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the stria terminalis (BSTM), a part of the limbic system. Im-

munoreactive AVT within the paraventricular nucleus was 

associated with plasma CORT levels in urban, but not desert, 

birds, but no such association with osmolality was observed 

in birds from either habitat. The total number of BSTM AVT-

immunoreactive cells was related to a decreased responsive-

ness to territorial intrusion. These data suggest that diver-

gence in the AVT system between urban and desert thrash-

ers may help explain observed differences in both the 

adrenocortical stress response and territorial behavior be-

tween populations. Whether differences in water availability 

between habitats contribute to population differences in 

the brain AVT system is unknown. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 The nonapeptide arginine vasotocin (AVT) and its 
mammalian homolog arginine vasopressin (AVP) have a 
conserved distribution in the vertebrate brain [Moore 
and Lowry, 1998; De Vries, 2006]. The wide neuroana-
tomical distribution of these nonapeptides reflects their 
multiple roles in the control of peripheral and central 
physiological processes. These functions include: main-
tenance of hydromineral balance by increasing the water 
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 Abstract 

 The neuropeptide arginine vasotocin (AVT: the avian homo-

log of vasopressin) has numerous functional roles including 

mediating social behaviors, coregulating the adrenocortical 

stress response and maintaining water balance. These func-

tions of AVT make it susceptible to environmental influence, 

yet little is understood concerning the variation in the AVT 

system across habitats. In this study, AVT immunoreactivity 

was compared between male curve-billed thrashers,  Toxo-

stoma   curvirostre , from native Sonoran Desert locations and 

those within the city of Phoenix, Ariz. Previous research 

found that urban thrashers are more responsive to territorial 

intrusion, secrete more corticosterone (CORT) during cap-

ture stress, and they may also have greater access to water 

than desert counterparts. Variation in AVT immunoreactivity 

was also related to levels of plasma CORT and osmolality, and 

with behavioral responses to a simulated territorial intrusion. 

Birds from these two habitats showed different AVT immu-

noreactive patterns in two brain regions: the paraventricular 

nucleus of the hypothalamus and the medial bed nucleus of 
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permeability of the renal collecting ducts [reviewed in 
Goldstein, 2006; Lau et al., 2009], acting as a vasocon-
strictor [Nakano, 1974; Conklin et al., 1996; Donald and 
Trajanovska, 2006] and stimulating the secretion of cor-
ticosterone (CORT) during stress [Madison et al., 2008; 
Fokidis and Deviche, 2011]. In addition, AVT can act cen-
trally to modulate social behaviors, such as aggression 
[Goodson, 1998a; Kabelik et al., 2009]. The brain distri-
bution of the AVT immunoreactivity of several avian spe-
cies has been described [Kiss et al., 1987; Voorhuis and de 
Kloet, 1992; Panzica et al., 1999; Fabris et al., 2004; Klein 
et al., 2006] and studies have linked behavior and physi-
ological processes to specific AVT immunoreactive 
(AVT-ir) cell populations in the diencephalon and fore-
brain [reviewed in Goodson and Kabelik, 2009].

  In birds, much like in mammals, the paraventricular 
nucleus (PVN) contains AVT-producing magnocellular 
and parvocellular neurons [Kiss et al., 1987; Voorhuis and 
de Kloet, 1992; Panzica et al., 1999; Fabris et al., 2004]. 
Magnocellular PVN neurons project axons to the neuro-
hypophysis, where they can secrete AVT into general cir-
culation [Mikami et al., 1978; Barth and Grossmann, 
2000]. In contrast, parvocellular PVN neurons can se-
crete AVT to a number of neural sites, including the me-
dian eminence (ME) [Mikami et al., 1978] where they 
stimulate VT2 receptors on the anterior pituitary gland 
and induce the secretion of adrenocorticotropic hormone 
by corticotropic cells in response to stressors [Jurkevich 
et al., 2008]. Early studies also demonstrated that magno-
cellular neurons within the PVN project axons to the me-
dian eminence [Oksche et al., 1963; Mikami et al., 1978]. 
The specific function of these projections and whether 
they transport AVT remains unclear. 

  In addition, AVT can function synergistically with 
corticotropin-releasing hormone (CRH), as secreta-
gogues of CORT, the main glucocorticoid produced by 
the avian adrenal glands, as evidenced by studies using 
peripheral AVT and CRH administration [Romero, 2006; 
Fokidis and Deviche, 2011]. In humans, rats and poultry, 
CRH and AVP/AVT are often colocalized within the par-
vocellular division of the PVN, where these peptides are 
presumably secreted into the ME [Sawchenko et al., 1984; 
Whitnall, 1989; Mouri et al., 1993; Shibata et al., 2007; 
reviewed in Kuenzel and Jurkevich, 2010].

  Parvocellular AVT/AVP-secreting neurons are also 
found in forebrain structures, including the medial bed 
nucleus of the stria terminalis (BSTM). Studies in birds 
have focused on the role of AVT in the control of social 
and aggressive behaviors [Goodson, 2008; Goodson et al., 
2009]. AVT from the BSTM and the PVN is thought to be 

released into several brain areas including the lateral sep-
tum [DeVries and Buijs, 1983; DeVries et al., 1985], where 
it works within the social behavior network to modulate 
aggressive behavior [reviewed in Goodson and Kabelik, 
2009]. Simulated territorial intrusions did not alter the 
colocalization of AVT and the immediate early gene ex-
pression cell marker c-fos in the BSTM of song sparrows, 
 Melospiza melodia , but AVT-fos colocalization in the 
PVN was reduced in the more aggressive birds compared 
to less aggressive ones [Goodson and Kabelik, 2009]. 
Similar results have been obtained in laboratory mice [Ho 
et al., 2010]. These data suggest that AVT regulates ag-
gressive behavior through actions mediated by the BSTM 
and the PVN.

  Bilateral lesions to the septum in both field sparrows, 
 Spizella pusilla , and zebra finches,  Taeniopygia guttata , 
produced the predicted behavioral effects supporting a 
role for the lateral septum as a neural site involved in me-
diating aggressive behaviors [Goodson et al., 1999]. Infu-
sion of AVT into the lateral septum inhibits aggression in 
territorial species such as the field sparrow [Goodson, 
1998a] and the violet-eared waxbill,  Uraginthus granati-
na  [Goodson, 1998b], but has the opposite effect in gre-
garious species such as the zebra finch [Goodson and Ad-
kins-Regan, 1999]. However, such species-specific differ-
ences in the effects of AVT on aggression likely result 
from the use of different behavioral testing methods and 
not opposing responses to AVT in the lateral septum 
[Goodson et al., 2009]. Varying relationships between 
neural AVT and aggression (or specific dominant vs. sub-
ordinate phenotypes) have also been reported in fish and 
reptiles [Larson et al., 2005; Lema, 2006; Ohya and Haya-
shi, 2006; Santangelo and Bass, 2006; Dewan et al., 2008; 
Greenwood et al., 2008; Hattori and Wilczynski, 2009; 
Iwata et al., 2010]. Collectively, these studies highlight the 
complexity of AVP/AVT’s role in aggression and how this 
evolutionarily conserved system can contribute to con-
text-specific behavioral responses.

  Animals inhabiting urban areas often differ from 
their nonurban counterparts physiologically and behav-
iorally, e.g. in terms of their adrenocortical stress re-
sponse [Partecke et al., 2006; Schoech et al., 2007; French 
et al., 2008; Fokidis et al., 2009; Fokidis et al., in press] 
and territoriality [Newman et al., 2006; Fokidis et al., 
2011]. The curve-billed thrasher,  Toxostoma curvirostre , 
is a native passerine (family: Mimidae) of the southwest 
USA that inhabits native Sonoran Desert habitats (here-
after referred to as ‘desert birds’) as well as the city of 
Phoenix, Ariz. (hereafter ‘urban birds’). Compared to ur-
ban birds, desert birds have higher baseline (‘prestress’) 
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plasma CORT, particularly during molt, and a seasonally 
more variable plasma CORT response to 30 min of acute 
stress induced by capture and restraint [Fokidis et al., 
2009]. Desert thrashers also have a lower ratio of blood 
heterophils (the avian equivalent of mammalian neutro-
phils) to lymphocytes (H:L ratio) than urban birds [Foki-
dis et al., 2008]. This ratio is often used as an indicator of 
prolonged CORT secretion in desert birds [Vleck et al., 
2000; Fokidis et al., 2008; French et al., 2008] as opposed 
to urban birds [Fokidis et al., 2008]. In addition, desert 
birds secrete less CORT than urban birds in response to 
AVT administration and this variation may reflect a pop-
ulation difference in pituitary gland sensitivity to this 
peptide [Fokidis and Deviche, 2011]. It is currently un-
known whether the putatively lower pituitary gland sen-
sitivity to AVT of desert versus urban birds reflects a pop-
ulation difference in AVT secretion. Finally, urban and 
desert thrashers differ behaviorally. Urban thrashers are 
behaviorally more responsive than desert conspecifics to 
simulated territorial intrusion during and outside the 
breeding season [Fokidis et al., 2011]. This difference is 
not related to population differences in plasma testoster-
one or CORT [Fokidis et al., 2011], suggesting that it is 
centrally mediated.

