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immunoendocrine and biochemical responses during and after chronic exposure
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ABSTRACT
Avian require comfortable temperatures for optimal development and heat stress is a high concern in
warm weather countries. We aimed to assess the dynamics of immunoendocrine and biochemical varia-
bles responses of birds exposed to a heat stressor applied during daylight hours, during the chronic
stress and the recovery periods. We hypothesize that variables involved in the birds response will be
differentially and gradually modified during those periods. Female quail (n¼ 210) were housed in six
rearing boxes. At 29 days of age, the temperature in three boxes was increased from 24 to 34 �C during
the light period throughout the nine days (Stress Treatment). The other three boxes remained at 24 �C
and were used as controls. The subsequent 12 days were considered as recovery period. Different sets
of 12 birds/treatment were blood-sampled at 29 (basal), 32, 35, 38 (stress), 41, 44, 47, and 50 (recovery)
days of age, respectively. Immunoendocrine (corticosterone, lymphoproliferation, heterophil/lymphocyte
ratio (H/L), and antibody response) and biochemical (glucose, total proteins, globulins, and albumin)
variables were assessed. During stress, progressive corticosterone and H/L increments, and antibody
titers and lymphoproliferation decreases were detected. No clear pattern of changes was found in bio-
chemical variables. During recovery, while corticosterone and lymphoproliferation had recovered three
days after the stressor ended, H/L and antibody responses required respectively nine and 12 days to
recover to their basal levels, respectively. Findings suggest that immunity is already threatened when
heat stress is sustained for three or more days. However, the system appears resilient, needing six to
12 days to recover to their basal responses.
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Introduction

Natural and commercial rearing environments are a source of
challenges that may result in stressors such as extreme tem-
peratures, impaired resources availability, or even diseases
(Lara & Rostagno, 2013; McNamara, 2005; Roche & Gu�egan,
2011; Romero, 2004). Specifically, environmental temperature
above the thermoneutral range represents an important
stressor mainly in tropical and subtropical regions, leading to
physiological responses defined as heat stress (Belhadj
Slimen, Najar, Ghram, & Abdrrabba, 2016; Lara & Rostagno,
2013; Zell, 2004). Avian species are endothermic animals that
require comfortable temperatures for their optimal develop-
ment, considering that the absence of sweat glands together
with many layers of feathers make birds particularly prone to
heat stress and its consequences (Dai et al., 2011; Mashaly
et al., 2004, Scanes, 2014). During rearing of birds for com-
mercial purposes, birds are usually kept under high densities,
of about 11 birds per square meter and hence heat stress

can be considered almost an unavoidable condition of high
relevance worldwide (Lara & Rostagno, 2013).

When heat stress and immune challenges occur together,
birds can reach a state associated with the depression of an
optimal immune response: damaged intestinal mucosa
(Quinteiro-Filho et al., 2010), lower total white blood cell
(Mashaly et al., 2004), diminished foreign antigen recognition,
minor phagocytosis (Sandhu, Mirza, Afzal, & Mukhtar, 2012),
and antibody production (Gasparino et al., 2013; Sahin et al.,
2006). These lead to an increased exposure to antigens and
bacteria, thus producing an imbalance between pro/anti-
inflammatory molecules in the whole organism (Lara &
Rostagno, 2013; Quinteiro-Filho et al., 2010; Song et al.,
2013).

Much research has been conducted to clarify the effects of
a wide range of stressors on biochemical and immunoendo-
crine responses in avian species. Nevertheless, these studies
evaluated stress consequences considering mainly the pre
and post-stress responses (Azad, Kikusato, Maekawa,
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Shirakawa, & Toyomizu, 2010; Mashaly et al., 2004; Nazar &
Marin, 2011; Xie et al., 2015). Recovery has also been studied
as a single point once the stress protocol is finished (Shini,
Shini, & Huff, 2009). Consequently, insights into the dynamics
of modulation of the response both during and after heat
stress in subtropical avian species are still needed.

