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a b s t r a c t
Environmental changes during perinatal development can affect the postnatal life. In this sense, chicken embryos
that experience low levels of O2 over a speciﬁc phase of incubation can have their tissue growth reduced and the
ventilatory response to hypoxia blunted, at least until hatching. Additionally, exposure to low level of O2 after
birth reduces the thermogenesis as well. In the present study, we tested the hypothesis that hypoxia over the
third week of incubation affects the thermoregulation of juvenile chicks at an age when thermogenesis is already
_ 2)
expected to be well-developed. To this end, we measured body temperature (Tb) and oxygen consumption (V0
under acute hypoxia or different ambient temperatures (Ta) of 1 and 10 day-old chicks that have been exposed to
21% O2 for entire incubation (Nx) or to 15% O2 in the last week of incubation (Hx). We also assessed the thermal
preference under normoxia or acute hypoxia of the older chicks from both incubation groups in a thermocline.
Hypoxia over incubation reduced growth but did not affect the cold-induced thermogenesis in hatchlings. Re_ 2 , a thermal preference
garding the juvenile Hx, present data indicate a catch up growth with higher resting V0
for warmer Tas and a possible higher thermal conductance. In conclusion, our results show that hypoxia over
the third week of incubation can affect the thermoregulation at least until 10 days after hatch in chickens.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction
_ 2) and body temperHypoxia induces decrease in metabolic rate (V0
ature (Tb) and increase in ventilation, which seems to minimize the imbalance between oxygen supply and demand. These responses are
observed in newborns and adults of several species (Gautier, 1996;
Bicego et al., 2007; Mortola, 2009; Mortola and Maskrey, 2011) whose
metabolic suppression is accompanied by increase in autonomic
(Tattersall and Milsom, 2003) and behavioral (Mortola and Feher,
1998; Bicego et al., 2007; Mortola and Maskrey, 2011) heat loss
responses.
During prenatal stages, the hypoxic metabolic drop is observed
mainly as depression of tissue growth because at this phase growth is
Abbreviations: BM, body mass; H0, hatchlings (between 12 and 20 hs); H10, 10 dayold chicks; Hx, hypoxic incubation (last week, 15% O2); Nx, normoxic incubation (21%
_ 2 , metabolic rate assessed as
O2); Ta, ambient temperature; Tb, body temperature; V0
the rate of oxygen consumed by the animal.
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the most energy-demanding function, which can lead to immaturity of
organs/systems in hatchlings (Mortola and Cooney, 2008; Mortola,
2009; Mortola and Awam, 2010). The drop in growth is also observed
during non-hypoxic reduction of metabolic rate such as cold exposure
over incubation (Mortola and Toro-Velasquez, 2013).
In contrast, after birth thermogenesis becomes the principal source
of energy expenditure and its inhibition is the main factor involved in
hypoxia-induced metabolic depression (Mortola and Maskrey, 2011).
The opposite response (increase in energy expenditure), however, is
observed during cold exposure to avoid hypothermia (cf. Bicego et al.,
2007). These facts indicate that, although these two stressors (hypoxia
and cold) have similar effects on metabolic rate during prenatal stages,
in post-natal life their effects are opposite because of the establishment
of endothermy (Szdzuy et al., 2008). In this context, it is interesting to
note that hypoxia, but not cold exposure, during incubation induces reduced ventilatory response to low oxygen in chicken hatchlings
(Mortola and Toro-Velasquez, 2013), indicating a speciﬁcity of the hypoxic stimulus to the chemosensory development.
All the studies mentioned above addressed morphophysiogical responses during pre-hatching phases or in the ﬁrst day after hatching.
