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n seasonally breeding, photoperiodic birds, the develop-
ent of photorefractoriness is associated with decreased

rain expression of gonadotropin-releasing hormone-like
mmunoreactivity (GnRH-li ir) and increased expression
f vasoactive intestinal polypeptide-like immunoreactiv-
ty (VIP-li ir). Dissipation of photorefractoriness and
eestablishment of photosensitivity are associated with
ncreased GnRH-li ir brain production, but concurrent
hanges in VIP-li ir expression have not been investi-
ated. To address this question, we compared the expres-
ion of VIP-li ir in the infundibulum (INF) of adult male
ark-eyed juncos (Junco hyemalis) that were made pho-
orefractory (PR) by prolonged exposure to long days
ith that of birds that were not photostimulated (PS),
ut had regained photosensitivity by exposure to short
ays for 5 (short-term-PS, ST-PS) or 13 (long-term-PS,
T-PS) consecutive months. Photosensitive males had
maller INF VIP-li ir cell bodies than PR males, but the
umbers of INF VIP-li ir cells were independent of
hotoperiodic condition. Changes in infundibular VIP-li
r were correlated with changes in preoptic area (POA)
nRH-li expression. Specifically, photosensitive males
ad more and larger POA GnRH-li ir cells and more

1 To whom correspondence and reprint requests should be ad-
ressed at Department of Biology, Arizona State University, Tempe,
LZ 85287-1501.

8

nRH-li ir fibers in this region than PR males. Further,
T-PS males had more GnRH-li ir POA fibers and larger
estes than ST-PS juncos. Thus, induction of photorefrac-
oriness is associated with increased VIP and decreased
nRH brain expression whereas dissipation of photore-

ractoriness concurs with decreased VIP and increased
nRH brain expression. These results suggest a physi-
logical role for VIP in the control of changes in GnRH
xpression as a function of the photosensitive
ondition. r 2000 Academic Press

Key Words: GnRH; VIP; reproduction; prolactin; season-
lity; photoperiodism; photosensitivity; photorefractori-
ess; immunocytochemistry; preoptic area; infundibu-
um.

Most birds breeding at middle and high latitudes
eproduce only during spring and early summer,
hen environmental conditions are the most favorable

o successful raising of young (Lack, 1968; Perrins,
970). In these species and as originally demonstrated
xperimentally in dark-eyed juncos (Junco hyemalis;
owan, 1925), photoperiod plays an essential role in

he control of seasonal changes of reproductive system
ctivity. Exposing photosensitive birds to daylength
onger than approximately 12 h (defined as long days,

D), as is naturally the case during the spring, stimu-
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Brain GnRH, VIP, and Photosensitive Condition in Dark-Eyed Juncos 9
ates the release of hypothalamic gonadotropin-
eleasing hormone (GnRH) and pituitary-luteinizing
ormone (LH) and follicle-stimulating hormone (FSH;
ewis and Farner, 1973; Wingfield et al., 1980; Dawson
nd Goldsmith, 1983; Fehrer et al., 1985; Wilson, 1985;
oster et al., 1987; McNaughton et al., 1995; Meddle and
ollett, 1997). These hormones in turn induce gonadal
evelopment and the secretion of gonadal hormones

hat control many behavioral changes associated with
he breeding period as well as the development of
econdary sexual characteristics (Balthazart et al., 1979;
ilverin and Viebke, 1994).
In most photoperiodic species, breeding is followed

y a photorefractory period. At this time, reproductive
ctivities are curtailed although photoperiod remains
ell in excess of the vernal threshold for stimulation.
he insensitivity to previously stimulating photope-
iod that defines photorefractoriness is independent of
cular and pineal inputs (Wilson, 1990, 1991) and is
elieved to originate centrally (for review, see Nicholls
t al., 1988; Juss, 1993). Photorefractoriness is associ-
ted with decreased GnRH production and circulating
H levels, rapid gonadal involution, and molt (Wing-
eld et al., 1980; Foster et al., 1987; Kubokawa et al.,
994; Hahn and Ball, 1995; Parry et al., 1997; Cho et al.,
998). In European starlings (Sturnus vulgaris), the
nset of photorefractoriness is accompanied with de-
reased hypothalamic expression of the GnRH precur-
or peptide, proGnRH-GAP (Parry et al., 1997). This
ecrease, which precedes a change in hypothalamic
nRH immunostaining, indicates that photorefractori-
ess results from a reduction in GnRH synthesis rather

