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Abstract
Immunoneuroendocrinology studies have identified conserved communicational paths in

birds and mammals, e.g. the Hypothalamus-Pituitary-Adrenal axis with anti-inflammatory

activity mediated by glucocorticoids. Immune neuroendocrine phenotypes (INPs) have

been proposed for mammals implying the categorization of a population in subgroups un-

derlying divergent immune-neuroendocrine interactions. These phenotypes were studied in

the context of the LEWIS/FISCHER paradigm (rats expressing high or low pro-inflammatory

profiles, respectively). Although avian species have some common immunological mecha-

nisms with mammals, they have also evolved some distinct strategies and, until now, it has

not been studied whether birds may also share with mammals similar INPs. Based on corti-

costerone levels we determined the existence of two divergent groups in Coturnix coturnix
that also differed in other immune-neuroendocrine responses. Quail with lowest corticoste-

rone showed higher lymphoproliferative and antibody responses, interferon-γ and interleu-

kin-1βmRNA expression levels and lower frequencies of leukocyte subpopulations

distribution and interleukin-13 levels, than their higher corticosterone counterparts. Results

suggest the existence of INPs in birds, comparable to mammalian LEWIS/FISCHER pro-

files, where basal corticosterone also underlies responses of comparable variables associ-

ated to the phenotypes. Concluding, INP may not be a mammalian distinct feature, leading

to discuss whether these profiles represent a parallel phenomenon evolved in birds and

mammals, or a common feature inherited from a reptilian ancestor millions of years ago.

Introduction
Immunoneuroendocrinology (INE) arises from the study of the interaction of cells, mediators
and organs that belong to the immune, nervous and endocrine systems, respectively. The well
characterized main axes that support the mentioned interactions in superior vertebrates such
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as birds and mammals are: the Hypothalamus-Pituitary-Adrenal (HPA) axis, the Sympathetic-
Adrenergic axis and the Vagal-Cholinergic axis [1–9]. The HPA axis acts as a master regulator
that controls various body processes, including immunity, mainly having an anti-inflammatory
activity mediated by glucocorticoids (GC), such as corticosterone (CORT), and a pro-inflam-
matory activity dependent on dehidroepiandrosterone [3,10–13]. At a molecular level, classical
hormones such as GC, prolactin and growth hormone can be produced by immune cells,
whereas a variety of cytokines, originally described as immune cell products, are now known to
be synthesized and released by a variety of glands and neuroendocrine tissues [14–17]. Numer-
ous cytokines, such as interleukin-1β (IL-1β), act as endogenous regulators influencing HPA
secretory axis activity. Cytokine receptors have been cloned, characterized, and localized to
many neuroendocrine (among other) tissues [15,18].

Immune neuroendocrine phenotypes (INPs) have been proposed for mammals [19–21].
This notion implies the categorization of an undisturbed animal population in subgroups ex-
pressing different INE interaction patterns. Animals that correspond to one or other subpopu-
lation consistently differ in (i) neuroendocrine mediator concentrations, (ii) hormonal
receptor activity and expression density and (iii) cytokine levels that belong to pro- or anti-in-
flammatory profiles. These INPs have been relevant in the study of pathogenic mechanisms in
LEWIS (LEW) and FISCHER (F344) rats, which exhibit opposite susceptibility to infections,
autoimmune diseases and experimentally induced tumors. LEW rats develop strong Th1-pro-
inflammatory responses in opposition to F344 rats which show a low to moderate Th1-pro-in-
flammatory profile. This opposite susceptibility and polarization has been linked to different
basal levels of CORT (lower in LEW rats) [19,20,22]. In humans, baseline epinephrine (EPI)
levels condition cytokine responsiveness and, through this mechanism, intrinsically hypo- or
hyper-active adrenal medullas may shape opposite cytokine profiles in some individuals [21].
To the best of our knowledge, immune, nervous and endocrine systems have never been stud-
ied together in avian species in order to disclose whether their interaction may lead to categori-
zation of a population into different groups. The objective of our study was to determine the
existence of INPs in avian species. In particular, we aimed to evaluate whether INPs may be
present in a population of adult Coturnix coturnix. The study may have evolutionary implica-
tions for our understanding of the evolution of phenotypic diversity in mammals and birds
that would help to comprehend whether the LEW/F344 INPs are categories restricted to mam-
mals or if they may represent shared strategies with birds.

Materials and Methods

Animals and Husbandry
Quail (Coturnix coturnix) is a domesticated species housed in captivity and recognized as a
useful laboratory model for avian studies. Also, it is an important agricultural species in several
countries [23,24] and data obtained with quail are extrapolated to chickens and other commer-
cially important poultry species [25–28].

Husbandry was performed according to standard laboratory procedures (see details bellow)
in order to minimize the effects of external factors such as housing conditions, food, water,
temperature, photoperiod, aggressions and pecking behavior. I) Housing: 75 mixed-sex quail
hatchlings were randomly housed in three white wooden boxes measuring 90 x 45 x 60 cm
(length x width x height). At 28 days of age, the animals were sexed by plumage coloration and
wing-banded for later individual identification and remained in the same box until 60 birds
were reallocated in couples (one male and one female) in adult home cages (day 42 of age). The
number of 60 birds was reached by randomly selecting 20 animals (10 male and 10 female)
from each box. The housing condition in adult home cages prevented male-male interactions,
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thus minimizing dominance conflicts. II) Food and water: A quail starter diet (28% CP; 2,800
Kcal ME/kg) and water were provided ad libitum. Coincident with banding, birds were given a
laying ration (21% protein, 2,750 kcal ME/kg) and water continued ad libitum. Each box had
one feeder and 8 automatic nipple drinkers. A wire-mesh floor (1 cm grid) was raised 5 cm to
allow the passage of excreta and a lid prevented the birds from escaping. III) Temperature and
photoperiod: Brooding temperature was 37.5°C during the first week of life, with a weekly de-
cline of 3.0°C until room temperature (24–27°C) was achieved. Quail were subjected to a daily
cycle of 14 h light (300 to 320 lx):10 h dark during the whole study. Lights were turned on at
06:00 and turned off at 20:00. The conditions previously detailed are described as optimal for
quail development [12,29–32]. IV) Health status: Animals’ health status was monthly verified
by the veterinarian of the Institute. V) General welfare: animals were weekly checked for physi-
cal indicators trough visual examination of their plumage and foot health status [33–35]. There
were no records of sick animals or poor welfare during this study. The conditions in which
birds were raised were aimed to minimize potential stress load that could have affected birds’
physiology, with the scope and limitations that laboratory studies with domesticated species
such as quail may have.