It is possible that exposure to low levels of O2 over embryogenesis can
cause not only short, but also prolonged morphophysiological
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alterations. The interest in postnatal consequences caused by environmental changes throughout perinatal development is because such alterations during critical phases can induce responses of genes that
lead to different phenotypes later in life (Okubo and Mortola, 1989;
Snyder et al., 1984). In the case of hypoxia, the phase of embryonic development that the animal is exposed to, is crucial to determine possible
phenotypic changes (Chan and Burggren, 2005).
Because in birds the last week of incubation is a critical phase for
some organs/system and thermogenesis maturation (Chan and
Burggren, 2005; Ferner and Mortola, 2009; Szdzuy et al., 2008), we hypothesize that low levels of O2 over the third week of incubation would
affect thermoregulation of chicks at the second week of life, i.e., when
they are already expected to have a well-developed thermogenesis
(Tzschentke and Nichelmann, 1999). To test this hypothesis, we measured Tb and oxygen consumption (index of thermogenesis) under
acute hypoxia or different ambient temperatures (Ta) of 1 and 10 dayold chicks that have been exposed to 15% O2 in the last week of incubation. We also measured the thermal preference in normoxia or acute
hypoxia of the older chicks from both incubation groups.
2. Methods
2.1. Animals
Freshly laid fertilized eggs of lineage Cobb were obtained from a
local supplier (Globoaves, Itirapina, SP, Brazil). All the eggs were
weighed at day 0, incubated at temperature of 37.5 °C and 60% of relative humidity and rotated every 2 h. All of those parameters were controlled by sensors inside the incubators. One group of eggs remained
under normoxia for the entire incubation (21% O2; Nx), whereas another group was transferred into a hypoxic incubator (15% O2; Hx) between day 12 and day 18 of incubation. The desired level of hypoxia
(15% O2) was obtained by pushing into the incubator a small stream
of N2 (0.2–0.4 mL/min; White Martins, Osasco, SP, Brazil) controlled
by a ﬂowmeter and the O2 concentration was monitored continuously
by an O2 analyzer (Sensepoint XCD, Honeywell, USA). The incubator
was equipped with three thermometers disposed in strategic points
and one of them was very close to the nearest egg to the N2 leaking to
make sure that the introduction of compressed gas would not alter
the temperature of the incubator. On the 19th day all eggs were transferred to a normoxic hatcher (37.5 °C). After hatchlings were dry, they
were transferred to chambers (Premium Ecológica, Belo Horizonte, Brazil) with controlled temperature (33–31 °C until day 5 and to 29 °C until
day 10), light:dark cycle 14 h:10 h and water and food ad libitum. The
experiments were conducted with the same chicks at day 0 (H0; between 12 and 20 hs) and ten (H10) after hatching. The experimental
protocols were in agreement with the guidelines of the National Council
of Control in Animal Experimentation (CONCEA-MCT-Brazil) and approved by the local Animal Care and Use Committee (CEUA - #
024166/13).
2.2. Oxygen consumption
_ 2 was measured using an open-ﬂow respirometry method
V0
(Szdzuy et al., 2008). Chicks were placed individually in a respirometer
(total volume: 540 mL for H0; 1000 mL for H10) inside a temperature
controlled chamber (FANEM, Sao Paulo, SP, Brazil). The ambient temperature (Ta) and gas concentrations inside the respirometer varied according to the protocol and age (see “Protocols” item for details). The
incurrent air was pulled (pull mode; MFS, Sable Systems, Las Vegas,
NV, USA) into the respirometer at a rate of 800 mL/min (H0) or
1500 mL/min (H10) and the gases concentrations were monitored intermittently. Outﬂow air passed through a drying column (Drierite,
Sigma Aldrich, St. Louis, MO, USA), was subsampled (180 mL/min;
SS4, Sable Systems, Las Vegas, NV, USA) and ﬁnally pulled through