han release of this peptide at the median eminence
evel. In most species, photorefractoriness can be allevi-
ted, i.e., photosensitivity can be restored, only by
xposure to short days (SD) as would naturally occur
uring the fall and winter (Nicholls et al., 1988; Wilson,
992). Restoration of photosensitivity in adults (Daw-
on et al., 1986; Dawson and Goldsmith, 1997), as well
s acquisition of photosensitivity in juvenile birds
Goldsmith et al., 1989), is associated with an increased
roduction of hypothalamic GnRH.
Photoinduced changes in the activity of the hypothal-

mo–pituitary–gonadal axis are accompanied by alter-
tions of the secretion of the anterior pituitary hor-
one, prolactin. As is the case for LH, the secretion of
rolactin is photoinduced (Dawson and Goldsmith, 1
983; Mauro et al., 1992; Silverin and Goldsmith, 1997;
reekumar and Sharp, 1998; for review, see Sharp et al.,
998). Photoinduced high circulating prolactin concen-
rations are reached during the development of photore-
ractoriness, when gonads are regressing (Dawson and
oldsmith, 1983; Dawson, 1997; Dawson and Sharp,

998). Prolactin is not thought to control the transition
rom photosensitivity to photorefractoriness (Nicholls
t al., 1988; Juss, 1993; Dawson and Sharp, 1998), but it
articipates in the rapid collapse of the reproductive
ystem that characterizes photorefractoriness by inhib-
ting the hypothalamo–pituitary–gonadal axis at mul-
iple levels (Buntin and Tesch, 1985; Janik and Buntin,
985; Sharp et al., 1998).
Pituitary prolactin synthesis and release in birds are

egulated primarily by vasoactive intestinal polypep-
ide (VIP; Cloues et al., 1990; Mauro et al., 1992; El

alawani et al., 1995; Youngren et al., 1994). A role for
IP in the reproductive system regression that occurs
t the onset of photorefractoriness is suggested by the
act that male European starlings that have been
ctively immunized against VIP exhibit slower photo-
nduced regression than control males and do not molt
Dawson and Sharp, 1998). In addition, brain expres-
ion of GnRH and VIP change in opposite directions
hen birds become photorefractory. Specifically, preop-

ic area (POA) GnRH and infundibular VIP are lower and
igher, respectively, in photorefractory than in photosensi-
ive male dark-eyed juncos (Saldanha et al., 1994).

The present investigation determined whether an
nverse relationship between brain GnRH and VIP
xpressions also exists as birds regain photosensitivity.
e hypothesized that initially photorefractory male

uncos exposed to SD would regain photosensitivity
nd restoration of photosensitivity would concur with
ncreased brain GnRH expression and with decreased
IP expression. Our results support the idea that VIP
articipates in the neuroendocrine changes that take
lace when birds become photorefractory as well as
hen photorefractoriness is dissipated.

ATERIALS AND METHODS

Hatching-year male dark-eyed juncos were caught
rom the local population in Fairbanks, Alaska (65° N,

48° W) in the fall of 1993 and transferred to the

Copyright r 2000 by Academic Press
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aboratory where they were housed in individual
ages and exposed to SD (10 L:14 D) until January 14,
994. At this time, birds were randomly divided into
our groups. Three groups were transferred to one of
he following light regimes until sacrificed on October
0, 1994: short-term photosensitive group (ST-PS; n 5 5):
D (15 L:9 D) until May 6, 1994, then SD (8 L:16 D);

ong-term photosensitive group (LT-PS; n 5 5): SD (10
:14 D) until May 6, 1994, then SD (8 L:16 D); and
hotorefractory group (PR; n 5 5): LD (15 L:9 D).
To confirm that the ST-PS group was photosensitive
hen sacrificed, a fourth group (photostimulated

roup; CONT-PS; n 5 7) was treated as the ST-PS
roup until October 20, 1994. On this date (D0),
ONT-PS males were transferred to LD (20 L:4 D) for
2 days and then sacrificed. One day before this
ransfer (D 2 1) as well as approximately every 4 days
hereafter, we measured the cloacal protuberance (CP,
n androgen-sensitive secondary sexual characteristic:
chwabl and Farner, 1989; Deviche, 1995) width of
hese males to the nearest 0.1 mm with calipers. In
ree-living male juncos, seasonal changes in CP size
orrelate with changes in testis mass (Deviche et al.,

