

The morphometric analysis was done using Nikon NIS-

elements BR program (version 2.3). An image (1006) of the

specified region was captured by a Nikon E400 microscope fixed

with a DS-Fi1 Nikon digital camera in the dimension of

256061920 pixel RGB 8 bit, using magnification/numerical

aperture (NA) at 1006/0.25. We initially standardized the

microscopic setting and kept it constant. Then, immunoreactive

cells were counted in the SCN for c-fos (c-fos-lir), and in the MBH

for c-fos (c-fos-lir), NPY (NPY-lir) and VIP (VIP-lir). Additionally,

the percent area and mean optical density of NPY-lir and VIP-lir

cells in the MBH were determined.

The immunoreactive cells (ir cells) were counted as described in

Rastogi et al. [8] and Kumar et al. [46]. Briefly, c-fos-lir cells were

mapped in all sections containing different divisions of the SCN

(mSCN and vSCN), and c-fos-, NPY- and VIP-lir cells in the

MBH (DMH, IH and IN). To avoid a staining-intensity based bias

in cell counting in SCN or MBH regions, we counted both types of

cells, i.e. strongly (bright) and weakly (faint) stained cells [47].

Here, a subjectively defined threshold optical density, based on

background staining, was used to identify the labeled cells, and

cells with higher optical density than the threshold were counted as

immunoreactive cells [47]. The immunoreactive cells gave mean

6 SD for the group.

The cell area and mean cell optical density (OD) of the NPY-

and VIP-lir cells in the MBH were quantified as described earlier

for GnRH-I analysis in the preoptic area of Rufous-winged

sparrows, Aimophila carpalis [48]. Briefly, all immunoreactive cell

bodies in the different MBH regions and an out of focus image of

an area of nidopallium, which is devoid of immunoreactivity,

taken to indicate the background staining in areas lacking specific

immunostaining, were photographed at 4006/0.65 (magnifica-

tion/numerical aperture, NA). Resulting images were analyzed

using Nikon NIS-elements BR program. VIP- and NPY-lir cells,

excluding overlapping cell bodies, were manually outlined using a

mouse-controlled cursor, and the immunoreactive area and OD

(arbitrary units: 0 = no staining, complete light transmission;

Photoperiodic Induction Sites in the Hypothalmus
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1 = complete staining saturation, no light transmission) were

determined for each cell, applying a 1756150 mm frame on the

entire field of interest. Thus, NPY- and VIP-lir per unit field

measuring 26,250 mm2 area were estimated from the images

containing different divisions of the MBH. The immunoreactive

cells above the threshold were filled with overlaid color, which

gave the cell area. Subtraction of the OD of such color overlay

with background image OD gave OD of the immunoreactive cell.

The total area occupied by cells was calculated and percent cell

area was obtained by dividing total cell area by the entire frame

area. The percent cell area of images from all the sections were

averaged to give a single value for each bird. Similarly, OD

measurements were separately averaged. Finally, the mean 6 SD

for the group was calculated.

Statistics
The data are presented as mean 6 SD. We did distribution test

for the data before we performed parametric test. Student t-test

compared data from two groups or conditions, if it involved

comparison at one time point. Two-way analysis of variance (2-

way ANOVA) tested the significance of difference at two factor

levels, viz. migratory/non-migratory state as factor 1, and day/

night condition as factor 2. This was followed by Bonferroni post-

hoc test for group comparisons, if ANOVA indicated a significant

difference. A statistically significant difference was taken at p,0.05

level. All analyses were done using Graph Pad Prism software

(version 5.0), San Diego, CA, USA.

Results

Experiment 1: Effect of transition from short to long day
The SCN did not show significantly increased c-fos mediated

neural activation in response to long days. At the end of 20 h light

exposure, neither the mSCN nor vSCN had significant increase of

c-fos-lir cell number as compared to ZT4 group (Fig. 1A–B, 2A–E).

