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Abstract

In 4-5-month-old chicken, intravenous injections of bacterial lipopolysaccharide (LPS) induced a dose-dependent fever
response and a pronounced increase of circulating interleukin-6 (IL-6). To assess a possible role for IL-6 in the brain of birds,
a hypothalamic neuro-glial primary culture from 1-day-old chicken was established. Each well of cultured hypothalamic
cells contained some 615 neurons, 1350 astrocytes, and 580 microglial cells on average. Incubation of chicken hypothalamic
primary cultures with 10 or 100 ug/ml LPS induced a dose-dependent release of bioactive IL-6 into the supernatant. Popula-
tions of hypothalamic neurons (4%) and astrocytes (12%) directly responded to superfusion with buffer containing 10 g/
ml LPS with a transient increase of intracellular calcium, a sign of direct cellular activation. Stimulation of hypothalamic
cultures with buffer containing 50 ng/ml chicken IL-6 induced calcium signaling in 11% of neurons and 22% of astrocytes
investigated. These results demonstrate that IL-6 is produced in the periphery and in the hypothalamus in response to LPS
in chicken. The observed cellular responses of hypothalamic cells to chicken IL-6 indicate that this cytokine may readily be
involved in the manifestation of fever in the avian hypothalamus.
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Introduction from Gram-negative bacteria has been used as the exoge-

nous inducer (“exogenous pyrogen”) of a febrile response

Most experimental studies dealing with the genesis of fever
were performed in mammals, such as rabbits, rats, mice,
or guinea pigs (Kluger 1991; Roth and Blatteis 2014).
Much less investigations were performed in birds, the sec-
ond class of homeothermic vertebrates (Gray et al. 2013).
There are striking differences between both classes with
regard to some specific properties of their thermoregula-
tory systems, namely hypothalamic thermosensitivity to
cold stimulation (Simon et al. 1986; Bicego et al. 2007). In
the majority of laboratory studies, lipopolysaccharide (LPS)

Communicated by Fritz Geiser.

P4 Joachim Roth
Joachim.Roth @vetmed.uni-giessen.de

Institute of Veterinary Physiology and Biochemistry, Justus-
Liebig-University, Frankfurter Strasse 100, 35392 Giefen,
Germany

Department of Veterinary Science, Ludwig-Maximilians-Uni
versity, Veterindrstrasse 13, Munich, Germany

in mammals and birds. In mammals, the patterns of body
core temperature (7},) changes in response to LPS depend on
the injected dose of LPS and on ambient temperature. High
LPS doses and low ambient temperature favor the manifesta-
tion of a hypothermic phase prior to a febrile increase of T}
above its normal values (T6llner et al. 2000; Romanovsky
et al. 2005; Rudaya et al. 2005; Garami et al. 2019). In addi-
tion, shape and magnitude of a given febrile response depend
on the phase of the circadian rhythm, in which the pyrogen
is injected (Luker et al. 2000). Some of these features of
mammalian fever are also observed in birds. For example,
in pigeons, the amplitude of LPS-induced fever is much
higher, when the pyrogen is injected in the dark phase when
their 7} is low (Nomoto 1996). Injection of a very high dose
of LPS (2.5 mg/kg) caused hypotension and a short hypo-
thermic response in chicken (De Boever et al. 2009). LPS
injected at daytime in Pekin ducks induced dose-dependent
monophasic fevers (Maloney and Gray 1998), which are
attenuated at cold ambient temperature (Gray et al. 2013).
With a few exceptions, the mechanisms responsible for the
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manifestation of fever have been investigated in mammals.
The action of prostaglandin E, (PGE,) on neurons within
the preoptic-anterior hypothalamic area (POA) is regarded
as the final step for the induction of mammalian fever. It
was suggested that peripherally generated PGE, is involved
in the early onset of the febrile response due to its transport
across the blood-brain barrier (BBB) into the hypothalamus
(Steiner et al. 2006; Saper et al. 2012) or via the stimula-
tion of afferent nerves (Li et al. 2006; Roth and Blatteis
2014). The longer lasting later phases of fever are medi-
ated by brain-intrinsic formation of PGE,, predominantly
produced by endothelial cells within the POA (Saper et al.
2012; Eskillson et al. 2017). The formation of PGE, within
the brain, in turn, is mediated by the appearance of tumor
necrosis factor-a (TNF-a), interleukin-1f (IL-1p), interleu-
kin-6 (IL-6), and other cytokines in the systemic circulation
of LPS-treated mammalian species. Within this cytokine
cascade, TNF-a represents the initial mediator, followed by
rather small amounts of IL-1p, and a pronounced and pro-
longed presence of IL-6 in the blood (Kluger 1991; Jansky
et al. 1995; Li et al. 2006). The prolonged presence of IL-6
in the blood after injection of LPS, its close correlation to
febrile changes of T}, and the lack of fever in IL-6-deficient
mice made this cytokine an excellent candidate as an essen-
tial endogenous pyrogen (Kluger 1991; Chai et al. 1996;
Kozak et al. 1998; Cartmell et al. 2000). A critical ques-
tion in this context is how the hydrophilic cytokine IL-6
might reach the thermoregulatory relevant hypothalamic
structures in the brain to induce neuronal changes, which
are consistent with a regulated 7, increase. There is some
evidence that IL-6 might reach the brain via circumven-
tricular organs, where the BBB is incomplete (Harré et al.
2002). More recently, an alternative LPS or IL-6 mediated
inflammatory signal transfer from the blood into the brain
was suggested. According to this hypothesis, endothelial
cells within the POA are directly activated by circulating
LPS and/or IL-6 (Rummel et al. 2005, 2006; Eskillson et al.
2014). Due to the transfer of inflammatory signals across
the BBB, a second wave of the pyrogenic cytokine IL-6 is
produced locally within the hypothalamus (Klir et al. 1993;
Jansky et al. 1995) and might directly or via formation of
PGE, influence neurons involved in thermoregulation. A role
for central IL-6 in the manifestation of fever in mammals is
well established (Lenczowski et al. 1999). A localized pro-
duction of IL-6 within the hypothalamus might, therefore,
also be a critical step in the manifestation of LPS-induced
fever in birds.

