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SUMMARY

One route to gain insight into the causes and consequences of ecological differentiation is to understand the underlying
physiological mechanisms. We explored the relationships between immunological and oxidative status and investigated how
birds cope physiologically with the effects of immune-derived oxidative damage. We successively implemented two experimental
manipulations to alter physiological status in a model bird species: the homing pigeon (Columba livia). The first manipulation, an
immune supplementation, was achieved by oral administration of lysozyme, a naturally occurring and non-specific antimicrobial
enzyme. The second manipulation, an immune challenge, took the form of an injection with lipopolysaccharide, a bacterial
endotoxin. Between groups of lysozyme-treated and control birds, we compared lipopolysaccharide-induced changes in reactive
oxygen metabolites, total antioxidant capacity, haptoglobin, oxygen consumption, body mass and cloacal temperature. Lysozyme
supplementation intensified the lipopolysaccharide-induced inflammatory response and generated short-term oxidative and
metabolic costs. We identified significant interactions between immune supplementation and immune challenge in terms of
reactive oxygen metabolites, haptoglobin and oxygen consumption. Our study provides alternative interpretations of differences
in oxidative and immunological indices and demonstrates that these indices can also fluctuate and interact across very short time
scales, reflecting something akin to current ‘health status’ or ‘physiological condition’. These ephemeral effects highlight the need
to broadly consider current physiological condition when drawing conclusions that relate physiology to ecology and evolution.
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INTRODUCTION

One goal of ecology is to identify the proximate causes of ecological
differentiation. To this end, detailed knowledge of physiological
mechanisms is often useful. Numerous new assays that promote this
type of mechanistic understanding have become available in tandem
with a proliferation of studies of physiological and immunological
ecology (e.g. Matson et al., 2005; Tieleman et al., 2005; Costantini
and Dell’Omo, 2006; Millet et al., 2007) (reviewed in Lee, 2006).
However, clear-cut ecologically relevant interpretations of the data
from these new assays often remain elusive. This problem is most
obvious and pervasive in comparative studies, which sometimes lead
to tenuous conclusions based on ecophysiological correlates
(Matson, 2006; Salvante, 2006) (reviewed in Lee, 2006). One
solution is to strengthen the ecological context of this new class of
physiological and immunological assays. Studies that integrate
newer experimental manipulations and responses with well-
established ones are likely to build the strongest foundation for future
research.

Studies of both wild and captive animals are important when
unravelling the relationships between ecology and physiology.
However, the results of field studies tend to be complicated to
interpret mechanistically, particularly if confounding factors are
inadequately controlled. Regarding physiological functions,
confounding factors are likely to be numerous, diverse and
interrelated. For example, indices of immune function and

antioxidant capacity may vary with life history stage (Norris and
Evans, 2000; Monaghan et al., 2009), age (Lavoie, 2005; Cohen et
al., 2009a), stress levels (McEwen, 1998), energy use (Saino et al.,
1998; Cohen et al., 2008), nutritional state (Cohen et al., 2009b)
and health status (Costantini and Meller, 2009; Monaghan et al.,
2009). By controlling for such confounding factors, studies that
experimentally manipulate the physiological status of captive
individuals living under standardized conditions are invaluable.
These studies can fill gaps in our ecological understanding of
physiological assays. To this end, we explored the relationship
between immunological and oxidative status in captive pigeons.
Organisms must deal with diverse threats posed by pathogens,
parasites and other sources of antigenic stimulation. The immune
system defends against these threats, but this system also generates
reactive oxygen species (ROS). During inflammatory immune
responses, the cytotoxic effects of free oxygen radicals are exploited
by phagocytes to destroy pathogens. Lysosomes release free radicals
intended to kill pathogens (Klebanoff and Clark, 1978), but these
free radicals may also harm host cells and contribute to oxidative
damage (Halliwell and Gutteridge, 1985; Dowling and Simmons,
2009). Aside from the direct release by phagocytes, mitochondria
produce ROS as a by-product of oxygen consumption and normal
metabolic activity (Finkel and Holbrook, 2000). Some immune
responses, most notably fever, have direct energetic repercussions
(Demas et al., 1997; Ots et al., 2001); immune-associated increases
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in metabolic activity may result in further oxidative damage. Thus,
oxidative damage is an unavoidable cost of some immune defences
(Ames et al., 1993; Beckman and Ames, 1998), and from a
physiological trade-off perspective, the costs of immune-derived
oxidative damage may limit investment in these defences (Réberg
et al., 1998; Bertrand et al., 2006).

