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subcutaneous E2 implants failed to alter colocalization, sug-
gesting that the colocalization effects in experiment 1 were 
solely androgenic. LET treatment also did not affect VT im-
munoreactivity in a manner reversible by E2 treatment. Fi-
nally, comparisons of VT immunoreactivity in breeding and 
nonbreeding individuals of several estrildid species demon-
strate that year-round stability of VT immunoreactivity is 
found only in highly opportunistic species, and is therefore 
not essential to the maintenance of long-term pair bonds, 
which are ubiquitous in the Estrildidae. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Physiological mechanisms that underlie the expres-
sion of reproductive behaviors have been most extensive-
ly examined in vertebrate species that occupy predictable, 
seasonal habitats. In such species, sex hormone levels, nu-
merous hormone-sensitive brain circuits, and behaviors 
associated with reproduction often fluctuate in a cyclical 
pattern that is tightly coupled to season [Marler et al., 
2003; Wingfield, 2008; Hahn et al., 2009; Small and 
Moore, 2009]. One of the most dramatic examples is the 
arginine vasotocin/vasopressin (VT/VP) neuropeptide 
system that arises from neurons within the extended 
amygdala (specifically, the bed nucleus of the stria termi-
nalis, BSTm) and projects to numerous areas of the basal 
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 Abstract 

 In most vertebrate species, the production of vasotocin (VT; 
non-mammals) and vasopressin (VP; mammals) in the me-
dial bed nucleus of the stria terminalis (BSTm) waxes and 
wanes with seasonal reproductive state; however, opportu-
nistically breeding species might need to maintain high lev-
els of this behaviorally relevant neuropeptide year-round in 
anticipation of unpredictable breeding opportunities. We 
here provide support for this hypothesis and demonstrate 
that these neurons are instead regulated ‘cryptically’ via 
 hormonal regulation of their activity levels, which may be 
rapidly modified to adjust VT signaling. First, we show that 
combined treatment of male and female zebra finches (Es-
trildidae:  Taeniopygia guttata ) with the androgen receptor 
antagonist flutamide and the aromatase inhibitor 1,4,6-an-
drostatriene-3,17-dione does not alter the expression of VT 
immunoreactivity within the BSTm; however, both hormon-
al treatment and social housing environment (same-sex ver-
sus mixed-sex) alter VT colocalization with the immediate 
early gene product Fos (a proxy marker of neural activation) 
in the BSTm. In a second experiment, manipulations of estra-
diol (E2) levels with the aromatase inhibitor letrozole (LET) or 
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forebrain, particularly the lateral septum (LS) [Buijs et al., 
1986; Voorhuis et al., 1988; Crenshaw et al., 1992; Vigliet-
ti-Panzica et al., 1992; Wang and De Vries, 1993; reviews: 
De Vries and Panzica, 2006; Goodson, 2008; Boyd, 1994; 
Dubois-Dauphin et al., 1994; Lakhdar-Ghazal et al., 1995; 
Plumari et al., 2004; Kabelik et al., 2008]. Levels of VT 
and its mammalian homologue VP are highly dependent 
on circulating steroid hormone levels and thus often vary 
with hormonal changes across breeding season and pho-
toperiod [e.g., Moore et al., 2000; Kabelik et al., 2008; 
Rasri et al., 2008; reviews: De Vries and Boyle, 1998; 
Goodson and Bass, 2001]. These seasonal changes might 
be relevant for numerous behaviors that are influenced 
by VT/VP, such as communication, pair bonding, aggres-
sion, social recognition, non-sexual affiliation, and pa-
rental behaviors [Goodson and Bass, 2001; Marler et al., 
2003; De Vries and Panzica, 2006; Lim and Young, 2006; 
Caldwell et al., 2008; Veenema and Neumann, 2008]. 

  In contrast to animals that occupy predictably season-
al habitats, animals that inhabit highly unpredictable en-
vironments must breed opportunistically following the 
onset of favorable conditions, which in the most extreme 
cases can occur at any time of the year [Skead, 1975; Per-
fito et al., 2007; Hahn and MacDougall-Shackleton, 2008; 
Hahn et al., 2009]. The zebra finch (Estrildidae:  Taenio-
pygia guttata ) is an excellent example from this extreme 
end of the continuum. Zebra finches are arid-adapted in-
habitants of the Australian desert that initiate breeding 
following periods of rainfall, regardless of the time of 
year or current hormone levels [Zann, 1996; Cynx, 2001; 
Perfito et al., 2007]; however, the breeding response to 
rainfall is complex. Reproduction is timed such that the 
young hatch when the grasses begin to seed, and zebra 
finches flexibly modify their timing to match seasonal 
variation in the rate of grass growth. In winter, breeding 
might not occur until three months after drought-break-
ing rains, but notably, such long delays are observed only 
for the initiation of breeding after periods of non-permis-
sive conditions. For most of the year, at least some pairs 
can be found breeding, and at these times the reproduc-
tive response to rainfall is immediate [Immelmann, 1965; 
Zann, 1996; Morton, 2009].

  Given the importance of VT/VP for behaviors associ-
ated with breeding, we hypothesized that opportunistic 
species should be adapted to maintain a functional BSTm 
VT/VP system year-round, regardless of reproductive 
state or hormone levels. We therefore predicted that ana-
tomical variables such as VT-immunoreactive (-ir) cell 
number, cell size, and the density of peptide within cells 
and fibers would remain constant following pharmaco-

logical blockade of androgen receptors and inhibition of 
the enzyme aromatase (which is necessary to convert tes-
tosterone, T, to estradiol, E2). Furthermore, we hypoth-
esized that hormonal state might nevertheless influence 
VT neuronal activity, but more ‘cryptically’ via regula-
tion of baseline transcriptional activity, which would 
provide a means for rapid adjustments in VT neuronal 
function. Finally, we hypothesized that social factors 
(same-sex versus mixed-sex housing) would likewise in-
fluence VT neuronal activity, given that VP circuitry of 
the BSTm is influenced by the developmental social en-
vironment [Bester-Meredith and Marler, 2001; Frazier et 
al., 2006] and that VP mRNA increases in monogamous 
male prairie voles following cohabitation with a female 
[Wang et al., 1994].