Previous studies on mammalian neuro-glial primary
cultures from hypothalamus and OVLT showed that
these structures have the capacity to produce significant
amounts of IL-6 upon inflammatory stimulation (Simm
et al. 2016). Notably, direct cellular responses in cultures
of these mammalian brain sites upon stimulation with LPS
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or species-specific IL-6 could be demonstrated (Ott et al.
2010). The central goal of the present study was, therefore,
to establish and investigate a neuro-glial primary culture of
the chicken hypothalamus. The capacity of this culture to
produce IL-6 after exposure to LPS was determined. Meas-
urements of stimulus-induced Ca**-signals were applied
to investigate cellular responses of this culture to LPS or
chicken IL-6. In vivo studies showed that pattern and dura-
tion of LPS-dependent fever in chicken strongly depend on
the injected dose of LPS.

Materials and methods
Animals

4-5-month-old female chicken were used for in vivo experi-
ments (Lohmann Poultry Breeding, Gut Heinrichsruh, Ber-
glern, Germany). One day old male and female chicken
were obtained from an in house breeding (Clinic for Birds,
Reptiles, Amphibians and Fishes, Justus-Liebig-University
of Gieflen). Animal care, breeding, and experimental proce-
dures were performed according to the guidelines approved
by the Bavarian and Hessian Ethical Committees (approval
numbers Munich 209.1/211-2531-46/03 and Giessen
680_M). Chicken for in vivo experiments were held under
an artificial light—dark cycle. Lights were on between 6:00
and 20:00 h and room temperature was 22+ 1 °C.

In vivo experiments

Under isoflurane inhalation anesthesia, a temperature data
logger (SubCue, Calgary, Canada) was implanted into the
abdominal cavity to measure 7}, of chicken. Isoflurane was
administered via a face mask at an initial concentration of
5% and a maintenance concentration of up to 3%. Meloxi-
cam (Boehringer Ingelheim, Germany) was intramuscularly
injected as analgesic at a dose of 0.5 mg/kg 1 h prior to
surgery and two times per day at the following 2 days. Anes-
thesia and analgesia were performed according to veterinary
practice for birds (Erhardt et al. 2011).

T, was continuously recorded at 15-min intervals. At
least 1 week after surgery, phosphate-buffered saline (PBS,
PAA, Colbe, Germany) or lipopolysaccharide (LPS; Sigma-
Aldrich, Taufkirchen, Germany) was injected into the jugu-
lar vein. Different doses of LPS (10 ng/kg — 1 mg/kg; N=3
per group) were injected intravenously at 18 h immediately
prior to the start of the lights-off period to test the effects on
T} In an additional experiment in chicken without implanted
data loggers (N=3), the highest dose of LPS (1 mg/kg) was
injected and blood samples were collected from the jugular
vein immediately prior to and at distinct time intervals after
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(0.5, 1, 2, 4, 8, and 24 h) the injection for measurement of
circulating IL-6 in the plasma of these samples.