Sampling procedure
Phytohemagglutinin-P (PHA-P) and antibody response against sheep red blood cells (SRBC)
were induced on day 1. PHA-P response was determined 24 h later and after one week, 0.75 ml
of blood was obtained from each bird by braquial-vein puncture. The blood was conserved on
ice and immediately processed in order to determine: CORT levels, antibody response against
SRBC (both analyzed in plasma), frequency of leukocyte subpopulation distribution (FLD) and
interferon-γ (IFN-γ), IL-1β, IL-4 and IL-13 mRNA expression levels (in total blood). The total
time for each sampling manipulation was always less than 80 s in order to ensure quantification
of basal CORT levels [36].

Determinations
Based on previous reports of INPs in Rattus norvegicus (LEW/F344 rats) [22] andHomo sapi-
ens sapiens [21], the following group of INE variables was evaluated: plasma CORT as a repre-
sentative of the HPA axis; lymphoproliferative response to PHA-P, antibody response against
SRBC and FLD as immunity effectors; and four different INE interplay mediators that favor
the milieu’s polarization: IFN-γ and IL-1β (pro-inflammatory) and IL-4 and IL-13 (anti-in-
flammatory). 60 mixed-sex randomly chosen adult Japanese quail were used to determine their
response in the mentioned variables. To avoid possible variability induced by differences in
sexual development and sex hormones, sampling procedures were conducted in same-age
adult birds, that showed the following indicators of sexual maturity: stabilization of egg laying
(females) and cloacal gland of at least 1000 mm3 plus positive foam production (male)
[29,37,38].

i. As a measure of cell-mediated immunity, the response to PHA-P injection, a lectin from
Phaseolus vulgaris (Sigma Chemical, St Louis, MO, USA) was measured following methods
described elsewhere [39–41]. Briefly, on day 1 a 0.05 ml intradermal injection of a 1 mg/ml
solution of PHA-P in phosphate-buffered saline (PBS) was given in the wing web of each
bird. The dermal swelling response was measured as the percentage of increase in wing web
thickness at the injection site 24 h post-PHA-P. Measurements were recorded to the nearest
0.01 mm using a mechanical micrometer.
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ii. Antibody response was assessed with a microagglutination assay [12,40,42]. Briefly, 20 μl of
complement-inactivated plasma (through heating to 56°C) were serially diluted in 20 μl of
PBS (1:2, 1:4, 1:8, up to 1:512). Next, 20 μl of a 2% suspension of SRBC in PBS were added
to all wells. Microplates were incubated at 40°C for 1 h and hemagglutination of the test
plasma samples was compared to the blanks (PBS only) and negative controls (wells with
no SRBC suspension). Antibody titres were reported as log2 of the highest dilution yielding
significant agglutination. The results represent the average of two duplicates for
each animal.

iii. CORT concentrations present in plasma were quantified using a commercially available
125I corticosterone-radioimmunoassay (RIA) kit (MP Biomedicals, Costa Mesa, Califor-
nia, USA) developed for mice and used in similar studies with other animal species [43,44].
RIA was used following the procedure described in [43]. According to the manufacturers,
cross-reactivity with other steroids was: desoxycorticosterone (0.34%), testosterone
(0.10%), cortisol (0.05%), aldosterone (0.03%), progesterone (0.02%), and less than 0.01%
for all other steroids tested. CORT concentration was expressed as nanograms of hormone
per ml of plasma (ng/ml). To ascertain the biochemical validity of this assay, the following
tests were performed: parallelism, accuracy and precision [43,45].

iv. To perform flow cytometry, 40 μl of total blood were stained with a fluorescent lipophilic
dye (3, 3`-dyhexiloxacarbocyanine iodide; DiOC6, Molecular Probes) in order to obtain ab-
solute counts of erythrocytes, lymphocytes, monocytes, thrombocytes and granulocytes as
described elsewhere [46] (S1 Fig.) FLD number was calculated using the following formula:
FLD = number of granulocytes/(number of lymphocytes + number of monocytes).

v. To determine cytokine mRNA expression levels, 600 μl of total blood were processed as fol-
lows: chicken peripheral lymphocytes were isolated by gradient centrifugation in Histopa-
que 1077 (Sigma Aldrich Inc.) according to the manufacturer’s instructions and as
previously described [47]. Total RNA was extracted from cells using TRIzol (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions also. The RNA was resuspended
in 40 μl RNase-free water and quantified using a NanoDrop spectrophotometer (Biotek
Sinergy HT). Then, approximately 1 μg of total RNA was reverse-transcribed in a final reac-
tion volume of 20 μl containing the following components: 7X gDNAWipeout buffer, 5X
Quantiscript RT Buffer, Quantiscript Reverse Transcriptase, and RNase-free water. The re-
sulting cDNA was stored at -80°C until use for real-time PCR. For quantitative real-time
PCR assays, specific primers for quail IL-1β, IL-4, IL-13 and IFN-γ genes were used as previ-
ously reported [48] (S1 Table). β-actin was used as a reference housekeeping gene. Real-
time PCR was performed with a Step One Plus Detection System (Real-Time PCR System-
Thermo Fisher Scientific). The real-time PCR reaction mixture contained 1.0 μl of sample
cDNA, 1.0 μl of forward and reverse primers (10 μM each), 5 μl of iQ SYBR Green Supermix
(Bio-Rad) and 3.0 μl of nuclease-free water. A typical thermal profile consisted of one cycle
of 10 min of polymerase activation at 95°C, followed by 40 cycles of PCR at 95°C for 15 s
and specific annealing temperature for 60 s [48]. Expression of the target genes was mea-
sured relative to that of β-actin. The results represent the average from three technical repli-
cates for each analyzed animal. The level of expression of each target gene was calculated
using the formula: Gene Level = 2-(Target Gene Ct – β-Actin Ct) The value obtained was used to
compare the level of expression of each molecule [49].
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Statistical Analysis
Multivariate statistic (Principal Component Analysis (PCA)) was performed to explore and de-
scribe general data variability, using the following explanatory variables: plasma CORT, lym-
phoproliferative response to PHA-P, antibody response against SRBC and FLD. Correlation
analysis was then performed in order to complement the information provided by the PCA.
One way-ANOVAs were used to compare differences on basal CORT levels, lymphoprolifera-
tive response to PHA-P, antibody response against SRBC and FLD. Differences in pro and
anti-inflammatory mediator profiles (IFN-γ, IL-1β, IL-4 and IL-13) were evaluated using a gen-
eralized linear model analysis assuming a Gamma distribution and a Correlation analysis was
also used to explore relationship between CORT and the molecular mediators. In every case, a
p-value< 0.05 was considered to represent significant differences. All statistical analyses were
performed using InfoStat [50].

Ethic Statement
The study complies with all applicable Argentinian laws, with the local Argentinian Associa-
tion for Science and Technology Laboratory Animals – (AACyTAL Bulletins number 15 and
16, 2001) and it was approved by the Institutional Committee for Care and Use of Laboratory
Animals of the Facultad de Ciencias Exactas, Físicas y Naturales, Universidad Nacional de Cór-
doba, Argentina. All experiments were carried out in accordance with the National Institute of
Health Guide for the care and use of laboratory animals (NIH Publications No. 80–23, revised
1996).