IG. 1. Schematic representation of the experimental design. Male
ransferred to long days (15 L:9 D; LD) or exposed to SD (10 L:14 D, t
months of LD exposure, LD males either remained exposed to LD f
:16 D) for the same period (short-term photosensitive, ST-PS).
998) and we, therefore, predicted an increase in CP p

opyright r 2000 by Academic Press
ll rights of reproduction in any form reserved.
idth following transfer from SD to LD. To determine
hether the ST-PS, CONT-PS, and PR groups became
hotorefractory after exposure to LD starting in Janu-
ry, we examined them weekly for signs of body molt,
tarting March 3, 1994. Brains from the CONT-PS
uncos are not included in the present study. While in
aptivity, all birds were at room temperature and
eceived ad libitum food (Purina finch chow) and tap
ater supplemented with soluble vitamin (Avicon,
et-A-Mix). The experimental design is summarized in
ig. 1.
At the time of sacrifice, all subjects were euthanized
ith an overdose of anesthetic (ketamine/xylazine

olution) and perfused transcardially with 0.3 ml of
eparin solution (1000 IU/ml) immediately followed
ith 25 ml of 0.1 M phosphate buffer (PB) and 30 ml of

reshly prepared 4% paraformaldehyde solution in PB.
estes were excised and placed into 0.9% saline solu-
ion. The testicular sizes of ST-PS, LT-PS, and PR males

ere estimated visually without knowledge of the
xperimental treatment. Testes collected from CONT-PS
uncos were weighed to the nearest milligram. The top
f the cranium was removed and the heads were

were exposed to short days (10 L:14 D; SD) for 4 months, then either
:16 D) for another 9 months (long-term photosensitive, LT-PS). After
her 5 months (photorefractory, PR) or were transferred back to SD (8
juncos
hen 8 L
or anot
ostfixed in situ for 24 h at 4°C. Brains were then



d
0
m
o
C

B
g
B
t
4
s
o
t
i
r
V
p
1
f
b
S
n
G
G
r

n
(
b
(
w
T
0
i
t
s
s
a
c
m
e
o

s
m
s

n
a
i
c
e
v
1
i
(
N
r
w
(
m
n
g
t

e
r
d
p
s
c
a
m

c
(
v
t
t
c
m
s
o
t
s
t

R

c
a

Brain GnRH, VIP, and Photosensitive Condition in Dark-Eyed Juncos 11
issected out and stored at 4°C in 0.1 M PB containing
.1% sodium azide until further processed. All experi-
ental procedures were approved by The University

f Alaska Fairbanks Institutional Animal Care and Use
ommittee.
Tissue preparation and immunocytochemistry.

rains were individually embedded in a block of
elatin (8% gelatin following a coat of 4% gelatin).
locks were allowed to harden at 4°C for 2–4 h and

hen immersed in 4% paraformaldehyde solution for
8 h at 4°C in preparation for sectioning. Coronal
ections (50 µm) were cut on a vibratome from the level
f the anterior parolfactory lobe to the appearance of
he fourth nerve. Alternate sections were processed
mmunocytochemically with polyclonal antibodies
aised against either GnRH (LR-1; gift of R. Benoit) or
IP (Incstar, Stillwater, MN) following a previously
ublished and validated protocol (Saldanha et al.,
994). Studies using avian species other than juncos
ound that the LR-1 anti-GnRH antibody recognizes
rain GnRH-I, but not GnRH-II (Silver et al., 1992;
ilverman et al., 1994). Specifically, preoptic area GnRH
eurons did not stain following preabsorption with
nRH-I, but were unaffected by preabsorption with
nRH-II. Furthermore, omission of the primary antise-

um resulted in the absence of any reaction product.
Sections were serially exposed to 0.05% H2O2, 10%