Preparation and cultivation of primary cultures
from the chicken hypothalamus

The primary culture of the hypothalamus was established
from topographically excised brain tissue of 1-day-old
chicken. Three animals per preparation were quickly decap-
itated with sharp scissors and the heads were immersed
shortly (10 s) in cold 70% ethanol. Each brain was immedi-
ately removed from the skull under aseptic conditions. The
cerebellum and the hypophysis were removed from the brain
and a 2-mm-thick coronal brain section at the level of the
hypophysis was cut with a scalpel blade. The slices were
rapidly transferred to a chamber containing ice-cold oxy-
genated Gey’s Balanced Salt Solution with 0.5% p-glucose
(both from Sigma-Aldrich), and the hypothalamic region
was dissected from the coronal brain section under stereomi-
croscopic control (SMZ-U; Nikon, Diisseldorf, Germany).
After enzymatic digestion with dispase I (5 mg/ml; Roche
Diagnostics, Mannheim, Germany) and collagenase (2,5 mg/
ml; Biochrom, Berlin, Germany) as well as trituration of
tissue, the hypothalamus-derived cells were suspended in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal calf serum at a density of 50,000 cells/ml in
a humidified atmosphere of 5% CO,/95% air at 39 °C [for
details, see: Cao and Zhang 2007]. Aliquots (350 pl) of the
cellular suspension were plated on poly-L-lysine coated cov-
erslips (CELL-VU Grid DRM800; Millenium Science, New
York, NY, USA), which formed the bottom of a flexiPerm
micro chamber (Greiner-Bio, Frickenhausen, Germany).
After 2 h, the DMEM medium was replaced by serum-free
Neurobasal A medium supplemented with B27 (Invitrogen,
Karlsruhe, Germany), penicillin/streptomycin (100 pg/ml),
and L-glutamine (2 mM) (both from Biochrom). During
the cultivation period of 3—4 days, Neurobasal A medium
was exchanged every second day. The cells were used for
intracellular Ca** measurements and immunocytochemical
characterization. Determination of IL-6 was carried out in
supernatants of primary cultures of the chicken hypothala-
mus using a specific bioassay (Prohl et al. 2017).

Measurement of intracellular calcium in single
fura-2-loaded hypothalamic cells

After 3—4 days of cultivation in Neurobasal A medium, the
chicken hypothalamic cells were loaded with 2 uM fura-
2-AM (Life Technologies, Darmstadt, Germany) in com-
plete medium for 45 min in a humidified atmosphere of
5% CO,/95% air at 37 °C. For the continuous recordings
of intracellular Ca** concentration ([Ca®*],), CELL-VU
Grid coverslips were placed under an inverted microscope

(IMT-2; Olympus, Hamburg, Germany) with high-resolution
camera system (Spot pursuit 23.0; Visitron Systems, Puch-
heim, Germany) in a specially constructed Teflon® culture
chamber and superfused at a flow rate of 2.0 ml/min with
Caz+-imaging buffer (pH 7.4, 5 mM HEPES, 130 mM NaCl,
5 mM KCl, 1.0 mM MgCl,, 1.25 mM CaCl,, and 10 mM
D-glucose; all from Sigma-Aldrich). Fluorescence measure-
ments were performed using a filterwheel-based excitation
system and analyzed with MetaFluor 7.7.8.0 software (Visi-
tron Systems). After defining regions of interest for single
cells, the time course of emitted fluorescence (>515 nm)
after alternating excitations at 340 and 380 nm, respectively,
was recorded. The 340/380 nm ratios proportional to [Ca2+]i
were computed and analyzed. Measurements of [Ca2+]i were
performed at a chamber temperature of 37 °C. Glutamate
(10 uM; Sigma-Aldrich), LPS (10 pg/ml; Sigma-Aldrich) or
recombinant chicken IL-6 (50 ng/ml) (see: Schneider et al.
2001) was applied to the recording chamber via superfusion
for 3 min. At the end of the experiments, cells were exposed
to high potassium Ca>*-imaging buffer consisting of 1.5 mM
HEPES, 43 mM NaCl, 50 mM KCI, 1.5 mM MgCl,, 1.0 mM
CaCl,, and 10 mM D-glucose (all from Sigma-Aldrich),
serving as a vitality test especially for neurons (for further
details, see: Simm et al. 2016; Pollatzek et al., 2016; Leisen-
gang et al. 2018a; b).