Figure 1C–E schematically shows the response of MBH to 20 h

light exposure (ZT20; right half) as compared to exposure to 4 h

light period (ZT4; left half). In ZT20 group, c-fos-lir cells were

denser in ventricular lining of the IN and dorsoventrally in the

IH(Fig. 1C, right half). In this group, NPY-lir and VIP-lir cells

were also denser ventricularly in the IN and medially in the IH

(Figs. 1D, E). In IH, NPY-lir cells were more medial, while VIP-lir

cells lined the third ventricle (Figs. 1D, E). The response of DMH

was variable. c-fos-lir cells were identified in the ventrolateral

portion of the DMH with less positive labeled cells in ZT20 as

compared to those in ZT4 (Fig. 1 C). The numbers of NPY-lir cells

were similar between these two groups (Fig. 1 D), while more VIP-

lir cells were observed in ZT20 than in ZT4 group in the DMH

(Fig. 1E).

Figure 2 shows actual (left and middle panels; Figs. 2F, G) and

graphic representations (right panel; Fig. 2H) of the response of

MBH to a single long day. At the end of 20 h light exposure, the

number of the c-fos-lir cells was significantly increased in IH and IN

than in birds sampled after 4 h of light period (p,0.05; Student t-

test; Figs. 2F–H). In contrast, the number of c-fos-lir cells in DMH

was significantly smaller in ZT20 group than in the ZT4 group

(p,0.05; Student t-test; Figs. 2F–H). Similarly, the number of the

NPY-lir cells was significantly increased in IH and IN, but not in

DMH, in the ZT20 group (p,0.05; Figs. 3A–C). Further, as

compared to ZT4 group, the number of the VIP-lir cells was

significantly increased in all three MBH regions, DMH, IH and IN

(p,0.05; Student t-test; Fig. 3D–F) at the end of 20 h light period.

The data on percent cell area of NPY-lir cells paralleled the

response measured in cell numbers. It was significantly increased in

IH and IN (p,0.05; Student t-test; Fig. 3G), but not in the DMH

(Fig. 3G). This was also true of the VIP immunoreactivity. As with

the cell numbers, the percent cell area was significantly increased in

the DMH, IH and IN (p,0.05; Student t-test; Fig. 3I). However,

mean cell ODs for both the NPY and VIP-lir cells were not

significantly different between ZT4 and ZT20 groups (Fig. 3H, J).

Experiment 2: Effect of transition from non-migratory to
migratory state

In a schematic representation, figure 1 compares the distribu-

tion of c-fos-lir (Figs. 1F, G), NPY-lir (Figs. 1H, I) and VIP-lir

(Figs. 1J, K) in the subdivisions of MBH in the day (lower left

panel) and night (lower right panel) between the non-migratory

(left half of MBH) and migratory (right half of MBH) states.

Figures 4, 5, 6 present the actual response of MBH during day and

night in both the states. In general, there was a day-night

difference in the expression of all three proteins in the MBH

between non-migratory and migratory states, although the

expressions were heterogeneous. Two way ANOVA revealed a

significant difference between day and night linked with migratory

states in the DMH (factor 1, migratory/non-migratory:

F1,19 = 22.42, p = 0.0001; factor 2, day/night: F1,19 = 28.05,

p,0.0001; interaction [factor 16factor 2]: F1,19 = 35.99,

p = 0.0001; Figs. 4A–F) and IN (factor 1, migratory/non-migra-

tory: F1,19 = 7.703, p = 0.0121; factor 2, day/night: F1,19 = 6.686,

p = 0.0181; interaction [factor 16factor 2]: F1,19 = 6.306,

p = 0.0212; Figs. 4A–F). Between two states, c-fos-lir cells were

significantly densely expressed in IN during the day of the non-

migratory state (p,0.01; Bonferroni test; Figs. 1F; 4A–C), and in

DMH during the night of the migratory state (p,0.001;

Bonferroni test; Figs. 1 G; 4D–F). Further, c-fos-lir cells were

closely aligned with ventricular wall in the IN, and evenly

distributed throughout in the DMH (Figs. 1F, G). There was no

difference in c-fos lir cells in the IH between day and night in two

behavioral states (Figs. 1F, G; 4A–F).