This study aimed to assess the dynamics of immunoendo-
crine and biochemical variables responses of birds exposed
to a chronic heat stressor applied during daylight hours along
nine days, during both stress exposure and the following 12
days of recovery. We hypothesized that variables involved in
the birds� immunoendocrine and biochemical response would
be differentially and gradually modified during those periods.
We expected this information would allow us to answer the
following main questions: i) Does heat stress differentially
affect the dynamics of the immunoendocrine and biochem-
ical variables responses? and if so, ii) What is the particular
dynamic of the impairment and the recovery of those varia-
bles? The information gathered can bring light to determine
whether some variables are particularly susceptible to chronic
heat stress and to help identify a particular point/s along
chronic heat stress dynamics where vulnerability to other
challenges could be increased. Results could have production
as well as welfare implications if we consider that heat stress
consequences can affect almost all basic principles for animal
welfare (i.e. freedoms from discomfort, disease, distress and
to express normal behaviors; Farm Animal Welfare Council,
2012 (http://webarchive.nationalarchives.gov.uk/20121010012427/
http://www.fawc.org.uk/freedoms.htm)).

Methods

Animals and husbandry

Female Japanese quail were only used in the present study.
These birds are recognized as a useful laboratory model for
avian studies (Baumgartner, 1994; Huss, Poynter, & Lansford,
2008). Husbandry was performed according to standard
laboratory procedures (Guzm�an, Pellegrini, Kembro, & Marin,
2013; Nazar, Barrios, Kaiser, Marin, & Correa, 2015). Four hun-
dred and fifty newly hatched quail chicks were randomly
housed in six (75 birds each) rearing pen boxes measuring
90� 90� 90 cm (length�width� height). Each box had one
90 cm feeder and 16 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.

Brooding temperature was 37 �C during the first week of
life, with a decline of 3 �C per week until 25 �C was
reached. For the first four weeks of life, a quail starter diet
(24% CP; 2900 Kcal ME/kg) and water were provided ad
libitum. At 22 days of age (DA), the birds were sexed by
plumage coloration. Females were recognized by the light
brown feathers with speckled black spots on their throat
and chest, while males were identified by their plain
golden-brown feathers on the chest. Two hundred and ten
females were wing-banded for later individual identification
and were randomly re-housed in groups of 35 in the same
described pen boxes. Coincident with re-housing, birds
were switched to a laying diet (21% protein, 2,750 kcal ME/
kg) and water availability was continued. Quail were sub-
jected to a daily cycle of 14 h light (300–320 lx) and 10 h
dark during the study. Lights were turned on at 6:00am
and turned off at 9:00pm.

Experimental design

A bi-factorial design combining the effect of Stress Treatment
and Time of Sampling was used. As mentioned, at 22DA
female quail were assigned to one of the six rearing boxes.
From 30–38DA, all birds housed in half of the boxes were
submitted to a nine days chronic heat stress protocol (Stress
Treatment, Figure 1) and temperature in the boxes was daily
increased from 24 to 34 �C starting at 9:00am. Temperature
was increased during a 30min period (about þ0.3 �C per
minute) and was maintained at 34 �C until 5:00pm. After
5:00pm the temperature was gradually lowered returning to
24 �C by 8:00pm. Females housed in the other boxes
remained with unaltered temperature (at a comfort tempera-
ture, 24 �C during the whole study) and were used as con-
trols. At 39DA the comfort temperature was reestablished in
the boxes submitted to the Stress Treatment and until 50DA
the recovery from the heat stress was evaluated. Thus, the
stress period was applied during daylight hours along nine
days and the subsequent 12 days were considered the recov-
ery period (under continued 24 �C comfort temperature).

To assess immunoendocrine and biochemical variables
(see below) during thermal heat stress and recovery periods,
eight sampling days were defined:

� Sampling day 1: basal, the day before heat stress started
(29DA);

Figure 1. Experiment schematic time line expressed in days of age (DA). To analyze immunoendocrine system and biochemical stress induced modulations, eight
sampling days were defined (#1–8). Female Japanese quail were submitted to a chronic heat stress protocol during nine days (DA 30–38) and was followed by a
recovery period of 12 days (DA 39–50). Heat stress protocol: temperature in half of the boxes was daily increased from 24 to 34 �C, during the photoperiod light
phase. Recovery period: temperature in stressed boxes was established at a continuous comfort temperature (24 �C). On each sampling day, 12 stressed and 12 non-
stressed quail were sampled. Each bird was sampled only once.
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� Sampling days 2–4: during stress period (32, 35, and
38DA);

� Sampling days 5–8: during recovery period (41, 44, 47,
and 50DA).