Immunocytochemical characterization of chicken
hypothalamic primary cultures

These experiments were performed to identify popula-
tions of cellular phenotypes, which are present in the pri-
mary culture of the chicken hypothalamus after 3—4 days
of cultivation. In addition, each single neuron and astrocyte
analyzed with calcium imaging was subsequently identi-
fied according to its exact position on the Cell-VU gridded
glass coverslips (Ott et al. 2010; Simm et al. 2016). Pheno-
typic identification of chicken hypothalamic cells was car-
ried out by immunolabeling with the following antibodies
directed against cell-specific marker proteins. Glial fibrillary
acidic protein (GFAP) was identified with polyclonal rab-
bit anti-GFAP antiserum (dilution 1:1,000; DAKO GmbH,
Hamburg, Germany), whereas neurons were labeled with a
monoclonal mouse antibody directed against microtubule-
associated protein 2a+b (MAP2a+b; 1:1,000) (Sigma-
Aldrich). According to a previous study using chicken brain
sections (Viertlboeck et al. 2013), microglial cells were
stained with a monoclonal mouse anti-chicken KULOI anti-
body (marker for macrophages, monocytes, and microglial
cells) (1:1,000; Southern Biotechnologies, Birmingham,
AL, USA). After the labeling procedure with the primary
antibodies (Ott et al. 2010; Simm et al. 2016), cells were
incubated with fluorophore-coupled secondary antisera at
1:500 or 1:1,000 dilutions in blocking buffer for 2 h at room
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temperature [Alexa-488 donkey anti-rabbit IgG, Alexa-488
donkey anti-mouse IgG (both from Life Technologies), Cy3
goat anti-mouse IgG, and Cy3 donkey anti-rabbit IgG (both
from Dianova GmbH, Hamburg, Germany)]. After washing
three times in PBS-T for 5 min each, the coverslips were
embedded using a glycerol/PBS solution (Citifluor Ltd.,
London, UK). Cellular nuclei were labeled by incubation
with 2-(4-amidinophenyl)-1H-indole-6-carboxyamidine
(DAPI; Mobitec GmbH, Goéttingen, Germany) for 8 min.
The cells were examined and photographed with an Olym-
pus BX50 epifluorescence microscope (Olympus GmbH)
equipped with the appropriate filter systems.

LPS stimulation of chicken hypothalamus primary
cultures and IL-6 measurement

After 34 days of cultivation, the chicken hypothalamic cells
were incubated for 2 h with lipopolysaccharide (LPS; 10
or 100 pg/ml, Sigma-Aldrich) or an equivalent volume of
PBS (0.1 M PBS; 0.1 M NaCl, pH 7.4; Capricorn Scientific
GmbH, Ebsdorfergrund, Germany). The LPS stock solution
was dissolved in PBS at concentrations of 1.0 mg/ml and
stored at — 20 °C. After incubation, the supernatants were
removed from the cells and stored at — 20 °C for later meas-
urement of IL-6. The LPS doses to stimulate neuro-glial
primary cultures of chicken were chosen according to own
previous studies (Ott et al. 2010; Simm et al. 2016; Leisen-
gang et al. 2018b) and to pilot experiments.

IL-6 was measured in supernatants of chicken hypo-
thalamic primary cultures and in plasma of LPS-injected
chicken (see above) by an assay based on the dose-dependent
growth stimulation of IL-6 on the 7TD1 hybridoma cell line
as previously described (Prohl et al. 2017). The assay was
conducted in sterile 96-well microtiter plates. In each well,
5000 7TD1 cells were incubated for 72 h with serial dilu-
tions of the supernatants or with different concentrations
of a human IL-6 standard (code 89/548; National Institute
for Biological Standards and Control, South Mimms, U.K.).
The number of living cells after 72 h was determined using
the dimethylthiazol-diphenyl tetrazolium bromide (MTT)
colorimetric assay. This assay has been used previously to
measure bioactive IL-6 in chicken (Nakamura et al. 1998;
De Boever et al. 2008, 2009).

Data evaluation and statistics

The mean 7} thythms of chicken (N=3 per group) injected
i.v. with PBS, a low dose (0.1 pug/kg), or a high dose (1 mg/
kg) of LPS are presented from 2 days before until 4 days
after the respective injection. In addition, the mean day-time
temperature for each chicken was calculated from 7 h until
20 h; the respective night-time temperature from 23 h until
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5 h. These periods were chosen to omit the periods of T}
decrease to its night-time nadir and the increase of T, to its
day-time peak (see Fig. 1a). Day- and night-time 7} values
were compared by the non-parametric Kruskal-Wallis test
with Dunn’s post hoc analysis.