  To this end, we conducted two experiments. First, we 
treated male and female zebra finches with the androgen 
receptor antagonist flutamide (FLU) in conjunction with 
the aromatase inhibitor 1,4,6-androstatriene-3,17-dione 
(ATD) in order to assess the effects of inhibiting andro-
genic and estrogenic systems on VT neuroanatomy and 
baseline activity levels (as assessed by colocalization of 
VT neurons in the BSTm with the immediate early gene 
product Fos). Furthermore, the subjects were housed in 
either same-sex housing, or in mixed-sex housing with 
nests and nesting material in order to determine the ef-
fects of social environment on the VT system. Careful 
examination of female oviduct mass and hormone levels, 
however, revealed that the ATD treatment was not fully 
effective at preventing E2 production [cf. Soma et al., 
1999]. Hence, we conducted a second experiment in 
which we treated male and female zebra finches (all in 
mixed-sex housing) with the aromatase inhibitor letro-
zole (LET) in order to impair estrogenic signaling, and we 
also examined the effects of E2 replacement.

  These experiments were designed to determine wheth-
er the VT system of zebra finches shows adaptations to an 
unpredictable habitat. In considering the potential differ-
ences between zebra finches and other species in which 
VT/VP circuits have been examined, however, it is im-
portant to consider that they differ not only in their ex-
treme opportunism, but also in their year-round mainte-
nance of socially monogamous pair bonds, which are 
typically life-long [Zann, 1994, 1996]. Furthermore, un-
like other species that have been examined, zebra finches 
also aggregate year-round in large groups that often num-
ber over 100 individuals [Zann, 1996]. Thus, given the 
importance of VT/VP for pair bonding in mammals and 
sociality in birds [Lim and Young, 2006; Carter et al., 
2008; Donaldson and Young, 2009; Goodson and Kabe-
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lik, 2009], it might be the case that year-round stability in 
VT circuitry is an adaptation to either long-term pair 
bonding or extreme sociality, in addition to (or perhaps 
instead of) being an adaptation to an unpredictable envi-
ronment. 

  Thus, in order to assess the relative importance of so-
ciality and pair bond maintenance versus opportunism, 
we also conducted a third experiment in which we com-
pared VT cell numbers in four species of estrildids during 
both reproductive and non-reproductive periods. All of 
the species maintain pair bonds year-round, but they dif-
fer in their degree of sociality. If VT stability is an adapta-
tion to opportunistic breeding, but not pair bond main-
tenance or sociality, we predict that VT cell numbers will 
be similar across reproductive contexts in the more op-
portunistic species (zebra finch; violet-eared waxbill, 
 Uraeginthus granatina ; and Angolan blue waxbill,  Urae-
ginthus angolensis ; the latter two being African desert 
species), but not in the semi-opportunistic spice finch 
 (Lonchura punctulata) , an Indo-Asian species. Although 
spice finches are highly flexible in their breeding [Immel-
mann, 1965], they nonetheless exhibit pronounced en-
dogenous rhythms of reproductive physiology that cor-
relate with monsoon cyclicity and, unlike zebra finches, 
they exhibit photorefractoriness [Goodwin, 1982; 
Chaturvedi and Prasad, 1991; Sikdar et al., 1992; Hahn 
and MacDougall-Shackleton, 2008]. In contrast, if VT 
stability is an adaptation to sociality, then we expect to 
observe VT stability in the highly social zebra finch and 
spice finch, and perhaps in the modestly gregarious An-
golan blue waxbill, but not in the territorial violet-eared 
waxbill, which occurs in male-female pairs year-round 
[Goodwin, 1982].

  Subjects and Methods 

 Subjects 
 Domestic zebra finches and wild-caught spice finches were 

obtained from commercial suppliers. Waxbills were wild-caught 
in South Africa or lab-raised from wild-caught animals. Birds in 
all experiments were housed on a 14L:10D photoperiod with ad 
libitum access to finch mix and vitamin-enriched water. Subjects 
were treated humanely and in accordance with institutional and 
federal guidelines. Collections of wild birds were conducted un-
der all applicable permits.

  Experiment 1: ATD+FLU 
  Experimental Design and Manipulations.  Twenty-seven indi-

viduals of each sex were used for this experiment, in which 15 
males and 15 females were administered a single subcutaneous 
silastic implant containing ATD (Sigma-Aldrich, St. Louis, Mo., 
USA; i.d. 1.47 mm, o.d. 1.96 mm, total length 1.4 cm, steroid pack-

ing length of 1 cm) and another implant containing FLU (Sigma-
Aldrich; same dimensions and packing length as above). The re-
maining 12 males and 12 females were given two empty control 
(CTRL) implants. Within each sex, eight of the 15 ATD+FLU an-
imals and seven of the 12 CTRL implant animals were housed in 
mixed-sex housing, and the remaining seven ATD+FLU and five 
CTRL animals were housed in same-sex conditions. Implants 
were checked daily. Four individuals were eliminated from analy-
ses after losing implants (two same-sex males, one mixed-sex 
male, and one mixed-sex female, all ATD+FLU). One additional 
male (mixed-sex, CTRL) was eliminated due to illness.

  After receiving implants, zebra finches were housed for three 
weeks in cages containing four individuals each (either same-sex 
or mixed-sex, as specified above). Two of the four animals in each 
cage were subjects and the remaining two were non-manipulated 
animals from our colony. Treatment assignments per cage were 
counterbalanced and mixed-sex groups contained an equal num-
ber of males and females. Cages were 46 cm wide  !  46 cm high 
 !  36 cm deep. Mixed-sex cage subjects were provided with plas-
tic nesting cages and shredded burlap (nesting material). Any eggs 
laid were removed to prevent the onset of parental behaviors.

  Most birds in the mixed-sex group were likely pair bonded, 
although individual pair bond assessments were not conducted. 
Single zebra finches are highly motivated to pair bond and pairs 
often form within minutes of introduction, both in the laboratory 
and in the field [Clayton, 1990; Kabelik et al., 2009]. Most single 
birds will pair within a few days, and importantly, pairing is not 
influenced by reproductive state. For instance, experimental mate 
removal in non-breeding, free-living zebra finches is followed by 
rapid re-pairing [Zann, 1996]. Thus, the present manipulations of 
endocrine state likely did not influence bonding. In addition, ze-
bra finch partner preferences cannot be induced by exogenous VT 
[Goodson et al., 2004b] and normal pair bond formation in a col-
ony setting is not impeded by chronic blockade of central V 1 -like 
receptors [Kabelik et al., 2009]. 

  Three weeks after receiving implants, subjects were captured 
in the early morning, prior to lights-on (in order to ensure base-
line Fos activity levels within the brain). The subjects were rap-
idly bled from the alar wing vein and euthanized with isoflurane. 
Subjects were transcardially perfused with 0.1  M  phosphate-buff-
ered saline (PBS; pH 7.4), followed by 0.4% paraformaldehyde. 
Testes and ovaries were removed and weighed (we failed to obtain 
testes mass for one male). Brains were removed, postfixed over-
night, and cryoprotected in 30% sucrose in PBS for 48 h before 
sectioning on a cryostat. 