NPY and VIP expressions were almost antiphased. There was a

significant difference in the NPY immunoreactivity between day

and night linked with migratory states in the DMH (factor 1,

migratory/non-migratory:F1,19 = 16.08, p = 0.0007; factor 2, day/

night: F1,19 = 12.09, p = 0.0025; interaction [factor 16factor 2]:

F1,19 = 12.85, p = 0.0020; Figs. 5A–F). With the onset of the

migratory states, the number of the NPY-lir cells was significantly

increased dorsomedially in the DMH (p,0.001, Bonferroni test;

Figs. 1 I, 5D–F) during the night, but not during the day (Figs. 1H;

5A–C). The IN had significantly higher number of the NPY-lir

cells, aligned to the third ventricle (Figs. 1H, I), both in the day and

night in non-migratory state than in migratory state (p,0.001,

Bonferroni test; Figs. 5A–F). The behavioral states thus had

significant effect on NPY immunoreactivity in the IN

(F1,19 = 49.78, p,0.0001; cf. Figs. 5A–F). In IH, the number of

the NPY-lir cells was not significantly different between day and

night in both the states (Figs. 1H, I; 5A–F). The data on percent

cell area paralleled with immunoreactive cell numbers in the MBH

(Figs. 5G, I), although there were differences among the three

regions. For example, in DMH, there was a significant effect of

interaction, but not of the behavioral states and time of day (factor

1, migratory/non-migratory: F1,19 = 1.809, p = 0.1945; factor 2,

day/Night: F1,19 = 0.2892, p = 0.5970; interaction [factor 16factor

2]: F1,19 = 9.2670, p = 0.0067; cf. Figs. 5G, I). On the other hand,

the IH and IN showed significant effect of only day/night and

behavioral states, respectively (IH: factor 1, migratory/non-

migratory - F1,19 = 3.533, p = 0.0756; factor 2, day/Night:

F1,19 = 4.491, p = 0.0475; interaction [factor 16factor 2]:

F1,19 = 0.1225, p = 0.7301; IN: factor 1, migratory/non-migratory:
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F1,19 = 20.29, p = 0.0002; factor 2, day/Night: F1,19 = 2.760,

p = 0.1130; interaction [factor 16factor 2]: F1,19 = 1.363,

p = 0.2574; cf. Figs. 5G, I). Further, mean cell optical density

(OD) of NPY-lir cells in the day was significantly reduced in IH

and IN in the migratory state as compared to the non-migratory

state (p,0.05, Bonferroni test; Fig. 5H), but cell OD was not

changed in the DMH (Fig. 5H). The cell OD at night was not

affected in all the three MBH regions (Fig. 5J).

VIP immunoreactivity, as measured in VIP-lir cell numbers,

was significantly increased both in the day and night in all three

MBH regions, DMH, IH and IN, in migratory state as compared

to the non-migratory state (p,0.05, Bonferroni test; Figs. 1J, K;

6A–F). There was a significant effect of behavioral states on VIP

immunoreactivity in the MBH regions (DMH: F1,10 = 16.19,

p = 0.0024; IH: F1,10 = 35.95, p = 0.0001; IN: F1,10 = 20.79,

p = 0.0010; two-way ANOVA; cf. Figs. 6A–F).VIP-lir cells in IH

and IN lined the third ventricle, but they were distributed

throughout in the DMH (Fig. 1J, K). The data on the percent cell

area paralleled with labeled cell numbers (p,0.05, Bonferroni test;

Figs. 6G, I) and showed significant effect of the migratory state

(DMH: F1,10 = 16.03, p = 0.0025; IH: F1,10 = 43.06, p,0.0001; IN:

F1,10 = 20.11, p = 0.0012; two-way ANOVA; cf. Figs. 6G, I).

Figure 1. Schematic illustration of typological expression of c-fos-like immunoreactivity in suprachiasmatic nucleus (SCN), and of c-
fos-, NPY- and VIP-like immunoreactivity in mediobasal hypothalamus (MBH) of blackheaded bunting. A, B (upper left panel): c-fos
immunoreactivity after 4 h (left half) or 20 h (right half) of light period on the first long day in mSCN (A) and vSCN (B). C–E (upper right panel): c-fos
(C), NPY (D) and VIP (E) immunoreactivity after 4 h (left half) or 20 h (right half) of light period on the first long day in the MBH. F–K: c-fos (F, G), NPY
(H, I) and VIP (J, K) immunoreactivity in middle of the day (8 h after lights on; F, H, J: lower left panel) or night (4 h after lights off; G, I, K: lower right
panel) in MBH of buntings in the non-migratory (left half) and migratory (right half) states. Scale bar = 1 mm (A, B); 500 mm (C–K). Abbreviations: 3V,
third ventricle; CO, optic chiasma; DMH, dorsomedial hypothalamus; DSD, dorsal supraoptic decussation; GLv, nucleus geniculatus lateralis, pars
ventralis; IH, inferior hypothalamic nucleus; IN, infundibular nucleus; LHA, lateral hypothalamic area; mSCN, medial suprachiasmatic nucleus; TSM,
septopalliomesencephalic tract; vSCN, visual suprachiasmatic nucleus.
doi:10.1371/journal.pone.0070065.g001