For the Ca?*-imaging experiments, the numbers of cells
of a given phenotype, responsive to a defined stimulus, were
calculated as a percentage (%) of all cells of this pheno-
type investigated. Stimulus-induced Ca’*-transients were
expressed as the difference between resting baseline [Ca®*];
measured prior to the respective stimulation and the stim-
ulus-induced [Ca“]i peak (Aratio [340/380 nm]). A differ-
ence in Aratio [340/380 nm] values of more than 0.05 was
considered to be a stimulus-induced Ca** signal. This pro-
cedure can be taken as a strict exclusion criterion. Concen-
trations of IL-6 were measured in supernatants of chicken
hypothalamic primary culture wells, derived from five dis-
tinct preparations (N =28 per group), which were stimu-
lated with PBS (controls) or LPS (10 pg/ml and 100 pg/ml,
respectively). Data are presented as means + standard error
of the mean (SEM) and compared by an analysis of vari-
ance (ANOVA) followed by the Newman—Keuls multiple
comparisons test. The calculations were carried out using
the software package GraphPad Prism 5 (GraphPad Software
Inc., LaJolla, CA, USA).

Results

Dose-dependent influence of LPS on T, rhythms
of chicken

All investigated chicken showed a pronounced circadian
rhythm of 7, with more than 1 °C lower night-time tem-
perature (Figs. 1, 2).

This rhythm was not disturbed by i.v. injections of PBS
(N=3; Figs. la, 2a). Injections of a low LPS dose (0.1 ug/
kg; N=3) caused a fever, which started with a latency of
2 h, reached a peak at midnight (6 h after LPS injection),
and lasted for the entire night-time period (Fig. 1b, b*). The
mean night-time temperatures following LPS injection was
significantly elevated (p <0.001; Kruskal-Wallis test with
Dunn’s post hoc analysis) as compared to 7, values meas-
ured the night before and the night after administration of
LPS (Fig. 2b*). During the following days, chicken treated
with the low LPS dose again showed their normal circadian
rhythm of 7,. The fever pattern after administration of a
high LPS dose (1 mg/kg, N=3) was completely different.
During the night after LPS injection, chicken developed no
fever, but rather a tendency for a hypothermic response, fol-
lowed by a normal return to day-time 7}, The usual decline
of T, during the following night, however, was omitted, so
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Fig. 1 T, rhythms and LPS fever in chicken. Mean 7, in three groups
of chicken (N=3 per group), recorded via data loggers from 2 days
before until 4 days after i.v. injections at 18 h of PBS (a), 0.1 pg/kg

that the circadian rhythm of Tb was disrupted. Thereafter,
chicken re-established their normal 7, rhythm (Fig. lc, c*).
A significant increase of T, was thus observed with a delay
of one night (p <0.001; Kruskal-Wallis test with Dunn’s
post hoc analysis Fig. 2c¢).

In a separate group of chicken (N =3), the IL-6 response
to the high LPS dose was determined. Compared to circu-
lating levels of IL-6 measured prior to the injection of LPS,
bioactive IL-6 was strongly elevated for at least 8 h with
peak values between 1-4 h after LPS injection. After 24 h,
IL-6 in plasma almost returned to baseline values (Fig. 3).

Influence of LPS and chicken IL-6 on a neuro-glial
culture of chicken hypothalamus

After determination of the best conditions for a neuro-glial
primary culture of the chicken hypothalamus, the cellular
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LPS (b), or 1 mg/kg LPS (c). b*, ¢* Higher resolution of the febrile
periods of chicken injected i.v. with 0.1 pg/kg LPS (b*) or 1 mg/kg
LPS (c*)

phenotypes present in the culture system were character-
ized by double labeling immunocytochemistry, employing
cell-type-specific antibodies. Each cell culture well used for
in vitro experiments contained 614 + 72 neurons, 1354 + 129
astrocytes, and 582 +27 microglial cells on average (N=7)
(Fig. 4).

Astrocytes, neurons, and microglial cells represented
about 75% of all cells present in one well of the primary
culture.