Results and Discussion
Multivariate analysis shows that the Principal Component 1 (PC1) explains the 43% of total
data variability (eigenvalue = 0.43). The remaining eigenvalues for the other principal compo-
nents were of 0.24 (PC2), 0.20 (PC3) and 0.13 (PC4), completing the 100% of the data variabili-
ty. Analyzing the influence of each variable in the configuration of PC1, CORT has an
eigenvector of 0.63 (Fig. 1). This hormone is the variable with the highest eigenvector in the
analysis; this implies that CORT presents the highest positive influence on PC1 configuration.

In order to properly characterize the relationship between variables a Pearson correlation
was used Table 1. The analysis informed that the only variable that significantly correlated with
the others is CORT, showing significant positive correlations with FLD (0.34) and negative cor-
relations with Lymphoproliferation and Ab response against SRBC (-0.35 and -0.31).

Together, our results show that CORT is the most influential variable in the explanation of
the variability between animals and that correlates with all the other variables measured. It is
also important to highlight that this hormone (i) is a marker of HPA neuroendocrine axis ac-
tivity which is essential in immune-neuroendocrine interactions [16,51–53], (ii) acts as a pow-
erful endogenous immune modulator [12,13,17,47,53,54] and (iii) is the central hormone
involved in the LEW/F344 paradigm [19,22], which turned out to be the first INP outcome in
mammals. Therefore we used CORT to delimitate two extreme groups of animals that could
express putatively divergent phenotypes. According to their CORT basal level and their PCA
bi-plot graph distribution, birds within the top and bottom 16% extremes of the population
were designated as High and Low CORT, respectively (see further details below). Elenkov et al.
(2008) determined INPs in other species by subtracting and adding 1 standard deviation from
the mean of the grouping hormone population value. In our study, all the birds assigned to the
high or low CORT group were also found to show individual values differing at least 1 standard
deviation from the population mean. ANOVA consequently revealed a highly significant main
effect of CORT level (F1,18 = 40, p< 0.001) (Fig. 2). The two groups previously defined were
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hence denominated “Low CORT” or “High CORT” (animals with the lowest or the highest
hormonal levels, respectively). Animals belonging to the High CORT selected group had on av-
erage 2.7-fold higher CORT concentration than their Low CORT counterparts.

High and Low CORT groups were estimated based on the basal animal hormone level.
However, handling of the birds, sampling order or even their gender could have affected
CORT determination [4,12,25]. Total time for each sampling manipulation was always less
than 80 s minimizing animal manipulation and avoiding handling effects on CORT determina-
tion [36]. A correlation analysis between sampling order and CORT values showed no signifi-
cant influence, and no gender effects were detected. Other factors that could affect CORT
concentration such as housing, food, water, temperature, photoperiod, health status, welfare,
aggressions and pecking behavior (see material and methods) were also controlled. Altogether
these suggest that CORT levels, as well as other variable responses determined, were not reflect-
ing potential effects derived from the bird´s manipulation or stressors.

Immune effector analysis confirms and complements the information obtained via the cor-
relation analysis (see Fig. 3 for correlation plots and extreme groups bar graphs): quail with

Fig 1. Exploration of data variability. Principal Component Analysis Bi-plot graph. Each dot represents an
animal in the study and triangles represent the explanatory variables used in the analysis. Full white dots (�)
and full black dots (●) represent extreme low and high CORT birds respectively. The eigenvalues of each PC
are shown in brackets next to each component.

doi:10.1371/journal.pone.0120712.g001

Table 1. Pearson correlation analysis between CORT and immunity effectors.

Corticosterone Lymphoproliferation Antibody Against SRBC

Lymphoproliferation −0,35**

Antibody Against SRBC −0,31* 0,21

FLD 0,34* −0,06 −0,09

* and **, r value significant at p < 0.05 and 0.01 respectively. The r values for every variable where obtained from 60 birds.

doi:10.1371/journal.pone.0120712.t001
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lowest CORT levels showed higher lymphoproliferative swelling responses to PHA-P (F1,18 =
4.97, p = 0.03; Fig. 3 A and B), higher antibody response against SRBC (F1,18 = 18.9, p< 0.001;
Fig. 3 C and D), and lower FLD (F1.18 = 5.94, p = 0.024; Fig. 3 E and F) than their high CORT
counterparts. Thus, a higher PHA response, a marker of T lymphocyte proliferation and an in-
dicator of constitutive and non-specific immunity (phagocytosis by heterophils and mono-
cytes) [55], was linked to a higher humoral immune response to the T-dependent antigen
SRBC. According to previous reports [56], adrenocorticotropic hormone and CORT are im-
munosuppressive and adrenocorticotropic hormone/glucocorticoids axis induction generally
reduces lymphocyte and increases heterophil numbers [57–59]. This phenomenon could ex-
plain the different leukocyte subpopulation distribution found in the two extreme CORT
groups, and at the same time explains the correlation found in the analysis. Findings imply that
animals differing in their basal CORT levels also manifest dissimilar and opposite immune
effector responses.

The mRNA expression levels of two pro-inflammatory (IFN-γ and IL-1β) and two anti-in-
flammatory cytokines (IL-4 and IL-13) between Low and High CORT birds were studied in
order to reveal if they also exhibited a molecular substrate underlying the putative phenotypes.
Expression levels were evaluated with a generalized linear model analysis assuming a Gamma
distribution. The analysis of these molecular mediators revealed that opposite groups differed
in three of the four mediators tested (Fig. 4). Animals exhibiting low basal CORT showed sig-
nificantly higher mRNA expression levels of IFN-γ (9.8 fold; Fig. 4 A) and IL-1β (15.6 fold;
Fig. 4 B) and lower levels of IL-13 (5.7 fold; Fig. 4 C) in comparison with their high
CORT counterparts.

A Spearman correlation analysis was then performed in order to inform about the relation-
ship between CORT and the new variables introduced. The correlation analysis done informed

Fig 2. Determination of divergent basal CORT level groups. Low and High CORT animals grouped based
on their CORT level. Birds belonging to the High CORT group have 2.7-fold higher CORT concentrations
than their Low CORT counterparts. Data are means ± SE. Different letters indicate significant (p< 0.05)
differences between groups. Number of birds in the study = 60, number of birds per group = 10.

doi:10.1371/journal.pone.0120712.g002
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Fig 3. Immune effector analysis in divergent Low and High CORT groups.Correlation plots between CORT and lymphoproliferative response to PHA-P,
antibody response against SRBC and FLD are presented in panels A, C and E. Effect of the aggrupation dependent on the basal levels of CORT on immune
effectors is shown in panels B (lymphoproliferative response to PHA-P), D (antibody response against SRBC) and F (FLD). Data are means (number inside
bars) ± SE. Number of birds per group = 10. Different letters indicate significant (p< 0.05) differences between groups. FLD number was calculated using the
following formula: FLD = number of granulocytes/(number of lymphocytes + number of monocytes).

doi:10.1371/journal.pone.0120712.g003
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that 3 of the 4 variables significantly correlate with CORT Table 2. IFN-γ and IL-1β are nega-
tively correlated (-0.75 and -0.72 respectively) and IL-13 shows a positive correlation (0.72)
with the hormone. Significant correlations between IFN-γ and IL-1β (0.44), as well as negative
correlation between IL-1β and IL-13 (-0.45) confirm previously published information con-
cerning mediator interaction in avian species [56].