  The ‘mesic’ landscaping that is common in the Phoe-
nix metropolitan area involves extensive water supple-
mentation through irrigation. This supplemental water 
alters the local ecosystem [Martin and Stabler, 2002; Keys 
et al., 2007; Shen et al., 2008] and produces a habitat with 
essentially unlimited water availability [Cook and Faeth, 
2006; Shen et al., 2008]. By contrast, in the surrounding 
Sonoran Desert water availability is intermittent, result-
ing primarily from irregular precipitation and playing a 
major role in the control of reproductive cycles in thrash-
ers and other species [Dawson et al., 1989]. Previous
research found differences in plasma AVT within and 
among species of Australian honeyeaters (family Me-
liphagidae) occupying habitats that differ with respect to 
water availability [Goldstein and Bradshaw, 1998]. The 
Death Valley pupfish,  Cyprinodon nevadensis , showed 
differences in neural AVT-ir between isolated popula-
tions that differ with respect to their habitat temperatures 
and social organization [Lema and Nevitt, 2004]. Thus, 
the brain AVT system may differ as a function of envi-
ronmental conditions.

  We compared the brain AVT-ir distribution of thrash-
ers inhabiting an urban or a native desert habitat to test 
three hypotheses relating to the potential roles of the pep-
tide. The first hypothesis was that differences in the ad-
renocortical stress response between urban and desert 

birds are reflected in differences in brain AVT-ir between 
these populations. According to this hypothesis, we pre-
dicted that AVT-ir, and specifically AVT from the PVN 
parvocellular neurons, is positively associated with plas-
ma CORT. The second hypothesis was that AVT-ir in 
PVN magnocellular neurons is positively associated with 
plasma osmolality. The third hypothesis was that behav-
ioral differences between urban and desert thrashers re-
flect differences in AVT-ir within the BSTM, and are neg-
atively correlated with aggressive behavior in response to 
simulated territorial intrusion. To our knowledge, this is 
the first investigation to describe the neuroendocrine dif-
ferences associated with urbanization in a free-living ver-
tebrate species.

  Materials and Methods 

 All procedures were approved by the Arizona State University 
Institutional Animal Care and Use Committee and were conduct-
ed under appropriate scientific collecting permits from the US 
Fish and Wildlife Service, the Bureau of Land Management, and 
the Arizona Game and Fish Department.

  Study Locations 
 The study was conducted at a desert and at an urban location. 

The desert location was the largely unpopulated Hummingbird 
Springs (12,626 ha) and the adjoining Bighorn Mountains Wil-
derness Area (8,498 ha) located about 80 km west of Phoenix. The 
vegetation at this location is typical of upland Sonoran Desert and 
includes saguaro  (Carnegiea gigantea) , barrel cactus  (Ferocactus 
wislizeni),  prickly pear ( Opuntia  spp.), cholla ( Cylindropuntia  
spp.), ocotillo  (Fouquieria   splendens) , mesquite ( Prosopis  spp.), 
and palo verde ( Prosopis  spp.). Urban birds were captured within 
the city of Phoenix, in an area that primarily consists of middle- 
and low-income residential housing tracts with their associated 
commercial areas. Birds were captured between September 11 and 
October 22, 2008, after the species’ breeding season and during 
the prebasic molt period [Pyle, 1997]. Captures took place be-
tween 06:   04 and 10:   35 h. 

  Behavior Recording 
 Thrashers (8 from both the urban and desert locations) were 

captured by luring them to mist nets using conspecific playback 
recordings, which simulate a territorial intrusion. We used only 
males, which are more readily captured than females using this 
technique. Playback recordings consisted of songs and calls of 
thrashers compiled from independent recordings of several in-
dividual birds from locations in and around Phoenix. Record-
ings were played on a Sony MD walkman minidisk player 
through a handheld speaker at constant amplitude (74 dB at 2 m 
from the speaker). Birds in the urban habitat were sampled dur-
ing times of minimal human disturbance (early mornings and 
weekends).

  When a male was located, a mist net was erected and the bird 
was exposed to the recording with the observer (H.B.F.) located 
40–80 m away, with an unobstructed view of the mist net and sur-
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rounding area. The observer, remaining quiet and still, recorded 
the occurrence of several stereotyped behaviors previously re-
ported as being associated with responses to playback [Fokidis et 
al., 2011]. These included: (1) the latency to first approach the play-
back speaker, (2) the number of approaches from the air or ground 
and (3) the number of ‘whit-whit’ calls, the predominant nonsong 
vocalization of this species [Tweit, 1996; Fokidis et al., 2011]. All 
birds were observed during the entire time before capture, but 
behavioral observations were corrected for the total time each 
bird was observed. Sex was confirmed by an examination of go-
nads after euthanasia (see below).

  Bird Collection  
 Thrashers were removed from the net and approximately 300 

 � l of blood was collected from the right jugular vein within 3 min 
of capture, using a heparinized 0.3-ml syringe with a 29.5-gauge 
needle. A short delay between capture and bleeding avoided the 
increase in plasma CORT that is associated with the stress of cap-
ture and handling [Fokidis et al., 2008]. In addition, a 5- � l blood 
sample was used to prepare a thin blood smear on a glass micro-
scope slide for H:L ratio determination [Fokidis et al., 2008; 
French et al., 2008; Fokidis et al., in press]. Blood samples were 
kept on ice until the plasma was separated by centrifugation and 
then stored at –80   °   C until assayed. We measured the intensity of 
body molt on a scale ranging from 0 (no molt) to 2 (heavy gener-
alized molt), and also the body mass ( 8 0.1 g), tarsus and culmen 
length ( 8 1 mm), and wing chord ( 8 1 mm) of each bird prior to 
euthanasia. Thrashers in the study area begin to replace their pri-
mary feathers in middle-to-late summer (mid-July to early Au-
gust) and the longest primary feathers (p7–p9) are usually fully 
grown by late September to early October [Fokidis, unpubl. data]. 
At the time of the study, these feathers had recently been replaced 
and were fully grown, so wing chord measurements were unaf-
fected by error associated with abraded or underdeveloped feath-
ers.

  Tissue Processing 
 After the above measurements were taken, birds were deep-

ly anesthetized using Metofane (methoxyflurane, Mallinckrodt, 
Mundelein, Ill., USA) inhalation and euthanized by decapitation. 
Brains were removed from the skull (6–11 min postcapture) and 
placed into 5% acrolein solution in 0.1  M  phosphate buffer (PB) 
overnight at 4   °   C [King et al., 1983; Luquin et al., 2010]. Brains 
were weighed ( 8 0.01 g) after fixation and were then postfixed and 
gelatin-embedded prior to cryostat-sectioning following a modi-
fied protocol described by Saldanha et al. [1994]. Briefly, they were 
rinsed 3 times with 0.1  M  PB (30 min each) and immersed in 4% 
gelatin solution in water for 30 min. Brains were then placed into 
8% gelatin solution-filled plastic molds and the gelatin was al-
lowed to solidify overnight at 4   °   C. Embedded brains were post-
fixed in 4% paraformaldehyde solution for 48 h and then im-
mersed in 10, 20 and  30% sucrose solutions in PB for 48 h each. 
Brains were frozen on dry ice and stored at –80   °   C until sectioned.

  AGV Immunohistochemistry 
 Brains were coronally sectioned at 30  � m and every 3rd sec-

tion was collected into cryoprotectant solution [Watson et al., 
1986]. In addition, sections were also directly mounted onto gel-
atin-coated slides and stained for Nissl substance using thionine. 
These sections were used to confirm the neuroanatomy of AVT-

ir-stained tissues. Free-floating sections were stained for AVT-ir 
using an indirect immunohistochemical procedure modified 
from Small et al. [2008]. Sections were washed 3 times in 0.1  M  PB 
solution for 30 min, incubated with 0.36% H 2 O 2  in 0.1  M  PB for 15 
min, washed 3 times with 0.1  M  PB (5 min each), incubated with 
normal horse serum (1:   30 in PBT, i.e. PB containing 0.3% Triton 
X-100; Sigma-Aldrich Co., St. Louis, Mo., USA) for 1 h, and then 
incubated overnight in 0.3% PBT containing anti-AVT polyclonal 
antibody (1:   15,000; raised in rabbit and generously provided by 
Dr. M.S. Grober (Georgia State University, Atlanta, Ga., USA). 
Sections were washed 5 times (10 min each) in 0.1  M  PB, incubat-
ed for 1 h in 1:   100 biotinylated horse anti-rabbit IgG in 0.3% PBT 
(Vector Laboratories Inc., Burlingame, Calif., USA), washed 3 
times for 10 min each in 0.1  M  PB, incubated in Vectastain ABC 
solution (Vector Laboratories) for 1 h, washed 3 times (15 min 
each) in 0.1  M  PB, incubated for 3 min in Vector SG peroxidase 
chromagen (Vector Laboratories), and washed twice for 5 min in 
0.1  M  PB. Immunostained sections were mounted onto Vecta-
bond-coated (Vector Laboratories) glass microscope slides, al-
lowed to dry for 24 h at room temperature, dehydrated with etha-
nol, cleared in xylene, and coverslipped using Cytoseal 60 (Ste-
phens Scientific, Kalamazoo, Mich., USA).