calibrated analyzers for O2 (PA-10; Sable Systems, Las Vegas, NV,
USA) and CO2 (CA-10; Sable Systems, Las Vegas, NV, USA) concentra_ 2 (mL O2/kg·min−1 STPD) was calculated
tions recording. The V0
using the following equation (Depocas and Hart, 1957; Lighton, 2008,
Eq. 11.7):
FRe ½ð F i O2 −F e O2 −Þ− F i O2 ð F e O2 −F i O2 −Þ
V_ o2 ¼
1− F i O2

where:
FRe excurrent ﬂow rate;
FiO2 incurrent fractional concentration of oxygen (from baseline);
FeO2 excurrent fractional concentration of oxygen;
FiCO2 incurrent fractional concentration of carbon dioxide (from
baseline);
FeCO2 excurrent fractional concentration of carbon dioxide.
2.2.1. Body temperature (Tb) measurement
Colonic temperature was measured by inserting a thin temperature
sensor at 3 cm through the animal's cloaca. The sensor was connected to
an analog thermometer (Yellow Spring Instrument, Yellow Spring,
Ohio, USA).
2.3. Thermal preference
The thermal gradient chamber used in the present study is the same
described in Vizin et al. (2015) but slightly modiﬁed to be cooled down
to 15 °C at one end of it and warmed up to 40 °C at the other end. For
each experiment, a linear thermal gradient was considered acceptable
if R2 ≥ 0.96. Pictures of chicks's position in the lanes were taken every
minute by using a webcam positioned at the top of the apparatus. The
temperatures selected by the animals were calculated based on the
equation of the linear regression and the position of the chicks obtained
from the pictures. The thermal gradient chamber has been built with
eight thermometers even distributed just under the grid ﬂoor where
the temperatures are slightly colder than the air temperature at mid
chick height. Thus, a linear regression was calculated between the temperatures obtained under and above the grid for all thermometers and
then used to correct the Ta recorded by the thermometers below the
grid.
2.4. Protocols
2.4.1. Effect of hypoxic incubation on resting metabolic rate and Tb of
normoxic chicks at days 0 (H0) and 10 (H10) after hatching
After having their Tb measured, animals of both ages (H0 and H10)
and both incubation groups (Nx and Hx) were individually placed in
the respirometer under normoxia (20.95% O2; at Ta of ~34 °C or 30 °C
for H0 and H10, respectively) for approximately 30 min for habituation
_ 2 was determined. Following these resting measureand then the V0
ments, animals were divided in two groups and were exposed to either
hypoxia or cold (see below).
2.4.2. Effect of hypoxic incubation on metabolic rate and Tb of chicks exposed to an acute hypoxic event at days 0 (H0) and 10 (H10) after hatching
After the normoxic resting measurements, incurrent gas was
switched to a hypoxic gas mixture of 15% O2 (15% O2 and N2 balance,
White Martins, Osasco, SP, Brazil) and gases concentrations inside the
respirometer were measured after 13 min, for 2 min. Lastly, incurrent
gas was once again switched to 10% O2 (10% O2 and N2 balance,
White Martins, Osasco, SP, Brazil) and gas measurements were repeated
after 13 min, for 2 min. As mentioned, Tb was measured before they
were placed into the respirometer (initial Tb) and right after they
were removed from there (after the 10% hypoxia exposure; ﬁnal Tb).

L.d. Amaral-Silva et al. / Comparative Biochemistry and Physiology, Part A 207 (2017) 93–99

95

2.4.3. Effect of hypoxic incubation on metabolic rate and Tb of chicks exposed to different Ta at days 0 (H0) and 10 (H10) after hatching
In the second group of chicks, after the normoxic resting measurements, the Ta inside the chamber was increased to 38.5 °C (H0) or
33 °C (H10) for about 20 min and then decreased in a stepwise way
(2 °C each 10 min). The actual Ta obtained inside the respirometer,
from 38.5 to 29 °C for H0 and from 33 to 24 °C for H10 (which are the
Ta presented in the Fig. 3), were slightly different from the Ta set at
the temperature controlled chamber's panel. O2 and CO2 concentrations were registered for 2 min, but the measurements only started
8 min after the animals were exposed to the new Ta because that was
the time required for the respirometer to equilibrate at the Ta of interest. The total interval of the experiment was 2 h (the needed time to
achieve the lowest Ta). The Ta inside the respirometer was measured
by a datalogger (Subcue, Calgary, AB, Canada) and the Tb was measured
before animals were placed into the respirometer (initial Tb) and right
after they were removed from there (ﬁnal Tb).
2.4.4. Effect of hypoxic incubation on thermal preference of H10 chicks in
normoxia and exposed to hypoxia
Chicks were habituated to the thermal gradient chamber for 1 h/day
for 3 days before the experiment (from the 7th to the 9th day). At the
experimental day, H10 chicks were positioned at the middle of the
lanes and their thermal preference was recorded for 1 h in normoxia
followed by 30 min in hypoxia (15 ± 0.5% of O2). Hypoxia was induced
by pushing pure N2 into the thermocline from both ends. The concentration of oxygen in the middle of the thermocline was monitored by
an O2 analyzer (Oxystar-100 O2 monitor, CWE Inc. Ardmore, PA,
USA). For this protocol, chicks were placed in pairs in each lane of the
thermocline because, based on our previous tests, animals that have
hatched together reacted by continuously calling when they were individually placed into the lanes. Being in pairs in the thermal gradient
seems not to interfere with thermal preference, according to a previous
study (Toro-Velasquez et al., 2014).