Thus, Time of Sampling comprised eight levels (days 1–8).
Every sampling day, 24 females were evaluated (four
randomly assigned individuals from each of the six boxes (12
stressed and 12 control quail)). Thus, each bird was sampled
only once. The use of colored wing bands allowed fast recog-
nition of individuals and blood samples were withdrawn in
less than 80 s, thus minimizing potential alterations in
response to handling (Nazar et al., 2015; Romero & Reed,
2005).

Sampling

Blood samples were withdrawn (0.5–1ml) from the brachial
vein using 1ml syringes previously treated with ethylenedia-
minetetraacetic acid (EDTA) to avoid blood coagulation; anes-
thesia was not used in line with guidance in the National
Centre for the Replacement Refinement and Reduction of
Animals in Research (www.nc3rs.org.uk/general-principles).
Blood samples were immediately centrifuged at 2500 g for
15min at 4 �C and the plasma was stored at �20 �C until fur-
ther analysis. Blood withdrawal was performed at the same
time (10:00am) every sampling day and the birds order was
alternated between control and stressed groups. After sam-
pling, each bird was immediately returned to its home box.

Hormone analysis

Plasma corticosterone concentrations were determined by
enzyme immunoassay (EIA) using polyclonal antibodies,
standards, and their corresponding horseradish peroxidase
conjugates (anti-corticosterone CJM006, Department of
Population Health and Reproduction, C. Munro, UC Davis,
CA). The polyclonal CJM006 antibody cross-reacts with: cor-
ticosterone 100%, desoxycorticosterone 14.25%, progesterone
2.65%, tetrahydrocorticosterone 0.90%, testosterone 0.64%,
cortisol 0.23%, prednisolone 0.07%, 11-desoxycortisol 0.03%,
prednisone <0.01%, cortisone <0.01%, and oestradiol
<0.01%. The assays were performed according to the general
technique described by Munro & Lasley (1988). Briefly, plasma
samples were assayed in duplicates using flat-bottom micro-
titer plates. These were first coated with 50 ml of the antibody
stock diluted in coating buffer (50mM bicarbonate buffer, pH
9.6, 1: 15000) and were incubated overnight at 4 �C. Later,
plates were washed to remove any unbound antibody and
immediately after, 50 ml of samples, standards, and controls
were added in duplicates, followed by 50 ml of horseradish
peroxidase conjugate diluted in EIA buffer (1:70,000). Plates
were then incubated at room temperature (21 �C) for 2 h in
an orbital shaker. Following incubation, plates were washed
and blotted dry, and 100 ml of substrate solution (50mM cit-
rate, 1.6mM hydrogen peroxide, and 0.4mM 2,20-azino-di-(3-
ethylbenzthiazoline sulfonic acid) diammonium salt, pH 4.0)
were added to each well. Absorbance was measured at

405 nm using a microplate reader (Thermo Electron
Corporation, Waltham, MA). For all hormone determinations,
the intra- and inter-assay coefficients of variation were <12
and 5.1%, respectively. Assay sensitivity was 0.08 ng/ml.

Immunological assays

Three immune-related variables were evaluated in order to
assess the response of the immune system: (i) Cell mediated
immunity was determined via percentage lymphoproliferative
response to phytohemagglutinin-p (Inflammatory response to
PHA-P; Moore & Siopes, 2005; Stadecker & Lukic, 1977); (ii)
Heterophil/lymphocyte (H/L) ratio was determined as a com-
monly used hematological indicator of chronic stress (Jones,
1989; Nazar et al., 2015); and (iii) Humoral immunity was
determined via the primary antibody response against sheep
red blood cells (SRBC) using a microagglutination assay
(Adriaansen-Tennekes, Decuypere, Parmentier, & Savelkoul,
2009; Sever, 1962).