  The antibody specificity was tested by preabsorption with 200 
 � g/ml of AVT (V0130, Sigma-Aldrich), which eliminated the 
staining. In contrast, staining was not affected by preabsorption 
with 200  � g/ml of mesotocin (H-2505, Bachem lnc., Torrance, 
Calif., USA). Sections were also incubated as above but either 
omitting the primary or secondary antiserum or replacing the 
ABC solution with buffer. Sections incubated in these conditions 
also showed no staining.

  Image Analyses 
 Images of brain sections were digitized using a camera (Olym-

pus DEI-750D, Olympus Optical Ltd., Tokyo, Japan) attached to a 
light microscope (Olympus BX60) at 40 !  magnification and us-
ing constant (i.e., equivalent contrast, hue and brightness) micro-
scope, camera and software settings. For each brain section pho-
tographed, an ‘out of focus’ image was also taken of an area devoid 
of immunolabeling to correct for background staining as de-
scribed in Small et al. [2008]. Images were analyzed using Image-
Pro Plus version 4.0 (Media Cybernetics, Silver Springs, Md., 
USA). Briefly, all images were converted to black-and-white 
(Grayscale 16 function) and flattened (filter enhancement func-
tion), and the background staining image was ‘subtracted’ from 
the image of interest (background correction function).

  Brain regions were defined on the basis of easily recognizable 
neuroanatomical landmarks defined in Stokes et al. [1974] and 
Balthazart et al. [1996]. The location of the bed nucleus of the 
BSTM was further defined based on Aste et al. [1998]. The nomen-
clature used throughout is based on the above studies and on re-
visions published by Reiner et al. [2004] for the avian telencepha-
lon. 

  We used 4 measurements to quantify AVT-ir staining in the 
BSTM and PVN. First, we measured the overall optical density of 
AVT-ir within a 100- � m-diameter circular area of interest cen-
tered over the brain region of interest. This intensity (hereafter 
referred to as relative optical density, ROD) was defined as the 
optical density (0 = all black, 256 = all white) and not the staining 
hue or saturation [see Kabelik et al., 2008]. 
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  Second, we counted the number of AVT-ir perikarya in each 
section for each brain region and added them to provide a total 
cell number, using an automatic count function optimized to rec-
ognize cells based on optical density and shape. When necessary, 
cells missed by the automatic count function (i.e. cells that were 
not highlighted), including cells that were partially overlapping 
(less than half their soma area visible), were counted manually. 
This ‘total cell number’ value, although based on measurements 
made on every 3rd cross section of the brain, was more informa-
tive than using the number of cells counted per section, which was 
highly variable depending on the specific cross section examined 
(middle vs. edge of brain region). Values were corrected for the 
total number of brain sections examined (range 4–6 sections for 
PVN and 3–6 for BSTM) and included both hemispheres. 

  Third, the cross-sectional area of a subset (7–20 cells per sec-
tion and 28–47 cells in total per bird) of clearly delineated and 
nonoverlapping AVT-ir perikarya within each brain region (here-
after referred to as ‘cell size’) was determined using a manual trac-
ing function. These cells were selected as those that intersected 
the lines on a grid pattern. 

  Fourth, we measured the OD of individual AVT-ir perikarya 
for which a cross-sectional area was available. For both the cell 
size and OD, means from multiple sections including the left and 
right hemispheres of each brain were used for statistical analyses. 
As consecutive sections used for analyses were 90  � m apart, no 
cell was counted twice. Cell size and OD data were not collected 
for cells within brain areas where the presence of numerous AVT-
ir fibers made individual perikarya difficult to distinguish. 

  We also quantified AVT-ir within the ME, using the OD of 10 
nonoverlapping circular areas of interest (diameter: 25  � m) lo-
cated along the entire length of 2 adjacent images taken from sec-
tions of the middle of the ME from each bird. Mean ODs of stain-
ing obtained for both images of the ME for each bird were used 
for statistical analyses.

  CORT Assay and Plasma Osmolality 
 Total plasma CORT concentration was measured using a vali-

dated commercial competitive enzyme-linked immunoassay 
(ELISA; Assay Designs Inc., Ann Arbor, Mich., USA) as described 
by Fokidis et al. [2009]. The assay sensitivity was 11.9 pg/ml and 
the mean intra-assay coefficient of variation was 6.23%. Samples 
were assayed in duplicate.

  Plasma osmolality was measured using a vapor pressure os-
mometer (Model 5500XR, Wescor Inc., Logan, Utah, USA) with 
10- � l samples assayed in duplicate. The osmometer was calibrat-
ed to known concentration standards before use. Its use to deter-
mine the osmolality of thrasher plasma has been previously vali-
dated [Fokidis et al., 2010].

  H:L Ratio 
 Blood smears were fixed for 10 min in absolute methanol with-

in 5 days of collection and then stained using the Giemsa method 
[Bennett, 1970]. Stained slides were cleared using xylene, cover-
slipped, and sealed using Cytoseal 60 (VWR, San Francisco, Cal-
if., USA). Using an Olympus BX60 light microscope, heterophils 
and lymphocytes were counted at 400 !  magnification until a to-
tal of 100 cells of both cell types together were counted [Fokidis 
et al., 2008; French et al., 2008; Fokidis et al., in press]. Cell types 
were identified using the criteria of Campbell [1996]. 

  Statistical Analyses 
 All microscope slides and digitized images were analyzed 

without knowledge of the bird identity, collection habitat, or col-
lection date. We used Student’s t tests to compare the sampling 
date and time, morphological and physiological data, and the la-
tency to first response to playback between urban and desert pop-
ulations. The number of approaches towards the speaker and the 
number of calls were analyzed using Mann-Whitney U tests. 
Body condition was defined as the standardized residuals of a lin-
ear regression of body mass on tarsus length as described in a 
previous study [Fokidis et al., 2008]. This measure is thought to 
indicate the relative amount of energy stored as either lean muscle 
mass or fat reserves. Body molt differences between urban and 
desert birds were assessed using a  �  2  test. Data for AVT-ir ROD, 
total cell number, and ME staining were normally distributed, 
thus allowing for comparisons using analysis of variance (ANO-
VA), with habitat as a fixed factor and body condition, molt inten-
sity and sampling date and time as covariates. The effect of habi-
tat on ME staining was analyzed using a 2-sample Student t test. 
Cell size and cell OD data followed a Poisson distribution and 
were compared using nonparametric Kruskal-Wallis tests with 
brain region and habitat tested as the main-effect variables sepa-
rately. Post hoc comparisons of data that were significant with the 
Kruskal-Wallis test were done by first conducting a pair-wise 
Mann-Whitney U test and then comparing the resulting statistic 
to a studentized range (Q) in a manner similar to a Tukey test, us-
ing a critical value equal to p = 0.05 [Sokal and Rohlf, 1995].

  Pearson product-moment correlations were used to relate 
variations in AVT-ir within different brain regions with ME 
staining, as well as to examine the relationship between AVT-ir 
and plasma osmolality, CORT, the H:L ratio and territorial behav-
iors. All data were tested for the presence of outliers using the 
Chauvenet criterion outlier test (p  !  0.05), which identifies data 
points beyond two standard deviations from the corresponding 
group mean. A single outlying point [latency to first response 
(desert bird) = 1,043 s] was identified and was excluded from sub-
sequent analysis. Whether habitat (urban vs. desert) influenced 
the magnitude or direction of correlations between variables was 
determined using Fisher Z-transformed correlation coefficients. 
When the slopes of relationships differed significantly between 
habitats, separate correlations were depicted for each habitat. All 
data are presented either as means  8  standard errors (SE) for nor-
mally distributed data or as medians  8  95% confidence intervals 
for nonnormal data. The critical  � -level for all tests was set at
p  ̂   0.05, except in the case of multiple univariate comparisons 
where a Bonferroni-corrected  � -value of p  ̂   0.014 is also pre-
sented.

  Results 

 Morphology, Physiology and Behavior of Urban and 
Desert Thrashers 
 Neither sampling date nor time of sampling differed 

between urban and desert birds ( table 1 ). Urban thrashers 
were heavier, but not structurally larger (i.e. no difference 
in wing chord or tarsus length) than desert conspecifics 
( table 1 ). The mean brain weight of birds from the 2 study 
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populations was similar and regressed testes and un-
developed cloacal protuberances were evidence that all 
birds were in a nonreproductive condition ( table 1 ). Des-
ert birds had higher plasma CORT than urban conspecif-
ics ( table 1 ). Plasma osmolality did not differ between ur-
ban and desert thrashers ( table 1 ). All birds were under-
going body molt and urban and desert thrashers did not 
differ with respect to their molt intensity ( �  2  = 4.462, p = 
0.106). Consistent with previous research, urban birds re-
sponded to simulated territorial intrusion more quickly 
and with more approaches toward the speaker than des-
ert birds ( table  1 ). However, the number of calls given 
during playback did not differ between habitats ( table 1 ). 