Regardless of the source, ROS require counteraction. Oxidative
damage caused by ROS can lead to accelerated ageing, pathologies
and early death (Finkel and Holbrook, 2000). Organisms can
minimize these harmful effects through antioxidant barriers, which
comprise a range of endogenous and exogenous compounds that
impede pro-oxidant chain reactions by directly neutralizing ROS
(Halliwell and Gutteridge, 1999). Allocation of resources to
antioxidant systems probably occurs at the expense of other fitness-
relevant investments such as reproduction and growth (Monaghan
et al., 2009). The ROS—antioxidant balance, and consequently the
rate at which oxidative damage is generated when the balance
favours the former, is equated to oxidative stress (Finkel and
Holbrook, 2000; Costantini and Verhulst, 2009).

A clear understanding of the relationship between immunological
and oxidative status —specifically how animals cope physiologically
with the harmful effects of immune-derived oxidative damage — is
currently lacking. Recent reviews emphasize the need for
experimental studies to elucidate mechanisms of oxidative stress
and to facilitate interpretation of field-study results (Costantini, 2008;
Monaghan et al., 2009). Thus far, experimental investigations of
links between immune function and oxidative stress have arrived
at mixed conclusions. Some studies show that immune challenges
can increase oxidative damage (Bertrand et al., 2006; Costantini
and Dell’Omo, 2006; Horak et al., 2007; Torres and Velando, 2007)
and decrease antioxidant barriers (Bertrand et al., 2006; Costantini
and Dell’Omo, 2006), while others show no relationship (Alonso-
Alvarez et al., 2004; Horak et al., 2006; Cohen et al., 2007; Pérez-
Rodriguez et al., 2008; Costantini and Meller, 2009). These
equivocal conclusions may result from the quantification of different
components of oxidative stress: antioxidants in some cases (e.g.
Horak et al., 2006; Tummeleht et al., 2006) and pro-oxidants in
others (e.g. Torres and Velando, 2007). The balance of oxidative
status involves many different compounds; measuring only one
component of the balance may affect interpretation (Costantini and
Moller, 2009; Costantini and Verhulst, 2009; Monaghan et al., 2009).

In this study we sought to gain a greater understanding of the
relationships between immune status, oxidative stress and energy
balance. We explored how modifying baseline levels of a non-
specific immune defence alters the physiological effects of an
inflammatory immune challenge. Specifically, our approach was to
successively implement two immunological manipulations in a
single flock of captive pigeons.

The first manipulation, an immune supplementation, was achieved
by orally administering lysozyme, an enzyme involved in non-
specific immunity. Lysozyme is characterized by its ability to lyse
susceptible bacteria, but the molecule also possesses numerous other
anti-inflammatory, antibacterial and antiviral functions (reviewed
in Sava, 1996). Lysozyme concentrations can vary naturally (among
eggs/chicks within clutches and through time in adult birds) (Saino
etal., 2002), and can positively affect immune function, health status
and growth when orally administered (Sava, 1996; Siwicki et al.,
1998; Humphrey et al., 2002; Brundige et al., 2008).

The second manipulation, an immune challenge, took the form
of an injection with lipopolysaccharide (LPS). LPS is an endotoxin
present in the outer membrane of Gram-negative bacteria and has
the capacity to interact with a range of host target cells and molecules

(Raetz, 1990). Mimicking bacterial infections, LPS challenges can
elicit acute phase responses (APR) (Adler et al., 2001). APRs peak
between 12 and 24h after challenge and encompass diverse
physiological effects, including fever and changes in acute phase
protein concentrations (Exton, 1997; Adler et al., 2001). These
proteins have various functions relating to systemic inflammation.
For example, haptoglobin (Hp) sequesters iron and is an antioxidant
(Gutteridge, 1987).

We hypothesized that lysozyme supplementation would minimize
the detrimental effects and costly consequences of an LPS challenge.
We predicted that, compared with controls, lysozyme-treated birds
would exhibit weaker APRs and smaller shifts to oxidative stress
following the challenge. We also predicted that LPS challenge would
cause birds to acutely shift into oxidative stress, characterized by
greater pro-oxidant production and deficient antioxidant capacity.
Specifically, we examined the effects of the LPS challenge and
lysozyme supplementation on oxidative stress, Hp concentration,
oxygen consumption, body mass and cloacal temperature.

MATERIALS AND METHODS

Study subjects
We studied 16 adult homing pigeons (Columba livia, Gmelin 1789;
eight females, eight males) that lived year-round in single-sex groups
of four in outdoor aviaries (2mX3mX2m). Food (seed/pellet mix,
grit, vitamins) and water were available ad libitum. All birds were
hatched in captivity and similarly aged (~32months). All had
identical sampling and measurement histories; none had prior
exposure to experimental immune manipulations. During the August
2008 experimental period, birds were transitioning from breeding
season to moult. This period had mean low/high temperatures of
13/21°C and sunrise/sunset times of ~06:15h/21:00h (at 53°11'N,
6°36'E).