Fig 4. Analysis of molecular mediators in divergent Low and High CORT groups. Effect of the aggrupation dependent on the basal levels of CORT on
the expression of two pro-inflammatory (IFN-γ and IL-1β, panels A and B) and two anti-inflammatory mediators (IL-13 and 4, panels C and D). Data are
adjusted means (number inside bars) ± SE. Number of birds per group = 10. Different letters indicate significant (p< 0.05) differences between groups. The
relative expression of each target gene was calculated using the formula: Gene Level = 2-(Target Gene Ct – β-Actin Ct). The value obtained was then multiplied by
1x108 in order to fit the scale of the graphs.

doi:10.1371/journal.pone.0120712.g004
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It is worth mentioning that those animals with low CORT levels had a polarized cytokine
milieu, where pro-inflammatory mediators predominated over anti-inflammatory ones. Up to
this point, this milieu (concerning IFN-γ, IL-1β and IL-13 levels) as well as the response of ef-
fector variables (lymphoproliferation, antibody response against SRBC and FLD) seems to be
dependent on the animals’ CORT basal level. Different consequences may follow from this
fact, mainly related to risk or resistance to certain immune-neuroendocrine challenges in a
wide spectrum, from stress response per se to immune-related diseases.

In order to characterize the immuno-neuroendocrine response from the resulting different
subsets of animals the number of birds in each extreme was gradually increased from 10 to
20% of the total population. The sub-set equal to the 16% of the animals mentioned above al-
lowed a clear assignation of each of the birds to either one or other extreme phenotypes pro-
posed. It is important to highlight that if that percentage is increased above the 16%, although
CORT remains different in all animals that fit within the new two extreme setups, not all the
remaining variables allow a clear fitting of the new subset of birds within the proposed Lewis-
Fischer like profiles. In particular we start losing discrimination power on the lymphoprolifera-
tive response variable. Our findings are in line with previous cutoff proposed for the descrip-
tion of the INPs phenomenon in humans and rats (about 15% in both cases) [19,21].

Elenkov et al. [21] identified two subgroups in healthy human individuals with relatively
low and high EPI outputs that had opposite innate cytokine profiles, providing a clear link with
the LEW/F344 paradigm. Our study results are similar in the following aspects: two groups of
quail had high or low basal CORT levels and opposite innate cytokine profiles, and ergo diver-
gent effector responses (Fig. 5). These findings may extend the scope to which the INP notion
could be applied and considered in future studies. In this sense, our work may represent a start-
ing point and several questions still remain to be answered. For example, are these two opposite
INPs distributed in more avian species? Has the expression of the INPs a relation with the level
of domestication of the specie? Apart from CORT, are other mediators involved in the configu-
ration of INPs in birds? How stable or consistent are INPs along the ontogeny of an animal?
Could the CORT difference be a result of a genetic difference in hypothalamic secretion of cor-
ticotrophin releasing hormone as happened in the LEW/F344 paradigm? Since LEW and F344
rats have opposite susceptibility to experimental immunological diseases, are the analogous
phenotypes in birds linked to differing responsiveness or susceptibility to infections and im-
mune-related diseases?

The implications of INPs as a phenomenon in an avian species could be very important as
an evolutionary strategy. The INPs described suggests the existence of equally fit animals in an
adult bird group with different arrangements in their INE interactions. The advantage of differ-
ent and coexistent INPs may be an increased ability to deal as a group with a wide range of
challenges demanding plastic responses in the INE interplay context. In this sense, varied phe-
notypes within a group may imply the possibility of showing different responses to a challenge,
whereas a homogeneous population expressing only one INP may find this possibility limited.

Table 2. Spearman correlation analysis between CORT andmolecular immuno-neuroendocrine mediators.

Corticosterone IFN-γ IL-1β IL-13

IFN-γ −0,75*

IL-1β −0,72* 0,44*

IL-13 0,72* −0,39 −0,45*

IL-4 −0,28 0,08 −0,45 −0,45

*, r value significant at p < 0.01. The r values for every variable where obtained from 20 birds.

doi:10.1371/journal.pone.0120712.t002

Immune Neuroendocrine Phenotypes in Avian Species

PLOS ONE | DOI:10.1371/journal.pone.0120712 March 20, 2015 10 / 15



At the same time, it is also plausible that contemporary quail populations may be the result of
their ancestors’ response to domestication. In this sense, there is a possibility of considering the
INPs described as representatives of a physiological compromise between the specie needs and
the pressures imposed by domestication processes.

A significant increase in the study of cytokines, hormones and neurotransmitters, as well
enormous progress in understanding the biology of immune, nervous and endocrine systems,
has provided major advances in the understanding of INE interactions [1–9,15,59,60]. Our
study described, in a population of 60 Japanese quail, two groups of birds comparable to their
mammalian counterparts in the LEW/F344 INE interaction paradigm (Fig. 5) [21,22]. The
“LEW-like quail” showed low CORT levels together with high levels of pro-inflammatory me-
diators and a Th1-like response, whereas the “FISCHER-like quail” showed the opposite con-
figuration. This suggests for the first time that these INPs are not restricted to the mammalian
species studied to date (Homo sapiens sapiens and Rattus norvegicus) [19,21,22]. Higher verte-
brates had a common reptilian ancestor more than 200 million years ago. We cannot make
evolutionary judgments based on the results obtained herein because the methods limit us and
it would be too pretentious. However, we consider it worth proposing that INPs could have
been shared as a physiological strategy in three species belonging to two different evolutionary
lineages. Future studies may confirm whether INPs are a shared strategy between mammals,
birds and their reptilian ancestor or if they are independent outcomes of the interactions be-
tween the immune, nervous and endocrine systems in each lineage.
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Fig 5. Schematic conceptual representation of INPs inCoturnix coturnix. The variables set to determine the existence of avian INPs in the present study
are represented around each bird. The size of the variable indicates if the animals show high or low response in each of the parameters in the INPs. LYMPH:
lymphoproliferative response to PHA-P; Ab SRBC: antibody response against SRBC; FLD: frequency of leukocyte distribution; level of expression of
mediators: IFN-γ and IL-1β (pro-inflammatory); and IL-4 and 13 (anti-inflammatory). "Fischer-like" quail with high CORT levels also manifest high FLD and IL-
13, but low LYMPH, Ab SRBC, IFN-γ and IL-1β levels. "Lewis-like" counterparts have low CORT as well as low FLD and IL-13 responses, but high LYMPH,
Ab SRBC, IFN-γ and IL-1β responses. These two extreme groups of birds do not differ in their IL-4 level.

doi:10.1371/journal.pone.0120712.g005

Immune Neuroendocrine Phenotypes in Avian Species

PLOS ONE | DOI:10.1371/journal.pone.0120712 March 20, 2015 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120712.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120712.s002


Acknowledgments
The authors wish to thank Dr. Pedrotti L. and Dr. Canali M. for their valuable assistance and
also anonymous reviewers that have helped improving the quality of the manuscript.