Inflammatory response

A day before each defined sampling day, the wing-web of
each bird was measured using a digital caliper and then a
0.05ml intradermal injection of a solution of PHA-P (Sigma
Chemical, St Louis, MO) in phosphate saline buffer (PBS,
pH¼ 7, 1mg/ml) was given to induce a lymphoproliferative
response to PHA-P. Twenty four hours later (sampling day of
each group) the brachial vein from the opposite wing was
punctured to obtain blood samples for the other variable
determinations (see below). After blood withdrawal, the cor-
responding wing-web was again measured to determine per-
centage of inflammation as follows:

Percentage of inflammation¼ (Wing-web measurement
(mm) 24 h prior to sampling day/Wing-web measurement
(mm) on the sampling day) � 100.

H/L ratio
A blood smear was made on a slide for each sample.

Smears were stained with May Gr€unwald Giemsa and were
analyzed using a light microscope at 100� immersion object-
ive for a total 1000�magnification (Fair, Hansen, & Ricklefs,
1999). One hundred leukocytes were counted and differenti-
ated per blood smear. H/L ratio was calculated using the
following formulae:

H/L ratio¼ (Number of heterophils)/(Number of lymphocytes).

Antibody response against SRBC
One week before sampling day each bird was intraperito-
neally injected with 300ml of a 10% SRBC (HEMO-G, Rafaela,
Santa Fe, Argentina) suspension in order to induce a humoral
immune response. Antibody titers were measured in plasma
samples one week after the intraperitoneal administration of
the SRBC suspension. The antibody response was assessed
with a microagglutination assay, as follows: 30 ml of plasma
(complement inactivated by heating at 56 �C for 30min) was
serially diluted in 30 ml of phosphate buffered saline (PBS; 1:2,
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1:4, 1:8, up to 1:512). Next, 30 ml of a 2% suspension of SRBC
in PBS was added to each well. Microplates were incubated
at 40 �C for 45min and hemagglutination of the plasma sam-
ples was compared to the blank (PBS only) and negative con-
trol (wells with no SRCB suspension). Antibody titers were
reported as the Log2 of the highest dilution yielding
agglutination.

Biochemical variables

Glucose, total proteins, total globulins, and albumin concen-
trations for each bird were measured in the plasma obtained
after centrifugation (Nazar, Magnoli, Dalcero, & Marin, 2012;
O�guz, Keçeci, Birdane, Onder, & Kurto�glu, 2000).
Concentrations were determined with a clinical chemistry
analyzer (Wiener Lab, Commercial kit: 2000, Calorimetric
method for determination of total protein, albumin, and
plasma transaminase) according to the manufacturer’s recom-
mended procedure. Sensitivity for each target molecule was:
Glucose¼ 0.54mg/dl; Total proteins and total glob-
ulins¼ 0.01 g/dl; Albumin¼ 0.01 g/dl. Intra- and inter-assay
variability for each target molecule were 1.2 and 1.77%
(Glucose), 0.48 and 1% (Total proteins and total globulins),
and 2.27 and 3.78% (Albumin). It is important to consider
that based on the time chosen for sampling, results repre-
sented the regulatory metabolism of energetic and protein
components and not the basal metabolism after fasting.

Ethical statement

Animal care was provided in adherence with Institutional ani-
mal Care and Use Committee guidelines. The experiment
was approved by the ethical committee at Instituto de

Investigaciones Biol�ogicas y Tecnol�ogicas in compliance with
the legislation regarding the use of animals for experimental
and other scientific purposes (Acta 27, 09/04/2015).
Regarding the chronic heat stress protocol, temperatures
between 34 and 41 �C have been shown to affect avian
physiology with a wide spectrum of responses (Gasparino
et al., 2013; Sahin et al., 2006; Sandhu et al., 2012). We chose
34 �C to induce a chronic stress state while minimizing poten-
tial compromise of later welfare and survival. It is important
to note that no mortalities were registered during or after
stress exposure. At the end of the study the birds were
euthanized by cervical dislocation.

Statistical analysis

Analyses were performed using General Linear Mixed Model,
which included chronic Stress Treatment (stressed vs. control
birds) and Time of Sampling (days 1–8) as fixed effects and
the birds boxes as a random effect. The interactions between
fixed factors were also evaluated. Post-hoc treatment group
comparisons were conducted using Tukey tests. A p value of
<.05 was considered to represent significant differences. All
statistical analyses were performed through an ‘R’ (The R
Foundation for Statistical Computing) user-friendly interface
implemented in InfoStat (Di Rienzo et al., 2016).

