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INTRODUCTION
Birds and mammals develop fever when injected with bacterial
endotoxin, lipopolysaccharide (LPS) from the cell walls of gram-
negative bacteria (Blatteis et al., 2000; Cartmell and Mitchell, 2005;
D’Alecy and Kluger, 1975; Gray et al., 2005; Macari et al., 1993;
Maloney and Gray, 1998; Nomoto, 2003; Romanovsky et al., 2005).
In mammals, repeated exposure to LPS within 1 to 10days results in
a reduction and, in some instances, the total abolition of the febrile
response to the same stimulus (Kawasaki et al., 1987; Roth et al., 1997;
Roth et al., 1994). This modulation of the febrile response is part of
a temporary relegated immune response to gram-negative pathogens,
a phenomenon known as endotoxin tolerance (Roth et al., 1997; Roth
et al., 1994; West and Heagy, 2002). As yet, little is known about the
development of endotoxin tolerance in birds. Consequently, the impact
of repeated pathogenic exposure on the avian febrile response, and the
ability of birds to fight recurrent infection, is not known.

In mammals, endotoxin tolerance results from: (1) an increase
in adrenal glucocorticoid (GC) secretion due to modulation of the
hypothalamo-pituitary-adrenal (HPA) axis (Beishuizen and Thijs,
2003), and (2) an attenuated release of the pro-inflammatory
cytokines that are known to mediate the febrile response,
specifically, tumor necrosis factor (TNF)-, interleukin (IL)-1 and
IL-6 (Blatteis, 2004; Cartmell and Mitchell, 2005; Harden et al.,
2006; Harden et al., 2008; Nomura et al., 2000; Romanovsky et al.,
2005; Rothwell et al., 1996). Although GCs are known to suppress
the synthesis and release of pro-inflammatory cytokines from

circulating immune cells (Coelho et al., 1995), GC-independent
biochemical pathways, which inhibit the production and release of
these cytokines during a state of tolerance, have been identified
(Cavaillon and Adib-Conquy, 2006; Fan and Cook, 2004). In birds,
GCs are the only known modulator of the febrile response (Gray
et al., 2005), but whether GCs contribute to the development of
endotoxin tolerance in birds is not known.

The present study was designed to ascertain firstly whether birds
develop endotoxin tolerance to doses of LPS known to mimic mild
to moderate bacterial infections (Maloney and Gray, 1998). Once
we established that the birds had a reduced febrile response when
they were treated repeatedly with LPS, we investigated the role of
GCs in the development of endotoxin tolerance and the effect of
repeated LPS injections on HPA function in birds.

For our study we chose Pekin ducks as experimental birds to
represent the avian class. Pekin ducks are galloanserines, a group
thought to be the basal lineage from which all modern-day birds
evolved (vanTuinen et al., 2000). Previous studies have confirmed
that the underlying mechanisms responsible for the fever response
in Pekin ducks are similar to those present in other bird species
(Gray et al., 2005; Maloney and Gray, 1998). For instance, pro-
inflammatory cytokines as well as prostaglandins have been
identified as likely mediators of fever in diverse avian species (Gray
et al., 2005; Johnson et al., 1993b; Macari et al., 1993; Nakamura
et al., 1998). Moreover, similarities between LPS fevers in Pekin
ducks and LPS fevers in mammals have been identified (D’Alecy
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SUMMARY
Endotoxin tolerance represents a state of abated immunological responsiveness to pyrogens, which, in mammals, leads to the
decline or abolition of the fever response. The development of endotoxin tolerance in birds is not well understood; consequently,
the impact of repeated pathogenic exposure on the avian febrile response, and thus on the ability of birds to fight recurrent
infection, is not known. We determined the effect of repeated injections of lipopolysaccharide (LPS) on the febrile response of
Pekin ducks. We gave ducks five injections of LPS, spaced 1, 4 or 10days apart, and recorded their core body temperature with
abdominally implanted temperature data loggers. Once we established that Pekin ducks developed endotoxin tolerance, we
investigated the effect of repeated injections of LPS on the central and peripheral segments of the hypothalamo-pituitary-adrenal
(HPA) axis in an attempt to elucidate the role of glucocorticoids in the modulation of the febrile response during the tolerant
period. When our ducks became tolerant to LPS, they had significantly higher basal levels of plasma corticosterone (CORT, the
principal glucocorticoid in birds), and their HPA response to treatment with LPS was blunted. We propose that the augmented
levels of basal plasma CORT resulted from sensitized HPA function, and this, in turn, contributed to the development of endotoxin
tolerance. Regulation of the circulating level of CORT might be a possible target for the re-establishment of appropriate immune
responses in birds.
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and Kluger, 1975; Johnson et al., 1993b; Maloney and Gray, 1998).
There is convincing evidence that prostaglandin E2 fulfils the role
of final mediator of the mammalian febrile response, and studies
with birds have also identified prostaglandins as having an important
role in the avian febrile mechanism (Johnson et al., 1993b; Macari
et al., 1993; Romanovsky et al., 2005; Roth et al., 2004).