Figure 2. Effect of transition from short to long day in SCN and MBH: c-fos-like immunoreactivity. A–D: Images showing c-fos
expression in mSCN and vSCN after 4 h (A, C) or 20 h (B, D) of light period. E: c-fos-lir cell counts (mean 6 SD). F, G: Images showing c-fos
expression in DMH, IH and IN after 4 h (F) or 20 h (G) of light period. H: c-fos-lir cell counts (mean 6 SD). Asterisk (*) indicates significance of
difference at p,0.05 level. Scale bar: general views = 500 mm (A–D); 200 mm (F, G); magnified views (i; ii; iii) = 25 mm. Abbreviations: 3V, third ventricle;
CO, optic chiasma; DMH, dorsomedial hypothalamus; DSD; dorsal supraoptic decussation; GLv, nucleus geniculatus lateralis, pars ventralis; IH, inferior
hypothalamic nucleus; IN, infundibular nucleus; LHA, lateral hypothalamic area; mSCN, medial suprachiasmatic nucleus; TSM, septopalliomesence-
phalic tract; vSCN, visual suprachiasmatic nucleus.
doi:10.1371/journal.pone.0070065.g002

Photoperiodic Induction Sites in the Hypothalmus

PLOS ONE | www.plosone.org 6 October 2013 | Volume 8 | Issue 10 | e70065



Further, mean cell OD did not change in IH or IN, except in the

day and night in DMH when OD was significantly increased

(p,0.05, Bonferroni test; Figs. 6H, J) in the migratory state. Two-

way ANOVA further showed a significant effect of behavioral

states in cell OD in the DMH (F1,10 = 22.68, p = 0.0008; cf.

Figs. 6H, J) and IH (F1,10 = 7.913, p = 0.0184; cf. Figs. 6H, J).

Discussion

The lack of a significant increase in the number of the c-fos-lir

cells in SCN after 20 h light period may suggest the absence of the

direct role of SCN in the photoperiodic induction of seasonal

responses in the blackheaded bunting (Figs. 1A–B; 2A–E), as

Figure 3. Effect of transition from short to long day in MBH: NPY- and VIP-like immunoreactivity. A, B: Images showing NPY expression
in the DMH, IH and IN after 4 h (A) or 20 h (B) of light period. Also shown are the number of NPY-lir cells (mean 6 SD, C), percent NPY-lir cell area (per
grid area, 26,250 mm2; G) and mean cell optical density (cell OD; H). D, E: Images showing VIP expression in DMH, IH and IN after 4 h (D) or 20 h (E)
of light period. Also shown are the number of VIP-lir cells (mean 6 SD, F), percent VIP-lir cell area (per grid area, 26,250 mm2; I) and mean cell optical
density (cell OD; J). K: Schematic illustration of different MBH subdivisions. Asterisk (*) indicates the significance of difference at p,0.05 level. Scale
bar: general views = 200 mm (A, B, D, E); schematic (K) = 500 mm; magnified views (i - DMH; ii - IH; iii - IN) = 25 mm. Abbreviations: 3V, third ventricle;
DMH, dorsomedial hypothalamus; IH, inferior hypothalamic nucleus; IN, infundibular nucleus; ME, median eminence; SMD, supramamillary
decussation; TrO, optic tract.
doi:10.1371/journal.pone.0070065.g003
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reported in turkeys [12]. We would like to interpret this as

evidence for the independence of the SCN activity from

photoperiodic conditions to which birds are exposed to in the

year. This interpretation is consistent with the absence of a daily

rhythm in c-fos-lir cells in the SCN of chicken, Japanese quail,

European starling and house sparrow kept on long days [49–51].

