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Abstract: In birds, during prenatal ‘critical periods’ the thermoregulatory system can be life-long imprinted by the actual
incubation temperature. The aim of the present study is to elucidate long-term effects of prenatal temperature experiences,
applied at the end of incubation, on central thermoregulatory mechanisms by detection of neuronal hypothalamic c-Fos
expression as a consequence of acute heat stress in growing and adult chickens using immunohistochemistry. From day 18
of incubation chicken embryos were incubated in three temperature groups: 37.5°C (regular incubated), 34.5°C (cold
incubated) or 38.5°C (warm incubated). C-Fos expression was detected in 29 4-weeks old and 61 8-weeks old chickens
after acute heat stress (42°C for 90 min). The results show, that prenatal temperature experiences can induce long-lasting
changes in the heat induced neuronal hypothalamic c-Fos expression. But significant alterations could be only found in 8
weeks old chickens and these changes were in opposite as expected. It means that after acute heat stress cold incubated
chickens have a significantly lower neuronal c-Fos expression compared with the warm incubated ones. This effect could
be caused by cross adaptation to the actual ambient temperature during the growing period. Further, the developmental
pattern of the hypothalamic neuronal network in different incubated birds, which is demonstrated by neuronal c-Fos
expression in the actual study, is similar to the pattern, which we found after recordings of single neurons activity, to a

higher extent. Correlations between both parameters, which are involved in neuronal plasticity, can be accepted.
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INTRODUCTION

During ‘critical periods’ in the prenatal as well as early
postnatal ontogeny, the actual environment influences the
development of the respective physiological control systems
for the entire life period. In birds, the thermoregulatory
system can be life-long imprinted by the actual incubation
temperature [1], especially at the end of incubation. The final
incubation period in precocial species is characterized by
well-developed peripheral and central nervous thermoregula-
tory mechanisms, and body functions [2, 3] as well as
dramatic changes in the quality of regulatory processes [1].
Most functional systems develop from open loop systems
without feedback control into closed control systems
regulated by feedback mechanisms. It is a ‘critical period’ in
the development of body functions. In precocial poultry
species, for instance, at the end of incubation, long-term
alterations in incubation temperature may induce prenatal
epigenetic temperature adaptation, which results in a long-
lasting cold or warm adaptation during post hatching deve-
lopment. Minne and Decuypere [4] found that cold incubated
chicken had a higher heat production over a range of ambient
temperatures for up to 8 weeks of post-hatching. The higher
heat production was accompanied with higher T3 and T4
levels. On the first day of post hatching Muscovy ducklings
incubated at lower temperatures than normal have a 56%
higher heat production and a higher deep body temperature
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under cold load (1 hour at 10°C) as compared to controls.
Cold incubated birds are able to control their actual deep
body temperature at this set-point, in contrary to those
incubated at 37.5°C, which display a lower heat production.
In a temperature gradient, Muscovy ducklings incubated at a
low temperature preferred a significantly lower temperature
than birds incubated at the normal incubation temperature
during the first 10 days of post hatching. This supports the
hypothesis that avian prenatal cold experience leads to a
downward shift of the thermoregulatory set-point [5]. On the
other hand, the preferred ambient temperature in 1- to 10-
days-old turkeys is higher after a prenatal heat load (38.5°C)
than in birds incubated at the normal temperature (37.5°C).
This indicates an elevation of the thermoregulatory set-point
after prenatal heat load [5]. Changes in the thermosensitivity
of the control centre of the thermoregulatory system reflect
the changes in peripheral thermoregulatory mechanisms after
prenatal temperature experiences. In Muscovy ducklings,
during the first days of life changes in incubation tempe-
rature induced a clear alteration of neuronal hypothalamic
thermosensitivity [6]. On the 0™ day of post-hatching it
could be observed that prenatal cold load elevated the
neuronal hypothalamic warm-sensitivity, with an increased
proportion of warm and a reduced proportion of cold
sensitive neurones in comparison with the control group.
Prenatal warm load induced the opposite effect. Within a few
weeks after hatching these shifts disappeared probably due to
the interference of acclimation to the actual postnatal
environment and the reorganization of the neuronal network
involved in thermoregulation (unpublished own results). C-
Fos is expected to be a more sensible marker to show central
nervous temperature adaptation for a longer period in birds
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as had been previously demonstrated in rats by Miyata and
co-worker [7]. Cold exposure of infant rats changed c-Fos
expression to acute cold stimulation in hypothalamic brain
regions of the adults. The newborn rats were exposed until
the age of 14 days for 2-4 h at 4°C every day. A cold sti-
mulus of 10°C for 3 h in the 15™ week evoked significantly
lower neuronal c-Fos expression when compared to the
control particularly in the hypothalamus. C-Fos is a nuclear
phosphoprotein coded by the proto-oncogen c-fos, which is
one of the immediate-early genes (IEG). The protein c-Fos
dimerises with the Jun protein to form the transcription
factor AP-1. AP-1 binds to different DNA-sites and thus
influences the transcription rate of late effector genes [8].
The expression of the IEG product c-Fos is induced by a
variety of stimuli, like social and environmental factors as
well as after different forms of learning. In piglets, a single
exposure to social stress already elevated c-fos mRNA
expression in the hypothalamus and amygdala [9]. Acute
heat load, for instance, induced strong c-Fos expression in
hypothalamic neurons in mice and rats [10, 11], short-term
after application. After osmotic stress, c-Fos expression
increased in salt gland cells of ducks [12]. Because of it, c-
Fos expression is often used as an unspecific stress marker.
Further, c-Fos is involved in long-term modifications in
neuronal biochemistry and structure proposed to underlie
learning and memory [13, 14, 15, 16, 17, 18], which finally
characterize neuronal plasticity. The necessity of c-Fos
expression for longer-term memory was also shown in
poultry chicks [19, 20, 21].