Here we describe the development of endotoxin tolerance in Pekin
ducks by reporting the results from three experimental series of
repeated LPS injections at varying time intervals. We also show
that repeated LPS treatments modulated the HPA axis and that
corticosterone (CORT, the principal GC in birds) likely contributed
to the development of endotoxin tolerance in our birds.

MATERIALS AND METHODS
Experimental design

Experimentation was conducted over a period of 12months and
comprised three studies: (1) an investigation into the effect of
repeated LPS injections on the febrile response; (2) an investigation
into the role of CORT in the development of endotoxin tolerance
in Pekin ducks and; (3) an investigation into the effect of repeated
LPS injections on HPA function. We completed the first study and
analyzed the data before we began the other studies.

Animals
Thirty-two adult Pekin ducks (Anas platyrhynchos Linnaeus 1758),
11 male and 21 female, with body mass between 2.5 and 3.4kg,
were used for the experiments. Sixteen ducks were randomly
assigned to study 1 and eight ducks each to studies 2 and 3. The
ducks were housed as a flock in an indoor pen and exposed to a
12h:12h day:night cycle (lights on at 6:00h), an average night-time
temperature of 21°C and a daytime temperature of 23°C. They had
ad libitum access to dry chicken food enriched with minerals and
vitamins, as well as drinking and bathing water.

Body temperature measurements
Core body temperatures were recorded at 20min intervals using
miniature temperature data loggers with a resolution of 0.02°C
(Tidbit, Onset Computer, Bourne, MA, USA). The data loggers were
calibrated (from 38 to 44°C at 1°C intervals) against a certified
precision thermometer (Quat 100, Heraeus, Germany), coated with
wax (Sasol Wax, Sasolburg, South Africa) and then implanted into
the abdominal cavity of each duck. For surgery and data logger
implantation, the ducks were anaesthetised with 2% Isoflurane (Safe
Line Pharmaceuticals, Wadeville, Johannesburg, South Africa) in
oxygen. The ducks were allowed 2weeks after surgery before the
start of experimentation.

Injections containing endotoxin
LPS from Escherichia coli (Sigma-Aldrich, St Louis, MO, USA)
was dissolved in sterile isotonic saline and diluted to 350gml–1.
Immediately before injection ducks were weighed and a volume
containing 100gkg–1 of LPS was drawn up and adjusted with saline
to a volume of 1ml. The dose of LPS was based on the results of
previous fever studies in birds and has been shown to give a strong,
but sub-maximal fever response (Gray et al., 2005; Johnson et al.,
1993a; Maloney and Gray, 1998; Nomoto, 1996). All injections were
given intramuscularly (i.m.) between 10:00 and 11:00h on days of
experimentation.

Blood collection
For studies 2 and 3 we needed to collect blood from our ducks for
plasma CORT analysis. Disturbing ducks was previously shown to

significantly increase plasma CORT within 3min (Harvey et al.,
1980). For this reason, all blood collection for the purpose of
obtaining normal levels of plasma CORT was done within 3min of
entering the housing pen. Once a bird was caught, we drew venous
blood from the leg vein. All blood was collected in heparinised
containers (Becton Dickinson, Johannesburg, South Africa),
immediately placed on ice, and centrifuged at 3000rpm for 10min;
thereafter the plasma was removed and stored at –20°C until
analysis.