   Radioimmunoassay.  Efficacy of implant treatment was veri-
fied by radioimmunoassay. Blood samples were centrifuged and 
plasma fractions were frozen at –80   °   C until assayed. Plasma sam-
ples were assayed for T and E2 levels following methods adapted 
from Moore [1986]. Assays were run using T antibody from Wien 
Laboratories Inc (now Fitzgerald Industries International, Con-
cord, Mass., USA) and E2 antibody from Biogenesis Ltd. (Poole, 
UK). Briefly, samples were equilibrated overnight with 2,000 cpm 
of radioactive hormone for determination of individual recover-
ies. Steroids were extracted from plasma using 30% ethyl acetate 
in isooctane and separated by stepwise elution using celite chro-
matography. Collected fractions were dried down, resuspended in 
PBS, and assayed. Based on an average plasma volume of 55  � l, 
the minimum detectable values were 293 pg/ml for T and 81 pg/
ml for E2.
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   Immunocytochemistry.  Brain tissue was cut on a cryostat into 
three series of 40- � m free-floating sections, one of which was 
used in this study. Immunocytochemistry was performed accord-
ing to standard procedures [e.g., Goodson et al., 2009b; Kabelik 
et al., 2010]. Tissue was rinsed 5  !  10 min in PBS. This was fol-
lowed by 20 min in 10 m M  sodium citrate (pH 9.5; heated to 70   °   C 
in a water bath), which unmasks antigens, and then 1 h in PBS + 
5% bovine serum albumin (BSA) + 0.3% Triton-X-100. Following 
this block step, sections were incubated for 40 h at 4   °   C in guinea 
pig anti-VP (Bachem, Torrance, Calif., USA) and rabbit anti-Fos 
(Santa Cruz Biotechnology, Santa Cruz, Calif., USA), both at a 
concentration of 1  � g/ml in PBS + 2.5% BSA + 0.3% Triton-X-100. 
This was followed by 2  !  30 min rinses in PBS; 1 hr in a goat 
anti-guinea pig secondary conjugated to biotin (8  � g/ml; Vector 

Laboratories, Burlingame, Calif., USA); 2  !  15 min rinses in PBS; 
2 h in streptavidin conjugated to Alexa Fluor 488 (3  � g/ml; Invi-
trogen, Carlsbad, Calif., USA) plus goat anti-rabbit secondary 
conjugated to Alexa Fluor 594 (6  � g/ml; custom cross-adsorbed 
against guinea pig IgG, Invitrogen) for 2 h. All secondary steps 
were conducted at room temperature in PBS + 2.5% BSA + 0.3% 
Triton-X-100. Following extensive rinsing in PBS, tissue was 
mounted on slides subbed with gelatin and chrome alum and cov-
erslipped with ProLong Gold mounting medium containing 
DAPI nuclear stain (Invitrogen). Brains in this study were labeled 
in four runs, each containing a balance of groups and sexes.

   Photomicroscopy and Data Analysis.  The BSTm was photo-
graphed bilaterally above the anterior commissure, and at a level 
just caudal to the anterior commisure ( fig. 1 ). We also captured 

A B

C

  Fig. 1.  Photomicrographs of VT-ir cells 
and fibers (Alexa Fluor 488; green), Fos-ir 
nuclei (Alexa Fluor 594; red), and DAPI 
nuclear stain (blue; for visualization of 
brain structure) in control-treated male 
zebra finches that had been housed with 
females in experiment 2. The low-magni-
fication images   show the medial bed nu-
cleus of the stria terminalis (BSTm) and 
lateral septum (LS) at the level of the ante-
rior commissure (AC;  A ) and just caudal to 
the commissure ( B ). Examples of VT-Fos 
colocalization are shown in panel  C . Ab-
brev.: BSTl, lateral bed nucleus of the stria 
terminalis; CcS, caudocentral septum; 
CoS, commissural septal nucleus; LSc, 
caudal division of the LS (d, dorsal zone; l; 
lateral zone; v, ventral zone; vl, ventro-
lateral zone); MS, medial septum; MSt, 
medial striatum; N, nidopallium; nPC, 
nucleus of the pallial commissure; OM, 
occipitomesencephalic tract; PC, pallial 
commissure; POM, medial preoptic nucle-
us; PVN; paraventricular nucleus of the 
hypothalamus; SH, septohippocampal 
septum; v, ventricle. Scale bars = 200  � m 
in  A  and  B , and 20  � m in  C . 
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images of the LS (a major target of VT projections from the BSTm) 
at middle and caudal levels. Monochrome images of each color 
channel were captured using a Zeiss AxioImager microscope 
(Carl Zeiss Inc., Göttingen, Germany) outfitted with a  Z -drive 
and a Zeiss Apotome optical dissector (which yields focal plane 
resolution at near-confocal levels), a Zeiss Axiocam HRm camera 
and a high intensity X-Cite fluorescence illuminator (EXFO Pho-
tonic Solutions Inc., Mississauga, Ont., Canada). Images were 
captured in Zeiss AxioVision 4.6.3.0 and exported into Photoshop 
CS4 (Adobe Systems Inc., San Jose, Calif., USA). Data for all sub-
jects were collected using standardized acquisition parameters.

  Counts of VT-ir cells and VT-ir cells that were double-labeled 
for Fos were conducted blind to treatment and by a single observ-
er. During the counting process, each cell was assigned a number 
using the ‘count’ feature in Photoshop. For optical density mea-
surements of VT-ir neurons, we selected a subset of these cells 
(five per image; 20 total per subject) from the total number
per section. Using Research Randomizer Form v.4.0 (www.
randomizer.org), we randomly selected five of the numbered 
cells. Four subjects possessed fewer than 20 cells (10–18) and so 
all available cells were used for analysis. The mean optical den-
sity of the pixels comprising these cells was then obtained by out-
lining them using the ‘lasso’ tool, and noting the mean intensity 
level in the expanded histogram window. In order to quantify VT-
ir fiber densities within the septum, circular ‘area of interest’ out-
lines (AOIs) were then placed in the caudocentral septum and in 
numerous LS subdivisions including the rostral division and the 
lateral, dorsal, ventral, and ventrolateral zones of the caudal divi-
sion [see Goodson et al., 2004a]. A control AOI was also placed 
over the medial septum, which is devoid of VT fibers. The ‘magic 
wand’ tool was then used to choose the entire area within the AOI, 
and a mean intensity value was again recorded from the histo-
gram window. The optical density of the medial septum was in-
cluded as a covariate in all optical density analyses in order to 
control for variation in tissue autofluorescence. Higher optical 
density measures indicate higher levels of fluorescence.