Author Contributions
Conceived and designed the experiments: FNN RHM SGC. Performed the experiments: FNN
BB. Analyzed the data: FNN RHM PK SGC. Contributed reagents/materials/analysis tools:
RHM SGC. Wrote the paper: FNN PK RHM SGC.

References
1. Butts CL, Sternberg EM. Neuroendocrine factors alter host defense by modulating immune function.

Cell Immunol. 2008; 252: 7–15. doi: 10.1016/j.cellimm.2007.09.009 PMID: 18329009

2. Cockrem JF. Conservation and behavioral neuroendocrinology. Horm Behav. 2005; 48: 492–501. doi:
10.1016/j.yhbeh.2005.03.008 PMID: 15878575

3. Jafarian-Tehrani M, Sternberg EM. Neuroendocrine and other factors in the regulation of inflammation.
Animal models. Ann N Y Acad Sci. 2000; 917: 819–24. Available: http://www.ncbi.nlm.nih.gov/pubmed/
11268411 PMID: 11268411

4. Marin RH, Benavidez E, Garcia DA, Satterlee DG. Sex differences in central benzodiazepine receptor
densities and circulating corticosterone release after acute stress in broiler chicks. Poult Sci. 2002; 81:
261–4. Available: http://www.ncbi.nlm.nih.gov/pubmed/11873836 PMID: 11873836

5. Raisman G. An urge to explain the incomprehensible: Geoffrey Harris and the discovery of the neural
control of the pituitary gland. Annu Rev Neurosci. 1997; 20: 533–66. doi: 10.1146/annurev.neuro.20.1.
533 PMID: 9056724

6. Sternberg EM. Neuroendocrine regulation of autoimmune/inflammatory disease. J Endocrinol. 2001;
429–435. Available: http://joe.endocrinology-journals.org/content/169/3/429.short

7. Zalcman SS, Siegel A. The neurobiology of aggression and rage: role of cytokines. Brain Behav
Immun. 2006; 20: 507–14. doi: 10.1016/j.bbi.2006.05.002 PMID: 16938427

8. Downing J, Miyan J. Neural immunoregulation: emerging roles for nerves in immune homeostasis and
disease. Immunol Today. 2000; 5699: 281–289. Available: http://www.sciencedirect.com/science/
article/pii/S0167569900016352

9. Elenkov IJ, Wilder RL, Chrousos GP, Vizi ES. The sympathetic nerve—an integrative interface be-
tween two supersystems: the brain and the immune system. Pharmacol Rev. 2000; 52: 595–638. Avail-
able: http://www.ncbi.nlm.nih.gov/pubmed/11121511 PMID: 11121511

10. Dhabhar FS. Enhancing versus suppressive effects of stress on immune function: implications for
immunoprotection and immunopathology. Neuroimmunomodulation. 2009; 16: 300–17. doi: 10.1159/
000216188 PMID: 19571591

11. Hazard D, Couty M, Richard S, Guémené D. Intensity and duration of corticosterone response to
stressful situations in Japanese quail divergently selected for tonic immobility. Gen Comp Endocrinol.
2008; 155: 288–97. doi: 10.1016/j.ygcen.2007.05.009 PMID: 17586506

12. Nazar FN, Marin RH. Chronic stress and environmental enrichment as opposite factors affecting the im-
mune response in Japanese quail (Coturnix coturnix japonica). Stress. 2011; 14: 166–73. doi: 10.3109/
10253890.2010.523093 PMID: 21034299

13. Puvadolpirod S, Thaxton JP. Model of physiological stress in chickens 1. Response parameters. Poult
Sci. 2000; 79: 363–9. Available: http://www.ncbi.nlm.nih.gov/pubmed/10735203 PMID: 10735203

14. Heijnen CJ. Receptor regulation in neuroendocrine-immune communication: current knowledge and fu-
ture perspectives. Brain Behav Immun. 2007; 21: 1–8. doi: 10.1016/j.bbi.2006.08.008 PMID: 17029700

15. Turnbull A V, Rivier CL. Regulation of the hypothalamic-pituitary-adrenal axis by cytokines: actions and
mechanisms of action. Physiol Rev. 1999; 79: 1–72. Available: http://www.ncbi.nlm.nih.gov/pubmed/
9922367 PMID: 9922367

16. Kaiser P, Wu Z, Rothwell L, Fife M, Gibson M, Poh T-Y, et al. Prospects for understanding immune-en-
docrine interactions in the chicken. Gen Comp Endocrinol. Elsevier Inc.; 2009; 163: 83–91. doi: 10.
1016/j.ygcen.2008.09.013 PMID: 18957294

17. Shini S, Huff GR, Shini A, Kaiser P. Understanding stress-induced immunosuppression: exploration of
cytokine and chemokine gene profiles in chicken peripheral leukocytes. Poult Sci. 2010; 89: 841–51.
doi: 10.3382/ps.2009–00483 PMID: 20308420

Immune Neuroendocrine Phenotypes in Avian Species

PLOS ONE | DOI:10.1371/journal.pone.0120712 March 20, 2015 12 / 15

http://dx.doi.org/10.1016/j.cellimm.2007.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18329009
http://dx.doi.org/10.1016/j.yhbeh.2005.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15878575
http://www.ncbi.nlm.nih.gov/pubmed/11268411
http://www.ncbi.nlm.nih.gov/pubmed/11268411
http://www.ncbi.nlm.nih.gov/pubmed/11268411
http://www.ncbi.nlm.nih.gov/pubmed/11873836
http://www.ncbi.nlm.nih.gov/pubmed/11873836
http://dx.doi.org/10.1146/annurev.neuro.20.1.533
http://dx.doi.org/10.1146/annurev.neuro.20.1.533
http://www.ncbi.nlm.nih.gov/pubmed/9056724
http://joe.endocrinology-journals.org/content/169/3/429.short
http://dx.doi.org/10.1016/j.bbi.2006.05.002
http://www.ncbi.nlm.nih.gov/pubmed/16938427
http://www.sciencedirect.com/science/article/pii/S0167569900016352
http://www.sciencedirect.com/science/article/pii/S0167569900016352
http://www.ncbi.nlm.nih.gov/pubmed/11121511
http://www.ncbi.nlm.nih.gov/pubmed/11121511
http://dx.doi.org/10.1159/000216188
http://dx.doi.org/10.1159/000216188
http://www.ncbi.nlm.nih.gov/pubmed/19571591
http://dx.doi.org/10.1016/j.ygcen.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17586506
http://dx.doi.org/10.3109/10253890.2010.523093
http://dx.doi.org/10.3109/10253890.2010.523093
http://www.ncbi.nlm.nih.gov/pubmed/21034299
http://www.ncbi.nlm.nih.gov/pubmed/10735203
http://www.ncbi.nlm.nih.gov/pubmed/10735203
http://dx.doi.org/10.1016/j.bbi.2006.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17029700
http://www.ncbi.nlm.nih.gov/pubmed/9922367
http://www.ncbi.nlm.nih.gov/pubmed/9922367
http://www.ncbi.nlm.nih.gov/pubmed/9922367
http://dx.doi.org/10.1016/j.ygcen.2008.09.013
http://dx.doi.org/10.1016/j.ygcen.2008.09.013
http://www.ncbi.nlm.nih.gov/pubmed/18957294
http://dx.doi.org/10.3382/ps.2009&ndash;00483
http://www.ncbi.nlm.nih.gov/pubmed/20308420