Fig. 1. Effect of hypoxia (15% O2) during the last third of incubation (Hx) on resting
_ 2 ; A) and body temperature (B) in hatchlings (H0) and 10 day-old
metabolic rate (V0
chicks (H10). Nx = normoxic incubation. Hx = hypoxic incubation. Different lowercase
letters indicate signiﬁcant difference between treatments within the same age; different
uppercase letters represent signiﬁcant difference between ages within the same
treatment. Numbers in parenthesis depict experimental n.

2.5. Statistical analysis
Data are presented as means ± SEM. The characteristics of the eggs
and body mass of the chicks (Table 1) were compared by unpaired ttest. The effect of incubation treatment on oxygen consumption and
Tb was analyzed by repeated measures (RM) two-way ANOVA [factors:
age (H0 and H10) and incubation treatment (Nx and Hx); Fig. 1]. The effects of acute hypoxia and of different ambient temperatures on oxygen
consumption in each age were analyzed by repeated measures (RM)
two-way ANOVA (factors: hypoxia or ambient temperature and incubation treatment; Figs. 2A; B; 3A; B). Whenever RM ANOVA resulted in
signiﬁcant main or interaction effects, a Holm–Šidák post hoc test was
performed to verify where the differences existed (Seaman et al.,
1991). For data that were not normally distributed or homogeneous,
log transformation was use, and in cases where log transformation
was insufﬁcient in terms of model assumptions, ranked data were analyzed. The reductions in Tb under acute hypoxia and under different
ambient temperatures exposures of chicks from Nx and Hx incubations
where compared by unpaired t-test (for parametric data) or Mann-

3. Results
Although the age at hatching was not affected, the body mass (BM)
of hatchlings was reduced by hypoxic treatment during the last week of
incubation (p = 0.0017; Table 1). This difference on BM was not observed at 10 days after hatching.

3.1. Effect of hypoxic incubation on resting metabolic rate and Tb of
normoxic chicks at days 0 (H0) and 10 (H10) after hatching
Both age and hypoxia exposure affected resting metabolic rate of
chicks. Regardless the incubation treatment, the oldest animals had
_ 2 than the hatchlings (effect of age: p b 0.001. Fig. 1A). Addihigher V0

Table 1
Characteristics of the eggs and chicks.

Number of hatchlings
Fresh egg mass, g
Incubation age at hatching
Body mass (g), H0
Body mass (g), H10

Whitney Rank Test (for non-parametric data) (Figs. 2C; D; 3C; D). Chi
square test was used to compare frequency distribution data obtained
in the thermal gradient similarly to what was recently done by
Cecchetto and Naretto (2015). Differences were considered signiﬁcant
when p ≤ 0.05.

Nx

Hx

18
61.5 ± 0.3
20.4 ± 0.05
45.2 ± 0.4
155.3 ± 5.4

17
61.0 ± 0.2
20.3 ± 0.06
43.8 ± 0.4a
147.8 ± 8.2

Nx = normoxia incubation; Hx = hypoxia incubation. H0 = hatchling (between 12 and
20 hs); H10 = ten days old chicks. Data are means ± SEM.
a
Means signiﬁcant difference from Nx.