  In order to quantify treatment effects on hormone levels, VT 
cell number, percent colocalization, cell areas, and optical density 
measures, we used three-way (sex  !  implant type  !  housing 
condition) analyses of variance (ANOVAs). Separate two-way 
ANOVAs were used to determine the effects of implant type and 
housing condition on testes mass in males, and on oviduct mass 
in females. Testes and oviduct mass, hormone levels, and VT-ir 
cell counts and optical density measures were positively skewed 
and thus log 10  transformed for analyses. 

  Experiment 2: LET+E2 
 The 18 male and 18 female zebra finches used in this study 

each received a subcutaneous implant plus three weeks of daily 
LET treatments (given orally). Six subjects of each sex were as-
signed to either: (1) CTRL group: an empty implant and 20  � l 
daily of 0.9% saline vehicle; (2) LET group: an empty implant and 
20  � l daily of 10 mg/ml LET (Fisher Scientific, Pittsburgh, Pa., 
USA); or (3) LET+E2 group: an implant containing E2 (Sigma-
Aldrich; i.d. 1.47 mm, o.d. 1.96 mm, total length 0.9 cm, steroid 
packing length of 0.5 cm) and 20  � l daily of 10 mg/ml LET 
(LET+E2). The LET or vehicle was administered with the lights 
off and only using a small flashlight, and by delivering the appro-
priate dose directly to the mouth using a micropipette. 

  In order to allow time for the collection of all subjects’ brains 
following the same duration of treatment, we divided the subjects 
into six cohorts which were started and ended staggered by one-
day intervals. The total duration of experimental treatment (21 
days) was identical for each cage. One male and one female from 
each of the three treatment groups (six birds total) were given im-
plants and housed together in each cage (60 cm wide  !  40 cm 
high  !  36 cm deep). Four plastic nests and shredded burlap were 
provided in each cage, and all laid eggs were removed within a 
24-hour period. 

  The 20  � l oral dose of LET was based on previous research on 
zebra finches [Lee et al., 2007]; however, because several birds be-
came ill, we cut the LET and vehicle doses in half. This occurred 
approximately midway through the experiment, although the ex-
act day of treatment varied across cages as not all cage groups be-
gan on the same day. Importantly, because each cage initially con-
tained an equal number of subjects from each treatment group, 
this change in dosage was equal across all groups. In total, three 
LET+E2 females and one LET male died and another LET female 
was removed due to sickness.

  Tissue collection, hormone assays, and photomicroscopy were 
conducted as above. Based on an average plasma volume of 113  � l, 
the minimum detectable hormone values were 24 pg/ml for T and 
26 pg/ml for E2. Immunocytochemistry was conducted as above, 
except that donkey secondary antibodies were used and thus don-
key serum was substituted (at double the concentration) for BSA 
and the immunocytochemistry was conducted across three coun-
terbalanced runs. Statistical analyses were conducted as above ex-
cept that housing treatment was not included because all subjects 
were in mixed-sex housing. Student’s t post-hoc analyses were 
conducted with  �  = 0.05 as the significance level.

  Experiment 3: Estrildid Species Comparison 
 Using tissue from four species of estrildids, we compared VT-

ir cell numbers in the BSTm of animals that were sacrificed in 
reproductive condition and those that were sacrificed in non-re-
productive condition. A total of 45 violet-eared waxbills (23 fe-
males, 22 males), 43 Angolan blue waxbills (21 females, 22 males), 
25 spice finches (10 females, 15 males) and 27 zebra finches (16 
females, 11 males) were used. All tissue for this study was pro-
cessed in the course of previous experiments. 

  Animals in reproductive condition were collected as part of 
the experiments reported in Goodson and Wang [2006]. Territo-
rial species were maintained as pairs in cages 100 cm wide  ! 
43 cm high  !  36 cm deep. Gregarious species were housed in 
mixed-sex groups of 6–8 individuals in cages 133 cm wide  !  43 
cm high  !  36 cm deep. Spice finches were wild-caught and main-
tained in captivity for a minimum of four months prior to exper-
imentation. For the remaining three species, we used a mixture of 
wild-caught individuals that had been maintained in captivity for 
at least three years, and individuals that were raised in captivity 
from wild stock. All birds were provided with nests, nest material, 
dietary supplements (e.g., high-protein insectivore diets and 
mealworms), and bath water for at least six weeks prior to sacri-
fice. Only animals that built nests were used. None of the subjects 
were allowed to hatch young, and all eggs were removed four days 
prior to sacrifice. Wild-caught species were sacrificed during a 
time period that falls within the range of peak breeding [Goodson 
and Wang, 2006]. The reproductive status of all birds was verified 
by examination of gonads.
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  Animals in non-reproductive condition were collected as part 
of the experiment described in Goodson et al. [2005b], and al-
though labeling of VT is not described in that report, the immu-
nocytochemical methods closely follow those in experiment 1. 
Wild-caught species (same as above) were maintained in captiv-
ity for a minimum of four months prior to experimentation and 
were sacrificed at a time of year that typically falls outside the 
range of their peak breeding period [Goodson et al., 2005b]. All 
birds were housed in same-sex cages: 61–100 cm wide  !  43 cm 
high  !  36 cm deep. Territorial subjects were housed singly and 
gregarious subjects were housed in groups of 4–6 individuals.

  Although subjects were collected in the context of two separate 
studies, the data appear to be highly comparable (e.g., virtually 
identical cell counts were obtained across conditions for the three 
most opportunistic species; see Results). Furthermore, all immu-
nocytochemical batches were conducted using a mixture of spe-
cies and sexes, and thus no species-specific effects can be attrib-
uted to variations across runs. This is important as we observed a 
seasonal change only in one species, the spice finch. Hence, this 
result cannot be due to separately running reproductive and non-
reproductive tissues.

  In contrast to the above experiments, VT-ir cell numbers were 
quantified by direct observation at 62 !  with 10 !  eyepieces on a 
Zeiss Axioscop fluorescence microscope that was outfitted with 
a 50-watt mercury lamp. Cell counts reported for experiment 3 
were conducted prior to the acquisition of the imaging system 
used for experiments 1 and 2 (which is a much more sensitive sys-
tem), thus cell counts for experiment 3 cannot be directly com-
pared to other experiments. Given that many animals had low 
numbers of VT-ir cells, counts were conducted on four sections 
rather than two. All counts were conducted blind to treatment 
group and by an individual observer. The same observer conduct-
ed counts for both reproductive and non-reproductive conditions. 
A three-way ANOVA with the main effects of species, sex, and 
reproductive state was used to analyze log-transformed counts. 
Post-hoc ANOVA analyses were conducted separately for each 
species.