  Neuroanatomical Distribution of AVT-ir in the 
Thrasher Brain  
 Discrete cell clusters were observed throughout the 

preoptic area with fibers primarily in the most rostral 
portion of this region. In some brain sections from each 
bird, preoptic area perikarya were confined to a narrow 
strip of overlapping cells bordering the 3rd ventricle. Dif-
fuse immunoreactive perikarya and fibers were also de-
tected in the supraoptic nucleus medial to the nucleus ge-
niculatus lateralis ventriculatus. Extensive immuno-
stained fibers and few lightly stained perikarya were 

present in the lateral hypothalamus and extended later-
ally towards the lateral forebrain bundle (fasciculus pros-
encephali lateralis) and along the edge of the tractus thal-
amomedialis dorsal to the nucleus rotundus. Discrete 
populations of cells with few fibers were seen in the PVN 
( fig. 1 ) from which fibers apparently extended to the ME. 
No clear differences in cell size or ODs within perikarya 
in the PVN were apparent; thus, we were unable to distin-
guish between ‘larger’ and ‘darker’ magnocellular neu-
rons that secrete AVT into the neurohypophysis and 
‘smaller’ and ‘lighter’ parvocellular neurons that secrete 
into the ME. The bed nucleus of the BSTM was identified, 
based on the presence of perikarya below the lateral septa 
and ventral to the caudal section of the anterior commis-
sure and dorsal to the tractus occipitomesencephalicus 
and just dorsolateral to the PVN ( fig. 1 ). Staining of the 
BSTM was confined primarily to the caudal portion of the 
anterior commissure ( fig. 1 ). Another isolated population 
of perikarya was located dorsal to the tractus occipitomes-
encephalicus and ventral to the fasciculus prosencephali 
lateralis. In contrast to previous studies [Aste et al., 1998; 
Jurkevich et al., 1999], no immunoreactive fibers or peri-
karya were observed dorsal to the anterior commissure or 
along the lateral septa. Extensive immunoreactive fibers 
were present both dorsal of and within the ME.

Table 1. M ean sampling date and time, as well as morphometrics, reproductive status, and variables associated 
with the adrenocortical stress response, water balance, and territorial behavior in adult male curve-billed 
thrashers sampled from urban and desert habitats (n = 8 each)

 Desert Urban t14 p

Sampling date 7-Oct-08 7-Oct-08 0.372 0.291
Time of sampling 7:40 AM 6:28 AM 1.008 0.104
Body mass, g 72.881.77 78.681.58 2.161 0.007*
Wing chord, mm 10781 10482 1.372 0.173
Tarsus length, mm 34.580.4 33.880.4 1.308 0.191
Brain weight, g 6.0680.61 6.0180.47 1.139 0.247
Cloacal protuberance width, mm 4.280.32 4.380.27 1.067 0.274
Testis width, mm 5.780.72 5.580.61 1.092 0.623
Plasma corticosterone, ng/ml 15.381.24 10.182.11 1.649 0.048*
Heterophil to lymphocyte ratio 1.180.22 0.980.31 0.205 0.759
Plasma osmolality, mOsm/l 302.787.96 293.586.35 0.907 0.343
Latency to first response, s 920816 197856 2.438 0.026*

Desert Urban Z p

Number of approaches to speaker 681 1182 –2.515 0.011*
Number of calls 381 782 –0.095 0.933

*  Indicates significant differences between habitats (p ≤ 0.05) based on either Student t (degrees of freedom = 
14) or Mann-Whitney U tests.
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  Brain AVT-ir in Urban and Desert Thrashers 
 In the PVN, cell ODs were higher (Q = 3.91, p  ̂   0.05) 

and cell size smaller (Q = 3.62, p  ̂   0.05) in urban birds 
than in desert birds. No differences between habitats 
were seen for either variable in the BSTM (all p  6  0.262). 
No relationships were observed between any of these 
measures and sampling date or time, body condition or 
molt intensity (all p  6  0.092). 

  The AVT-ir ROD differed between urban and desert 
thrashers (ANOVA: F = 4.810, d.f. = 2, 14, p = 0.049), but 
this difference was brain-region-specific (ANOVA: F = 
3.077, d.f. = 2, 8, p = 0.045) with AVT-ir ROD in the BSTM 
being 19% higher in desert than urban birds (LSD: p = 
0.026;  fig. 2 a). With regard to the 2 habitats, no differ-
ences in ROD were observed in the PVN (LSD: all p  6  
0.361;  fig. 2 a), nor in total AVT-ir cell number (ANOVA: 
F = 1.061, d.f. = 2, 14, p = 0.275;  fig. 2 b). Within the PVN, 
the AVT-ir perikarya of urban birds had 11% more im-
munostaining (cell OD: Q = 4.87, p  ̂   0.05;  fig. 2 c) and 
were 21% smaller (cell size: Q = 3.50, p  ̂   0.05;  fig. 2 d) 
than those of desert birds. 

  Urban thrashers also had 73% more ME staining than 
desert conspecifics (2-sample t test: t = 4.021, d.f. = 15, 
p  ̂   0.001;  fig. 3 ). There were no significant associations 
between ME staining and the various measures of AVT-ir 
within the PVN (all p  6  0.083).

  Stress, AVT-ir and the PVN 
 Plasma CORT was negatively correlated with PVN 

AVT-ir ROD ( fig. 4 a) and positively correlated with AVT-ir 
cell size ( fig. 4 b) in urban but not in desert birds. Thus ur-
ban birds with higher plasma CORT had less AVT-ir stain-
ing within the PVN and AVT-ir cells in urban birds were 
smaller than in desert birds. Plasma CORT was negatively 
correlated with the H:L ratio ( fig. 4 c); however, none of the 
measures of AVT-ir within the PVN were correlated to the 
H:L ratio (all p  6  0.061). Neither plasma CORT nor H:L 
ratio was associated with ME staining (both p  6  0.316).

  Plasma Osmolality and AVT Immunoreactivity 
 Plasma osmolality was positively associated with ME 

staining in urban but not desert thrashers ( fig. 5 ). There 
were no other associations between plasma osmolality 
and any variables (all p  6  0.069). 

  Territorial Behavior and AVT 
 Latency to the first response to playback was negative-

ly correlated with the number of calls (r = –0.699, p = 
0.002) and of approaches toward the speaker (r = –0.501, 
p = 0.025). The BSTM AVT-ir cell number was correlated 
with the latency to first response to playback ( fig. 6 ), but 
neither with the number of approaches toward the speak-
er nor with the number of calls (both p  6  0.577). 

  Fig. 1.  On the right is Nissl substance 
staining of a curve-billed thrasher brain 
coronal section showing the localization 
of the PVN and medial bed nucleus of the 
BSTM. Brain areas are shown in relation to 
several neuroanatomical landmarks: ante-
rior commissure (CoA), occipitomesence-
phalic tract (OM), tractus thalamo-front-
alis and frontalis-thalamicus medialis 
(TFM), ventricle (V), fasciculus prosence-
phalicus lateralis (FPL), lateral septum 
(LS), and nucleus rotundus (Rt). On the 
left are AVT-immunoreactive cell clusters 
in the BSTM (top) and the PVN, the latter 
at both high and low magnification (bot-
tom). 
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  The PVN ROD was negatively correlated with latency 
to first responses to playback, but only in urban thrashers 
(ROD: r = –0.528, p = 0.018). The PVN ROD was also cor-
related with the number of approaches toward the speak-
er (r = 0.521, p = 0.038): birds with greater AVT-ir staining 
within the PVN were behaviorally more responsive to 
conspecific playback. 

  The ME staining was negatively correlated with the 
latency to first response to playback (r = –0.51, p = 0.046). 
The number of calls was not associated with measures 
taken from any brain region (all p  6  0.092).

  Discussion 

 We found differences in AVT-ir in specific brain re-
gions of free-living songbirds sampled from a native So-
noran Desert location and a nearby urban habitat, the city 
of Phoenix. The distribution of AVT-ir perikarya and fi-
bers in the thrasher brain is consistent with that in other 
birds [Kiss et al., 1987; Voorhuis and de Kloet, 1992; Pan-
zica et al., 1999; Fabris et al., 2004; Klein et al., 2006] and 
also with the general distribution of AVP in the brain of 
laboratory rodents [Sofroniew et al., 1979; Vandesande 
1980; Hawthorn et al., 1984; Vanzwieten et al., 1991, 1993] 
and primates [Wang et al., 1997]. The PVN plays a func-
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  Fig. 2.  Differences in AVT-ir in the PVN 
and BSTM between urban (); n  =  8) and 
desert ($; n  =  8) populations of curve-
billed thrashers. The graph compares the 2 
bird populations with respect to: the rela-
tive ODs (arbitrary units) of AVT-ir ( a ), the 
total number of AVT-ir cells ( b ), the AVT-
ir cell OD (arbitrary units) ( c ), and  the siz-
es of individual AVT-ir cells ( � m 2 ) ( d ). 
 *  p  !  0.05 indicates significant differences 
between urban and desert birds for each 
brain region. 
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tional role in stress responses [reviewed in Kuenzel and 
Jurkevich, 2010] and in the regulation of water balance 
[reviewed in Bisset and Chowdrey, 1988]. Along with the 
PVN, the BSTM is also involved in mediating social be-
haviors, including intermale aggression [Goodson and 
Kabelik, 2009]. Consistent with these roles, we report as-
sociations between AVT-ir in these two brain regions and 
plasma CORT and territorial behaviors. These associa-
tions are consistent with previous field observations 
showing differences in the adrenocortical stress response 
and territoriality between urban and desert populations 
of the study species.