Biological and logistical considerations influenced our study-
species choice. Pigeons are known to endogenously produce
lysozyme (Gavilanes, 1982) and exhibit energetically expensive
febrile responses to lipopolysaccharide (Nomoto, 1996). The large
difference between sample volume (<1 ml) and total blood volume,
the relatively high erythrocyte turnover rate, and the intransience
of haematocrit after repeated blood draws in pigeons (Rodnan et
al., 1957; Bond and Gilbert, 1958), all suggest our blood collection
protocol minimally impacted our study subjects. All animal
experimental protocols were approved by the Animal
Experimentation Committee of the University of Groningen (DEC
licence no. 5095).

For the experiment, we assigned birds to eight ‘focal pairs’. These
same-sex pairs consisted of cage-mates. One member of each pair
was randomly assigned to either the lysozyme group or the control
group (four females, four males per group in total). Pairs underwent
the same 7day experimental routine. Routines were staggered in
time, so data and sample collection spanned 14 days in total.

Experimental timeline

On each of the first 6days of the experimental routine (see
supplementary material Fig.S1 for illustration), we orally
administered lysozyme (180mg; L6876, Sigma, St Louis, MO, USA)
in 1 ml phosphate-buffered saline (PBS; P4417, Sigma) per bird per
day or PBS alone as a control (1 ml per bird per day). During the
first three experimental days, focal pairs remained in their aviary
after receiving their assigned supplement.

On day 4 following supplement administration, we removed focal
pairs from their aviary for physiological measurements. Each
member of the pair was placed singly into a dark box
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(30cmX25cmX28 cm) at room temperature to acclimatize and fast
for 4h (from /=4 until /=0h). At /=0 (~17:00h), we measured ‘pre-
metabolic’ body mass, a baseline for calculating changes over the
metabolic measurement periods. We then placed the birds into
individual 13.51 metabolic chambers sealed with air-tight lids. The
two metabolic chambers sat inside the same climatic chamber, which
was pre-set at 25+0.5°C (thermoneutral for pigeons) (Calder and
Schmidt-Nielsen, 1967). Oxygen consumption was recorded
throughout the night. In the morning on day 5 (~=18h), each bird
was removed from the chamber. We collected ‘post-metabolic’ data
and samples in a sequence that reflected sensitivity to handling:
first, cloacal temperature; second, blood sample; third, body mass.
Cloacal temperature was recorded <2.5min (1.77+£0.29 min) after
removing a bird from its metabolic chamber. Blood samples were
drawn immediately after recording cloacal temperature (<5 min after
removal). Birds were given their day 5 supplement and returned to
their aviaries.

On days 6 and 7, we repeated procedures from days 4 and 5, but
we added the LPS challenge. On day 6, the challenge was
administered to both members of every pair after the birds had
received their final oral supplement and rested/fasted for 4h. The
challenge was a single intraperitoneal injection of 2mlkg™! body
mass of a 1.25mgml™! solution of LPS (L7261, Sigma) dissolved
in PBS. After injection, the birds were placed in the metabolic
chambers. The collection of measurements and samples following
the immune challenge was done in accordance with the procedures
and timeline described above. The experimental protocol ended on
day 7 when the birds were returned to their aviary.

The birds used in this experiment were part of a long-term study,
which involved identical handling and sampling procedures for all
study subjects. The experiment described here was situated
approximately mid-way between two sample collection time points.
We used physiological data from these points to determine whether
the lysozyme and control groups differed by chance outside of the
experimental period. Specifically, reactive oxygen metabolites
(ROMs), total antioxidant capacity (TAC) and Hp were measured
in samples collected approximately 6 weeks before and 4 weeks
after the experiment. We also measured body mass and cloacal
temperature when birds were being assigned to groups,
approximately 2 weeks before the experiment began. All birds were
re-weighed at the first long-term sample collection time point after
the experiment.

Additional details about lysozyme supplementation

Most of what is known about the therapeutic effects of lysozyme
is rooted in agricultural animal sciences (e.g. Humphrey et al., 2002;
Brundige et al., 2008) and human medicine (e.g. Sava, 1996). If
ecologists and others studying diverse free-living taxa wish to
incorporate lysozyme supplementation treatments into their research
programmes, then species-specific validation or dose-response
studies may be required.