_ 2 was observed in H10 incubated under
tionally, further increase on V0
hypoxia compared to those of same age incubated under control conditions, but no hypoxic effect was found in H0 (effect of hypoxia: p =
0.003; no interaction effect. Fig. 1A). Regarding Tb, age affected it simi_ 2, the oldest animals had higher Tb compared to the youngest
larly to V0
ones (effect of age: p b 0.001 Fig. 1B). Nevertheless, the hypoxia effect
was only detected on H0: hatchlings incubated under 15% of O2 showed
higher Tb than the control ones (effect of incubation: p = 0.005. Fig. 1B).
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_ 2) of chicks from normoxia (Nx) or hypoxia (Hx, 15% O2) incubations that were exposed to acute hypoxia (15 and 10% O2) at days 0
Fig. 2. Top graphs: changes in oxygen consumption (%V0
(H0; A) and 10 (H10; B) after hatching. Bottom graphs: changes (Δ) on body temperature (difference between the values before the beginning of experiment and after exposure to 10% O2)
_ 2 and Tbi mean V0
_ 2 and body temperature
induced by hypoxia on H0 (C) and H10 (D). Numbers in parenthesis depict experimental n. *Means signiﬁcant difference from Nx incubation. Vι0
before hypoxia exposure.

_ 2 ) of chicks from normoxia (Nx) or hypoxia (Hx, 15% O2) incubations that were exposed to different ambient temperatures at days 0 (H0; A)
Fig. 3. Top graphs: oxygen consumption (V0
and 10 (H10; B) after hatching. Bottom graphs: changes (Δ) on body temperature (difference between the values at the beginning of experiment, Tbi, and after exposure to the coldest Ta)
induced by cold on H0 (C) and H10 (D). Numbers in parenthesis depict experimental n. *Means signiﬁcant difference from Nx incubation.
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3.2. Effect of hypoxic incubation on metabolic rate and Tb of chicks exposed
to an acute hypoxic event at days 0 (H0) and 10 (H10) after hatching
Acute exposure of H0 to both moderate and severe hypoxia (15% and
_ 2 on those ani10%, respectively, for 15 min each) similarly reduced V0
mals incubated under normoxic conditions; however only the severe
_ 2 of those H0 incubated under low O2
level of hypoxia reduced the V0
atmosphere (interaction effect: p = 0.015; Fig. 2A). For H10, both hyp_ 2 of all animals (Nx and Hx incubaoxia levels gradually reduced the V0