  Results 

 Experiment 1: ATD+FLU 
 To validate the efficacy of our ATD+FLU implants, we 

examined testes and oviduct mass, as well as circulating 
levels of T and E2. We expected the ATD+FLU treatment 
to increase testes mass and production of T due to nega-
tive feedback, while inhibiting oviduct development due 
to a lack of circulating E2. In line with this prediction, we 
found a stimulatory effect of ATD+FLU on testes mass, 
relative to CTRL (F(1, 18) = 5.03, p = 0.038;  table 1 ). Ovi-
duct mass was however responsive only to housing condi-
tion (F(1, 22) = 4.84, p = 0.039;  table 1 ), with females in 
mixed-sex housing having larger oviducts than females 
in same-sex housing, regardless of implant treatment. 
This result suggests that E2 levels were not fully sup-
pressed by ATD treatment, allowing E2 to stimulate ovi-
duct development in mixed-sex females. These results 
suggest that only the FLU treatment was fully effective 
(also see RIA results in the next paragraph) and that 
treatment effects most likely reflect androgenic rather 
than estrogenic manipulations. No effect of housing con-
dition on testes mass was observed in males, and no effect 
of implant type on oviduct mass was observed in females 
(p  1  0.05 for all). 

  Males had higher T levels than females (F(1, 41) = 
31.31, p  !  0.0001;  table 1 ) and, as predicted, ATD+FLU 
treatment caused an increase in circulating T levels rela-
tive to CTRL subjects (F(1, 41) = 14.44, p = 0.0005;  ta-
ble 1 ). No variables significantly affected E2 levels (p  1  
0.05 for all); it is important to note that E2 levels were not 
suppressed in either ATD+FLU males or females, further 

Table 1. O viduct or testes mass, plasma testosterone (T) level, and plasma estradiol (E2) level (8SEM) for male and female zebra finch-
es from either mixed-sex or same-sex housing

Females M ales

Mixed-sex Same-sex Mixed-sex Same-sex 

CTRL ATD+FLU CTRL ATD+FLU CTRL ATD+FLU CTRL ATD+FLU

N 7 7 5 7 6 7 4–5 5

Oviduct or testes mass, g 0.22 (0.11) 0.17 (0.10) 0.05 (0.02) 0.02 (0.005) 0.04 (0.003) 0.06 (0.004) 0.05 (0.002) 0.06 (0.008)
T, ng/ml 0.43 (0.10) 0.46 (0.05) 0.46 (0.15) 1.34 (0.58) 1.24 (0.31) 2.78 (0.63) 1.18 (0.41) 3.03 (0.52)
E2, ng/ml 0.18 (0.04) 0.19 (0.06) 0.13 (0.04) 0.18 (0.04) 0.10 (0.02) 0.15 (0.04) 0.10 (0.02) 0.14 (0.04)

Sub jects were given subcutaneous implants that were either empty (CTRL) or filled with 1,4,6-androstatriene-3,17-dione in combination with fluta-
mide (ATD+FLU) for three weeks. n = group size. 

Testes mass: CTRL versus ATD+FLU, p = 0.038. Oviduct mass: mixed-sex versus same-sex, p = 0.039. T level: males vs. females, p < 0.0001. T level: 
ATD+FLU versus CTRL, p = 0.0005.
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underscoring the conclusion that ATD was ineffective at 
fully suppressing E2 production.

  VT-ir cell number was sexually dimorphic and male-
biased (F(1, 41) = 11.09, p = 0.002), but neither implant 
type (F(1, 41) = 0.25, p = 0.62), nor housing condition 
(F(1,41) = 2.19, p = 0.15) were related to VT-ir cell number 
( fig.  2 A). No interactions among sex, implant type, or 
housing condition were present (p  1  0.05 for all). Like-
wise, males possessed more immunoreactivity within VT 
neurons, as assessed by higher optical density measure-
ments, than did females (F(1, 40) = 12.68, p = 0.001; males: 
11.62  8  0.79, females: 8.73  8  0.61, arbitrary units). Again, 
no effects of implant type (F(1, 40) = 0.28, p = 0.60), hous-
ing condition (F(1, 40) = 0.14, p = 0.71), or any interaction 
(p  1  0.05 for all) were observed. Finally, no effects of sex, 
implant type, housing type, or any interactions were pres-
ent for VT cell area measurements or optical density mea-
surements of septal VT fibers (p  1  0.05 for all; data not 
shown).

  For combined levels of the BSTm, VT-Fos colocaliza-
tion was significantly higher under mixed-sex housing 
conditions (F(1, 41) = 15.20, p = 0.0004), but it was not 

significantly affected by ATD+FLU treatments (F(1, 41) = 
3.40, p = 0.072). Likewise, no effect of sex (F(1, 41) = 0.88, 
p = 0.35), nor any interactions (p  1  0.05 for all) were pres-
ent. Because functional differences between the two 
BSTm levels have previously been observed [Meddle et 
al., 1999; Goodson and Evans, 2004; Goodson et al., 
2005a; Kabelik et al., 2010], we also conducted separate 
analyses for the rostral and caudal BSTm. Whereas the 
effects of both housing condition (F(1, 41) = 11.34, p = 
0.002) and implant type (F(1, 41) = 7.36, p = 0.01) were 
highly significant at the rostral (supracommissural) level 
of the BSTm, only housing condition (F(1, 41) = 13.40,
p = 0.0007) and not hormonal treatment (F(1, 41) = 1.07, 
p = 0.31) was significant at the caudal level ( fig. 3 ).

  Experiment 2: LET+E2 
 To validate the efficacy of our LET and LET+E2 treat-

ments, we again examined testes and oviduct mass, as 
well as circulating levels of T and E2 ( table 2 ). The treat-
ments were found to affect both testes (F(2, 14) = 41.11,
p  !  0.0001) and oviduct mass (F(2, 11) = 30.01, p  !  0.0001). 
Post-hoc analyses revealed that the LET treatment alone 
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  Fig. 2.  Vasotocin-immunoreactive (VT-ir) cell numbers in the 
medial bed nucleus of the stria terminalis (BSTm) are male-biased 
but not altered by social and hormonal manipulations in the op-
portunistically breeding zebra finch. ( A ) Experiment 1: Males 
possessed more VT-ir neurons than did females (p = 0.002); how-
ever, combined treatment with the aromatase inhibitor 1,4,6-an-
drostatriene-3,17-dione and the androgen receptor antagonist 
flutamide (ATD+FLU) did not alter VT-ir cell numbers from the 
mean exhibited by control (CTRL) subjects (p = 0.62). Cell num-
bers were likewise unaltered by social housing environment 
(same-sex versus mixed-sex; p = 0.15). Note that ATD was not 
fully effective at blocking E2 production, and thus the ATD+FLU 