Most ecological and evolutionary questions relating to lysozyme
involve egg albumin concentrations, but some work has also been
done on plasma concentrations. Plasma lysozyme concentrations
are known to change naturally on the order of days in birds (Saino
et al., 2002). Therefore, we sought to manipulate lysozyme on this
time scale in advance of the immune challenge. We wanted to
provide our treatment group with more than a single supplement
but also avoid a long-term regimen. Ultimately, we favoured a time
course that could be applied in field-based experiments, particularly
those focused on breeding birds. The in vivo half-life of
intravenously injected lysozyme is fairly short, but a slow re-release
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of the labelled lysozyme from tissues extends the biological half-
life to almost one day in humans and permits levels to be detected
even after several days (Hansen et al., 1971; Hansen et al., 1972).
Thus, we chose to supplement the birds daily.

The uniform status and condition of the captive study subjects
and the balanced nature of the supplementation groups minimized
the likelihood of systematic differences between groups in this study.
In future studies, particularly ones involving multiple levels of
variation (e.g. age class, sex and condition) in wild animals, taking
all factors into consideration in advance might be unfeasible. Still,
repeated-measures protocols could prove useful. For example,
additional explanatory power might be gained from determining
initial lysozyme levels before tailoring individual- or group-specific
supplementation doses and regimens (more difficult) or from simply
determining the effects of a standard supplementation ex post facto
(less difficult).

We supplemented birds via the oral route, which was expected
to result in a more gradual distribution of lysozyme among tissues
than would occur following intravenous injection. Moreover,
administration via injection, especially under non-sterile outdoor
conditions, runs the risk of eliciting an unwanted immune response
(e.g. from contamination), which would complicate interpretations.
We integrated among a variety of different studies relating to plasma
chemistry and oral administration of lysozyme [e.g. nutrition
(Humphrey et al., 2002), ecology (Saino et al., 2002; Millet et al.,
2007) and toxicology (Speijers and Van Apeldoorn, 1998; Cerven
et al., 2008)] in determining an appropriate therapeutic dose of
lysozyme. Because orally administered lysozyme must interact with
the gastrointestinal tract and be absorbed to fully exert an effect,
we used a dose based more on pharmacological effects than on
naturally occurring physiological concentrations. Specifically, the
dose we used was equal to the higher of two concentrations
determined to be non-toxic in rats (Cerven et al., 2008), in line with
the highest level provided to growing chicks (Humphrey et al.,
2002), and approximately an order of magnitude higher than the
dose provided to growing pigs (Brundige et al., 2008).

Blood collection
We drew small blood samples by brachial venipuncture using
heparinized syringes. We collected and froze the plasma for future
analyses. Pre-challenge blood samples were collected on day 5, after
22h of fasting and before that day’s supplement. Post-challenge
blood samples were collected on day 7, after 22 h of fasting and 18h
after the LPS injection.

Physiological measurements
Body mass and cloacal temperature
We measured body mass using a digital balance (PB3002, Mettler-
Toledo, Greifensee, Switzerland) and cloacal temperature using a
thermocouple thermometer (450-ATT, Omega Engineering,
Stamford, CT, USA).

Oxygen consumption
We used standard flow-through respirometry methods to calculate
mean night-time oxygen consumption (Gessaman, 1987).
Compressed ambient air was dried and pumped through a positive
pressure open-flow system. Air passed through calibrated mass-flow
controllers (model 58508, Brooks Instrument, Hatfield, PA, USA)
at 21min~" into the metabolic chambers. After leaving the chambers,
the air passed through silica gel filters to remove the moisture added
by the birds, and then the percentages of O, and CO, were measured
with gas analysers (O: Servomex Xentra 4100, Crowborough, East
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Sussex, UK and CO,: Uras 10E, Hartmann & Braun, Frankfurt,
Germany). The reference stream, analysed once every 2h (from
minutes 1 to 18), went directly to the gas analysers. Between
reference periods, air leaving the two metabolic chambers was
analysed in alternating 17 min bouts.

We calculated O, consumption and CO, production rates based
on the air flow rate and the differences in the percentages of both
gasses between the reference stream and the metabolic-chamber
streams using an equation adapted from Hill (Hill, 1972). In
general, CO; production paralleled O, consumption (see
supplementary material Tables S1-S3); thus the CO, results are not
discussed further. We obtained qualitatively similar results after
analysing mass-specific rates and whole-animal rates with body mass
included as a covariate (see supplementary material Tables S1-S3);
thus we only consider mass-specific rates.