A 4–5 fold increase in the number of the c-fos-lir cells occurred

in the ventral division of MBH (IH and IN) of buntings exposed to

a 20 h light period (Figs. 1C; 2F–H), as is shown in levels of c-fos

mRNA and protein in MBH of other birds on the first day of

exposure to long days [12,16]. Therefore, IH and IN appear to be

the probable photoperiodic induction sites in the long day

breeding birds [16–20]. We cannot rule out nonetheless, the

possibility of the c-fos expression in MBH as the consequence of

activation of another parallel neural mechanism on exposure of

birds to long days.

Conversely, c-fos expression was not enhanced on the first long

day in DMH; in fact, the number of the c-fos-lir cells was

significantly high at ZT4 than at ZT20 (p,0.05; Figs. 1C, 2F–H).

However, DMH had increased number of the c-fos-lir cells at

night in the migratory state (Experiment 2; cf. Figs. 1G; 4D–F).

Was this the consequence of the induction of Zugunruhe, an

inversed active state in night migrants during migration? It is

known in mammals that DMH afferents project to areas that are

critical in maintaining brain in an active state [52,53]. In rats, for

example, SCN-DMH circuit that regulates sleep-wake cycle [54]

has a higher c-fos induction during wakefulness [55]. We would

therefore, argue that DMH is possibly involved in regulation of

heightened daily activities like locomotion and vigilance states

during the migratory state in buntings. Could then DMH be

considered as the site of functional integration between central and

peripheral clocks involved in the regulation of migration? This

needs to be investigated.

In close association with c-fos-lir cells, the numbers of the NPY-

and VIP-lir cells were significantly enhanced in MBH of buntings

on the first long day (cf. Figs. 1D, E; 3A–F). Elevated VIP [21,26]

and NPY [33] levels have been reported also in other birds kept

under long days. This may suggest a close functional association

between photoperiodic neural systems. A close anatomical

association of VIP and NPY with GnRH neurons has been

described under long days in few birds [26,30,56]. We would

argue that VIP and NPY are involved in the photoperiodic

regulation of seasonal events in birds including blackheaded

buntings, in several possible ways. VIP neurons act as encephalic

photoreceptors - EPRs [21,24,57], which on photostimulation

release VIP and modulate the activity of the photoneuroendocrine

axis [21]. VIP may also induce the expression of type 2 deiodinase

(Dio2, the enzyme that converts thyroxin (T4) into active

iodothyronine (T3), [58]) and, in turn, results in testicular growth

under long days [20]. Dio2 levels are significantly increased in the

MBH of Japanese quail exposed to a single long day [20]. Further,

VIP stimulates the synthesis and release of prolactin [28,59,60]

that may influence photoperiod induced gonadal maturation in

buntings [61].

Between non-migratory and migratory states, VIP and NPY

expressions were antiphased, regardless of the day or night

condition (cf. Figs. 1H–I, J–K; 5A–F; 6A–F). Buntings had high

NPY in the non-migratory state (Figs. 1H–I), while high VIP in the

migratory state (Figs. 1J–K). A high NPY in the non-migratory

state possibly reflects change in the sensitivity of feeding response

Figure 4. Effect of transition from non-migratory to migratory state in MBH of blackheaded bunting exposed to LD 16/8: c-fos-like
immunoreactivity. A, B, D, E: Images showing c-fos expression in DMH, IH and IN in day (A, B) or night (D, E) during non-migratory (A, D) and
migratory states (B, E). C, F: c-fos-lir cell numbers (mean 6 SD) in DMH, IH and IN in day (C) or night (F). Asterisk (*) indicates the significance of
difference at p,0.05 level. Scale bar: general views = 200 mm (A, B, D, E); magnified views (i - DMH; ii - IH; iii - IN) = 25 mm. Abbreviations: 3V, third
ventricle; DMH, dorsomedial hypothalamus; IH, inferior hypothalamic nucleus; IN, infundibular nucleus.
doi:10.1371/journal.pone.0070065.g004