treatment was only successful at blocking androgen receptors. ( B ) 
Experiment 2: Males again expressed more VT-ir neurons than 
did females (p = 0.0005). In this experiment, letrozole (LET) was 
successfully used to block E2 production, and hormonal treat-
ments did alter VT-ir neuron counts (p = 0.03); however, cell num-
bers in CTRL subjects were very high (cf.  A ) and the effects of LET 
treatment could not be prevented by simultaneous administration 
of E2 (LET+E2), indicating that no treatment effects can be attrib-
uted to E2 manipulations.   *   Denotes groups differing at p  !  0.05 
for main effect of sex. Different letters above bars denote groups 
differing at p  !  0.05 for main effect of drug and implant type. Data 
are shown as means  8  SEM. 
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did not impact testes mass relative to that in CTRL males, 
but LET+E2 caused significant testicular regression, like-
ly due to inhibitory negative feedback. In females, the ovi-
duct mass of LET females was less than a third of that of 
CTRL females, but these groups did not differ signifi-
cantly in post-hoc analyses, possibly due to a floor effect 

as both groups had extremely small oviducts. Post-hoc 
analyses did reveal, however, that LET+E2 treatment sig-
nificantly increased oviduct size relative to both LET and 
CTRL females.

  Both T and E2 differed significantly among treatment 
groups ( table 2 ). T was found to be higher in males than 

Table 2. T estes or oviduct mass, plasma testosterone (T) level, and plasma estradiol (E2) level (8SEM) for male and female zebra finch-
es from mixed-sex housing

Females M ales

CTRL LET LET+E2 CTRL LET LET+E2 

N 6 5 3 6 5 6

Testes or oviduct mass, g 0.073 (0.024) 0.023 (0.006) 0.43 (0.08) 0.048 (0.006) 0.042 (0.005) 0.003 (0.001)
T, ng/ml 0.033 (0.006) 0.28 (0.040) 0.016 (0.007) 3.47 (0.67) 3.84 (0.95) 0.023 (0.004)
E2, ng/ml 0.023 (0.003) 0.030 (0.004) 1.82 (0.14) 0.033 (0.005) 0.052 (0.010) 0.99 (0.21)

Sub jects were orally treated with vehicle or letrozole on a daily basis for three weeks. Subjects were also given subcutaneous im-
plants that were either empty or filled with crystalline E2 for the duration of the study. CTRL = vehicle plus empty implant, LET = 
letrozole plus empty implant, LET+E2 = letrozole plus E2; N = group size. 

Testes mass, p < 0.0001. Oviduct mass, p < 0.0001. T level, males vs. females, p < 0.0001. 
T level, treatment effect, p < 0.0001; posthoc: LET > CTRL > LET+E2. 
T level, sex  !  treatment, p < 0.0001; posthoc: - LET = - CTRL > U LET > U CTRL = - LET+E2 = U LET+E2. 
E2 level, treatment effect, p < 0.0001; posthoc: LET+E2 > CTRL = LET. 
E2 level, sex  !  treatment, p = 0.007; posthoc: U LET+E2 > - LET+E2 > - LET ≥ - CTRL ≥ U LET = U CTRL.
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  Fig. 3.  Both social environment and androgen levels cryptically 
regulate VT-ir neurons in the BSTm of the opportunistically 
breeding zebra finch. VT-Fos colocalization was greater in sub-
jects from mixed-sex groups than subjects from same-sex hous-
ing, both at rostral ( A ; p = 0.002), and caudal ( B ; p = 0.0007) levels 
of the BSTm. CTRL subjects likewise exhibited higher colocaliza-

tion rates than ATD+FLU subjects, although solely at the rostral 
( A ; p = 0.01) and not caudal ( B   ; p = 0.31) BSTm. Data are shown as 
means      8  SEM.   *   Denotes groups differing at p  !  0.05 for main 
effect of housing. Different letters above bars denote groups dif-
fering at p  !  0.05 for main effect of implant type. See figure 2 for 
an explanation of treatment groups and other acronyms. 
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in females (F(1, 25) = 202.79, p  !  0.0001), and also to
differ with hormonal treatment (F(2, 25) = 162.40, p  !  
0.0001). Post-hoc analyses revealed that LET subjects had 
higher T levels than CTRL subjects, and CTRL subjects 
had higher T levels than LET+E2 individuals. A signifi-
cant sex  !  treatment effect (F(2, 25) = 52.93, p  !  0.0001) 
helps to explain these data, demonstrating that in fe-
males, LET subjects have higher T levels than CTRL and 
LET+E2 subjects; whereas in males, both CTRL and LET 
subjects have higher T levels than LET+E2 subjects. E2 
was also found to vary with treatment (F(2, 25) = 242.63, 
p  !  0.0001), although not with sex (F(1, 25) = 0.001, p = 
0.97). Post-hoc analyses revealed that LET+E2 subjects 
had higher E2 levels than both CTRL and LET subjects. 
A significant sex  !  treatment effect was also present for 
E2 (F(2, 25) = 6.03, p = 0.007), although this only reflects 
a sex difference in the magnitude of treatment effects, 
such that LET+E2 produced a greater elevation of E2 in 
females than in males.

  Overall, these results demonstrate that the LET treat-
ment was effective because it prevented conversion of T 

to E2, thereby causing an increase in T levels, while also 
maintaining minimal E2 levels and oviduct masses. The 
E2 implant treatment was also effective as it significantly 
increased E2 levels in both sexes, as well as oviduct mass.

  As in the first experiment, VT-ir cell number was 
found to be sexually dimorphic and male-biased
(F(1, 25) = 16.29, p = 0.0005;  fig. 2 B). Furthermore, a sig-
nificant effect of treatment was detected (F(2, 25) = 4.05, 
p = 0.03), but post-hoc analyses demonstrate that both the 
LET and LET+E2 groups had fewer VT-ir neurons than 
did the CTRL group. Optical density measurements were 
again higher in males than in females (F(1, 24) = 5.57, p = 
0.03; males: 36.39  8  1.97, females: 29.06  8  1.64, arbitrary 
units, brighter capture settings than in experiment 1 re-
sulted in higher values), with no effect of treatment or 
interaction present (p  1  0.05 for all; data not shown). No 
effects of treatment were observed on VT cell area or sep-
tal VT optical density measurements (p  1  0.05 for all; data 
not shown). Furthermore, no effects of sex, treatment, or 
an interaction between the two were observed for VT-Fos 
colocalization (p  1  0.05 for all), providing further sup-
port for the interpretation that the treatment effects on 
VT-Fos colocalization in Experiment 1 are attributable to 
blockade of androgen receptors. The colocalization val-
ues (mean  8  SEM) for CTRL, LET, and LET+E2 were 
49.5  8  8.6, 64.4  8  5.6, and 46.1  8  4.7 for females, and 
60.6  8  8.7, 54.2  8  9.4, and 52.5  8  6.0 for males. 