We included a 4h acclimatization period (see supplementary
material Fig.S1) to ensure that all birds experienced consistent
conditions in advance of the measurement period. Specifically, this
period was used to minimize and standardize any possible effects
of capture stress and digestion (sensu Tieleman et al., 2009) on
oxygen consumption. Birds were also allowed to rest in the sealed,
temperature-controlled metabolic chambers for an additional hour
(594£5min) before we collected the first measurements that were
included in the nightly means (Lasiewski et al., 1966).

ROMs

We used the d-ROMs test (Diacron, Grosseto, Italy) to measure the
level of hydroperoxides, ROMs that signal lipid and protein
oxidative damage (Alberti et al., 2000; Iamele et al., 2002). We
diluted 40ul of plasma in 400l of the provided acidic buffered
solution and followed the ‘end-point mode’ instructions provided
by the manufacturer. We measured absorbance at 505nm
(spectrophotometer DU-720; Beckman Coulter, Brea, CA, USA),
and we calculated ROMs concentration (in mmoll™" of H,0,
equivalents) from the absorbance. Duplicate measurements of
samples over two separate assays and within the same assay showed
an inter-assay variation of 1.84% and an intra-assay variation of
1.34%.

TAC

TAC was measured using the OXY-Adsorbent test (Diacron,
Grosseto, Italy), which measures the effectiveness of the blood
antioxidant barrier by quantifying its ability to cope with the oxidant
action of hypochlorous acid (HCIO). We diluted 10l of plasma in
500l of distilled water; we then mixed 10l of this diluted plasma
with 500 pl of the HCIO solution provided and continued by following
the manufacturer’s instructions. We measured absorbance at 505 nm
and calculated total antioxidant capacity (in mmoll™ of HCIO
neutralized). Inter- and intra-assay variations were 5.12% and 3.27%,
respectively. For more details regarding the ROMs and TAC assays
see Costantini and Dell’Omo (Costantini and Dell’Omo, 2006).

Hp
Haptoglobin and its functional equivalents are acute phase proteins
found in a range of taxa including birds (Delers et al., 1988;
Matson, 2006; Matson et al., 2006). Hp normally circulates at low
concentrations, but concentrations can increase rapidly in response
to infection, inflammation or trauma. Thus elevations in Hp may
indicate an immune response. Hp has also been demonstrated to
function as an antioxidant (Gutteridge, 1987). We measured
concentrations of Hp (mgml™") by using a commercially available
assay kit (TP801; Tri-Delta Diagnostics, Morris Plains, NJ, USA)

and following the ‘manual method’ instructions provided by the
manufacturer. In essence, this functional assay measures the
haem-binding capacity of plasma (Matson 2006; Matson et al.,
2006).

Statistics

Individuals were measured repeatedly over time, so we used
multilevel mixed models [MLWiN 2.02 (Rasbash et al., 2004)] with
‘individual’ included as a random effect. We did not include either
‘cage’ or ‘parentage’ as random effects because neither significantly
improved the models (cage: %7<0.41, P>0.53; parentage: 7<2.49,
P>0.11). We began all analyses of the LPS-induced physiological
responses (Arps) by examining the main effect of sex and the
interaction between sex and supplementation group. Neither of these
had a significant effect on any of the physiological responses
(P>0.101), except for sex in Hp (Bgemates=0.10+0.03, x%=12.54,
P<0.001). With Hp, including or excluding sex did not impact on
the significance of the lysozyme supplementation (both P<0.001).
Thus, we never included sex or the interaction between sex and
supplementation group in our final models. Final models included
only two explanatory variables: supplementation group (control or
lysozyme) and a covariate comprising baseline (pre-challenge)
values of the dependent variable under consideration. We used a
bivariate general linearized mixed model (GLMM) with ROMs and
TAC as response variables. This approach assesses the covariance
between the two response variables and allows for determination
of the extent to which oxidative damage is counteracted by the
antioxidant barrier. In all models, significance of explanatory
variables was determined from the Wald statistic, which
approximates the x> distribution. Statistical significance level was
set at 0=0.05. Full statistics, including group means, are provided
in the supplementary material Tables S1-S3.

RESULTS
Inflammatory effects of the LPS challenge

We first examined the consequences of the LPS challenge in our
control pigeons. We found clear effects with most of the measured
physiological parameters (open bars in Fig. 1, see supplementary
material TablesS1-S3 for full statistics). In control birds, the
plasma concentrations of ROMs and Hp both showed highly
significant increases (ROMs: x7>121, P<0.001 and Hp: >34,
P<0.001) following the LPS challenge. TAC decreased, but not
significantly (x{=3.03, P=0.08). The LPS challenge led to
significantly increased mass-specific oxygen consumption (37=8.99,
P=0.003). It also resulted in significantly greater mass loss (over
the 18h metabolic measurement periods; x%=5.7, P=0.02) and
significantly elevated cloacal temperature (y7=4.64, P=0.03).