Compared to single cell recordings, the c-Fos method
offers a valuable tool for morphological identification of
numerous activated neurons at one time and thus dem-
onstrates neuronal networks. In the nucleus of the cell, c-Fos
can be detected by immunohistochemical method.

The aim of the present study is to elucidate long-term
effects of prenatal temperature experiences, applied at the
end of incubation, on central thermoregulatory mechanisms
by detection of neuronal hypothalamic c-Fos expression as a
consequence of acute heat stress in growing and adult
chickens using immunohistochemistry.

MATERIALS AND METHODS
Incubation and Keeping of Chickens

In the present study 4 weeks (n = 35) and 8 weeks (n =
68) old White Leghorn chickens were investigated. Lohmann
Tierzucht GmbH, Cuxhaven, Germany, supplied the eggs.
The embryos were incubated at 37.5°C, 70% relative
humidity, and continuously turned in horizontal position.
From day 18 of incubation onwards eggs were not turned
and separated into three incubation groups. Until hatching,
the one group was incubated at the regular 37.5°C and two
groups of embryos were exposed to altered constant
incubation temperatures viz. cold (34.5°C) and warm
(38.5°C) with a relative humidity of 90%. Because day 3 of
post-hatching is a critical period for the development of the
thermoregulatory system too [22], the chickens of each
incubation group were kept at different temperatures, which
continue the chronic temperature load during embryonic
development. Until day 3 of post-hatching the cold incubated
group was kept at 30°C, the warm incubated at 34.5°C and
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the control group at 33°C (usual temperature regime). From
day 3 until the experimental age of 4 or 8 weeks the birds
were kept under the usual temperature conditions for
chickens regarding to the recommendations of the European
Community. Food (standard food for chicken of different
age groups, ssniff Spezialdidten, Germany) and water were
available ad libitum.

Experimental Procedure

Prior to the immunohistochemical investigations at the
age of 4 or 8 weeks, respectively, acute heat stress (42°C) for
90 min was applied to the chickens of all incubation groups.
Temperature and duration of the application were determined
in previous experiments [23]. For control of the influence of
acute heat stress on neuronal c-Fos expression, in some
chickens of each tested age group the c-Fos expression was
determined without application of heat stress (control).