18. Alheim K. Hyperresponsive febrile reactions to interleukin (IL) 1 and IL-1, and altered brain cytokine
mRNA and serum cytokine levels, in IL-1-deficient mice. Proc Natl Acad Sci U S A. 1997; 94: 2681–
2686. PMID: 9122256

19. Sternberg EM, Hill J. Inflammatory mediator-induced hypothalamic-pituitary-adrenal axis activation is
defective in streptococcal cell wall arthritis-susceptible Lewis rats. Proc Natl Acad Sci U S A. 1989; 86:
2374–2378. Available: http://www.pnas.org/content/86/7/2374.short PMID: 2538840

20. Wei R, Listwak SJ, Sternberg EM. Lewis hypothalamic cells constitutively and upon stimulation express
higher levels of mRNA for pro-inflammatory cytokines and related molecules: comparison with inflam-
matory resistant Fischer rat hypothalamic cells. J Neuroimmunol. 2003; 135: 10–28. Available: http://
www.ncbi.nlm.nih.gov/pubmed/12576220 PMID: 12576220

21. Elenkov IJ, Kvetnansky R, Hashiramoto A, Bakalov VK, Link AA, Zachman K, et al. Low- versus high-
baseline epinephrine output shapes opposite innate cytokine profiles: presence of Lewis- and Fischer-
like neurohormonal immune phenotypes in humans? J Immunol. 2008; 181: 1737–1745. Available:
http://www.jimmunol.org/content/181/3/1737.short PMID: 18641310

22. Sternberg EM, YoungWS, Bernardini R, Calogero AE, Chrousos GP, Gold PW, et al. A central nervous
system defect in biosynthesis of corticotropin-releasing hormone is associated with susceptibility to
streptococcal cell wall-induced arthritis in Lewis rats. Proc Natl Acad Sci U S A. 1989; 86: 4771–5.
Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=287355&tool=
pmcentrez&rendertype=abstract PMID: 2786636

23. Baumgartner J. Japanese quail production, breeding and genetics. Worlds Poult Sci J. 1994; 50: 227–
235. Available: http://www.cabdirect.org/abstracts/19950104141.html;jsessionid=
4892C777AB7C2224458464BB84EB35CC

24. François N, Decros S, Picard M. of group disruption on social behaviour in lines of Japanese quail
(Coturnix japonica) selected for high or low levels of social reinstatement behaviour. Behav Processes.
2000; 48: 171–181. Available: http://www.sciencedirect.com/science/article/pii/S0376635799000819
PMID: 24894369

25. Jones RB. Fear and adaptability in poultry: Insights, implications and imperatives. Worlds Poult Sci J.
Cambridge University Press; 1996; 52: 131–174. doi: 10.1079/WPS19960013

26. Mills AD, Faure JM. Divergent selection for duration of tonic immobility and social reinstatement behav-
ior in Japanese quail (Coturnix coturnix japonica) chicks. J Comp Psychol. 1991; 105: 25–38. Available:
http://www.ncbi.nlm.nih.gov/pubmed/2032452 PMID: 2032452

27. Satterlee DG, Marin RH, Jonest RB. Selection of Japanese quail for reduced adrenocortical respon-
siveness accelerates puberty in males. Poult Sci. 2002; 81: 1071–6. Available: http://www.ncbi.nlm.nih.
gov/pubmed/12162347 PMID: 12162347

28. Carmichael NL, Bryan Jones R, Mills AD. Social preferences in Japanese quail chicks from lines select-
ed for low or high social reinstatement motivation: effects of number and line identity of the stimulus
birds. Appl Anim Behav Sci. 1998; 58: 353–363. doi: 10.1016/S0168–1591(97)00151–2

29. Lábaque MC, Kembro JM, Guzmán D a, Nazar FN, Marin RH. Ontogeny of copulatory behaviour in
male Japanese quail classified by their T-maze performance as hatchlings. Br Poult Sci. 2008; 49:
409–17. doi: 10.1080/00071660802262050 PMID: 18704786

30. Marin RH, Satterlee DG. Cloacal gland and testes development in male Japanese quail selected for di-
vergent adrenocortical responsiveness. Poult Sci. 2004; 83: 1003–10. Available: http://www.ncbi.nlm.
nih.gov/pubmed/15206632 PMID: 15206629

31. Reese EP, Reese TW. The quail, Coturnix coturnix as a laboratory animal. J Exp Anal Behav. 1962; 5:
265–70. doi: 10.1901/jeab.1962.5–265 PMID: 14491001

32. Huss D, Poynter G, Lansford R. Japanese quail (Coturnix japonica) as a laboratory animal model. Lab
Anim (NY). 2008; 37: 513–9. doi: 10.1038/laban1108–513 PMID: 18948991

33. Bilcík B, Keeling LJ. Changes in feather condition in relation to feather pecking and aggressive behav-
iour in laying hens. Br Poult Sci. Taylor & Francis; 1999; 40: 444–51. doi: 10.1080/00071669987188
PMID: 10579400

34. Lay DC, Fulton RM, Hester PY, Karcher DM, Kjaer JB, Mench JA, et al. Hen welfare in different housing
systems. Poult Sci. Oxford University Press; 2011; 90: 278–94. doi: 10.3382/ps.2010–00962 PMID:
21177469

35. Thomas DG, Ravindran V, Thomas D V, Camden BJ, Cottam YH, Morel PCH, et al. Influence of stock-
ing density on the performance, carcass characteristics and selected welfare indicators of broiler chick-
ens. N Z Vet J. Taylor & Francis; 2004; 52: 76–81. doi: 10.1080/00480169.2004.36408 PMID:
15768100