Plasma CORT analysis
The CORT levels of plasma samples were determined by a
commercially available radioimmunoassay (RIA) (MP Biomedicals,
Orangeburg, NY). The instructions of the manufacturers were
followed for analysis.

Experimental procedures
Study 1

The aim of the first study was to describe the effect of repeated
LPS treatments on the febrile response in Pekin ducks. For this, we
randomly chose 10 Pekin ducks from the flock and treated them
with three series of LPS injections. Each series consisted of a total
of five LPS injections (each containing 100gkg–1 LPS made up
to 1ml with sterile isotonic saline). The time interval between each
LPS injection differed from series to series and was 1, 4 or 10days.
The order of experimental series was randomized and ducks were
randomly assigned to a particular experimental series. By the end
of experimentation all of the birds had received each experimental
series once. Thus, in total each bird received 15 LPS injections over
a period of 9months.

To control for any effect of prior exposure to LPS on the body
temperature response to injection, we scheduled a control saline
injection before the first, and after the last, LPS injection. The time
interval between the saline injections and the LPS injections was
the same as the time interval between LPS injections. For instance,
if ducks were given LPS every 4days, then one saline injection was
given 4days before the first LPS injection and one saline injection
was given 4days after the last LPS injection. Thus, in total each
bird also received six saline injections.

To control for the effect of repeated injections on the body
temperature of Pekin ducks, we randomly chose six naïve ducks
(birds that have never before been injection with LPS) from the
flock and gave each of them an i.m. injection of 1ml isotonic saline
for seven consecutive days. Injections were given at 10:00h every
day. After each injection the birds were released in their pen and
left undisturbed for 24h. We allowed a washout period of 21days
between experimental series.

At the end of the first study it was clear that our ducks had a
significantly reduced febrile response when they were treated
repeatedly with LPS (see results, Fig.1), and we commenced with
the other studies.

Study 2
To determine whether CORT contributed to the development of
endotoxin tolerance observed in ducks in the first study, we gave
the group of ducks (N8) assigned to study 2 five injections of
100gkg–1 LPS (or saline) for five consecutive days and collected
venous blood (2ml each time) via venipuncture for CORT analysis
at different times: immediately before the first and the fifth LPS (or
saline) injection (time 0, for determination of basal levels of plasma
CORT), and at 3 and 8h after the first and fifth LPS (or saline)
injection. The results of study 1 showed that during a state of
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tolerance the peak of the fever was modulated and the duration of
fever was shorter. So, we wanted to ascertain whether the level of
plasma CORT at the time of the febrile peak was elevated and
influenced the febrile peak. Likewise, we wanted to ascertain
whether an elevated level of plasma CORT influenced the time to
the resolution of fever and at the same time see whether plasma
CORT was upregulated at the end of fever. Time points of 3 and
8h post-injection coincide with the peak and the resolution of the
fever response in ducks. Because handling the ducks for blood
collection potentially affects the level of plasma CORT, we designed
our experiment so that blood collection was performed at only one
time point post LPS (or control saline) treatment. Thus, each duck
was made tolerant with a series of LPS injections twice, once for
blood collection at 3h and once for blood collection at 8h after the
first and fifth LPS treatment. To appropriately control for the effect
of treatment, per se, on the level of plasma CORT, we also gave
ducks two series of saline injections and then followed the same
protocol for blood collection as described for LPS. Ducks were
randomly chosen to receive these series of injections. At the end of
experimentation all ducks had received all the injections (10
containing LPS and 10 containing saline).

We continuously monitored core body temperatures of this group
of ducks with abdominally implanted data loggers. However, handling
the ducks for blood collection confounds temperature data because
the ducks develop a stress hyperthermia when they are caught (Gray
et al., 2008). Therefore, the body temperature data obtained from these
ducks were used to confirm that the ducks had body temperature
responses similar to those of the ducks in the first study.