_ 2 in
tions), but the 10% O2 exposure caused a further reduction in V0
animals from Hx incubation (interaction effect: p = 0.004. Fig. 2B).
The Tb of all animals of both ages was equally reduced by hypoxia
(10% O2) regardless the treatment during the incubation (no treatment
effect: p = 0.654 for H0 and p = 0.739 for H10; no interaction effect. Fig.
2C and D).
3.3. Effect of hypoxic incubation on metabolic rate and Tb of chicks exposed
to different Ta at days 0 (H0) and 10 (H10) after hatching
_ 2 of hatchThe decrease in Ta below 33 °C caused an increase in V0
lings with no difference between treatments (effect of Ta: p b 0.001;
no interaction effect; Fig. 3A). When they were older (H10), chicks
also presented an increase in oxygen consumption when exposed to
cold and warm Tas; however those animals incubated under hypoxia
_ 2 compared to control ones (effect of incubation:
presented a higher V0
p = 0.03; effect of Ta: p b 0.001, no interaction effect. No difference between Nx and Hx at Ta = 29.8, 32, 32.7 °C; Fig. 3B).
Body temperature of H0 and H10 was similarly reduced after cold
exposure for both incubation treatments (H0: no treatment effect:
p = 1.000; Fig. 3C. H10: no treatment effect: p = 0.614; Fig. 3D).
3.4. Effect of hypoxic incubation on thermal preference of H10 chicks in
normoxia and exposed to hypoxia
Fig. 4 depicts the frequency distribution of thermal preference of
10 day-old chicks incubated in normoxia and in hypoxia. The Hx chicks
selected ambient temperatures close to 30.5 °C (92% of time), which
were warmer than the thermal range selected by the Nx chick, between
24 and 27 °C (χ2 = 200.000; d.f. = 6; p b 0.001; Fig. 4). Both groups reduced thermal preference when exposed to 15% O2 for 30 min (For Nx
group: χ2 = 153.589; d.f. = 5; p b 0.001. For Hx group: χ2 = 188.161;
d.f. = 6; p b 0.001).
4. Discussion
In the present study, we conﬁrmed our hypothesis that hypoxia during the last week of incubation affects the thermoregulation of chicks up
to 10 days after hatching when compared to normoxic incubated chicks.
4.1. Energy metabolism and thermoregulation of hatchlings (H0) exposed
to hypoxia during the last week of incubation
The exposure of embryos to hypoxia during the third week of incubation has decreased the BM of hatchlings (Table 1). Similar results have
been found in other studies with fetus at the last days of incubation
(Wangensteen et al., 1974; Azzam et al., 2007; Azzam and Mortola,
2007; Giussani et al., 2007) and hatchlings (Dzialowski et al., 2002;
Hassanzadeh et al., 2004) that were exposed to hypoxia during prenatal stages or incubated in high altitudes. Mortola and Cooney (2008)
demonstrated that chronic hypoxia during incubation reduces growth,
impairing the normal development of the embryo. Such reduction on
growth has been considered as a survival strategy against low O2 partial
pressure because, besides saving energy, it favors the protection of some
key organs at expense of delaying other tissues growth (Azzam and
Mortola, 2007). In addition, the lower growth of hypoxic embryos

Fig. 4. Frequency of distribution of ambient temperatures selected by 10 day-old chicks in
the thermal gradient during normoxia (21% O2) or an acute exposure to hypoxia (15% O2).
Top graph: chicks from normoxic incubation. Bottom graph: chicks from hypoxic
incubation (Hx; 15%O2). Number of animals, Nx = 6, Hx = 10.

reduces the yolk consumption (Haron et al., 2016) which can explain
some ﬁndings of no changes or even increases in total BM of hatchlings
after hypoxic incubation (Azzam et al., 2007; Lourens et al., 2007; Ferner
and Mortola, 2009; Bahadoran et al., 2010). In the present study we
could not measure yolk mass separated from the body of H0 chicks because we used the same animals at day 10, but in another group of animals it was observed that the relative mass of yolk (yolk mass/body
mass) was 9–11% and 15–17% for normoxia and late hypoxia incubation, respectively (personal observations), which indicates our Hx
hatchlings from the present study were even smaller.
The absolute values of Tb in our Nx-H0 chicks were lower than those
of Ferner and Mortola (2009), which may be related to differences in
lineages (broiler × White leghorn) and/or ambient temperature (~33–
34 °C × 38 °C); however, they are similar to those described by Yoneta
et al. (2007; broilers and White leghorn at 35 °C) and Szdzuy and
Mortola (2007; White leghorn at 37.5 °C). Actually, Tzschentke and
Nichelmann (1999) shows Tb varying from about 38.3 °C at 30 °C to
about 40 °C at 35 °C in chicken hatchlings.
_ 2 =kg but higher Tb compared
The Hx group had the same resting V0
to normoxia-incubated chicks, which would lead one to suggest an increase in heat conservation in these animals (Fig. 1). In addition, hypox_ 2 when exposed to
ia-incubated hatchlings showed no alteration on V0
15% of O2 but their metabolic rate was further reduced in response to
10% of O2 compared to those animals incubated under control gas, indicating that they (Hx) had a greater metabolic reaction to hypoxia, which
seems to be beneﬁcial for survival in those conditions (Mortola et al.,
1992; Mortola, 2004; Lu et al., 2005). Despite this fact, both Nx and Hx
groups had similar reductions in Tb at 10% O2, i.e., about 1 °C (Fig. 3C),
which would also suggest a higher heat conservation on Hx group.
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The comparison of the calculated thermal conductance between Nx
(2.62 ± 0.09 W/kg·°C) and Hx (2.59 ± 0.09 W/kg·°C) groups, however,
showed no statistical difference (t-test; p = 0.85). In this case, a proba_ 2 /kg in Hx compared to control hatchlings, had body
ble higher V0
weight excluded the yolk mass, could be an explanation for the higher
Tb in Hx chicks.
_ 2
When the Ta was reduced to 31 °C or below it, all H0 had their V0
slightly increased as expected for a thermoregulatory response to cold
(Mortola and Frappell, 2000; Mortola and Maskrey, 2011), with no difference between incubation groups, suggesting that low O2 partial pressure
caused no damage to the animal's thermogenesis ability. Similar results
have been observed in White leghorn hatchlings incubated under hypoxia
and exposed to cold after hatching (Azzam et al., 2007). Also in rats, it was
demonstrated that animals submitted to prenatal hypoxia do not present
different metabolic responses to changes in Ta (from 15 to 40 °C) compared
to control animals (Mortola and Naso, 1998). Regardless of the incubation
treatment, the Tb of all our hatchlings was similarly reduced after cold exposure, as chicken at this age are known by having no homoeothermic
range of Tb despite the weak cold-induced thermogenesis (Tzschentke
and Nichelmann, 1999).