ormal goat serum, primary antibody (dilution: 1:40,000
anti-GnRH) or 1:10,000 (anti-VIP); 48 h at 4°C), 1:250
iotinylated goat anti-rabbit IgG, 1:200 avidin–biotin
Vectastain), and 0.04% diaminobenzidine activated

ith 0.001% H2O2. All sera were prepared in 0.3%
riton X-100 in 0.1 M PB, and three 15-min washes in
.1% Triton X-100 in PB were performed between all
ncubations except immediately prior to incubation in
he primary antibody solution. Following processing,
ections were mounted onto gelatin-coated micro-
cope slides, dried, dehydrated by immersion into
lcohol solutions (70, 95, 95, and 100%), cleared, and
overslipped in preparation for study with a light
icroscope. To control for variations in processing,

ach immunocytochemical run included sections from
ne junco belonging to each experimental group.
Data collection and statistical analysis. Expres-

ion of GnRH in the POA was ascertained via the
easurement of (a) GnRH soma number, (b) GnRH
omal area, and (c) GnRH fiber number. The total l
umber of GnRH-positive soma was counted in five
lternate sections through the extent of the POA, from
ts rostral aspect, where the tractus septomesencephali-
us extends to the ventral surface of the brain, and
xtending caudally to the region where the third
entricle is enlarged (Stokes et al., 1974; Saldanha et al.,
994). Only soma with detectable nuclei were included
n the analysis. The somal area of 50–75 neurons
approximately 10–15 per section) was measured using
IH Image Analysis software. The number of immuno-

eactive fibers in a section in the middle of the POA
as quantified using the method of Shivers et al.

1983). Briefly, the section was aligned under high
agnification and overlaid with an ocular grid and the

umber of intersections of immunoreactive fibers with
rid segments was used as an estimate of immunoreac-
ive fiber numbers.

VIP expression in the infundibulum (INF) was also
valuated by measurement of the number of immuno-
eactive soma and somal area, using the methods
escribed for GnRH (vide supra). The number of VIP-
ositive soma was counted in six to eight alternate
ections through the entire INF. All the neuroanatomi-
al data were collected by an investigator who was not
ware of the experimental condition of the animals to
inimize potential biases in data analysis.
Neuron numbers and sizes and fiber numbers were

ompared across groups using analysis of variance
ANOVA) with photosensitive condition as the main
ariable. Post hoc Fisher least significance difference
ests were used to determine specific differences be-
ween groups. For the neuron size measures, the mean
ell area was computed for each bird and individual
eans were compared across groups. Changes in CP

izes over time in CONT-PS birds were analyzed using
ne-way ANOVA for repeated measures. CP sizes after
ransfer of these birds to LD were compared to pre-
timulation sizes using Dunnett’s method tests. Statis-
ical significance level was in all cases set at a 5 0.05.

ESULTS

Verification of photosensitivity and photorefractory
ondition. LT-PS males showed no sign of body molt
t any time. Fifteen of 17 males that were photostimu-

ated starting in January 1994 were molting on March

Copyright r 2000 by Academic Press
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, 1994, and the remaining 2 males started to molt
ithin the following few weeks, suggesting that they

ecame photorefractory. Thirteen males had com-
leted molt 1 day before transfer of ST-PS and CONT-PS
roups from LD to SD on May 6.
The CP widths of CONT-PS juncos gradually in-

reased after transfer from 8 L:16 D to 20 L:4 D. A
tatistical difference between pre- and poststimulation
izes was reached after 14 days of exposure to LD (Fig.
). When sacrificed, these males also had partially
eveloped testes (mean 6 sd: 112 6 75 mg) whereas
irds belonging to the three other groups had small
estis sizes (median testis length: ,0.5 mm; maximum:

mm). Thus, ST-PS (and, by extension, also LT-PS)
roups were photosensitive when sacrificed. Although
estis lengths were small in PR, ST-PS, and LT-PS
uncos, these groups differed (Kruskall–Wallis one-

ay ANOVA on ranks: P , 0.001). All PR and ST-PS
ales had testis lengths not exceeding 0.5 mm, but

T-PS males had slightly larger testes (median and
nterquartile interval: 1 mm (1–1.38 mm); Student–

ewman–Keuls test comparisons with PR and ST-PS
roups: P , 0.05).
GnRH expression. The junco hypothalamus con-

ains numerous GnRH-expressing neurons and fibers
cattered through the anterior–posterior extent of the