Study 3
In birds, the amount of CORT that can be elicited by various HPA
stimulants provides a measure of HPA sensitivity (Kuenzel and
Jurkevich, 2010; Mikhailova et al., 2007; Spelman et al., 1995). We
used the protocol of Spelman et al. (Spelman et al., 1995) to test
for adrenal sensitivity with an intravenous (i.v.) injection of synthetic
adrenocorticotrophic hormone (ACTH, 0.25mg) (Novartis,
Johannesburg, South Africa) (Spelman et al., 1995). A dose of
0.25mg of synthetic ACTH was shown to increase plasma CORT
levels maximally in ducks (approximately the same weight and age
as our birds) 1 to 2h post injection and we therefore opted to collect
blood from our ducks 1h post ACTH injection (Spelman et al.,
1995).

In ducks, peripheral co-administration of arginine vasotocin
(AVT) and corticotrophin releasing hormone (CRH) was shown to
synergistically stimulate ACTH and subsequent CORT release in
ducks (Kuenzel and Jurkevich, 2010; Mikhailova et al., 2007). We
followed the protocol of Mikhailova et al. (Mikhailova et al., 2007)
to test the pituitary sensitivity of our ducks. Briefly, AVT (Sigma-
Aldrich, Johannesburg, South Africa) and ovine CRH (oCRH;
Sigma-Aldrich) were each made up to a dose of 3gkg–1 in 0.5ml
sterile isotonic saline. The dosages of AVT and CRH were then
combined and injected into the leg vein and we collected blood
30min post injection. Mikhailova found AVT + CRH administration
to cause maximal HPA stimulation and CORT release 30min post
treatment (Castro et al., 1986; Mikhailova et al., 2007).

To determine whether endotoxin tolerance affected the peripheral
and/or central segment of the HPA axis, we tested the adrenal
sensitivity and, on another occasion, the pituitary sensitivity of ducks
(N8) before and 24h after they were made tolerant using four
consecutive daily injections of 100gkg–1 LPS. From the results of
study 1, we knew that ducks made tolerant with daily injections of
LPS developed a reduced fever following the fifth LPS treatment,
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and we wanted to ascertain whether the state of HPA axis sensitivity
at the time of the fifth LPS injection contributed to the reduction of
this febrile response. Thus, we designed our experiment to measure
the HPA axis sensitivity at the time point coinciding with the fifth
LPS injection. For this reason, the ducks assigned to this study received
four consecutive daily injections of LPS and then the HPA sensitivity
was measured 24h after the fourth injection – the same time that the
ducks in study 1 received the fifth LPS treatment. Because we
measured the adrenal and pituitary sensitivity of all the ducks on
separate occasions, ducks were made tolerant with a series of LPS
injections twice: once to measure adrenal and once to measure pituitary
sensitivity. The order of the sensitivity tests was randomized.

To control for the effect of repeated injections, per se, on HPA
sensitivity, ducks also received two series of saline injections: one
to measure adrenal and one to measure pituitary sensitivity. Ducks
were randomly given each of the series of injections and we allowed
a washout period of 21days between each series of injections.

We obtained baseline levels of circulating CORT by collecting
blood at the time of injecting HPA stimulants. Similar to the protocol
of blood collection described in study 2, we drew venous blood
from the leg vein of ducks within 3min of entering the pen.
Immediately thereafter ducks were injected with ACTH or with AVT
combined with CRH (AVT + CRH). Each duck was then restrained
in a custom-made canvas sling that kept the wings secured around
the body, but left the head uncovered and the feet to hang freely
until we collected blood from the leg vein on the other leg (the leg
not used for blood collection when we entered the pen).

At the end of experimentation, the ducks were killed with an
overdose of sodium pentobarbitone (Eutha-naze, Centaur
Laboratories, RSA, Chapel Hill, NC, USA) injected i.v. according
to the Animal Ethics Committee guidelines. The implanted data
loggers were retrieved and the data were downloaded for analysis.
The procedures of this study were approved by the Animal Ethics
Committee of the University of the Witwatersrand (application no.
2008/31/04).

Data analysis
All data are reported as means ± s.d. or means ± s.e.m. (as indicated).

Study 1
We calculated thermal response indices (TRIs) evoked by all
treatments by subtracting, for each duck, the mean body temperature
for the 2h prior to injection from the body temperatures following
treatment. We omitted the stress hyperthermia and calculated 10h
TRIs from 2 to 12h post injection.