36. Romero L, Reed J. Collecting baseline corticosterone samples in the field: is under 3 min good
enough? Comp Biochem Physiol Part A . . .. 2005; 140: 73–9. doi: 10.1016/j.cbpb.2004.11.004 PMID:
15664315

Immune Neuroendocrine Phenotypes in Avian Species

PLOS ONE | DOI:10.1371/journal.pone.0120712 March 20, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/9122256
http://www.pnas.org/content/86/7/2374.short
http://www.ncbi.nlm.nih.gov/pubmed/2538840
http://www.ncbi.nlm.nih.gov/pubmed/12576220
http://www.ncbi.nlm.nih.gov/pubmed/12576220
http://www.ncbi.nlm.nih.gov/pubmed/12576220
http://www.jimmunol.org/content/181/3/1737.short
http://www.ncbi.nlm.nih.gov/pubmed/18641310
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=287355&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=287355&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/2786636
http://www.cabdirect.org/abstracts/19950104141.html;jsessionid=4892C777AB7C2224458464BB84EB35CC
http://www.cabdirect.org/abstracts/19950104141.html;jsessionid=4892C777AB7C2224458464BB84EB35CC
http://www.sciencedirect.com/science/article/pii/S0376635799000819
http://www.ncbi.nlm.nih.gov/pubmed/24894369
http://dx.doi.org/10.1079/WPS19960013
http://www.ncbi.nlm.nih.gov/pubmed/2032452
http://www.ncbi.nlm.nih.gov/pubmed/2032452
http://www.ncbi.nlm.nih.gov/pubmed/12162347
http://www.ncbi.nlm.nih.gov/pubmed/12162347
http://www.ncbi.nlm.nih.gov/pubmed/12162347
http://dx.doi.org/10.1016/S0168&ndash;1591(97)00151&ndash;2
http://dx.doi.org/10.1080/00071660802262050
http://www.ncbi.nlm.nih.gov/pubmed/18704786
http://www.ncbi.nlm.nih.gov/pubmed/15206632
http://www.ncbi.nlm.nih.gov/pubmed/15206632
http://www.ncbi.nlm.nih.gov/pubmed/15206629
http://dx.doi.org/10.1901/jeab.1962.5&ndash;265
http://www.ncbi.nlm.nih.gov/pubmed/14491001
http://dx.doi.org/10.1038/laban1108&ndash;513
http://www.ncbi.nlm.nih.gov/pubmed/18948991
http://dx.doi.org/10.1080/00071669987188
http://www.ncbi.nlm.nih.gov/pubmed/10579400
http://dx.doi.org/10.3382/ps.2010&ndash;00962
http://www.ncbi.nlm.nih.gov/pubmed/21177469
http://dx.doi.org/10.1080/00480169.2004.36408
http://www.ncbi.nlm.nih.gov/pubmed/15768100
http://dx.doi.org/10.1016/j.cbpb.2004.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15664315


37. Satterlee DG, Marin RH. Photoperiod-induced changes in cloacal gland physiology and testes weight
in male Japanese quail selected for divergent adrenocortical responsiveness. Poult Sci. 2004; 83:
1003–10. Available: http://www.ncbi.nlm.nih.gov/pubmed/15206629 PMID: 15206629

38. Laurence A, Houdelier C, Petton C, Calandreau L, Arnould C, Favreau-Peigné A, et al. Japanese
quail’s genetic background modulates effects of chronic stress on emotional reactivity but not spatial
learning. PLoS One. 2012; 7: e47475. doi: 10.1371/journal.pone.0047475 PMID: 23071811

39. Roberts ML, Buchanan KL, Evans MR, Marin RH, Satterlee DG. The effects of testosterone on immune
function in quail selected for divergent plasma corticosterone response. J Exp Biol. 2009; 212: 3125–
31. doi: 10.1242/jeb.030726 PMID: 19749105

40. Smits JEG, Baos R. Evaluation of the antibody mediated immune response in nestling American kes-
trels (Falco sparverius). Dev Comp Immunol. 2005; 29: 161–70. doi: 10.1016/j.dci.2004.06.007 PMID:
15450756

41. Stadecker M, Lukic M. The cutaneous basophil response to phytohemagglutinin in chickens. J Immu-
nol. 1977; 1564–1568. Available: http://www.jimmunol.org/content/118/5/1564.short

42. Sever J. Application of a microtechnique to viral serological investigations. J Immunol. 1962; Available:
http://www.jimmunol.org/content/88/3/320.short

43. Washburn BE, Morris DL, Millspaugh JJ, Faaborg J, Schulz JH. Using a commercially available radio-
immunoassay to quantify corticosterone in avian plasma. Condor. 2002; 104: 558–563. Available:
http://www.scopus.com/inward/record.url?eid=2-s2.0-0036320303&partnerID=tZOtx3y1

44. Nilsson PB, Hollmén TE, Atkinson S, Mashburn KL, Tuomi PA, Esler D, et al. Effects of ACTH, capture,
and short term confinement on glucocorticoid concentrations in harlequin ducks (Histrionicus histrioni-
cus). Comp Biochem Physiol A Mol Integr Physiol. 2008; 149: 275–83. doi: 10.1016/j.cbpa.2008.01.
002 PMID: 18282729

45. Monfort SL. Reproductive Science and Integrated Conservation [Internet]. Holt W V., Pickard AR, Rod-
ger JC, Wildt DE, editors. Cambridge: Cambridge University Press; 2002. doi: 10.1017/
CBO9780511615016

46. Uchiyama R, Moritomo T, Kai O, Uwatoko K, Inoue Y, Nakanishi T. Counting absolute number of lym-
phocytes in quail whole blood by flow cytometry. J Vet Med Sci. 2005; 67: 441–4. Available: http://www.
ncbi.nlm.nih.gov/pubmed/15876797 PMID: 15876797

47. Shini S, Kaiser P. Effects of stress, mimicked by administration of corticosterone in drinking water, on
the expression of chicken cytokine and chemokine genes in lymphocytes. Stress. 2009; 12: 388–99.
doi: 10.1080/10253890802526894 PMID: 19006006

48. Uno Y, Usui T, Fujimoto Y, Ito T, Yamaguchi T. Quantification of interferon, interleukin, and Toll-like re-
ceptor 7 mRNA in quail splenocytes using real-time PCR. Poult Sci. 2012; 91: 2496–501. doi: 10.3382/
ps.2012-02283 PMID: 22991533

49. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative CT method. Nat Protoc.
2008; 3: 1101–1108. doi: 10.1038/nprot.2008.73 PMID: 18546601

50. Di Rienzo JA, Casanoves F, Balzarini MG, Gonzalez L, Tablada M, Robledo CW. InfoStat, versión
2013. Córdoba: Grupo InfoStat, FCA, Universidad Nacional de Córdoba, Argentina.; 2013. pp. Grupo
InfoStat, FCA, Univ Nac Cba, Argentina.