Effects of lysozyme supplementation on LPS-induced
inflammation
Having established that the LPS challenge perturbed pigeon
physiology, we examined the effects of lysozyme supplementation
on the magnitude of the LPS-induced changes (Apps, Fig.1; see
supplementary material TablesS1-S3 for full statistics). LPS
responses were stronger in the lysozyme than the control groups
for three of the six measured parameters: ROMs concentration
(B=0.20+0.08, x%=6.59, P=0.010), Hp concentration (f=0.12+0.04,
x$=11.76, P<0.001) and oxygen consumption (B=0.03+0.01,
x}=5.75, P=0.016). Lysozyme supplementation did not significantly
affect LPS-induced reductions in TAC (B=7.88+5.70, X%:1.91,
P=0.167). Likewise, lysozyme supplementation did not significantly
affect responses to LPS in terms of mass loss (B=—0.03+0.33,
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Fig. 1. The effect of lysozyme supplementation on the
magnitude of the lipopolysaccharide (LPS)-induced changes
in (A) reactive oxygen metabolites (ROMs), (B) total
antioxidant capacity (TAC), (C) haptoglobin (Hp)
concentration, (D) oxygen consumption, (E) body mass loss
and (F) cloacal temperature in pigeons. Bars indicate group
means and s.e.m. (N=8), and differences between the groups
are indicated following the analyses in which the baseline
(pre-challenge) values were included as a covariate.
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%1=0.01, P=0.929) and cloacal temperature ($=0.23+0.24, 37=0.89,
P=0.345).

In analyses of all six parameters, we always included baseline
(pre-challenge) values of the parameter under consideration as a
covariate. With three parameters, this covariate was significant
(ROMs: y?=4.33, P=0.037; TAC: %}=6.64, P=0.010; cloacal
temperature: x7=6.12, P=0.013; see supplementary material
Tables S1-S3 for full statistics).

Effects of lysozyme supplementation only
Prior to their random assignment to either the control or lysozyme
group, birds did not differ in any pre-measured physiological
parameter (ROMs, TAC, Hp, body mass, cloacal temperature; all
P>0.1). After 4 days of supplementation (pre-challenge time point),
we found significant differences between the lysozyme and control
groups in two of the six experimental parameters: lysozyme-treated
birds consumed more oxygen (y7=7.62, P=0.006) and lost more body
mass over the metabolic measurement period (Xf>12, P<0.001; see
supplementary material Tables S1-S3 for full statistics). After the
full supplementation period (6 days) and the LPS challenge (post-
challenge time point), we found significant differences between the
lysozyme and control groups in three of the six experimental
parameters: lysozyme birds had higher ROMs (3=6.48, P=0.011),
higher Hp concentrations (yf=11.48, P<0.001) and consumed more
oxygen (x7=5.79, P=0.016) (see supplementary material
Tables S1-S3 for full statistics). Pre-metabolic masses did not differ

Control Lysozyme

between supplementation groups at either experimental time point
(P>0.14), but did decline over the 48h period preceding LPS
challenge (lysozyme: P<0.080; control: P<0.001). Four weeks after
the experiment, control and lysozyme groups did not differ in any
measured physiological parameter (ROMs, TAC, Hp, body mass;
all P>0.2).

Relationships between pro-oxidants, antioxidants and oxygen
consumption

The ROMs response to the LPS challenge was significantly stronger
in the lysozyme-treated birds than in the control birds (Table 1). We
found no group difference in the TAC response. Overall lysozyme
supplementation also significantly strengthened (x3=6.73, P=0.03)
the combined ROMs/TAC response (i.e. treated statistically as one
response variable). This effect seemed to result primarily from
dissimilar ROMs responses between the two groups (also see
Fig.2A). The ROMs response did not correlate with the TAC
response, as the covariance between the ROMs and TAC responses
was not significant (Table 1).

LPS challenge and lysozyme supplementation significantly
increased both oxygen consumption and ROMs (Fig. 2B). The
positive correlation between oxygen consumption and ROMs
approached significance (y7=3.54, P=0.06; after correction for
LPS challenge and lysozyme supplementation effects). We found
no relationship between oxygen consumption and TAC
(B=—36.55+119.61, %1=0.09, P=0.76).
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DISCUSSION

We examined the interaction between an immune supplementation
and immune challenge in captive pigeons and measured the effects
on multiple physiological parameters. The LPS immune challenge
increased ROMs, oxygen consumption, Hp and cloacal temperature
(in both lysozyme-treated and control birds), and caused body mass
loss (control birds only). In some cases, we found that the magnitude
of the LPS-induced responses differed between the lysozyme and
control groups, suggesting that lysozyme heightened physiological
responses and induced some costs.