Results

Corticosterone

The effects of heat stress over time on plasma corticosterone
concentration are shown in Figure 2. Analysis showed a sig-
nificant effect of Stress (F(1,176)¼ 17.43; p¼ 0.01), Time

Figure 2. Effects of chronic heat stress (during nineconsecutive days) and the recovery during the following 12 days on the plasma concentration of corticosterone
in female Japanese quail. Points represent mean value and lines represent standard error of the mean. The age of sampling is shown in the time axis (age, days).
Day 29 corresponds to the sample day before heat stress (34 �C) started. Days 32, 35, and 38 correspond to sampling during heat stress exposure. Days 41, 44, 47,
and 50 correspond to sampling after the chronic heat stress protocol was finished. a, b: different letters represent significant differences between groups (p< 0.05;
Tukey post-hoc test). A total of 24 birds (12 stressed and 12 control) were sampled on each of the eight sampling days (192 birds total). Each bird was sampled only
once.
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(F(7,176)¼ 5.50; p< 0.0001), and their interaction
(F(7,176)¼ 5.72; p< 0.0001). Post-hoc analyses showed that
control birds maintained basal values during the studied time
period. Birds under the heat stress protocol showed greater
corticosterone concentrations at the three sampling points
and the values were similar to each other. Three days post
the heat stress protocol (41DA), the corticosterone concentra-
tions showed similar values to the birds sampled before
stress started (basal) and to their respective control counter-
parts. These measures remained similar until the end of the
study.

Inflammatory response

The effects of heat stress and time on the percentage of
inflammation are shown in Figure 3. The analysis revealed a
significant effect of Stress (F(1,176)¼ 6.59; p¼ 0.05),
Time (F(7,176)¼ 5.01; p< 0.0001), and their interaction
(F(7,176)¼ 5.71; p< 0.0001). Post-hoc analyses showed that
control birds maintained their inflammation responses during
the time period evaluated. However, birds exposed to heat
stress showed lower percentages of inflammation during the
stress protocol. The lower responses were observed on the
day 9 of heat stress exposure (38DA). Three days after the
heat stress protocol ended (41DA), the inflammatory
response showed similar values to birds sampled before
stress started (basal) and to their respective control counter-
parts. These responses remained similar until the end of the
study.

H/L ratio

The effects of heat stress on the H/L ratio over time are
shown in Figure 4. The analysis revealed a significant effect
of Stress (F(1,176)¼ 66.18; p< 0.0001), Time (F(7,176)¼ 7.91;
p< 0.0001), and their interaction (F(7,176)¼ 6.62; p< 0.0001).
Post-hoc analyses showed that control birds maintained simi-
lar values throughout the studied time period. Birds under
the heat stress protocol showed increased H/L ratio values
during the heat stress period with the highest value reached
on the day 9 of heat stress exposure (38DA). After the stress
protocol ended, H/L values returned to basal levels (similar to
control birds) on the day 9 of recovery (47DA).

Antibody response against SRBC

The effects of heat stress over time on induced SRBC anti-
body titers are shown in Figure 5. The analysis revealed
significant effects of Stress (F(1,176)¼ 59.56; p< 0.0001),
Time F(7,176)¼ 12.13; p< 0.0001), and their interaction
(F(7,176)¼ 5.70; p< 0.0001). Post-hoc analyses showed that
control birds maintained similar values through the studied
time period. The exposure to heat stress decreased the men-
tioned humoral response in birds after the day 6 of the stress
protocol (35DA), with the minimum numerical value regis-
tered post nine days (38DA) of heat stress exposure. During
the recovery period, titer values of previously stressed birds
continually increased and reached values not significantly dif-
ferent from the control birds on the 1 day 12 of recovery
(50DA).