51. Shini S, Shini A, Kaiser P. Cytokine and chemokine gene expression profiles in heterophils from chick-
ens treated with corticosterone. Stress. 2010; 13: 185–94. doi: 10.3109/10253890903144639 PMID:
19958164

52. Kuenzel WJ, Jurkevich A. Molecular neuroendocrine events during stress in poultry. Poult Sci. 2010;
89: 832–40. doi: 10.3382/ps.2009-00376 PMID: 20308419

53. Rubolini D, Romano M, Boncoraglio G, Ferrari RP, Martinelli R, Galeotti P, et al. Effects of elevated egg
corticosterone levels on behavior, growth, and immunity of yellow-legged gull (Larus michahellis)
chicks. Horm Behav. 2005; 47: 592–605. doi: 10.1016/j.yhbeh.2005.01.006 PMID: 15811362

54. Martin LB, Gilliam J, Han P, Lee K, Wikelski M. Corticosterone suppresses cutaneous immune function
in temperate but not tropical House Sparrows, Passer domesticus. Gen Comp Endocrinol. 2005; 140:
126–35. doi: 10.1016/j.ygcen.2004.10.010 PMID: 15613275

55. Tella JL, Lemus JA, Carrete M, Blanco G. The PHA test reflects acquired T-cell mediated immunocom-
petence in birds. PLoS One. 2008; 3: e3295. doi: 10.1371/journal.pone.0003295 PMID: 18820730

56. Davison F, Kaspers B, Schat K, Kaiser P. Avian immunology [Internet]. Davidson F, Kaspers B, Schat
KA, editors. Academic Press; 2011. Available: http://books.google.com/books?hl=en&lr=&id=
VNjpDoMmJbkC&oi=fnd&pg=PP2&dq=Avian+Immunology&ots=N6Y8If4xVc&sig=
UH1uXjbfvZv86W8qOq2Qnd3D1sk

Immune Neuroendocrine Phenotypes in Avian Species

PLOS ONE | DOI:10.1371/journal.pone.0120712 March 20, 2015 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/15206629
http://www.ncbi.nlm.nih.gov/pubmed/15206629
http://dx.doi.org/10.1371/journal.pone.0047475
http://www.ncbi.nlm.nih.gov/pubmed/23071811
http://dx.doi.org/10.1242/jeb.030726
http://www.ncbi.nlm.nih.gov/pubmed/19749105
http://dx.doi.org/10.1016/j.dci.2004.06.007
http://www.ncbi.nlm.nih.gov/pubmed/15450756
http://www.jimmunol.org/content/118/5/1564.short
http://www.jimmunol.org/content/88/3/320.short
http://www.scopus.com/inward/record.url?eid=2-s2.0-0036320303&amp;partnerID=tZOtx3y1
http://dx.doi.org/10.1016/j.cbpa.2008.01.002
http://dx.doi.org/10.1016/j.cbpa.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18282729
http://dx.doi.org/10.1017/CBO9780511615016
http://dx.doi.org/10.1017/CBO9780511615016
http://www.ncbi.nlm.nih.gov/pubmed/15876797
http://www.ncbi.nlm.nih.gov/pubmed/15876797
http://www.ncbi.nlm.nih.gov/pubmed/15876797
http://dx.doi.org/10.1080/10253890802526894
http://www.ncbi.nlm.nih.gov/pubmed/19006006
http://dx.doi.org/10.3382/ps.2012-02283
http://dx.doi.org/10.3382/ps.2012-02283
http://www.ncbi.nlm.nih.gov/pubmed/22991533
http://dx.doi.org/10.1038/nprot.2008.73
http://www.ncbi.nlm.nih.gov/pubmed/18546601
http://dx.doi.org/10.3109/10253890903144639
http://www.ncbi.nlm.nih.gov/pubmed/19958164
http://dx.doi.org/10.3382/ps.2009-00376
http://www.ncbi.nlm.nih.gov/pubmed/20308419
http://dx.doi.org/10.1016/j.yhbeh.2005.01.006
http://www.ncbi.nlm.nih.gov/pubmed/15811362
http://dx.doi.org/10.1016/j.ygcen.2004.10.010
http://www.ncbi.nlm.nih.gov/pubmed/15613275
http://dx.doi.org/10.1371/journal.pone.0003295
http://www.ncbi.nlm.nih.gov/pubmed/18820730
http://books.google.com/books?hl=en&amp;lr=&amp;id=VNjpDoMmJbkC&amp;oi=fnd&amp;pg=PP2&amp;dq=Avian+Immunology&amp;ots=N6Y8If4xVc&amp;sig=UH1uXjbfvZv86W8qOq2Qnd3D1sk
http://books.google.com/books?hl=en&amp;lr=&amp;id=VNjpDoMmJbkC&amp;oi=fnd&amp;pg=PP2&amp;dq=Avian+Immunology&amp;ots=N6Y8If4xVc&amp;sig=UH1uXjbfvZv86W8qOq2Qnd3D1sk
http://books.google.com/books?hl=en&amp;lr=&amp;id=VNjpDoMmJbkC&amp;oi=fnd&amp;pg=PP2&amp;dq=Avian+Immunology&amp;ots=N6Y8If4xVc&amp;sig=UH1uXjbfvZv86W8qOq2Qnd3D1sk


57. Dhabhar FS, McEwen BS. Acute stress enhances while chronic stress suppresses cell-mediated im-
munity in vivo: a potential role for leukocyte trafficking. Brain Behav Immun. 1997; 11: 286–306. doi: 10.
1006/brbi.1997.0508 PMID: 9512816

58. Dhabhar FS, Miller AH, McEwen BS, Spencer R. Stress-Induced Changes in Blood leukocyte Distribu-
tion. J Immunol. 1996; 1638–1644.

59. Dhabhar FS. Enhancing versus Suppressive Effects of Stress on Immune Function: Implications for
Immunoprotection versus Immunopathology. Allergy, Asthma Clin Immunol. 2008; 4: 2–11. doi: 10.
2310/7480.2008.00001

60. Correa SG, Maccioni M, Rivero VE, Iribarren P, Sotomayor CE, Riera CM. Cytokines and the immune-
neuroendocrine network: What did we learn from infection and autoimmunity? Cytokine Growth Factor
Rev. 2007; 18: 125–34. doi: 10.1016/j.cytogfr.2007.01.011 PMID: 17347025

Immune Neuroendocrine Phenotypes in Avian Species

PLOS ONE | DOI:10.1371/journal.pone.0120712 March 20, 2015 15 / 15

http://dx.doi.org/10.1006/brbi.1997.0508
http://dx.doi.org/10.1006/brbi.1997.0508
http://www.ncbi.nlm.nih.gov/pubmed/9512816
http://dx.doi.org/10.2310/7480.2008.00001
http://dx.doi.org/10.2310/7480.2008.00001
http://dx.doi.org/10.1016/j.cytogfr.2007.01.011
http://www.ncbi.nlm.nih.gov/pubmed/17347025


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