All animal experiments were done according to approved
protocols, in compliance with the German Protection of
Animals Act and with permission of the Berlin adminis-
tration (Reg. 0209/05).

Immunohistochemistry

The chickens were anaesthetized and transcardial perfu-
sion was performed with 50 ml phosphate-buffered saline
(pH 7.4) and 150 ml of 4% paraformaldehyde in phosphate
buffer (PB). After perfusion, brains were dissected and
stored for an hour in the paraformaldehyde solution. Later
they were transferred into 20% sucrose in PB and left
overnight at 4°C. 20 um brain sections were made using a
cryostate (Leica Microsystems, Wetzlar). Sections contain-
ing the hypothalamic region were attached to poly-L-Lysine
coated micro slides. After washing in PB they were stored
for one hour in a blocking solution containing 10% normal
horse serum and 0.3% Triton X-100 (Sigma) in PB. Then the
primary antibody (anti chicken c-Fos, made in rabbit; Santa
Cruz Biotechnology, Heidelberg) was incubated with the
sections at 4°C for 48 h at a concentration of 1:1000. After
washing with PB a biotinylated anti rabbit IgG (Axxora
Deutschland GmbH, Griinberg) 1:200 in PB was bound to
the previously formed complex during two hours incubation
at room temperature. This incubation was followed by a
second blocking step (0.3% H,0, in methanol for 25 min)
and washing in PB. By application of an ABC-solution
(Vectastain Elite ABC Kit, Axxora Deutschland GmbH,
Griinberg) horseradish peroxidase was attached to the
immune complex. The latter served to bind diaminobenzi-
dine tetrahydrochloride (DAB) 50 mg/100 ml (Sigma) in the
presence of 0.0001% H,0, in the next step. DAB evoked a
brown staining of the c-Fos positive cell nuclei of neurons.
Later the sections were counter-stained using cresylviolet for
visualization of the brain structures. Control sections were
treated the same way without incubation with the primary
antibody. Finally tissue sections were covered with Entellan
(Merck) and glass coverslips.

Analysis

For analysis light microscopy and digital photography at
a magnification of 50 fold (Zeiss Axioskop II, Zeiss
AxioCam HRc) were used. C-Fos positive neurons were
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Fig. (1). Schematic picture of the PO/AH after Kuenzel and van Tienhoven [25]. The area between the commissura anterior (AC) and the
chiasma opticum (CO) were c-Fos positive neurons were counted is marked. AM: Nucleus anterior medialis hypothalami PVN: nucleus

paraventricularis, 3V: third ventricle

counted in the preoptic area of the anterior hypothalamus
(PO/AH). Stereotaxic data of the adult chicken brain were
taken from [24]. Fig. (1) shows a schematic picture of the
PO/AH after Kuenzel and van Tienhoven [25]. The area
were c-Fos positive neurons were counted is marked (1500
um left and right from 3" ventricle between commissura
anterior and chiasma opticum). An example of c-Fos
positive neurons in the chicken PO/AH is given in Fig. (2).
Means of three successive brain sections of each chicken
were calculated for further analysis. The intensity of c-Fos
expression between chickens of the three incubation groups
was compared with application of the t-test + o-correction,
because the values were normal distributed. Normal
distribution was tested using the Kolmogoroff-Smirnoff-
Test. The level of significance was o = 0.05.

RESULTS

In Table 1 the numbers of chickens investigated in each
experimental group are presented. In control chickens
without acute heat stress only few neurons expressing c-Fos
were found in the PO/AH (Fig. 3). Control sections, which
were made without incubation with the primary antibody,
did not show DAB staining in the nuclei. After acute heat
exposure in all differently incubated embryos c-Fos was
expressed in a high number of neurons. Among the
incubation groups in 4 weeks old chickens the means of c-

Fos positive neurons in the PO/AH were not significantly
different at the significance level of o = 0.05. Whereas, in 8
weeks old chickens prenatal temperature experience induced
a significantly lower heat stress shown by neuronal c-Fos
expression in the cold incubated group compared with the
warm incubated one (Fig. 3).