Employing the Ca**-imaging technique in combination
with post-experimental immunocytochemistry, the num-
bers and percentages of cells directly activated by gluta-
mate, LPS, or chicken IL-6 could be determined. In response
to superfusion of primary cultures with 10 uM glutamate
(GLUT), the most important excitatory transmitter within
the hypothalamus, for 3 min at 37 °C, 176 out of 337 neu-
rons (52.2%) and 21 out of 234 astrocytes (9%) responded
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Fig.2 Evaluation of Ty rhythms during LPS fever in chicken. Mean
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23 until 5 h]. Chicken were injected i.v. with PBS (a), 0.1 pg/kg LPS
(b), or 1 mg/kg LPS (¢) (N=3 per group). These periods were cho-
sen to omit the periods of decrease of 7} to its night-time nadir and
the increase of Ty to its day-time peak (see Fig. 1a). Chicken treated
i.v. with 0.1 pg/kg LPS developed fever during the night following the
injection (b); the i.v. injection of 1 mg/kg LPS caused fever during the
second night following the injection (¢). [***; #*: p<0.001; Kruskal—
Wallis test with Dunn’s post hoc analysis] (color figure online)
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with a pronounced and transient increase of intracellular
Ca* concentration. Representative examples for these
responses are shown in Fig. 5.

In the next experiments, the effects of superfusion of
primary cell culture wells with 10 pg/ml LPS or 50 ng/ml
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Fig.3 Bioactive IL-6 in serum of LPS-injected chicken. In a group
of chicken (N=3), the highest dose of LPS (1 mg/kg) was injected
and blood samples were collected from the jugular vein immediately
prior to and at distinct time intervals after (0.5, 1, 2, 4, 8, and 24 h)
the LPS injection for measurement of circulating IL-6 in the plasma
of these samples. The highest concentrations of IL-6 were determined
between 1 and 4 h after LPS was injected

chicken IL-6 on [Caz“L]i of Fura-2-loaded chicken hypotha-
lamic cells were investigated. (Fig. 6).

Quantitative analysis of these experiments revealed that
13 out of 337 investigated neurons (4%) and 28 out of 234
astrocytes (12%) responded to LPS with a pronounced and
transient increase of [Ca”*]; (Fig. 6a). Even higher percent-
ages of hypothalamic cells responded to superfusion with
chicken IL-6 (Fig. 6b). IL-6-induced intracellular Ca>* sig-
nals were recorded in 18 out of 158 neurons (11.5%) and in
56 out of 252 astrocytes (22%).

In a final experiment, the capacity of chicken hypotha-
lamic primary cultures to produce and release IL-6 upon
stimulation with LPS compared to PBS was tested (Fig. 7,
N=28 in each group).

Incubation of cells in the presence of 10 or 100 pg/ml
LPS for 2 h caused a significant increase of bioactive IL-6
in the supernatants of hypothalamic cultures (p <0.001;
ANOVA followed by Newman—Keuls test) in a dose-depend-
ent manner. In the presence of 10 ug/ml LPS, there was a
fourfold increase of IL-6 in the supernatants (243 +45 1.U./
ml) compared to controls (61 + 6 1.U./ml). Stimulation with
100 pg/ml LPS even evoked an eightfold elevation of bioac-
tive IL-6 in the supernatants (492 +91 I.U./ml).
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Fig.4 Cellular phenotypes
present in neuro-glial primary
cultures of the chicken hypo-
thalamus. Immunolabeling with
primary antibodies directed
against GFAP for astrocytes (a),
MAP2a+b for neurons (b), and
KUL-01 for microglial cells (c).
Secondary antibodies employed
were coupled to fluorophors
such as Alexa488 (green) or
Cy3 (red). Cellular nuclei were
stained with DAPI (blue). Bars
represent 6 um (color figure

online)
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Fig.5 Neurons and astrocytes of chicken hypothalamic primary cul-
tures respond to glutamate with an increase of [Ca**], Examples of
intracellular calcium signals recorded from one neuron and one astro-
cyte in a primary culture derived from the chicken hypothalamus.
Both cells responded to superfusion with 10-uM glutamate. The neu-
ron also responded to buffer containing a high concentration of KCl
(50 mM) with a pronounced increase of [Ca2+]i, whereas the KCl
response is missing in the astrocyte