IG. 2. Changes in cloacal protuberance width (mean 6 standard d
o 15 L:9 D on Day 0. *P , 0.05, comparison with prestimulation size
iencephalon. Most of the neuronal staining is ob- i

opyright r 2000 by Academic Press
ll rights of reproduction in any form reserved.
erved close to the midline, but some dispersed peri-
arya are seen more laterally. GnRH-like immunoreac-
ive (GnRH-li ir) somas were observed in the preoptic
rea, nucleus of the lateral hypothalamus, paraventricu-
ar nucleus of the hypothalamus, periventricular
ucleus, and the nucleus of the pallial commissure.
nRH-li ir fibers were observed at all the above loci as
ell as in the lateral septum (SL), infundibulum, and
edian eminence (ME). Since previous work on juncos

ad identified changes in GnRH-li ir in the POA as a
unction of photoperiodic condition (Saldanha et al.,
994), we quantified immunoproduct only in this area.
GnRH expression across photosensitive states. Ex-

erimental groups differed with respect to POA
nRH-li ir neuron (ANOVA: F2,14 5 10.06, P 5 0.003)

nd fiber (id: P 5 0.0001) numbers as well as neuronal
reas (id: P 5 0.0001; Fig. 3). PR males had fewer
mmunostained perikarya and fibers and smaller neu-
on areas than ST- and LT-PS males (Fig. 4). Although
ot quantified, the intensity of staining was noticeably

ighter in cells and fibers of PR than in those of
hotosensitive birds. The two photosensitive groups
ad similar numbers of POA GnRH-li ir neurons and
oma sizes. However, LT-PS males had more immu-
opositive fibers than ST-PS males.
VIP expression. The expression of VIP is surpris-

n) of adult male dark-eyed juncos (n 5 7) transferred from 10 L:14 D
-1; Dunnett’s method test).
eviatio
s (Day
ngly sparse in the junco diencephalon. Although ir
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Brain GnRH, VIP, and Photosensitive Condition in Dark-Eyed Juncos 13
bers course along the midline toward the ME, VIP-li
r soma are observed only in the infundibulum (Fig. 5).
hese cells are numerous and clustered around the

hird ventricle. Another group of VIP-li ir cells is seen
ore rostrally within the telencephalic SL. Since

hanges in VIP-li ir have been described across photo-
ensitive states in the infundibular, but not the septal,
roup of VIP neurons (Saldanha et al., 1994), we
easured ir signal only in the infundibulum.
VIP expression across photosensitive states. The

umbers of INF VIP-li ir cells did not differ among
roups (Fig. 6), but there were differences in soma sizes
ANOVA: F2,14 5 28.00, P 5 0.0001). PR birds had larger
IP-li ir soma than ST- or LT-PS groups. There was no
ifference between ST- and LT-PS males (Fig. 6).

ISCUSSION

Previous studies on birds identified marked changes

IG. 3. Gonadotropin-releasing hormone-like immunoreactive neu
eviations) in the preoptic area of photorefractory (PR), short-term
ark-eyed juncos (n 5 5/group). For a given parameter, columns w
ignificant difference test).
n POA GnRH synthesis (Parry et al., 1997) and content c
Dawson et al., 1986; Millam et al., 1995; Dawson and
oldsmith, 1997) as a function of the reproductive

ondition. Generally, birds that are undergoing go-
adal regression or are photorefractory have less hypo-

halamic GnRH than do photosensitive subjects (Fos-
er et al., 1987; Saldanha et al., 1994; Cho et al., 1998).
he present investigation confirms and extends these
ndings. Photosensitive males were exposed to LD
ntil they became photorefractory, as indicated by
ody molt (Nicholls et al., 1988; Dawson, 1997). At this
oint, they were either held on LD to maintain refracto-
iness or transferred to SD to restore photosensitivity
nd then sacrificed. Restoration of photosensitive con-
ition in ST-PS males at the time of sacrifice was
onfirmed by the results obtained for CONT-PS males.
s expected, the reproductive system (testis sizes,

loacal protuberance widths) of these males recru-
esced within weeks of photostimulation. The results
emonstrate that restoration of photosensitivity corre-

ates with an increased number and size of GnRH-
ontaining neurons as well as with increased GnRH-

mbers, neuronal soma areas, and fiber numbers (means 1 standard
sensitive (ST-PS), and long-term photosensitive (LT-PS) adult male
different superscript letter differ statistically (P , 0.05, Fisher least
ron nu
photo
ith a
ontaining nerve fiber numbers in the POA. These