Lysozyme supplementation, LPS challenge and their
interaction

We successfully created two groups that differed in physiological
status through lysozyme supplementation. Compared with the
controls, the lysozyme-treated birds showed a greater response to
the LPS challenge. Lysozyme has been reported to bind in vitro to
LPS and dampen its detrimental effects (Ohno and Morrison, 1989)
and to reduce oxidative stress (Liu et al., 2006). We found no in
vivo evidence for these effects. Rather, lysozyme-supplemented
pigeons exhibited stronger inflammatory responses to LPS with
greater increases in oxidative damage and oxygen consumption.

Previous studies suggest that preventative and therapeutic
administration of lysozyme has net positive effects in terms of
growth and health (Sava, 1996; Humphrey et al., 2002; Brundige
etal., 2008). In young pigs, consumption of lysozyme-supplemented

0 1 1 1 1 1 ]
0.65 0.70 0.75 0.80 0.85 0.90 0.95
0O, consumption (ml h™" g7

milk improves gastrointestinal health and protects against bacterial
infections without limiting growth (Brundige et al., 2008). In chicks,
lysozyme supplementation exerts similar effects to the preventative
administration of antibiotics (Humphrey et al., 2002), perhaps by
limiting the energy diverted towards background inflammation
(sensu Roura et al., 1992).

In our adult pigeons we found lysozyme supplementation
augmented immune function. However, the supplementation
appeared to bear short-term oxidative and metabolic costs, which
are previously unreported and which seem to conflict with
lysozyme’s role in growth promotion. /n vitro studies further
expose this apparent contradiction. Lysozyme directly enhances
phagocytic activity of human polymorphonuclear leukocytes
(Klockars and Roberts, 1976), including macrophages (reviewed in
Jollés and Jolles, 1984). Some in vivo studies even reflect this
finding: lysozyme injections stimulate cellular and humoral
immunity in fish, thereby reducing mortality rates (Siwicki et al.,
1998). During immune responses, leukocytes increase oxygen
uptake and generate free oxygen radicals that are used to destroy
bacteria (Klebanoff and Clark, 1978; Halliwell and Gutteridge,
1999). The inconsistency of lysozyme being beneficial to
energetically demanding growing animals on the one hand, but
apparently amplifying energetic costs of an immune response on
the other, may be partly explained by developmental or ontogenetic
differences in immune system architecture and antigen exposure.
Completely reconciling this contradiction will probably require both

Table 1. Bivariate GLMM examining the effect of lysozyme supplementation on the magnitude of the response to the LPS challenge of
ROMs and TAC in pigeons, and accounting for the levels before the challenge

ROMs response to LPS challenge

TAC response to LPS challenge ROMs and TAC response combined

Estimate + s.e. bei P Estimate = s.e. 13 P Estimate +s.e. ¥ P
Final model
Intercept 0.90+0.09 45.77+31.97
Lysozyme treatment* 0.18+0.07 5.73 0.017 - - - - 6.73 0.035
ROMs pre-challenge —0.47+0.23 4.06 0.044 34.40+17.27 3.97 0.046 - 9.08 0.011
TAC pre-challenge - - - —0.47+0.22 4.66 0.031 - 4.98 0.083
Covariance 0.38+0.40 0.91 0.340
Rejected terms
Lysozyme treatment* - - 5.44+5.43 1.00 0.317

TAC pre-challenge 0.00+0.00 0.00 1.000

GLMM, general linearized mixed model; LPS, lipopolysaccharide; ROMs, reactive oxygen metabolites; TAC, total antioxidant capacity.

*Reference category is ‘control group’.

Significant explanatory variables were left in the minimal adequate model after stepwise removal of non-significant variables.
Covariance between the two response variables indicates the individual correlation between the ROMs and TAC response.
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in vitro and in vivo studies of the same species at different life history
stages and under different conditions.

When analysing the effects of lysozyme supplementation on the
magnitude of the LPS-induced changes, we always included baseline
(pre-challenge) values of the parameter under consideration as a
covariate. For most parameters, this covariate was an important
predictor of the LPS response strength. With antioxidants, baseline
levels have been shown to predict response strength following an
energetic challenge (Cohen et al, 2008), suggesting that
physiological status affects the capacity to further increase
antioxidant defences. Similarly, a ceiling may exist that limits further
generation of antioxidants, even in the face of a pro-oxidant
challenge. Antioxidants are thought to have costs, as the resources
involved with antioxidant defences may have alternative roles within
the body, such as growth or coloration (Monaghan et al., 2009).
Investments in antioxidants should therefore not exceed the critical
limit at which other physiological systems are detrimentally affected.