Discussion
Fever in birds

In the present experiments, chicken were injected at the
beginning of the night-time, when 7,, moved to its nadir,
with various doses of LPS and recorded T, for several days
(Figs. 1 and 2). A low dose of LPS (0.1 pg/kg), which would
hardly give rise to detectable fever when injected in the
active phase (Maloney and Gray 1998), resulted in mono-
phasic fevers of more than 6 h duration in our experiments.
Even the very low dose of 10 ng/kg LPS caused a fever of
shorter duration in chicken (not shown). This means that
chicken are rather sensitive to LPS, in contrast to rats or

mice, at least when the pyrogen is injected prior to or dur-
ing night-time. These and other mammalian species have
to be challenged with much higher LPS doses to evoke a
fever (Kluger 1991; Romanovsky et al. 2005; Rudaya et al.
2005). The pattern of fever induced by a high dose of LPS
in chicken proved to be even more interesting (Figs. lc,
2c). During the night of injection, there was no fever at
all, but just a slight tendency for the induction of a hypo-
thermic response. Fever occurred with a delay of 24 h and
the normal decrease of T during the night was omitted in
chicken treated with the high dose of LPS. Such a delayed
fever response after challenge with high doses of LPS is
also observed in mammalian species, but it is preceded by
pronounced hypothermia (Kozak et al. 1998; Tollner et al.
2000; Leon, 2004). Even in those few studies, in which 7
of birds injected with a high LPS dose was measured, the
small hypothermic responses never exceeded the range of
the normal circadian T, rhythms of the investigated avian
species (De Boever et al. 2009; Skold-Chiriac et al. 2015;
Fig. 1 of this study). The reason for this discrepancy to the
mammalian thermal response to LPS may be due to differ-
ences within the responsible endogenous cytokine network
of birds (Staeheli et al. 2001).

The role of IL-6 and other cytokines in avian fever

In a small group of chicken (N=3), circulating IL-6 was
measured in response to LPS injections (Fig. 3). The
increase of IL-6 in the blood to its peak seems to occur
faster (within 1 h) compared to several mammalian species
(Jansky et al. 1995; Harré et al. 2002). In these species,
guinea pigs, and rats, the LPS-induced peak of circulating
IL-6 is reached with some delay and is preceded the appear-
ance of TNF-a in the blood. From the cytokines, which are
released within the initial phase of mammalian fever, TNF-a
has been identified as the candidate to be involved in the
manifestation of the hypothermic component of the thermal
response to high LPS doses (Tollner et al. 2000; Leon 2004;
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Fig. 6 Intracellular calcium signals of hypothalamic neurons (N) and
astrocytes (A) upon superfusion with LPS or chicken IL-6. Examples
of intracellular calcium signals recorded from one neuron and one
astrocyte each of a primary neuro-glial culture well derived from the
chicken hypothalamus in response to superfusion with 10 pg/ml LPS
(a) or 50 ng/ml chicken IL-6 (b). Evaluation of the Ca?* signals of
all investigated cells, with A ratio [340/380 nm] fluorescence values
as measure of the intracellular-free calcium concentration. Columns
in a* and b* represent means +S.E.M. of those neurons (N) or astro-
cytes (A), which showed an LPS-induced (a) or an IL-6-induced
(b) increase of [Ca“]i. Numbers of investigated cells are indicated
in parentheses above the columns; numbers of responsive cells are
shown within the columns

Garami et al. 2019). Interestingly, of these proinflammatory
cytokines TNF-a was supposed to be absent in the avian
genome (Staeheli et al. 2001) until it was recently identi-
fied and characterized in chicken (Rohde et al. 2018). The
lack of pronounced hypothermia in birds under these condi-
tions might be due to the lack of a significant contribution
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Fig.7 Release of IL-6 into supernatants of chicken hypothalamus
primary cultures. LPS-induced release of IL-6 into supernatants of
chicken hypothalamic cell cultures stimulated with 10 pg/ml LPS
(LPS 10) or 100 pg/ml LPS (LPS 100) compared to stimulations with
PBS (N=28 wells from five distinct preparations in each group). Data
represent mean values with S.E.M. [**%; i, p<0.001; ANOVA fol-
lowed by the Newman—Keuls multiple comparison test]

of TNF-a to the thermal response to LPS in birds. Whether
there is a significant contribution of this recently discovered
avian cytokine (Rohde et al. 2018) in LPS fever in birds
at all will have to be determined. For other cytokines with
pyrogenic properties, i.e., IL-1p and IL-6, there is more evi-
dence for a significant role in fever in birds (Marais et al.
2011; Gray et al. 2013). Namely, IL-6 can be measured in
increased amounts in the circulation of LPS-stimulated birds
(Nakamura et al. 1998; De Boever et al. 2008, 2009; Adel-
man et al. 2010; own measurements). However, peripher-
ally released or administered IL-6 has only weak pyrogenic
capacities in mammals (Cartmell et al. 2000; Harré et al.
2002; Rummel et al. 2006). IL-6 is rather considered to be
an endogenous pyrogen acting centrally within the anterior
hypothalamus (Klir et al. 1993; Lenczowski et al. 1999).
Indeed, in the only experimental study on the role of IL-6 in
the avian febrile response, this cytokine was administered
into the third ventricle of the brain close to the hypothalamus
and caused dose-dependent fevers (Marais et al. 2011). In
the same study, it was shown that central injections of anti-
bodies against chicken IL-6 suppressed fever. The authors
concluded that brain-intrinsic IL-6 serves as terminal media-
tor of avian fever (Marais et al. 2011; Gray et al. 2013).
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Inflammatory activation of cells from chicken
hypothalamus