To ascertain whether repeated LPS treatments affected the febrile
response in Pekin ducks, we compared the mean of the TRIs
following each LPS treatment within and between each series with
a repeated-measures two-way ANOVA.

To ascertain whether prior repeated exposure to LPS affected
body temperature responses to an injection, per se, we compared
the mean of the TRIs evoked by saline treatment given prior to and
post LPS treatment, within and between the different series, using
a repeated-measures two-way ANOVA.

To ascertain whether repeated injections, per se, affect normal
body temperature, we compared the mean of the TRIs following
the first to the seventh injection of saline using a repeated-measures
ANOVA.

Study 2
Because ducks were randomly assigned to the series of treatments
(LPS or saline) we determined the effect of experimental order on
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the level of plasma CORT in our ducks by comparing the level of
plasma CORT evoked by the first and fifth LPS treatment in ducks
first exposed to saline with those first exposed to LPS, using a
repeated-measures two-way ANOVA. Thereafter we compared the
mean of plasma CORT levels for our group of ducks immediately
before the first and the fifth LPS (or saline) injection and the plasma
CORT levels in ducks at 3 and 8h after the first and fifth LPS (or
saline) injection with a repeated-measures two-way ANOVA and
Bonferroni post hoc tests when the ANOVA indicated significant
differences between means.

Study 3
The experiment was randomized and we determined the effect of
experimental order on the level of plasma CORT evoked in our
ducks with HPA stimulants using a repeated-measures two-way
ANOVA. Thereafter we compared the mean of plasma CORT levels
elicited by injections of ACTH and AVT + CRH given before and
after a series of LPS or control saline injections using a repeated-
measures two-way ANOVA and Bonferroni post hoc tests when
the ANOVA indicated significant differences between means.

All comparisons were deemed significantly different at P<0.05.

RESULTS
On days when they were not handled, the normal mean (±s.d.)
daytime body temperature of the ducks was 41.1±0.2°C. The ducks
developed a transient, stress hyperthermia when handled, prior to
treatment; however, this resolved within 60 to 90min.

Effect of repeated injection of LPS on body temperature
There were significant differences in the body temperatures evoked
by LPS within and between experimental series. Summarising the
responses as TRI showed that the treatments differed significantly
(main effect of treatment, F4,13532.15, P<0.0001; main effect of
time, F2,13523.10, P<0.0001; interaction, F8,1354.52, P<0.0001;
Fig.1A–C). Bonferroni post hoc analyses showed that when LPS
injections were given every day, or every 4days, the third, fourth
and fifth injections evoked significantly smaller TRIs than the TRI
following the first injection in each series (Fig.1A,B). There was
no change in the TRIs evoked by LPS when the ducks were treated
every 10days (Fig.1C).

Effect of prior exposure to LPS on body temperature
responses to injection

The TRIs evoked by saline injections given before each experimental
series did not differ from each other, or from the TRIs evoked by
the saline injection after the LPS treatment series, within or between
each series (repeated measures two-way ANOVA, main effect of
treatment, F2,540.7, P0.50; main effect of saline before versus
saline after, F1,540.03, P0.86; interaction, F2,540.95, P0.39;
Fig.1D).

Effect of repeated injection of saline on body temperature
The TRIs evoked by the first through the seventh injection of saline
did not differ significantly from each other (repeated-measures one-
way ANOVA, F6,51.8, P0.13, N6; Fig.1E).

Role of CORT in endotoxin tolerance
The order in which ducks were treated due to randomization did
not affect plasma CORT concentrations post LPS (main effect of
order, F1,240.27, P0.61; main effect of treatment, F3,243.33,
P0.03; interaction, F3,240.69, P0.57). The data were therefore
pooled for further analysis.

The treatment that the ducks received, either a series of LPS or
saline, and the time point post treatment significantly affected the
level of plasma CORT in our ducks (repeated-measures two-way
ANOVA, main effect of treatment, F3,8420.0, P<0.0001; main
effect of time, F2,845.91, P0.004; interaction, F6,841.57, P0.16;
Fig.2). Post hoc analysis showed that, prior to the first injections
of the series of LPS or saline (time 0), the circulating level of CORT
did not differ between the experimental groups. The mean ± s.d.
basal levels of CORT in the two experimental groups were
79.06±34.43 and 68.79±29.20ngml–1, respectively (t70.64,
P0.54).