Copyright r 2000 by Academic Press
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IG. 4. Photomicrographs depicting the distribution of gonadot
hotorefractory (A), short-term photosensitive (B), and long-term p
ropin-releasing hormone-like immunoreactivity in the preoptic area of
hotosensitive (C) adult male dark-eyed juncos. All photomicrographs are

aken at the same magnification. V, third ventricle.
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Brain GnRH, VIP, and Photosensitive Condition in Dark-Eyed Juncos 15
hanges took place in birds held on SD and, therefore,
id not require photostimulation. Similarly, Dawson
nd Goldsmith (1997) found that POA GnRH concen-
ration increases after transfer of LD-exposed photore-
ractory European starlings to SD. It is unknown how
ong photorefractory juncos must be exposed to SD for
ypothalamic GnRH expression to increase. It is likely

IG. 5. Low- (top) and high- (bottom) power magnification photom
ike immunoreactive cell bodies and fibers in the infundibulum an
entricle.
hat considerably less than the 5 months used in this g
tudy is necessary because GnRH levels in hypo-
halami of starlings were elevated after transfer from
D to SD for as little as 10 days (Dawson and
oldsmith, 1997).
Photorefractory and photosensitive SD-exposed jun-

os have an inactive pituitary–gonadal axis (but see
elow) as assessed by plasma LH concentrations and

aphs showing the distribution of vasoactive intestinal polypeptide-
edian eminence (ME) of an adult male dark-eyed junco. V, third
icrogr
d the m
onadal sizes (Saldanha et al., 1994). These birds,
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owever, differ in that photosensitive birds have more
ypothalamic GnRH than photorefractory birds. Inac-

ivity of the pituitary–gonadal axis in photosensitive,
ut nonphotostimulated, birds presumably results from
lack of release rather than synthesis of the peptide

nd dissipation of photorefractoriness in juncos, as in
ther species (Dawson and Goldsmith, 1997), is there-
ore probably associated with increased production

ithout concurrent release of GnRH. It should, how-
ver, be noted that photosensitive males that were
xposed to SD for 5 months had similar POA GnRH-
ontaining neuron numbers and sizes, but fewer
nRH-li ir nerve fibers and smaller testes than males

IG. 6. Vasoactive intestinal polypeptide-like immunoreactive neu-
on numbers and neuronal soma areas (means 1 standard devia-
ions) in the infundibulum of photorefractory (PR), short-term
hotosensitive (ST-PS), and long-term photosensitive (LT-PS) adult
ale dark-eyed juncos (n 5 5/group). For a given parameter, col-

mns with a different superscript letter differ statistically (P , 0.05,
isher least significant difference test).
xposed to SD for 13 consecutive months. Thus, e

opyright r 2000 by Academic Press
ll rights of reproduction in any form reserved.
rolonged (i.e., more than 5 months) exposure to SD
ay have been associated with some release of GnRH

hat induced a modest, but detectable activation of the
ituitary–gonadal axis. Other investigations support

he hypothesis that changes in hypothalamo–pituitary–
onadal axis activity can occur in SD-exposed birds
hat are regaining or have regained photosensitivity.
or example, pituitary stores of FSH in starlings

ncrease after prolonged exposure to SD, indicating a
elease of GnRH from the median eminence (Dawson
t al., 1986). Further, several species show a subtle, but
eal pituitary–gonadal axis stimulation when regain-
ng photosensitivity under SD (canary, Serinus ca-
arius, Nicholls and Storey, 1976; rook, Corvus frugile-
us, Lincoln et al., 1980; European starling, Dawson,
983). Finally, dissipation of photorefractoriness is a
rogressive rather than an all-or-none process (Boulak-
ud and Goldsmith, 1995; Dawson and Goldsmith,
997). For example, initially photorefractory Harris’
parrows (Zonotrichia querula) require 13 weeks of SD
xposure to achieve full photosensitivity (Wilson, 1992)
s measured by testicular growth rate after transfer to
D. Similarly, in castrated male Japanese quail (Cotur-
ix coturnix japonica), 5 weeks of SD exposure are
ecessary to fully restore LH response to photostimula-

ion (Follett and Pearce-Kelly, 1990). Although juncos
xposed to SD for 5 months were photosensitive,
omplete dissipation of photorefractoriness in this
pecies may require additional time.