  Hypothalamic AVT, Stress and Water Balance 
 Both CRH and AVT are secretagogues of adrenocor-

ticotropic hormone during an acute stress response 
[Romero and Rich, 2007; Madison et al., 2008; Fokidis 
and Deviche, 2011]. In birds, both central and peripheral 
AVT administration increase plasma CORT [Romero 
and Rich, 2007; Jurkevich et al., 2008; Madison et al., 
2008]. This increase is greater in urban than in desert 
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thrashers, suggesting that the pituitary gland of urban 
birds is more sensitive to AVT than that of desert birds 
[Fokidis and Deviche, 2011]. The current observations 
also suggest that the PVN perikarya of urban birds con-
tain more AVT than those of desert birds. An increase in 
AVT-ir in the PVN may reflect cellular accumulation of 
the peptide resulting from a reduced processing rate or 
transport [see Panzica et al., 2001; Goodson and Kabelik, 
2009]. However, this increase is generally thought to re-
flect elevated peptide production in response to higher 
levels of neuropeptide secretion [Kabelik et al., 2008; 
Sewall et al., 2010]. The hypothesis that this may be the 
case in our study is complicated by two observations. 
First, urban birds had smaller AVT-ir perikarya than des-
ert birds and convention predicts that increased produc-
tion of AVT is associated with larger perikarya [Panzica 
et al., 2001; Goodson and Kabelik, 2009]. Second, we 
found no difference in PVN ROD between urban and 

desert birds. Both PVN AVT-ir cell size and ROD were 
positively related to plasma CORT, but only in urban 
birds. However, no relationship between AVT-ir in the 
PVN and H:L ratio, a putative marker of chronic activa-
tion of the adrenocortical stress response, was observed. 

  Birds with more AVT-ir staining in the PVN also 
showed more immunostaining in the ME. This observa-
tion is consistent with the hypothesis that PVN neurons 
secrete AVT into the ME and that these neurons are a 
major source of AVT in the ME [Panzica et al., 2001]. Fur-
thermore, the intensity of AVT-ir staining in the ME was 
higher in urban than in desert birds. The observed differ-
ences in AVT-ir within PVN perikarya and ME staining 
between urban and desert thrashers suggest that urban 
thrashers secrete AVT into the hypophyseal portal sys-
tem either in larger amounts or faster than is the case in 
desert thrashers. Consistent with this contention, the 
acute stress of capture and handling stimulates CORT 
secretion more in urban than in desert birds [Fokidis et 
al., 2009], and we proposed that AVT has a greater stimu-
latory effect on the pituitary gland of urban than of desert 
birds [Fokidis and Deviche, 2011]. This difference may 
account for urban thrashers exhibiting a more robust se-
cretion of CORT than desert thrashers under acute stress. 
It may also reflect a coping strategy for dealing with pro-
longed stressful challenges, such as pollution, in an urban 
setting. Interestingly, CORT responses to exogenous 
CRH injection did not differ between urban and desert 
thrashers [Fokidis and Deviche, 2011]. Thus, AVT may 
provide a means to respond to acute ‘urban’ stress, while 
restricting the ‘chronic’ stress of urbanization. Future 
work is warranted to compare the CORT responses of ur-
ban and desert birds exposed to acute and chronic stress. 

  The secretion of AVT from magnocellular neurons of 
the PVN is thought to play an important role in the con-
trol of water balance, in a manner comparable to AVP in 
mammals [Bisset and Chowdrey, 1988]. In this study, we 
were unable to distinguish between magnocellular and 
parvocellular AVT-ir cell populations within the PVN. 
Baseline plasma osmolality in this study was similar to 
that measured in other bird species [Gray and Erasmus, 
1989; Gray and Brown, 1995; Goecke and Goldstein, 1997; 
Goldstein and Bradshaw, 1998; Saito and Grossmann, 
1998; Sharma et al., 2009] and in curve-billed thrashers 
[Vleck, 1993], and we found neither an association be-
tween AVT-ir in the PVN and plasma osmolality nor a 
population difference in plasma osmolality. However, 
plasma osmolality was positively correlated with AVT-ir 
ME staining in urban but not in desert birds. Previous 
studies in the Japanese quail,  Coturnix coturnix japonica , 
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have demonstrated that water deprivation alters the AVT 
system, including increasing AVT-ir in the PVN [Cha-
turvedi et al., 1997; Singh and Chaturvedi, 2006], as well 
as hypothalamic [Chaturvedi et al., 2000] and more spe-
cifically, PVN AVT gene expression [Seth et al., 2004]. 

  Peptides secreted into the ME are thought to act on the 
adenohypophysis and not the neurohypophysis and the 
significance of this correlation is, therefore, unclear. The 
lack of a significant difference in plasma osmolality sug-
gests that urban and desert birds did not vary with re-
spect to their water balance. Urban thrashers have access 
to numerous water sources that persist even during the 
hot and dry summer, and thus can rely on current water 
intake as opposed to a water conservation strategy. By 
contrast, desert birds either rely on often unpredictable 
precipitation patterns or derive water from dietary sourc-
es, such as fruits. These birds will likely require an effec-
tive water conservation strategy, at least at certain times 
of the year. Although there was little difference in plasma 
osmolality between habitats and no association with 
AVT-ir in the PVN, it is important to note that plasma 
osmolality was measured at baseline, and not during os-
motic stress. Whether urban and desert thrashers alter 
osmolality differently during water deprivation warrants 
further investigation. 

  Effects of AVT on Territorial Behavior  
 Thrashers in Phoenix are more responsive to conspe-

cific playback songs than desert birds throughout the year 
[this study, Fokidis et al., 2011]. Previous research on 
thrashers found that territorial breeding behavior was not 
directly associated with acute changes in plasma testoster-
one or CORT [Fokidis et al., 2011]. Here we report that 
urban thrashers had less AVT-ir in the BSTM than desert 
thrashers, and birds that responded quicker to playback 
had fewer AVT-ir cells in the BSTM than birds that took 
longer to respond. These data suggest a negative relation-
ship between AVT-ir in the BSTM and aggression. How-
ever, we did not observe a relationship between BSTM lev-
els of AVT-ir and two other behaviors (number of ap-
proaches towards the speaker and number of calls) that 
were stimulated by song playback exposure and we also 
did not observe AVT-ir staining in the lateral septum. 

  The BSTM is considered part of the social behavior 
network, a collection of interacting basal forebrain and 
midbrain regions that together function to coordinate 
behavioral responses to social stimuli [Goodson, 2005]. 
However, establishing the specific role of the BSTM and 
of AVT/AVP in aggressive behavior appears complex, as 
these neuropeptides can inhibit or facilitate aggression 

depending upon which specific neurons are stimulated 
[Goodson and Kabelik, 2009; Goodson and Wang, 2006]. 
Early studies in rats demonstrated that lesions of the 
BSTM, but not the PVN, decreased AVP fiber staining in 
the lateral septum, suggesting this was a major site of ac-
tion for AVP within the BSTM [De Vries and Buijs, 1983]. 
Recently, microdialysis studies in rats demonstrated that 
endogenous AVP secretion within the lateral septum cor-
related with intermale aggression in a resident-intruder 
paradigm, and this was likely mediated through a V1a 
receptor [Veenema et al., 2010]. They also report, how-
ever, that endogenous AVP release from the BSTM was 
negatively correlated to this type of aggression. Another 
recent study in birds, administering a V1a antagonist 
centrally to block endogenous AVT function in violet-
billed waxbills, demonstrated the context-specific nature 
of AVT’s effect on aggression [Goodson et al., 2009]. An-
tagonist treatment did not alter aggressive behavior dur-
ing a resident-intruder paradigm, although a possible ef-
fect of phenotype (subordinate vs. dominant) was detect-
ed [Goodson et al., 2009]. However, similar treatment of 
birds tested using a mate competition paradigm showed 
an inhibitory effect of the V1a antagonist on aggression 
[Goodson et al., 2009]. 

  This study employed a simulated territorial intrusion 
which is the field equivalent of a resident-intruder test, 
and our observation of decreased AVT-ir within the 
BSTM in urban (i.e. more aggressive) thrashers supports 
an inhibitory effect of AVT on aggression within this 
brain region. However, our study used solely an auditory 
stimulus and not a live decoy. The decoy type used in a 
simulated territorial intrusion may influence the behav-
ioral response of challenged birds [Scriba and Goymann, 
2008]. In Lincoln’s sparrows,  Melospiza lincolnii , play-
back song quality (high vs. low, based on song length, 
complexity and trill performance) altered AVT-ir in the 
forebrain, namely the BSTM and lateral septum [Sewall 
et al., 2010]. Future studies could benefit from further in-
vestigating the activity of the central AVT system in dif-
ferent behavioral contexts. 