CORT levels measured 3 or 8h after the first injection of saline
did not differ significantly from the basal CORT (t70.06, P0.95
and t70.19, P0.85, respectively). There was also no change in the
basal levels of CORT after four consecutive saline injections
(t70.50, P0.63) or a change in CORT either 3 or 8h following
the fifth saline treatment (t70.92, P0.39 and t70.46, P0.66,
respectively).

On the first day of LPS treatment there was a significant increase
in CORT at 3h (t73.88, P0.006), and the circulating levels had
returned to basal by 8h (t70.94, P0.38).

After four consecutive LPS injections, immediately prior to the
fifth LPS treatment, the mean (±s.d.) concentration of plasma CORT
in the ducks was 143.23±41.32ngml–1. This was significantly higher
than the basal level of CORT measured before the first LPS treatment
(t73.5, P0.01). At 3 or 8h after the fifth LPS injection there was
no significant change in CORT from the already elevated levels
observed at time 0 (t71.29, P0.24 and t70.37, P0.72) (see Fig.2
for plasma CORT amounts measured at different times).

HPA axis sensitivity
The order in which ducks were exposed to treatment, either
following a series of saline or LPS injections first, did not affect
the amount of CORT evoked by the HPA stimulants (repeated-
measures two-way ANOVA, main effect of experimental order,
F1,240.02, P0.90; main effect of treatment, F3,246.55, P0.002;
interaction F3,240.3, P0.82). The data were therefore pooled for
further analysis.

The series of treatments that the ducks received prior to testing
HPA axis sensitivity, either saline or LPS, significantly affected the
level of plasma CORT evoked by injections of ACTH and AVT +
CRH [repeated-measures two-way ANOVA, main effect of
treatment, F5,8424.57, P<0.0001; main effect of time (before vs
after a series of injections) F1,8418.54, P<0.0001; interaction,
F5,843.45, P0.007; Fig.3].

Bonferroni post hoc analysis showed that: (1) prior to treatment
with LPS or saline, both AVT + CRH and ACTH evoked significant
increases in plasma CORT concentrations (t72.48, P0.04 and
t72.62, P0.03 for AVT + CRH prior to saline and LPS series,
respectively, and t74.32, P<0.001 and t74.96, P<0.001 for ACTH
prior to saline and LPS series, respectively); (2) repeated injections
of saline did not affect the basal level of plasma CORT in our ducks
(t70.61, P0.56); and (3) saline injections did not affect the amount
of plasma CORT evoked by either AVT + CRH or by ACTH
(t70.02, P0.98 for AVT + CRH prior to saline treatment vs AVT
+ CRH post saline treatment, and t70.002, P1.0 for ACTH prior
to saline treatment vs ACTH post saline treatment).

In contrast, repeated injections of LPS resulted in: (1) significantly
higher basal levels of plasma CORT (t72.45, P0.04); (2)
significant increases in the amount of CORT evoked by AVT +
CRH and by ACTH (t74.14, P0.009 for AVT + CRH prior to
LPS treatment vs AVT + CRH post LPS treatment, and t73.83,
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Fig.1. Left: (A–C) mean (±s.d.) core body
temperatures recorded every 20min in
Pekin ducks (N10) after injections of
lipopolysaccharide (LPS); (D) core body
temperatures evoked by saline injections,
given before and after each series of LPS
treatments; and (E) core body
temperatures of ducks given daily
injections of saline. The thermal response
indices (TRIs) following saline injections
did not differ significantly from each other,
and the profiles of body temperature 
(D, E) are the means (±s.d.) of the body
temperatures evoked by the saline
injections in each series. The black circles
in E show the normal core body
temperature of ducks on a day when they
were left undisturbed. The arrow indicates
the time of injection and the grey shading
shows the stress hyperthermic response
that ducks develop when they are
handled for treatment. Right: mean (±s.d.)
TRIs for the different LPS or saline
treatments in the corresponding
experimental series. Asterisks indicate
significantly smaller than the TRI evoked
by the first LPS treatment (P<0.05,
repeated-measures two-way ANOVA and
Bonferroni post hoc tests).
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P0.002 for ACTH prior to LPS treatment vs ACTH post LPS
treatment); and (3) no difference in the amount of plasma CORT
that was evoked by AVT + CRH and by ACTH (t72.03, P0.08).