Photoperiodic Induction Sites in the Hypothalmus

PLOS ONE | www.plosone.org 8 October 2013 | Volume 8 | Issue 10 | e70065



(increased food intake) and the initiation of hypothalamo-pituitary-

gonad (HPG) axis activation in buntings at the end of the first

seven long days [31,33,34,62]. Similarly, higher VIP in the

migratory state suggests an enhanced light sensitivity of the EPRs,

probably required during the night migration. Notwithstanding,

however, both VIP and NPY were increased at night in the

migratory state in the DMH (cf. Figs. 1I, K; 5D–F; 6D–F). We

discount the possibility of increased NPY levels in DMH as the

consequence of an increased night activity, as has been suggested

for high NPY in DMH during increased physical activity at night

in rats [63]. This is because NPY-lir cells were still low in number

during the day of the non-migratory state when buntings were

Figure 5. Effect of transition from non-migratory to migratory state in MBH of blackheaded bunting exposed to LD 16/8: NPY-like
immunoreactivity. A, B, D, E: Images showing NPY expression in DMH, IH and IN in day (A, B) and night (D, E) during non-migratory (A, D) and
migratory states (B, E). Also shown are NPY-lir cell numbers (mean 6 SD, C, F), percent NPY-lir cell area (per grid area, 26, 250 mm2; G, I) and mean
cell optical density (cell OD; H, J) in day (C, G, H) or night (F, I, J). K: Schematic illustration of different MBH subdivisions. Asterisk (*) indicates the
significance of difference at p,0.05 level. Scale bar: general views = 200 mm (A, B, D, E); schematic (K) = 500 mm; magnified views (i - DMH; ii - IH; iii -
IN) = 25 mm. Abbreviations: 3V, third ventricle; DMH, dorsomedial hypothalamus; IH, inferior hypothalamic nucleus; IN, infundibular nucleus; ME,
median eminence; SMD, supramamillary decussation; TrO, optic tract.
doi:10.1371/journal.pone.0070065.g005
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predominantly day active (Figs. 1H, 5A–C). At present, however, it

remains arguable whether observed differences in neural changes

between non-migratory and migratory states were due to the

induction of migration alone, or due to also different extent of the

HPG axis activation under long days after seven days and after

seven days of Zugunruhe. By about three weeks of exposure to long

days, when buntings have shown seven days of Zugunruhe, birds will

have recrudesced testes [8]. But, blackheaded buntings in the

experiment 2 indeed presented distinct migratory phenotypes

between their non-migratory and migratory states, with the latter

characterized by the phase-inversed activity behavior [8]. Also

Figure 6. Effect of transition from non-migratory to migratory state in MBH of blackheaded bunting exposed to LD 16/8: VIP-like
immunoreactivity. A, B, D, E: Images showing VIP expression in the DMH, IH and IN in day (A, B) or night (D, E) of the non-migratory (A, D) and
migratory states (B, E). Also shown are VIP-lir cell counts (mean 6 SD, C, F), percent NPY-lir cell area (per grid area, 26, 250 mm2; G, I) and mean cell
optical density (cell OD; H, J) in day (C, G, H) or night (F, I, J). K: Schematic illustration of different MBH subdivisions. Asterisk (*) indicates the
significance of difference at p,0.05 level. Scale bar: general views = 200 mm (A, B, D, E); schematic (K) = 500 mm; magnified views (i - DMH; ii - IH; iii -
IN) = 25 mm. Abbreviations: 3V, third ventricle; DMH, dorsomedial hypothalamus; IH, inferior hypothalamic nucleus; IN, infundibular nucleus; ME,
median eminence; SMD, supramamillary decussation; TrO, optic tract.
doi:10.1371/journal.pone.0070065.g006
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testes are not involved in the photoperiodic induction of migration

in the blackheaded bunting [64,65].

In conclusion, SCN does not appear to be the site of

photoperiod-induced seasonal responses in buntings. We suggest

that ventral division of MBH (IH and IN) in buntings contains the

seasonal clock, which is sensitive to annual photoperiodic changes.

VIP and NPY are the parts of the neuroendocrine mechanism(s)

involved, respectively, in sensing light and translating photoperi-

odic message into a neuroendocrine response. Further, we would

like to propose the role of the dorsal division of the MBH (DMH)

in the night-time migration. An increased neural activity in DMH

at night parallels nocturnal shift of the activity behavior in

buntings with the onset of the migration [8]. This may be taken to

suggest DMH as the possible site of the functional coupling

between the endogenous clock and behavioral output, e.g.

Zugunruhe. Overall, these are the first results in showing the

involvement of MBH with region-specific roles in the regulation of

photoperiod induced seasonal events in a night-migratory

songbird.
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