  Urban Influences on the AVT System  
 The urban environment is arguably the most rapidly 

expanding habitat on earth. Identifying characteristics 
that enable species to live in this environment requires an 
understanding of the physiological basis of these charac-
teristics. We found differences in the brain distribution of 
AVT and in the behavior between urban and nonurban 
birds of the same species. The study adds to a growing 
body of literature that shows differences in physiology as-



 AVT System in Urban and Desert Birds Brain Behav Evol 2012;79:84–97 95

 References 

 Aste N, Balthazart J, Absil P, Grossmann R,
Mulhbauer E, Viglietti-Panzica C, Panzica 
GC (1998): Anatomical and neurochemical 
definition of the nucleus of the stria termina-
lis in Japanese quail  (Coturnix japonica) . J 
Comp Neurol 396:   141–157. 

 Balthazart J, Absil P, Foidart A, Houbart M, Ha-
rada N, Ball GF (1996): Distribution of aro-
matase-immunoreactive cells in the fore-
brain of zebra finches  (Taeniopygia guttata) : 
implications for the neural action of steroids 
and nuclear definition in the avian hypo-
thalamus. J Neurobiol 31:   129–148. 

 Barth SW, Grossmann R (2000): Localization of 
arginine vasotocin (AVT) mRNA in extra-
somal compartments of magnocellular neu-
rons in the chicken hypothalamo-neurohy-
pophysial system. Comp Biochem Physiol B 
125:   189–195. 

 Bennett GF (1970): Simple techniques for mak-
ing avian blood smears. Can J Zool 48:   585. 

 Bisset GW, Chowdrey HS (1988): Control of re-
lease of vasopressin by neuroendocrine re-
flexes. Q J Exp Physiol 73:   811–872. 

 Campbell TW (1996): Clinical pathology; in 
Mader DR (ed): Reptile Medicine and Sur-
gery. Pennsylvania, Saunders, pp 248–257. 

 Chaturvedi CM, Chowdhary A, Wall PT, Koike 
TI, Cornett LE (2000): A sexual dimorphism 
in hypothalamic arginine vasotocin (AVT) 
gene expression and AVT plasma levels in 
the Japanese quail  (Coturnix coturnix japo-
nica)  in response to water deprivation. Gen 
Comp Endocrinol 117:   129–137. 

 Chaturvedi CM, Cornett LE, Koike TI (1997): 
Arginine vasotocin gene expression in hy-
pothalamic neurons is up-regulated in 
chickens drinking hypertonic saline: an in 
situ   hybridization study. Peptides 18:   1383–
1388. 

 Conklin D, Mick NW, Olson KR (1996): Argi-
nine vasotocin relaxation of gar ( Lepisoste-

ous  spp) hepatic vein in vitro. Gen Comp En-
docrinol 104:   52–60. 

 Cook WM, Faeth SH (2006): Irrigation and land 
use drive ground arthropod community pat-
terns in an urban desert. Environ Entomol 
35:   1532–1540. 

 Dawson WR, Pinshow B, Bartholomew GA, 
Seely MK, Shkolnik A, Shoemaker VH, Teeri 
JA (1989): What’s special about the physio-
logical ecology of desert organisms? J Arid 
Environ 17:   131–143. 

 De Vries GJ (2006): Sex differences in vasopres-
sin/vasotocin innervation across verte-
brates. J Exp Zool Part A 305A:120–120. 

 De Vries GJ, Buijs RM (1983): The origin of the 
vasopressinergic and oxytocinergic inner-
vation of the rat brain with special reference 
to the lateral septum. Brain Res 273:   307–
317. 

 De Vries GJ, Buijs RM, van Leeuwen FW, Caffé 
AR, Swaab DF (1985): The vasopressinergic 
innervation of the brain in normal and cas-
trated rats. J Comp Neurol 233:   236–254. 

 Dewan AK, Maruska KP, Tricas TC (2008):
Arginine vasotocin neuronal phenotypes 
among congeneric territorial and shoaling 
reef butterflyfishes: species, sex and repro-
ductive season comparisons. J Neuroendo-
crinol 20:   1382–1394. 

 Donald JA, Trajanovska S (2006): A perspective 
on the role of natriuretic peptides in amphib-
ian osmoregulation. Gen Comp Endocrinol 
147:   47–53. 

 Fabris C, Ballarin C, Massa R, Granato A, Fa-
biani O, Panzica GC, Cozzi B (2004): The va-
sotocinergic system in the hypothalamus 
and limbic region of the budgerigar  (Melo-
psittacus undulatus) . Eur J Histochem 48:  
 367–372. 

 Fokidis HB, Deviche P (2011): Plasma cortico-
sterone of city and desert curve-billed 
thrashers,  Toxostoma   curvirostre ,   in re-

sponse to stress-related peptide administra-
tion. Comp Biochem Physiol A 159:   32–38. 

 Fokidis HB, Greiner EC, Deviche P (2008): Inter-
specific variation in avian blood parasites and 
haematology associated with urbanization in 
a desert habitat. J Avian Biol 39:   300–310. 

 Fokidis HB, Hurley L, Rogowski C, Sweazea K, 
Deviche P (2011): Captivity and changes in 
body condition alters corticosterone, loco-
motor behavior, and plasma metabolites in 
both urban and desert curve-billed thrash-
ers. Physiol Biochem Zool, in press. 

 Fokidis HB, Orchinik M, Deviche P (2009): Cor-
ticosterone and corticosteroid binding glob-
ulin in birds: relation to urbanization in a 
desert city. Gen Comp Endocrinol 160:   259–
270. 

 Fokidis BH, Orchinik M, Deviche P (2011): Con-
text-specific territorial behavior in urban 
birds: no evidence for involvement of testos-
terone or corticosterone. Horm Behav 59:  
 133–143. 

 Fokidis HB, Sparr R, Deviche P, Sweazea K 
(2010): Modeling changes in energy sub-
strate usage in response to acute stress in 
birds. FASEB J 24:   849.4. 

 French SS, Fokidis HB, Moore MC (2008): Vari-
ation in stress and innate immunity in the 
tree lizard  (Urosaurus ornatus)  across an ur-
ban-rural gradient. J Comp Physiol B Bio-
chem Syst Environ Physiol 178:   997–1005. 

 Fuller RA, Warren PH, Gaston KJ (2007): Day-
time noise predicts nocturnal singing in ur-
ban robins. Biol Lett 3:   368–370. 

 Goecke CS, Goldstein DL (1997): Renal glomer-
ular and tubular effects of antidiuretic hor-
mone and two antidiuretic hormone ana-
logues in house sparrows  (Passer domesti-
cus) . Physiol Zool 70:   283–291. 

 Goldstein DL (2006): Regulation of the avian 
kidney by arginine vasotocin. Gen Comp 
Endocrinol 147:   78–84. 

sociated with urbanization. Urbanization can alter the 
stress physiology and particularly the CORT secretion of 
vertebrates [Partecke et al., 2006; Schoech et al., 2007; 
French et al., 2008; Fokidis et al., 2009], and this study 
provides evidence that this alteration may involve neural 
AVT. Other studies have shown the effects of urbaniza-
tion on behavior. In gregarious species, these effects in-
clude increased tameness and approachability [Moller, 
2008; Valcarcel and Fernandez-Juricic, 2009], increased 
vigilance [Partan et al., 2010], changes in singing behavior 
[Fuller et al., 2007; Slabbekoorn and Ripmeester, 2008] 
and altered migratory behavior [Partecke and Gwinner, 
2007]. Thus, urbanization constitutes an exciting ‘natural’ 
experiment to investigate shifts in behavioral phenotypes 
and the underlying processes that mediate them.

  Acknowledgements 

 We thank the many generous landowners, businesses and 
agency personnel who provided access to sampling locations. We 
also thank Karla Moeller for assistance with the osmometer, and 
Scott Davies, Stephanie Bittner, Sisi Grace Gao, Dale DeNardo, 
Kevin McGraw, Karen Sweazea and Ananias Escalante for helpful 
discussion and/or comments on early drafts of this manuscript. 
This study was supported by the National Science Foundation 
Award No. DEB-0423704 to the Central Arizona-Phoenix Long-
Term Ecological Research (CAP LTER), as well as additional 
funds to H.B.F. from the Society for Integrative and Comparative 
Biologists (SICB) and the ASU Graduate and Professional Student 
Association, School of Life Sciences and the chapter of the Sigma 
Xi Scientific Society.
 



 Fokidis   /Deviche   

 

Brain Behav Evol 2012;79:84–97 96

 Goldstein DL, Bradshaw SD (1998): Regulation 
of water and sodium balance in the field by 
Australian honeyeaters (Aves: Meliphagi-
dae). Physiol Zool 71:   214–225. 

 Goodson JL (1998a): Territorial aggression and 
dawn song are modulated by septal vasoto-
cin and vasoactive intestinal polypeptide in 
male field sparrows  (Spizella pusilla).  Horm 
Behav 34:   67–77. 

 Goodson JL (1998b): Vasotocin and vasoactive 
intestinal polypeptide modulate aggression 
in a territorial songbird, the violet-eared 
waxbill (Estrildidae:  Uraeginthus granati-
na ). Gen Comp Endocrinol 111:   233–244. 

 Goodson JL (2005): The vertebrate social behav-
ior network: evolutionary themes and varia-
tions. Horm Behav 48:   11–22. 