In turkeys (Meleagris gallopavo; Mauro et al., 1992)
nd dark-eyed juncos (Saldanha et al., 1994) develop-
ent of photorefractoriness is associated with high

ypothalamic VIP expression. The present study ex-
ends these findings, demonstrating that reestablish-

ent of photosensitivity is associated with decreased
rea of infundibular VIP-containing neurons, but no
hange in numbers of detectable neurons. In contrast,
uncos that were refractory as a result of prolonged LD
xposure had more VIP-li ir neurons than photosensi-
ive birds that were or were not photostimulated
Saldanha et al., 1994). Further research is necessary
efore it can be concluded with certainty that the
hanges in VIP-containing neuron characteristics that
ccur as a function of the photoperiodic condition
epresent alterations of the peptide synthesis. Neverthe-
ess, the results suggest that brain GnRH and VIP

xpressions change in opposite directions when birds
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ecome photorefractory as well as when they regain
hotosensitivity.
VIP is the main hypothalamic neuropeptide control-

ing prolactin release in birds (Lea et al., 1991; El
alawani et al., 1995). Plasma concentrations of prolac-

in are low in photosensitive birds kept on SD, increase
uring photostimulation, and are highest at the onset
f photorefractoriness (Goldsmith, 1985; Nicholls et al.,
988; Dawson, 1997). This hormone inhibits the repro-
uctive system (Buntin and Tesch, 1985; Janik and
untin, 1985; Juss, 1993). Thus, elevated circulating
rolactin concentrations when birds become photore-

ractory and shortly thereafter probably contribute to
he rapid involution of reproductive tissues that takes
lace at this time (Dawson and Sharp, 1998). VIP may,

herefore, participate in the inactivation of the hypothal-
mo–pituitary–gonadal axis that characterizes the on-
et of photorefractoriness indirectly by stimulating
rolactin secretion.
VIP receptors are present in various diencephalic

egions of the pigeon (Columba livia) brain including
reas rich in GnRH cells and fibers such as the lateral
eptum, POA, and median eminence (Hof et al., 1991).
urther, there is a close association between VIP-
xpressing terminals and GnRH-expressing dendrites
n the lateral septum of this species (Kiyoshi et al.,
998). A similar association between VIP-li ir axons,
IP receptors, and GnRH-li ir dendrites may exist in

he junco as suggested by previous studies on this
pecies showing an overlap between VIP- and GnRH-
xpressing elements in the septum and POA (Saldanha
t al., 1994). This association may underlie a mecha-
ism whereby elevated VIP may inhibit GnRH during
hotorefractoriness, and a decrease in this inhibition
ay permit hypothalamo–pituitary–gonadal axis activ-

ty during the reestablishment of photosensitivity.
Low infundibular VIP content in birds that have

egained photosensitivity as a result of SD exposure
ay also be of physiological significance when these

irds are exposed to LD. When transferred from SD to
D, photosensitive birds can respond by a rapid

within 1 day) activation of their hypothalamo–
ypophyseal system including GnRH release (Perera
nd Follett, 1992) and elevated plasma LH levels
Follett et al., 1975; Meddle and Follett, 1997). The rapid

ransduction of photic information into a neuroendo- D
rine response may be facilitated by the fact that
ypothalamic VIP content is then relatively low.
In conclusion, it appears that VIP may have an

mportant role in the regulation of seasonal cycles and
ay be part of the neuroendocrine processes that
ediate transition from one condition of photosensitiv-

ty to another. Further research is warranted to identify
nd localize avian brain VIP receptors in photoperi-
dic species and to define the mechanism responsible
or the anti-gonadotropic activity of this neuropeptide
n birds. Additional research is also necessary to
valuate the functional relationships between GnRH
nd VIP at different stages of the reproductive cycle.
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