Fig. (2). Example of c-Fos positive neurons (dark brown) in the
chicken PO/AH (magnification: 50 fold). AC: commissura anterior,
PVN: nucleus paraventricularis, 3V: third ventricle.
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Fig. (3). C-Fos-positive PO/AH neurons in 4 and 8 weeks old chickens incubated under different temperatures during the last 4 days of
incubation. Asterisk represents statistically significantly differences between the different incubated chickens at the level of p<0.05. The
control group includes chickens without acute heat stress prior to the immunohistocemical investigations (statistically significantly different

to all heat stressed groups, p<0.001).

Table 1. Numbers of Investigated 4- and 8 Weeks Old Chickens
of Different Experimental Groups

DISCUSSION AND CONCLUSION

The results show, that prenatal temperature experiences
can induce long-lasting changes in the neuronal hypotha-
lamic c-Fos expression after acute heat stress. But significant
alterations could be found only in 8 weeks old chickens and
these changes were in opposite as expected. If an increased
incubation temperature during the last 4 days of embryonic
development induced a long-lasting warm adaptation, acute
heat load in the adult birds should cause a lower neuronal c-
Fos expression in the regulatory brain area in comparison
with regular and cold incubated birds. The opposite effect
was found in our actual study. We assume that this effect is
caused by cross adaptation to the actual ambient temperature
during the growing period. After day 3 of post-hatching
chicken of all incubation groups were kept at similar
temperatures.

However, the significant differences in neuronal c-Fos
expression between cold and warm incubated adult chickens
are a sign for long-lasting changes in the neuronal network

. 4 weeks old 8 weeks old controlling body temperature. Induced by changes in
Incubation temperature chickens chickens neuronal activity c-Fos is involved in neuronal plasticity,
that means changes in synaptic contacts [26, 27], and

With acute heat stress changes in effector gene expression possibly by epigenetic
345 10 20 mechanisms. Changes in neuronal gene expression as well as

375 6 23 in epigenetic control of gene regulation were found in the

385 13 18 chicken hypothalamus after thermal (warm) conditioning

- exclusively on day 3 of post-hatching, which is also critical
Without acute heat stress for thermal control establishment. Clear alterations occurred,
34.5,37.5,38.5 6 7 for instance, in the R-Ras-3 gene expression [28], in brain-
Total 35 68 derived neurotrophic factor [29] as well as in DNA and

histone methylation of different genes [30-32].

In our previous electrophysiological investigations [2, 6,
33-36] we found long-lasting changes in hypothalamic
neuronal activity after prenatal temperature experiences.
These long-lasting reorganizations in the neuronal network
controlling body temperature, induced by prenatal warm or
cold incubation but also under normal incubation conditions,
occur stepwise during different developmental periods. In
normal incubated birds a stepwise development of the neu-
ronal hypothalamic thermosensitivity occurs during the early
post hatching ontogeny. In Muscovy duck embryos as well
as during the first days of post hatching in Muscovy duck-
lings and chickens the neuronal hypothalamic thermosen-
sitivity is characterized by a high cold-sensitivity [33, 36].
Around day 10 in Muscovy ducklings [33] and day 30 in
chickens [36], respectively, the neuronal hypothalamic
thermosensitivity is changing from the juvenile into the adult
type, which is in birds as well as mammals characterized by
a higher warm sensitivity [37].
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In Muscovy ducks prenatal warm or cold load during the
last days of incubation altered the neuronal hypothalamic
thermosensitivity at the last day of incubation already [34].
But the changes were not significant and independent of the
temperature experienced within the prenatal period (proxi-
mate non-adaptive). It means, for instance, that the propor-
tion in warm and cold sensitive neurons was increasing,
both, when incubation temperature was increased or
decreased from the control level. On day 1 of post-hatching,
this trend was continuing and becomes significant in the
proportion of cold sensitive neurons [6]. On day 5 of post-
hatching these alterations were also significant in the
proportion of warm sensitive neurons, but in cold sensitive
ones a development into the opposite direction was found

[6].