Figure 3. Effects of chronic heat stress exposure (during nine consecutive days) and the recovery during the following 12 days on the percentage of inflammation
induced by the injection of phytohemagglutinin-p in female Japanese quail. Percentage of Inflammation¼ (Wing-web measurement (mm) 24 h prior to sampling
day/Wing-web measurement (mm) on the sampling day) x 100. Points represent mean value and lines represent standard error of the mean. The age of sampling is
shown in the time axis (age, days). Day 29 correspond to the sample day before heat stress (34 �C) started. Days 32, 35, and 38 correspond to sampling during heat
stress exposure. Days 41, 44, 47, and 50 correspond to sampling after the chronic heat stress protocol was finished. a–c: different letters represent significant differ-
ences between groups (p< 0.05; Tukey post-hoc test). A total of 24 birds (12 stressed and 12 control) were sampled on each of the eight sampling days (192 birds
total). Each bird was sampled only once.
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Biochemical variables

The effects of stress and time on plasma concentrations of
glucose, total proteins, total globulins, and albumin are
shown in Figure 6 (panel A–D, respectively). A significant
effect of Time of Sampling was found for all the metabolic

variables: glucose (F(7,176)¼ 2.06; p¼ 0.05), total proteins
(F(7,176)¼ 8.13; p< 0.001), total globulins (F(7,176)¼ 3.09;
p¼ 0.004), and albumin (F(7,176)¼ 20.22; p¼ 0.0001).
However, no effects of stress (p> 0.17 in all cases) and no
interactions between stress and time (p> 0.2 for glucose,

Figure 4. Effects of chronic heat stress (during nine consecutive days) and recovery during the following 12 days on heterophil to lymphocyte ratio in female
Japanese quail. Points represent mean value and lines represent standard error of the mean. The age of sampling is shown in the time axis (age, days). Day 29 cor-
respond to the sample day before heat stress (34 �C) started. Days 32, 35, and 38 correspond to sampling during heat stress exposure. Days 41, 44, 47, and 50 corres-
pond to sampling after chronic heat stress protocol was finished. (a–f) different letters represents significant differences between groups (p< 0.05; Tukey post-hoc
test). A total of 24 birds (12 stressed and 12 control) were sampled on each of the eight sampling days (192 birds total). Each bird was sampled only once.

Figure 5. Effects of chronic heat stress (during nine consecutive days) and recovery during the following 12 days on antibody titers against sheep red blood cells
(SRBC) in female Japanese quail. One week before each sampling day, the corresponding birds were immunized against SRBC. Points represent mean value and lines
represent standard error. The age of sampling is shown in the time axis (age, days). Day 29 correspond to the sample day before heat stress (34 �C) started. Days 32,
35, and 38 correspond to sampling during heat stress exposure. Days 41, 44, 47, and 50 correspond to sampling after chronic heat stress protocol was finished. (a–f)
different letters represent significant differences between groups (p< 0.05; Tukey post-hoc test). A total of 24 birds (12 stressed and 12 control) were sampled on
each of the eight sampling days (192 birds total). Each bird was sampled only once.
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total proteins, and total globulins) were found. Although
plasma albumin concentration was the only metabolic vari-
able showing an interactive effect between stress and time of
sampling (F(7,176)¼ 3.63; p¼ 0.001), post-hoc analysis showed
no differences between control and stressed birds either dur-
ing the stress or during the recovery period.

Discussion

The present study evaluated the dynamics of biochemical
and immunoendocrine response modulation in female
Japanese quail during nine consecutive days of chronic heat
stress exposure and their subsequent recovery during the fol-
lowing 12 days. Previous studies on chronic heat stress have
provided results considering a comparison between the pre-
and post-stress situation: increment in synthesis of cortico-
sterone (Shini & Kaiser, 2009; Shini, Kaiser, Shini, & Bryden,
2008) decreased concentration of thyroid hormones T3 and
T4, lower levels of IGF-I (Willemsen et al., 2011), and insulin
(Dai et al., 2011; Donkoh, 1989). Some other metabolic and
nutritional aspects, such as blood metabolites, circulating

amino acids, weight gain, and food conversion alterations
have also been reported (Sahin et al., 2006, 2011; Sahin,
Orhan, Tuzcu, Tuzcu, & Sahin, 2012; Xie et al., 2015) but those
studies did not inform about the temporal changes through
the exposure.