4.2. Energy metabolism and thermoregulation of 10-day old chicks (H10)
exposed to hypoxia during the last week of incubation
The H10 chicks incubated under hypoxia had no difference on BM
compared to control ones (Table 1), despite their reduced BM when
they were hatchlings. This seemed to be result of a “catch-up” growth,
i.e., after a transitional period of growth inhibition, animals usually present a higher growth rate than the control ones and then BM is equalized
between treatments (Boersma and Wit, 1997). Similar results had also
been described in infants and neonate rats induced by a variety of different growth-retarded stimuli (Prader et al., 1963; Gingell et al., 1981;
Okubo and Mortola, 1988; Sant'Anna and Mortola, 2003).
All ten day-old animals (from Nx and Hx incubations) presented a
_ 2 =kg compared to when they were hatchlings (Fig.
higher resting V0
1A). This is in agreement with the data in chickens that show an increase in mass speciﬁc metabolic rate until around ten days old followed
_ 2 =kg (Bobek et al., 1977; Snyder et al.,
by an allometric decrease in V0
1991; Espinha et al., 2014). Interestingly, our Hx chicks showed a higher
_ 2 =kg at the age of 10 days compared to the Nx group (Fig. 1A), which
V0
seems to be well related with high activity involved in a catch up
growth. In this context, thyroid hormones are good candidates for mediate such metabolic changes. Evidence in mammals exists showing
that lambs whose mothers had placental restriction presented faster
growth and higher plasma T3 levels in the ﬁrst month of postnatal life
(Blasio et al., 2006). Besides their role in energy metabolism, the hypothalamus-hypophysis-thyroid axis is well known to be involved in
growth in chicken (Kühn et al., 2005). Higher plasma concentration of
T3 hormone in Hx than Nx chicks (2.7 ± 0.1 vs 2.1 ± 0.2 ng/mL; n =
10; p = 0.003, Mann-Whitney Rank Sum Test) was indeed observed
by us in another group of animals used for other purposes.
Body temperature was also higher in H10 than H0 possibly due to
_ 2 and the decrease in surface/volume ratio as the anthe increase in V0
imals become bigger and older (maturation of thermoregulation). Despite the fact the hypoxia-incubated H10 chicks had higher V̇ O2 than
the normoxic group (same age, Fig. 1A), animals of both groups had a
similar Tb (Fig. 1B), which indicates that hypoxic incubation might
also have decreased heat conservation/increased heat loss, in comparison to control animals at this age. The calculated thermal conductance
of Hx-H10 (1.31 ± 0.05 W/kg·°C) was indeed higher than that of NxH10 (1.14 ± 0.05 W/kg·°C) (t-test; p = 0.03). The results about cold exposure of H10 chicks are in agreement with this, as Hx group had higher
_ 2 at lower temperatures than Nx chicks (Fig. 3B and D). Moreover, by
V0