 Goodson JL (2008): Nonapeptides and the evo-
lutionary patterning of sociality. Advances 
in vasopressin and oxytocin: from genes to 
behaviour to disease. Prog Brain Res 170:   3–
15. 

 Goodson JL, Adkins-Regan E (1999): Effect of 
intraseptal vasotocin and vasoactive intesti-
nal polypeptide infusions on courtship song 
and aggression in the male zebra finch  (Tae-
niopygia guttata) . J Neuroendocrinol 11:   19–
25. 

 Goodson JL, Eibach R, Sakata J, Adkins-Regan E 
(1999): Effect of septal lesions on male song 
and aggression in the colonial zebra finch 
 (Taeniopygia guttata)  and the territorial field 
sparrow  (Spizella pusilla) . Behav Brain Res 
98:   167–180. 

 Goodson JL, Kabelik D (2009): Dynamic limbic 
networks and social diversity in vertebrates: 
from neural context to neuromodulatory 
patterning. Front Neuroendocrinol 30:   429–
441. 

 Goodson JL, Kabelik D, Schrock SE (2009): Dy-
namic neuromodulation of aggression by va-
sotocin: influence of social context and so-
cial phenotype in territorial songbirds. Biol 
Lett 5:   554–556. 

 Goodson JL, Wang Y (2006): Valence-sensitive 
neurons exhibit divergent functional pro-
files in gregarious and asocial species. Proc 
Natl Acad Sci USA 103:   17013–17017. 

 Gray DA, Brown CR (1995): Saline-infusion-in-
duced increases in plasma osmolality do not 
stimulate nasal gland secretion in the ostrich 
 (Struthio camelus) . Physiol Zool 68:   164–175. 

 Gray DA, Erasmus T (1989): Control of plasma 
arginine vasotocin in kelp gulls  (larus do-
minicanus)  – roles of osmolality, volume, and 
plasma angiotensin-II. Gen Comp Endocri-
nol 74:   110–119. 

 Greenwood AK, Wark AR, Fernald RD, Hof-
mann HA (2008): Expression of arginine va-
sotocin in distinct preoptic regions is associ-
ated with dominant and subordinate behav-
iour in an African cichlid fish. Proc R Soc B 
Biol Sci 275:   2393–2402. 

   Hattori T, Wilczynski W (2009): Comparison of 
arginine vasotocin immunoreactivity differ-
ences in dominant and subordinate green 
anole lizards. Physiol Behav 96:   104–107. 

 Hawthorn J, Ang VT, Jenkins JS (1984): Com-
parison of the distribution of oxytocin and 
vasopressin in the rat brain. Brain Res 307:  
 289–294. 

   Ho JM, Murray JH, Demas GE, Goodson JL 
(2010): Vasopressin cell groups exhibit 
strongly divergent responses to copulation 
and male-male interactions in mice. Horm 
Behav 58:   368–377. 

 Iwata E, Nagai Y, Sasaki H (2010): Social rank 
modulates brain arginine vasotocin immu-
noreactivity in false clown anemonefish 
 (Amphiprion ocellaris) . Fish Physiol Biochem 
36:   337–345. 

 Jurkevich A, Barth SW, Kuenzel VJ, Kohler A, 
Grossmann R (1999): Development of sexu-
ally dimorphic vasotocinergic system in the 
bed nucleus of stria terminalis in chickens. J 
Comp Neurol 408:   46–60. 

 Jurkevich A, Berghman LR, Cornett LE, Kuenzel 
WJ (2008): Immunohistochemical charac-
terization of chicken pituitary cells contain-
ing the vasotocin VT2 receptor. Cell Tissue 
Res 333:   253–262. 

 Kabelik D, Klatt JD, Kingsbury MA, Goodson JL 
(2009): Endogenous vasotocin exerts con-
text-dependent behavioral effects in a semi-
naturalistic colony environment. Horm Be-
hav 56:   101–107. 

   Kabelik D, Weiss SL, Moore MC (2008): Argi-
nine vasotocin (AVT) immunoreactivity re-
lates to testosterone but not territorial ag-
gression in the tree lizard,  Urosaurus orna-
tus . Brain Behav Evol 72:   283–294. 

 Keys E, Wentz EA, Redman CL (2007): The spa-
tial structure of land use from 1970–2000 in 
the Phoenix, Arizona, Metropolitan Area. 
Prof Geogr 59:   131–147. 

 King JC, Lechan RM, Kugel G, Anthony ELP 
(1983): Acrolein – a fixative for immunocy-
tochemical localization of peptides in the 
central nervous system. J Histochem Cyto-
chem 31:   62–68. 

 Kiss JZ, Voorhuis TAM, Vaneekelen JAM, de 
Kloet ER, DeWied D (1987): Organization of 
vasotocin-immunoreactive cells and fibers 
in the canary brain. J Comp Neurol 263:   347–
364. 

 Klein S, Jurkevich A, Grossmann R (2006): Sexu-
ally dimorphic immunoreactivity of galanin 
and colocalization with arginine vasotocin 
in the chicken brain  (Gallus gallus domesti-
cus) . J Comp Neurol 499:   828–839. 

 Kuenzel WJ, Jurkevich A (2010): Molecular neu-
roendocrine events during stress in poultry. 
Poult Sci 89:   832–840. 

 Larson ET, O’Malley DM, Melloni RH (2005): 
Aggression and vasotocin are associated with 
social rank in zebrafish. Horm Behav 48:   143. 

 Lau KK, Yang Y, Cook GA, Wyatt RJ, Nishimura 
H (2009): Control of aquaporin 2 expression 
in collecting ducts of quail kidneys. Gen 
Comp Endocrinol 160:   288–294. 

 Lema SC (2006): Population divergence in plas-
ticity of the AVT system and its association 
with aggressive behaviors in a Death Valley 
pupfish. Horm Behav 50:   183–193. 

 Lema SC, Nevitt GA (2004): Variation in vasoto-
cin immunoreactivity in the brain of recent-
ly isolated populations of a Death Valley 
pupfish,  Cyprinodon nevadensis . Gen Comp 
Endocrinol 135:   300–309. 

 Luquin E, Perez-Lorenzo E, Aymerich MS, Men-
gual E (2010): Two-color fluorescence label-
ing in acrolein-fixed brain tissue. J Histo-
chem Cytochem 58:   359–368. 

 Madison FN, Jurkevich A, Kuenzel WJ (2008): 
Sex differences in plasma corticosterone re-
lease in undisturbed chickens  (Gallus gallus)  
in response to arginine vasotocin and corti-
cotropin releasing hormone. Gen Comp En-
docrinol 155:   566–573. 

 Martin CA, Stabler LB (2002): Plant gas ex-
change and water status in urban desert 
landscapes. J Arid Environ 51:   235–254. 

 Mikami SI, Tokado H, Farner DS (1978): Hypo-
thalamic neurosecretory systems of Japanese 
quail as revealed by retrograde transport of 
horseradish peroxidase. Cell Tissue Res 195:  
 1–15.  

 Moller AP (2008): Flight distance of urban birds, 
predation, and selection for urban life. Behav 
Ecol Sociobiol 63:   63–75. 

 Moore FL, Lowry CA (1998): Comparative neu-
roanatomy of vasotocin and vasopressin in 
amphibians and other vertebrates. Comp 
Biochem Physiol C Toxicol Pharmacol 119:  
 251–260. 

 Mouri T, Itoi K, Takahashi K, Suda T, Murakami 
O, Yoshinaga K, Andoh N, Ohtani H, Masuda 
T, Sasano N (1993): Colocalization of cortico-
tropin-releasing factor and vasopressin in the 
paraventricular nucleus of the human hypo-
thalamus. Neuroendocrinology 57:   34–39. 

 Nakano J (1974): Cardiovascular responses to 
neurohypophysial hormones; in Greep RO, 
Astwood EB (eds):   Handbook of Physiology: 
The Pituitary Gland and Its Neuroendocrine 
Control. Part 1. Section 7: Endocrinology, 
vol 4. Washington, American Physiological 
Society, pp 395–442. 

 Newman MM, Yeh PJ, Price TD (2006): Reduced 
territorial responses in dark-eyed juncos fol-
lowing population establishment in a climat-
ically mild environment. Anim Behav 71:  
 893–899. 

 Ohya T, Hayashi S (2006): Vasotocin/isotocin-
immunoreactive neurons in the medaka fish 
brain are sexually dimorphic and their num-
bers decrease after spawning in the female. 
Zool Sci 23:   23–29. 

 Oksche A, Wilson WO, Farner DS (1963): The 
hypothalamic neurosecretory system of 
 Coturnix coturnix japonica.  Cell Tissue Res 
61:   688–709. 

 Panzica GC, Aste N, Castagna C, Viglietti-Pan-
zica C, Balthazart J (2001): Steroid-induced 
plasticity in the sexually dimorphic vasoto-
cinergic innervation of the avian brain: be-
havioral implications. Brain Res Rev 37:   178–
200. 

 Panzica GC, Plumari L, Garcia-Ojeda E, Devi-
che P (1999): Central vasotocin-immunore-
active system in a male passerine bird  (Junco 
hyemalis) . J Comp Neurol 409:   105–117. 