  Experiment 3: Estrildid Species Comparison 
 Analyses of VT-ir cell counts across all four species re-

vealed significant effects of species (F(3, 124) = 43.07,
p  !  0.0001;  fig. 4 ) and sex (F(1, 124) = 7.54, p = 0.007). In 
terms of the latter, males exhibited a modestly greater 
number of VT-ir cells in the BSTm than females across all 
species (10.7  8  1.46 SEM vs. 9.4  8  1.49). Post-hoc analyses 
involving individual species, however, revealed that only 
male violet-eared waxbills (F(1, 41) = 11.77, p = 0.0014) and 
spice finches possessed (F(1, 21) = 7.26, p = 0.014) signifi-
cantly more VT-ir neurons than did females. No differ-
ences in VT-ir cell counts were observed in this study be-
tween male and female Angolan blue waxbills (F(1, 39) = 
0.49, p = 0.49) and zebra finches (F(1, 23) = 0.16, p = 0.69).

  The main effect of reproductive state was not found to 
be significant (F(1, 124) = 3.70, p = 0.057), although the 
interaction of species  !  reproductive state was signifi-
cant (F(3, 124) = 3.15, p = 0.027). No other interactions 
were found (all p  1  0.05). To examine the interaction ef-
fect more closely, we conducted post-hoc analyses of re-
productive condition separately for each species. Only in 
spice finches was reproductive condition a significant de-
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  Fig. 4.  VT-ir cell number in the BSTm does not vary with repro-
ductive condition in highly opportunistic species of estrildids 
(territorial violet-eared waxbill, VEW; modestly gregarious An-
golan blue waxbill, ABW; highly gregarious zebra finch, ZF; p            1  
0.05 for all), but does vary with condition in the highly gregarious 
spice finch (SF) a semi-opportunistic species that exhibits endog-
enous cycles of reproductive physiology that are closely tied to the 
monsoon season ( *  p = 0.001). All four species exhibit year-round 
maintenance of socially monogamous pair bonds. Sex differences 
were very modest and species-specific (see Results), thus sexes are 
shown pooled. Post-hoc analyses revealed that the two highly gre-
garious species exhibit significantly more VT-ir neurons than do 
the less gregarious species (p   !   0.05). Data are shown as means    8  
SEM.         
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terminant of VT-ir cell numbers (F(1, 23) = 14.82, p = 
0.0008), with reproductive individuals possessing more 
VT-ir cells in the BSTm than nonreproductive individu-
als. The other three species exhibited a convincing lack of 
similar trends: violet-eared waxbill (F(1, 43) = 1.06, p = 
0.31), Angolan blue waxbill (F(1, 41) = 0.0035, p = 0.95), 
zebra finch (F(1, 25) = 0.81, p = 0.38). Thus, cell number 
varied with reproductive condition only in the more sea-
sonal species and not in the three highly opportunistic 
species.

  Discussion 

 The present experiments demonstrate that in the op-
portunistically breeding zebra finch, VT circuitry of the 
BSTm and LS remains anatomically stable following both 
natural and experimental alterations of sex steroid hor-
mones. In this respect the zebra finch is very different 
from laboratory rats and mice [De Vries et al., 1984, 1986; 
Miller et al., 1989; Scordalakes and Rissman, 2004] and 
species that exhibit seasonal patterns of breeding [Buijs 
et al., 1986; Voorhuis et al., 1988; Crenshaw et al., 1992; 
Viglietti-Panzica et al., 1992; Wang and De Vries, 1993; 
reviews: Boyd, 1994; Dubois-Dauphin et al., 1994; Lakh-
dar-Ghazal et al., 1995; Goodson and Bass, 2001; Plumari 
et al., 2004; De Vries and Panzica, 2006; Kabelik et al., 
2008]. Despite this anatomical stability, however, the VT 
system of zebra finches is influenced somewhat crypti-
cally by both social and hormonal variables, such that 
housing subjects in mixed-sex cages with nests increases 
Fos immunoreactivity within VT-ir neurons of the
BSTm, whereas manipulations that block androgenic ste-
roid circuits decrease VT-Fos colocalization. Blocking E2 
production does not affect VT-Fos colocalization, sug-
gesting that hormonal regulation of VT-ir neurons is pri-
marily androgenic. We propose that this pattern of hor-
monal sensitivity in the zebra finch is an adaptation to 
opportunistic breeding, and support this hypothesis with 
comparative data on several estrildid species, as described 
in the second section below.

  Steroidal Regulation of VT/VP Circuitry 
 VT/VP mRNA and peptide levels have been shown to 

be steroid-dependent in both rodents and galliform birds 
[Panzica et al., 2001; De Vries and Panzica, 2006]. In rats, 
castration virtually eliminates VP mRNA in the BSTm 
within a week and reduces stored peptide over weeks to 
months, whereas T, acting primarily through estrogenic 
metabolites, can eventually restore VP levels [De Vries et 

al., 1984, 1985, 1986; van Leeuwen et al., 1985; Miller et 
al., 1989, 1992]. Although T treatment increases cytoplas-
mic mRNA after a matter of days in gonadectomized rats 
or hamsters kept on short photoperiods, full restoration 
of cytoplasmic peptide and axonal projections seems to 
require weeks [Szot and Dorsa, 1994; Rasri et al., 2008]. 

  Such a gradual modulation of the VT/VP system might 
not be sufficiently rapid to modulate the necessary chang-
es associated with the rapid initiation of breeding and 
related behaviors in opportunistically breeding species. 
Opportunistic species need to not only respond rapidly 
to stimuli associated with rainfall, such as the vegetation 
growth necessary for nest building and the provisioning 
of offspring [Skead, 1975; Zann, 1996], but they also need 
to remain flexible. In cases where rains are not prolonged, 
vegetation grows slightly and then wilts [Skead, 1975]. 
Hence, opportunistically breeding species need mecha-
nisms that both allow for the rapid initiation of breeding 
after sufficient rainfall, as well as for continual regulation 
and flexibility, such that breeding-related changes in 
physiology and behavior can be halted or delayed if rains 
are insufficient.