DISCUSSION
Endotoxin tolerance causes a suppression of the innate immune
response. This can be protective or detrimental, as a refractory
immune response safeguards the host against endotoxic shock, but,
at the same time, renders the host vulnerable to secondary infections
(Cavaillon and Adib-Conquy, 2006). Manipulating the development
of endotoxin tolerance is therefore considered a target for re-
establishing appropriate immune responses (Cavaillon and Adib-
Conquy, 2006; Fan and Cook, 2004). Although researchers have
thus far focused their attention on the development of endotoxin
tolerance in mammals, knowledge on the manifestation of endotoxin
tolerance in birds could be valuable for ecologists and for the poultry
industry. Also, information on the mechanism responsible for
endotoxin tolerance in birds may well contribute to our
understanding of the evolutionary development of this phenomenon.

From our results it is clear that the febrile response in Pekin ducks
became modulated when they were repeatedly given amounts of
LPS that mimic mild to moderate bacterial infections (Maloney and
Gray, 1998). Attenuated, or abolished, febrile responses are a well-
described sign for the development of endotoxin tolerance (Roth et
al., 1997; Roth et al., 1994). Fever is a component of the innate
immune system’s acute phase response and, therefore, reflects the
robustness of innate immune reactions. The time frame in which
endotoxin tolerance developed in our ducks depended on the period
between endotoxin exposures, with LPS injections given on
consecutive days resulting in the earlier, and more acute,
immunological hypo-responsiveness.

It is likely that other bird species would develop tolerance in the
same way that our ducks became hypo-responsive to endotoxin
because: (1) the febrile mechanism is thought to be evolutionary
conserved (Ewald, 1980); (2) the response of ducks, chickens,

pigeons and sparrows to LPS is comparable (Adelman et al., 2010;
Johnson et al., 1993a; Maloney and Gray, 1998; Nomoto, 1996);
and (3) there is evidence that the physiological mechanism,
underlying fever in Pekin ducks, is common to other avian orders
(Gray et al., 2005; Johnson et al., 1993b; Nomoto, 2003). There are
also similarities in the function of the innate immune response in
birds and in mammals; for instance, there is evidence that the
activation of the innate immune response via a family of toll-like
receptors and the ensuing release of pro-inflammatory cytokines are
equivalent in both phyla (Gray et al., 2005; Romanovsky et al.,
2005). Despite these similarities, we show here that endotoxin
tolerance in Pekin ducks is somewhat different to endotoxin
tolerance in mammals. In mammals, the injection of 20 to
100gkg–1 of LPS at intervals 24 or 48h apart typically abolishes
the febrile response after the second or third treatment (Dias et al.,
2005; Roth et al., 1997; Roth et al., 1994; Tedeschi et al., 2007;
Tripp et al., 1998; Wakabayashi et al., 1994). In contrast, ducks
continued to develop fever, albeit markedly reduced, even after five
injections of 100gkg–1 of LPS, each given 24h apart. A plausible
explanation for this major difference is offered later in the discussion.