 AVT System in Urban and Desert Birds Brain Behav Evol 2012;79:84–97 97

 Partan SR, Fulmer AG, Gounard MAM, Red-
mond JE (2010): Multimodal alarm behavior 
in urban and rural gray squirrels studied by 
means of observation and a mechanical ro-
bot. Curr Zool 56:   313–326. 

 Partecke J, Gwinner E (2007): Increased seden-
tariness in European blackbirds following 
urbanization: a consequence of local adapta-
tion? Ecology 88:   882–890. 

 Partecke J, Schwabl I, Gwinner E (2006): Stress 
and the city: urbanization and its effects on 
the stress physiology in European black-
birds. Ecology 87:   1945–1952. 

 Pyle P (1997): Identification Guide to North 
American Birds. Part 1. Bolinas,  Slate Creek 
Press, 732 pp.

Reiner A, Perkel DJ, Bruce LL, Butler AB, Csillag 
A, Kuenzel W, Medina L, Paxinos G, Shi-
mizu T, Striedter G, Wild M, Ball GF, Du-
rand S, Gunturkun O, Lee DW, Mello CV, 
Powers A, White SA, Hough G, Kubikova L, 
Smulders TV, Wada K, Dugas-Ford J, Hus-
band S, Yamamoto K, Yu J, Siang C, Jarvis 
ED (2004): Revised nomenclature for avian 
telencephalon and some related brainstem 
nuclei. J Comp Neurol 473:   377–414. 

   Romero LM (2006): Seasonal changes in hypo-
thalamic-pituitary-adrenal axis sensitivity 
in free-living house sparrows  (Passer domes-
ticus) . Gen Comp Endocrinol 149:   66–71. 

 Romero LM, Rich EL (2007): Photoperiodically-
induced changes in hypothalamic-pituitary-
adrenal axis sensitivity in captive house spar-
rows  (Passer domesticus) . Comp Biochem 
Physiol A Mol Integr Physiol 147:   562–568. 

 Saito N, Grossmann R (1998): Effects of short-
term dehydration on plasma osmolality, lev-
els of arginine vasotocin and its hypotha-
lamic gene expression in the laying hen. 
Comp Biochem Physiol A Mol Integr Physiol 
121:   235–239. 

 Saldanha CJ, Deviche PJ, Silver R (1994): In-
creased VIP and decreased GnRH expression 
in photorefractory dark-eyed juncos  (Junco 
hyemalis) . Gen Comp Endocrinol 93:   128–136. 

 Santangelo N, Bass AH (2006): New insights in-
to neuropeptide modulation of aggression: 
field studies of arginine vasotocin in a terri-
torial tropical damselfish. Proc R Soc B Biol 
Sci 273:   3085–3092. 

 Sawchenko PE, Swanson LW, Vale WW (1984): 
Co-expression of corticotropin-releasing 
factor and vasopressin immunoreactivity in 
parvocellular neurosecretory neurons of the 
adrenalectomized rat. Proc Natl Acad Sci 
USA 81:   1883–1887. 

 Schoech SJ, Bowman R, Bridge ES, Boughton RK 
(2007): Baseline and acute levels of cortico-
sterone in Florida scrub-jays  (Aphelocoma 
coerulescens) : effects of food supplementa-
tion, suburban habitat, and year. Gen Comp 
Endocrinol 154:   150–160. 

 Scriba M, Goymann W (2008): The decoy mat-
ters! Hormonal and behavioural differences 
in the reaction of territorial European robins 
towards stuffed and live decoys. Gen Comp 
Endocrinol 155:   511–516. 

 Seth R, Kohler A, Grossmann R, Chaturvedi CM 
(2004): Expression of hypothalamic arginine 
vasotocin gene in response to water depriva-
tion and sex steroid administration in female 
Japanese quail. J Exp Biol 207:   3025–3033. 

 Sewall KB, Dankoski EC, Sockman KW (2010): 
Song environment affects singing effort and 
vasotocin immunoreactivity in the forebrain 
of male Lincoln’s sparrows. Horm Behav 58:  
 544–553. 

 Sharma D, Cornett LE, Chaturvedi CM (2009): 
Osmotic stress induced alteration in the ex-
pression of arginine vasotocin receptor VT2 
in the pituitary gland and adrenal function 
of domestic fowl. Gen Comp Endocrinol 160:  
 216–222. 

 Shen W, Wu J, Grimm NB, Hope D (2008): Ef-
fects of urbanization-induced environmen-
tal changes on ecosystem functioning in the 
Phoenix metropolitan region, USA. Ecosys-
tems 11:   138–155. 

 Shibata M, Fujihara H, Suzuki H, Ozawa H, 
Kawata M, Dayanithi G, Murphy D, Ueta Y 
(2007): Physiological studies of stress re-
sponses in the hypothalamus of vasopressin-
enhanced green fluorescent protein trans-
genic rat. J Neuroendocrinol 19:   285–292. 

 Singh S, Chaturvedi CM (2006): Effect of long and 
short photoperiod on vasotocin neurons of 
paraventricular nuclei and adrenal function of 
water deprived Japanese quail. Comp Biochem 
Physiol A Mol Integr Physiol 143:   202–210. 

 Slabbekoorn H, Ripmeester EAP (2008): Bird-
song and anthropogenic noise: implications 
and applications for conservation. Mol Ecol 
17:   72–83. 

 Small TW, Sharp PJ, Bentley GE, Millar RP, Tsu-
tsui K, Mura E, Deviche P (2008): Photoperi-
od-independent hypothalamic regulation of 
luteinizing hormone secretion in a free-liv-
ing Sonoran Desert bird, the rufous-winged 
sparrow  (Aimophila carpalis) . Brain Behav 
Evol 71:   127–142. 

 Sofroniew MV, Weindl A, Schinko I, Wetzstein 
R (1979): The distribution of vasopressin-, 
oxytocin-, and neurophysin-producing neu-
rons in the guinea pig brain. I. The classical 
hypothalamo-neurohypophyseal system. 
Cell Tissue Res 196:   367–384. 

 Sokal RR, Rohlf FJ (1995): Biometry: The Prin-
ciples and Practice of Statistics in Biological 
Research, ed 3. New York, Freeman, p 887. 

 Stokes TM, Leonard CM, Nottebohm F (1974): 
Telencephalon, diencephalon, and mesen-
cephalon of canary,  Serinus canaria , in ste-
reotaxic coordinates. J Comp Neurol 156:  
 337–374. 

 Tweit RC (1996): Curve-billed thrasher  (Toxo-
stoma curvirostre) ; in Poole A, Gill F (eds): 
The Birds of North America. The American 
Ornithologists’ Union. Philadelphia, Acad-
emy of Natural Sciences, vol 235. 

 Valcarcel A, Fernandez-Juricic E (2009): Anti-
predator strategies of house finches: are ur-
ban habitats safe spots from predators even 
when humans are around? Behav Ecol So-
ciobiol 63:   673–685. 

 Vandesande F (1980): Immunocytochemistry of 
oxytocin and vasopressin – introduction. J 
Histochem Cytochem 28:   468–468.  

 Vanzwieten EJ, Kos WT, Ravid R, Swaab DF 
(1993): Decreased number of vasopressin 
immunoreactive neurons in the medial 
amygdala and locus-ceruleus of the aged rat. 
Neurobiol Aging 14:   245–248.  

 Vanzwieten EJ, Ravid R, Vandersluis PJ, Sluiter 
AA, Pool CW, Smyth D, Swaab DF (1991):
Increased vasopressin immunoreactivity in 
the rat-brain after a postmortem interval of 
6 hours. Brain Res 550:   263–267.  

 Veenema AH, Beiderbeck DI, Lukas M, Neu-
mann ID (2010): Distinct correlations of va-
sopressin release within the lateral septum 
and the bed nucleus of the stria terminalis 
with the display of intermale aggression. 
Horm Behav 58:   273–281. 

 Vleck CM (1993): Hormones, reproduction, and 
behaviour in birds of the Sonoran Desert; in 
Sharp PJ (ed): Avian Endocrinology. Bristol, 
Journal of Endocrinology Ltd., pp 73–86. 

 Vleck CM, Vertalino N, Vleck D, Bucher TL 
(2000): Stress, corticosterone, and heterophil 
to lymphocyte ratios in free-living Adelie 
penguins. Condor 102:   392–400. 

 Voorhuis TAM, de Kloet ER (1992): Immunore-
active vasotocin in the zebra finch brain 
 (Taeniopygia guttata) . Brain Res Dev Brain 
Res 69:   1–10. 

 Wang ZX, Toloczko D, Young LJ, Moody K, 
Newman JD, Insel TR (1997): Vasopressin in 
the forebrain of common marmosets  (Calli-
thrix jacchus) : studies with in situ hybridiza-
tion, immunocytochemistry and receptor 
autoradiography. Brain Res 768:   147–156. 

 Watson RE, Wiegand SJ, Clough RW, Hoffman 
GE (1986): Use of cryoprotectant to maintain 
long-term peptide immunoreactivity and 
tissue morphology. Peptides 7:   155–159. 

 Whitnall MH (1989): Stress selectively activates 
the vasopressin-containing subset of corti-
cotropin-releasing hormone neurons. Neu-
roendocrinology 50:   702–707. 

  



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