There are many different types of environmental patho-
gens continually threatening survival of animals. Once patho-
gens overcome the body’s physical, chemical, or behavioral
barriers, they enter into the organism and trigger an innate
immune system response (Murphy, 2009; Schat, Kaspers, &
Kaiser, 2012). This allows the recruitment of phagocytic cells
and antigen-presenting cells, thereby activating the acquired
component of the immune system: B cells produce antibodies
and/or T cells produce activated cytotoxic cells (Buehler,
Tieleman, & Piersma, 2010; Murphy, 2009; Schat et al., 2012).
Taken together, innate and acquired components comple-
ment each other, offering the benefit of neutralizing the
intruding pathogen. However, developing immune responses
implies a cost (Colditz, 2008; Hanssen, 2006; Hanssen,
Hasselquist, Folstad, & Erikstad, 2004). The free access to vital
resources (food and water) offered to the quail in the present
study, avoids the investment of energy in the search for

Figure 6. Effects of chronic heat stress (during nine consecutive days) and recovery during the following 12 days on plasma concentrations of glucose (panel A),
total proteins (panel B), total globulins (Panel C), and albumin (Panel D) in female Japanese quail. Points represent mean value and lines represent standard error of
the mean. The age of sampling is shown in the time axis (age, days). Day 29 correspond to the sample day before heat stress (34 �C) started. Days 32, 35, and 38
correspond to sampling during heat stress exposure. Days 41, 44, 47, and 50 correspond to sampling after chronic heat stress protocol was finished. (a–e) Different
letters represents significant differences between groups (p< 0.05; Tukey post-hoc test). A total of 24 birds (12 stressed and 12 control) were sampled on each of
the eight sampling days (192 birds total). Each bird was sampled only once.
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these resources, hence energy was theoretically available as
in the control groups for the development of an optimal
immune response. However, the pressure in the form of an
environmental challenge by the chronic heat stress exposure,
had consequences in the modulation of the immunoendo-
crine system which indicate an altered energy assignment.
Indeed, the immunoendocrine parameters analyzed in our
study were differently affected by the chronic heat stress
exposure and each of them showed a particular recovery
dynamic following stress. Focusing on the period of elevated
environmental temperature, plasma corticosterone concentra-
tion, and inflammatory response to PHA-P were the first vari-
ables altered, with a sudden increase and decrease,
respectively, after three days of heat stress. Values remained
similarly altered until the end of the chronic heat stress
protocol. Antibody production in response to SRBC challenge
instead, required more than three days to show significantly
reduced titers, reaching the minimum values after nine days
of chronic heat stress exposure. However, the H/L ratio
showed increasing values along the stress protocol, reaching
also a maximum alteration after nine days of stress. These
results are consistent with studies reported by Mashaly et al.
(2004); Shini et al (2008) and Nazar and Marin (2011) which
showed similar alterations of immunological parameters
when determined at the end of a chronic stress challenge.
These authors used different stressors to induce a chronic
stress response, such as exposure to corticosterone in drink-
ing water (Shini et al., 2008), brief mechanical restraint (Nazar
& Marin, 2011), or elevation of environmental temperature
(Mashaly et al., 2004). Nevertheless, independently from the
stressor applied, it seems that the non-specificity of the stress
response allowed us to replicate the overall phenomena
when strictly analyzed by comparing with before and post
stress activities.

Stress signals are perceived in the brain and the stress
response is triggered (Dhabhar, 2009; Dohms & Metz, 1991;
Siegel, 1995), ending in the production and release of gluco-
corticoids, especially corticosterone (De Kloet, 2003; Mumma,
Thaxton, Vizzier-Thaxton, & Dodson, 2006). In this study, heat
stress strongly increased plasma corticosterone concentra-
tions, which remained high until the last day of the stress
protocol. Hence the hypothalamic-pituitary-adrenal (HPA) axis
was evidently continually activated, with the birds showing
no endocrine indicators of habituation (Shini et al., 2008).
When the heat stress protocol ended, three days without the
influence of the stressor were sufficient to reestablish basal
activity similar to that in the controls. These results indicate
that the heat stress protocol used is a valid and robust
stressor.