In birds, and in mammals, GCs are known to modulate the fever
response after acute exposure to endotoxin (Gray et al., 2005).
Similar to the results of previous studies with birds, we also detected
a significant increase in the amount of circulating CORT in naïve
ducks 3h post LPS treatment, a time point that corresponds with
the peak of fever (Gray et al., 2005; Shini et al., 2008). Gray et al.
reported that the concentration of plasma CORT in naïve ducks
treated with LPS returns to pre-injection levels within 6h (Gray et
al., 2005). In the present study we also found that 8h after an acute
challenge with LPS, plasma CORT concentrations were not
significantly different from basal levels.
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GCs are known to contribute to a state of endotoxin tolerance in
mammals (Beishuizen and Thijs, 2003). As yet, the role of GCs in
the development and maintenance of endotoxin tolerance in birds
is not well understood. We found that tolerant ducks had significantly
elevated levels of plasma CORT 24h after they had been given LPS
injections each day for the previous 4days, and we think it is likely
that this elevation in plasma CORT contributed to the attenuated
fever response that followed the fifth LPS treatment. In mammals,
GCs are known to downregulate the peripheral release of febrile
mediating pro-inflammatory cytokines (Cavaillon and Adib-Conquy,
2006; Flohéa et al., 1998). It is likely that in birds CORT also inhibits
the synthesis and/or release of pro-inflammatory cytokines, and we
propose that the higher levels of plasma CORT in our ducks curbed
the synthesis and/or release of pro-inflammatory cytokines that were
liberated from circulating immune cells when the innate immune
system was activated by the fifth LPS treatment. This, we propose,
limited the amount of pro-inflammatory cytokines that crossed the
blood–brain barrier to produce central mediators of the febrile
response. Because the immunological mediators of fever were
reduced prior to the central activation of the febrile mechanism, the
febrile response in tolerant ducks, treated with a dose of 100gkg–1

of LPS, would, in effect, be modulated in such a way that it
represents a fever that would be evoked by a lower dose of LPS in
naïve birds.

Rearte et al. proposed that, in mammals, GCs maintain, rather
than initiate, endotoxin tolerance (Rearte et al., 2010). It is possible
that the significantly elevated levels of basal CORT in our ducks
also maintained tolerance. However, in contrast to our findings,
tolerant rats had normal basal levels, but significantly elevated levels
of plasma GCs after an immune challenge. The elevated basal CORT
concentrations in our tolerant ducks might not have been as
immunosuppresive as the enhanced liberation of GCs upon immune
challenge reported in tolerant rats. These differences in HPA axis
actions could account for the differences observed in the severity
of febrile suppression in tolerant ducks and mammals.

From our investigations into the effect of repeated LPS exposure
on the HPA axis it is clear that in tolerant ducks both the peripheral
and the central components of the HPA axis were sensitized. We
propose that the elevated basal levels of CORT in our ducks resulted
from a general adaptation of the HPA axis. In mammals, endotoxin
exposure is known to modulate the HPA axis, although the main
site of action of endotoxin on GC secretion is contentious
(Beishuizen and Thijs, 2003).

In tolerant mammals, GCs are not the only inhibitors of pro-
inflammatory cytokines. Two cytosolic molecules have been
identified (SHIP and IRAK-M) that have the ability to independently
inhibit pro-inflammatory cytokine production during a state of
tolerance (Harada et al., 2006; Sly et al., 2004). It is not yet known
whether these or similar molecules exist or downregulate pro-
inflammatory cytokines in tolerant birds.

Our ducks became increasingly tolerant to endotoxin as treatment
progressed in each series. We suggest that in birds, both the amount
of endotoxin and the frequency of exposure to endotoxin contribute
to the development of tolerance. Although bolus injections of LPS
do not mimic the accrual of endotoxin during bacterial infections,
it is likely that higher exposure to pathogens and larger bacterial
loads would result in a more rapid onset of tolerance in birds. This
has important implications for wild bird populations and for the
poultry industry because, in circumstances where birds are frequently
exposed to pathogens, they likely become more susceptible to
infection and disease. In addition, an elevated level of circulating
CORT is known to mediate growth depression in poultry as it

M. Marais, S. K. Maloney and D. A. Gray

negatively affects feed efficiency and lowers the rate of growth
(Klasing et al., 1987; Shini et al., 2008). Also, from our results it
is clear that experiments investigating avian febrile responses
should consider the dose of LPS, the number of consecutive
injections and the time period between injections, to avoid
confounded results.

Conclusions
With this study we confirm that endotoxin tolerance is an
evolutionarily conserved physiological response to repeated
pathogenic exposure in birds as well as mammals. We also show
that the role of GCs in the development of endotoxin tolerance has
been phylogenetically retained. In Pekin ducks, elevated levels of
basal CORT result in tolerance, rather than an elevated release of
CORT post LPS treatment.
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