In the course of embryonic development, stimulation of
body functions due to changes in the environmental condi-
tions induces as a rule first uncoordinated and immediate
(proximate) non-adaptive reactions [35]. It seems that during
the early development of body functions it is not important
for the organism that an adaptable reaction occurs but rather
the fact that a reaction occurs anyway is important for the
adaptability during later life. At the end of embryonic or
during the early postnatal period a qualitative change occurs
in the reaction pattern of body function after environmental
stimulation. The uncoordinated and/or immediate non-adap-
tive “training” reactions change into coordinated and/or
adaptive reactions [35]. In Muscovy ducks such a new
qualitative level was reached on day 10 of life; the changes
were proximate adaptive [6]. It means that prenatal cold
experience increases the neuronal hypothalamic warm
sensitivity and prenatal heat experience increases neuronal
hypothalamic cold sensitivity. But these alterations disap-
peared in 30 days old Muscovy ducks (non published
results). In these age group no significant differences in the
neuronal thermosensitivity were found between the different
incubated birds; which could be a result of cross adaptation
to the actual ambient temperature or show that prenatal
temperature possibly have no long-lasting influences.

Also neuronal hypothalamic c-Fos expression, which
indicates activation of numerous neurons at one time, shows
a stepwise development during embryonic and post hatching
ontogeny, similar with the electrophysiological results
obtained from single neuronal activity. The results of our
previous study on different incubated chicken embryos
indicate that acute heat stress on the last day of incubation
led to a clear expression of c-Fos in the PO/AH of all
investigated embryos when compared to the unstressed
control [23]. Although, the differences in c-Fos expression
between the warm and cold incubated embryos as well as the
group incubated at 37.5°C were not significant because of
the high individual variation; the trend in this study was that
warm as well as cold temperature-experienced chick emb-
ryos have a lower neuronal c-Fos expression than the inexpe-
rienced control group. These results were in accordance with
our results of single cell recordings of hypothalamic neurons
in late term Muscovy duck embryos [34], which were
described above. In our actual study, in the 4 weeks old
chicken no differences in c-Fos expression could be found
between different incubated chickens, which is similar with
results we obtained from recordings of single neurons in the
hypothalamus of 4 weeks old Muscovy ducks (unpublished
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own results). It is a sign of a new step in the reorganization
of the neuronal network controlling body temperature, which
could be related to the normal change from the juvenile to
the adult type of neuronal hypothalamic thermosensitivity,
but also by cross adaptation to the actual post hatching
environment. Finally, in 8 weeks old chickens significant
differences in acute heat induced neuronal hypothalamic c-
Fos expression between the cold —and warm incubated group
were found, characterized by a decreased neuronal c-Fos
expression in the cold incubated group and an increased
neuronal c-Fos expression in the warm incubated group
compared with the level of the regular incubated group.

CONCLUSION

In conclusion, the opposite effect in short-term heat
induced neuronal c-Fos expression between prenatal warm
and cold experienced 8 weeks old chickens indicates long-
lasting modification in cellular and molecular neuronal
mechanisms of temperature regulation, which were induced
by prenatal environmental influences, viz. changes in incuba-
tion temperature, during a critical period in the development
of the thermoregulatory system. The long-lasting reorga-
nization of this network occurs stepwise and can be
influenced by postnatal cross adaptation to the actual
climatic conditions. Demonstrated by neuronal c-Fos expres-
sion, the incubation temperature induced developmental
pattern of the hypothalamic neuronal network, which is
involved in thermoregulation, is similar with the pattern,
which we found in a previous study using extracellular
recordings of single neurons activity, to a higher extent.
Correlations between both parameters, which are involved in
neuronal plasticity, can be accepted and were described in
other publications [38, 39], too.

ABBREVIATIONS

DAB = Diaminobenzidine tetrahydrochloride

IEG = Immediate-early genes

Pb = Phosphate buffer

PO/AH = Preoptical area of the anterior hypothalamus
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