  The few experiments conducted to date in zebra finch-
es have not convincingly determined whether steroidal 
regulation of the VT system in this highly opportunistic 
species differs from that of seasonal breeders. Kimura
et al. [1999] showed that T treatment of female zebra 
finches can increase VT cell counts within the BSTm,
but treatment levels were supraphysiological, producing 
circulating T levels three times that of control males. In 
contrast, Voorhuis and de Kloet [1992] found that T ma-
nipulations did not alter VT immunoreactivity, but their 
data were not reported quantitatively.

  Our findings here, which are based on experimental 
antagonism of androgenic and estrogenic circuits in ze-
bra finches, in addition to species comparisons of repro-
ductive and nonreproductive individuals (see next sec-
tion), support the hypothesis that under physiological 
conditions, VT circuitry in the BSTm is not regulated by 
gonadal steroids in opportunistically breeding species as 
it is in seasonally breeding species. As shown in experi-
ment 1, blockade of androgen receptors fails to alter the 
expression of VT-ir in the BSTm, although this manipu-
lation does alter baseline levels of VT-Fos colocalization, 
providing a potentially more rapid mechanism for the 
regulation of reproductive behaviors. Mixed-sex housing 
with nesting material also increased VT-Fos colocaliza-
tion over the levels of subjects from same-sex cages, inde-
pendent of hormonal treatment.
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  Unfortunately, ATD treatment in experiment 1 did 
not fully block E2 production [see Soma et al., 1999 for a 
similar finding in song sparrows,  Melospiza melodia ]. 
Hence, a second experiment was conducted using the 
aromatase inhibitor LET. The results of this second ex-
periment were likewise less than straightforward, as sub-
jects in both the LET and LET+E2 groups differed from 
CTRL subjects in VT-ir cell counts. But, because the LET 
and LET+E2 treatments had opposite effects on E2 levels, 
and VT-ir cell numbers were virtually identical in the 
LET and LET+E2 groups, we can conclude that any po-
tential effects of LET treatment on VT-ir cell counts were 
clearly not attributable to E2 action.

  Thus, the combined data from experiments 1 and 2 
indicate that VT-ir cell number in the zebra finch BSTm 
is insensitive to sex steroids, but that VT-Fos colocaliza-
tion is regulated via activation of androgen receptors. 
This stands in contrast to other vertebrates that have been 
examined, in which the steroidal control of BSTm VT/VP 
is primarily estrogenic, with or without a more modest 
androgenic contribution [De Vries et al., 1994; Viglietti-
Panzica et al., 2001; reviews: Goodson and Bass, 2001; De 
Vries and Panzica, 2006]. Other studies have focused on 
quantification of VT/VP mRNA or immunoreactivity, 
however, not on the expression of transcription factors 
such as Fos. Notably, a variety of hormone receptors are 
colocalized with VT/VP in the BSTm, including gluco-
corticoid, progestin, estrogen, and androgen receptors, 
with 90% of BSTm VP neurons expressing androgen re-
ceptors in rats [Axelson and Leeuwen, 1990; Zhou et al., 
1994; Auger and De Vries, 2002]. Steroidal regulation of 
VT/VP neuronal activity might therefore be more wide-
spread than is currently believed.

  Is Seasonal Stability in VT Anatomy an Adaptation to 
Unpredictable Breeding Conditions? 
 Given that VT/VP cells of the BSTm and their projec-

tions are steroid-dependent in virtually every tetrapod 
that has been examined [Goodson and Bass, 2001; De 
 Vries and Panzica, 2006], the hormonal insensitivity of 
VT anatomy in zebra finches is particularly noteworthy. 
In our study, we tested three alternate hypotheses regard-
ing the adaptive significance of this anatomical stability: 
(1) The first hypothesis states that seasonal stability in VT 
anatomy might support long-term stability in the main-
tenance of pair bonds. Zebra finches and other estrildid 
species maintain very long-term or life-long pair bonds 
[Goodwin, 1982; Zann, 1994, 1996], and in this regard 
they stand out from all other species (to our knowledge) 
in which the steroid dependency of VT/VP system has 

been examined. Pair bonding in male prairie voles is de-
pendent upon VP, and VP also supports social recogni-
tion processes that could be a component of pair bond 
maintenance [Lim and Young, 2006]. Hence, we might 
expect less seasonal variation in the strongly bonding es-
trildids. (2) Our second hypothesis states that seasonal 
stability is an adaptation to living in large groups year-
round. This idea is suggested by the observation that VT 
circuitry of the BSTm-LS exhibits a variety of functional 
and anatomical features that are positively related to spe-
cies-typical group size [Goodson et al., 2006; Goodson 
and Wang, 2006]. (3) Our final hypothesis is that year-
round stability in VT anatomy is an adaptation to unpre-
dictable environments and this stability allows the be-
havioral flexibility that is required for opportunistic 
breeding. The rationale for this hypothesis is elaborated 
upon in the previous section.

  In order to test these alternate hypotheses, we exam-
ined four estrildid species in breeding and nonbreeding 
condition – the zebra finch, violet-eared waxbill, Ango-
lan blue waxbill, and spice finch. All of these species are 
monogamous, exhibit long-term pair bonds, provide bi-
parental care, inhabit semiarid and/or grassland scrub 
habitat, and breed opportunistically or semi-opportunis-
tically in response to rainfall and/or subsequent grass 
growth [Skead, 1975; Sikdar et al., 1992; Zann, 1996; 
Morton, 2009]. Thus, if seasonal stability in VT anatomy 
supported year-round maintenance of pair bonds, then 
we would have expected all four species to be seasonally 
stable; however, the spice finch exhibited large seasonal 
variation in VT-ir cell number, with very few cells found 
in nonbreeding individuals. The seasonal variation in 
spice finches is also inconsistent with our hypothesis that 
stability is an adaptation to living in large groups year-
round. This is because spice finches form the largest 
groups of any estrildid, and because violet-eared waxbills 
(that exhibit seasonal stability in VT anatomy) live in ter-
ritorial male-female pairs year-round [Goodwin, 1982].

  Our final hypothesis about opportunism might be 
correct, however, given that the spice finch tends to prefer 
more mesic environments and exhibits a rhythm of go-
nadal growth and regression that approximates the mon-
soon cycle, even when birds are held under constant light-
ing conditions [Chandola-Saklani et al., 2004]. This cy-
clicity might adjust the threshold for breeding responses 
to environmental stimuli, rather than regulating it, as 
spice finches are somewhat flexible breeders and known 
to breed opportunistically, albeit with distinct peaks after 
seasonal rains [Sikdar et al., 1992]. Despite a weak sensi-
tivity to supernormal day lengths [Bentley et al., 2000], 
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