To investigate the responses of the chicken hypothalamus
to exogenous (LPS) or endogenous (IL-6) pyrogens at the
cellular level, a neuro-glial primary culture of chicken hypo-
thalamic tissue was established for the first time (Fig. 4). The
cellular phenotypes of about 75% of all cells in this culture
could be identified as neurons, astrocytes, and microglial
cells (Fig. 4). According to previous corresponding inves-
tigations in mammalian hypothalamic primary cultures
(Simm et al. 2016), presumably oligodendrocytes represent
the predominant part of those cells, for which the cellular
phenotype could not be determined due to the lack of an
appropriate antibody specific for avian oligodendrocytes.
The central goal was to investigate whether a direct acti-
vation of hypothalamic cells by inflammatory stimuli could
be demonstrated. Special focus was directed to IL-6, one
of the putative centrally acting terminal mediators of avian
fever. More than 50% of all tested neurons and 9% of astro-
cytes cultured from the chicken hypothalamus responded
to the excitatory transmitter glutamate with a pronounced
increase of [Ca2+]i (Fig. 5). Although these percentages
are higher in cultures obtained from the rat hypothalamus
(Simm et al. 2016; Leisengang et al. 2018a), it is obvious
that glutamate represents a very important excitatory trans-
mitter not only in the mammalian but also in the avian hypo-
thalamus. More interesting in the context of this study was
the observation that 11.5% of all neurons and even 22% of all
astrocytes in the primary culture were directly activated by
chicken IL-6 (Fig. 5). Electrophysiological studies showed
that IL-6 can induce neuronal responses in hypothalamic
tissue slices, which are compatible with the generation of
fever (Xin and Blatteis 1992). A direct link between the IL-6
induced Ca**-signals in hypothalamic cells (Fig. 6) and the
suggested contribution of hypothalamic IL-6 to the febrile
response of chicken is difficult to draw. Still, the present
experiments clearly show that hypothalamic neurons and
astrocytes directly respond to this cytokine. This is remark-
able in so far, as the hypothalamus is not only a target, but
also a site of production for this cytokine (Fig. 7). Under
in vivo conditions, a localized production of IL-6 within the
hypothalamus and a subsequent influence on hypothalamic
neurons might be a key event in the manifestation of the
avian febrile response. The fever data show that the febrile
response of chicken to LPS occurred with delay of at least
some hours (Figs. 1 and 2). During this period, the intra-
hypothalamic production of IL-6 might have been initiated.
One possibility for a process like this could be the entrance
of LPS into or around hypothalamic tissue under conditions
of systemic inflammation. Some neurons and even more
astrocytes could be detected, which were directly activated
by LPS (Fig. 6a) and showed a pronounced increase of

[Ca2+]i. Some authors suggested a possible mechanism for
the interplay among LPS-induced activation of its cognate
receptor TLR4 (Toll-like receptor 4), a subsequent rise in
intracellular Ca®*, and an increased production of cytokines
such as IL-6 (Franco et al. 2006; Mayo et al. 2008). Whether
or not a mechanism like this operates within LPS-stimulated
neuro-glial primary cultures of the chicken hypothalamus
will have to be determined.

In conclusion, our experiments and measurements pro-
vide further evidence that IL-6 is an important endogenous
pyrogen not only in mammals, but also in birds, and that
the anterior hypothalamus is a putative site of action for
this cytokine in both classes of homeothermic vertebrates.
Future experiments could employ more refined primary
cultures from specific nuclei of the chicken hypothalamus
with putative thermoregulatory functions, for example the
chicken medial preoptic nucleus (Kuenzel and Tienhoven
1982). In such a refined culture, it will be possible to inves-
tigate the responses of neurons to warming (Leisengang et al
2018a) and the modulation of these responses by IL-6 or
PGE, (Simm et al. 2016) to obtain further insight into the
function of avian thermoregulatory structures.
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