Assessing the dynamics of the stress effects on the
immune system, inflammatory responses were the first to be
disturbed, indicating an increased susceptibility to pathogens
that find this stress condition beneficial. Examples of patho-
gens could be viruses or bacteria that are cleared by normal
inflammatory responses (Schat et al., 2012). Later, the H/L
ratio and antibody production started to show alterations,
reaching the more severe state of immunosuppression (max-
imum alteration registered considering the three parameters
studied) at day 9 of chronic heat stress exposure. In this

context, any pathogen could severely affect the chances of
survival (Dohms & Metz, 1991; Stier et al., 2009). Interestingly,
within the recovery period, the inflammatory response to
PHA-P was also the first variable to recover control values.
That phenomenon was observed three days post the stressor
protocol (first sampling point within the recovery period). The
H/L ratio values showed a partial recovery on the days 3 and
6 without high temperatures and reached similar values to
controls on the day 9 of recovery (47DA). Antibody produc-
tion was the last variable altered during the heat stress
period and also was the last variable to recover control-like
values (after 12 days of thermoneutral environment; 50DA).
While inflammation requires cells that already exist to migrate
from the blood into a tissue in response to a chemoattractant
gradient, antibody titer elevation implies the activation, prolif-
eration, and differentiation of B cells (Cupps, Gerrard, Falkoff,
Whalen, & Fauci, 1985; Murphy, 2009; Schat et al., 2012).
Accordingly, our results are consistent with a faster recovery
of the inflammatory capacity compared with the required de
novo synthesis of immunoglobulins.

Regarding metabolic variables, no effects of stress and no
interactions between stress and time were found for plasma
glucose, total proteins, and total globulins. Although an inter-
action between heat stress treatment and time was found for
albumin concentrations, the analysis did not show significant
differences between control and stressed birds either during
the stress or during the recovery period. Plasma glucose and
total proteins and globulins did show some changes on dif-
ferent sample days during the study (within stress and recov-
ery periods), both in the control and stressed groups. These
changes with time might just reflect metabolic adjustments
during ontogeny. These results are consistent with Xie et al.
(2015), who reported no changes in blood glucose and pro-
tein metabolism after a chronic heat stress protocol.
However, Ma et al. (2014) studied the effects of chronic heat
stress in ducks reporting alteration in the content of energy
and protein, with lowest values in ducks that were submitted
to 34 �C at the end of the day 28 of heat stress. These differ-
ences between studies may be based on the duration of heat
stress exposure, the chosen temperature, or a combined
effect of both factors. However, increments in blood glucose
after an acute heat stress have been reported by Xie et al.
(2015). The absence of chronic stress-induced changes in glu-
cose concentrations in our study is consistent with adequate
coping during the sustained high environmental tempera-
tures. Such coping may have been facilitated by allowing
birds to regain environmental thermoneutral temperatures
during the night phase.

The corticosterone concentration dynamics can be related
to the alteration of the immune parameters rather than the
biochemical variables. Consequently, sustained higher cortico-
sterone concentrations were associated with a progressive
state of immuno-suppression along the nine consecutive days
of exposure to the stressor. Once the stress protocol was
ended, the HPA axis reestablished its basal activity, promot-
ing survival (Huff, Huff, & Balog, 2005; Puvadolpirod &
Thaxton, 2000; Romero, Dickens, & Cyr, 2009; Shini et al.,
2008). The change in H/L ratio and antibody production is a
consequence of the increased circulating concentrations of
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the stress response mediators during and after stress
(Romero et al., 2009). Plausibly these immune responses take
longer to recover than the corticosterone concentrations or
inflammatory responses.

Taken together, the findings in our study indicate that
heat stress represents a threat to birds with a major impact
on immunoendocrine responses rather than the several meta-
bolic variables evaluated. The response to the heat stressor
was characterized by a different temporal modulation of each
of the immune components studied and an increasing sever-
ity as days under heat stress went by. Immunoendocrine
responses appeared already threatened when heat stress was
sustained for only three days, potentially compromising bird
health and welfare. In poultry production, three days of heat
stress should be taken as a serious condition, strongly activat-
ing stress hormone secretion and suppressing immune
defenses: management practices should be aimed at minimiz-
ing such heat and associated pathogen exposure.
Nonetheless, the immune and endocrine systems appear
resilient, but take six to 12 days post heat stress to recover to
normal basal activity.
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