_ 2 at 29.8 °C with
calculating the linear regression connecting minimal V0

_ 2 = 0), it was possible to observe a higher
the Ta_Tb value at X axis (V0
slope of the Hx compared to Nx line (p = 0.02; unpaired t-test), indicating a higher conductance of chicks incubated in hypoxia. A similar result, i.e., a higher slope for Hx (p = 0.04; unpaired t-test), is observed
_ 2 at 26–
even if the linear regression is calculated including the V0
28 °C with the Ta_Tb value at X axis.
The possibility of a reduced insulation of H10 chicks incubated under
hypoxia is also supported by the results of behavioral thermoregulation.
In spite of higher metabolic rate (Fig. 1), hypoxia-incubated H10 animals
selected higher Tas in the thermal gradient than the control ones under
21% O2 (Fig. 4), indicating they select a condition that diminish the differences between core and ambient temperatures, trying to reduce heat loss
(Almeida et al., 2006; Vizin et al., 2015). Our results contrast with those of
Azzam et al. (2007), who did not ﬁnd any difference in preferred Tb of
leghorn hatchlings submitted to hypoxia from the 5th day to the end of
incubation. The distinct results between the two studies may be related
to differences in lineage, interval of hypoxia exposure during incubation
and age of chicks whose thermal preference was tested.
Interestingly, although different individuals were used for the thermo_ 2 in the cold experiments (Fig. 3), it seems that
cline (Fig. 4) and the V0
the selected Tas by normoxic Nx chicks may be below the thermoneutral
zone (TNZ). The lowest metabolic rates were found at Tas between ~27
and ~31.5 °C (Fig. 3) while the selected Tas by Nx chicks was between 24
and 27 °C (Fig.4). Such observation is similar to that found in leghorn hatchlings, which prefer Ta below their TNZ (Toro-Velasquez et al., 2014), but
this subject needs further investigation to be conﬁrmed in older chicks.
As expected, both groups selected lower Tas during acute hypoxia exposure, which is considered a response that favors Tb reduction during low
oxygen condition (Gordon and Fogelson, 1991; Gordon, 1997). One may
argue that the results of thermal preference were inﬂuenced by keeping
two animals at the same lane of the thermal gradient, but this may not be
the case because, at least in hen hatchlings, being alone or in pairs makes
no difference in the thermal preference (Toro-Velasquez et al., 2014).
A possibility exist that ten day-old chicks incubated in hypoxia had
_ 2 and avoid hypocapnia; Mortola
increased ventilation (to match V0
and Maskrey, 2011), which in turn may lead to a higher evaporative
_ 2 comheat loss contributing to keep the same Tb despite the higher V0
pared to control animals. Nevertheless, this hypothesis needs to be conﬁrmed experimentally.
Regarding the acute hypoxia exposure, chicks from both incubation
treatments showed a similar decrease in metabolic rate under 15% of
oxygen, but when exposed to 10% O2, those hypoxic-incubated animals
showed a further metabolic drop (Fig. 2).
Under the more severe hypoxia, the metabolic depression followed a
pattern observed in several species of mammals, in different ages and am_ 2 the higher hypbient conditions, which is the higher normoxic resting V0
oxic metabolic drop (Bishop et al., 2001; Mortola, 2004; Mortola and
Maskrey, 2011). This response seems to be well associated with the similar
decrease in Tb of both groups at the end of the acute hypoxia exposure, although it has to be considered that 30 min (15% followed by 10% O2) may
not be enough for completing Tb decrease induced by metabolic drop. An
alternative explanation could be that further oxygen consumption drop
may have induced a further reduction in ventilatory response to hypoxia
in Hx animals (Wood, 1991), which might have diminished the respiratory
heat loss and contributed to a similar reduction on Tb between groups;
again this is an issue that needs more studies to be clariﬁed.
In summary, our results indicate that hypoxia during the last week of
embryonic development seems to alter the growth, and then, energy
metabolism and heat loss mechanisms impacting thermoregulation
during the ﬁrst 10 days of post-hatch life in chicken.
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