Oxidant-antioxidant balance: the relationship between ROMs
and TAC

Recent reviews of oxidative stress analyses emphasize the
importance of measuring both pro-oxidant and antioxidant variables
(Costantini and Verhulst, 2009; Monaghan et al., 2009). Some
previous studies (Costantini and Dell’Omo, 2006; Costantini et al.,
2007) measure both variables but presented the results separately.
Sometimes ratios (e.g. ROMs/TACX 1000) were computed, but their
interpretive value is murky because ROMs and TAC have different
units (Costantini et al., 2007; Costantini et al., 2008). However,
careful examination of the oxidant—antioxidant balance and
understanding within-individual covariance between pro-oxidants
and antioxidants can provide additional insight into the combined
action of the different components (Costantini and Meller, 2009;
Costantini and Verhulst, 2009; Monaghan et al., 2009).

Combining the two oxidative stress variables (Table 1, Fig.2A),
we found that both supplementation groups experienced oxidative
stress after the LPS challenge. This result was mainly attributable
to increases in ROMs and not to changes in TAC. As similarly
reported by Cohen and colleagues (Cohen et al., 2007), the LPS
challenge that we implemented did not impair total antioxidant
capacity in any apparent manner. Rather, individuals shifted acutely
into oxidative stress as more ROMs were produced, a result that is
in accord with various other avian studies (Bertrand et al., 2006;
Costantini and Dell’Omo, 2006; Horak et al., 2007; Torres and
Velando, 2007). The apparent stability of antioxidant defences before
and after challenge may be explained in part by counteracting
physiological responses to LPS (Cohen et al., 2007). For example,
simultaneous release and consumption of an expendable subset of
antioxidant defences would appear as no net change in TAC.
Likewise, because we measured total antioxidant capacity, we know
little about the composition of defences, which may or may not
have changed following the LPS challenge.

Another explanation of the observed ROMs and TAC responses
relates to the acute nature of the employed challenge. A rapid surge
of pro-oxidants may at first exceed the deployment rate of
antioxidant defences. In contrast, a gradual elevation of oxidant
levels over longer time intervals may result in less oxidative stress,
as antioxidant defences are concomitantly up-regulated (reviewed
in Monaghan et al., 2009). Such chronic elevations might lead to
reallocation of resources away from other functions that rely on
antioxidants and towards defences against oxidative damage. In this
context, a challenge-dependent response hierarchy might exist.
During acute immune challenges, quick (oxidant-generating)
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responses may be most important, leaving the effects of pro-oxidants
for later concern. The pigeons studied here responded rapidly to the
acute LPS challenge despite the risks associated with increased pro-
oxidants that were not immediately inactivated by antioxidant
defences. In contrast, when facing chronic or less-severe immune
challenges, responses that minimize oxidative damage may be
favourable.

Hp
Hp concentration increased after LPS challenge. Concentrations of
acute phase proteins generally increase within hours of an
inflammatory challenge (Adler et al., 2001), and in our pigeons Hp
remained elevated 18 h post-challenge. As a marker of inflammation,
Hp concentration indicated that lysozyme-treated birds experienced
stronger responses to the LPS challenge than control birds. Three
days of lysozyme supplementation alone did not affect Hp
concentration. Thus, the effects of supplementation on LPS
challenge were unlikely to be due simply to pre-challenge reductions
in inflammation. Such reductions have been posited to drive the
growth-promoting properties of lysozyme (Humphrey et al., 2002).

The total antioxidant barrier did not cope effectively with the
sudden overproduction of pro-oxidants, even though Hp was
produced in high concentrations. The total antioxidant barrier
comprises an array of components that act at different stages in the
oxidative reaction chain and that are generated in different locations
and at different rates. Some antioxidants may be rapidly generated
to excess, whereas the provision rate of others may not be sufficient
to cope with the increasing pro-oxidant levels. Though Hp can act
as a strong antioxidant (Gutteridge, 1987; Dobryszycka, 1997) and
inhibit the pro-oxidants that accompany respiratory burst (Wagner
et al., 1996), our results show that Hp alone was insufficient to
counteract the oxidizing power of all newly formed oxygen radicals.
This result highlights the functional specificity inherent to individual
antioxidants. Such specificity can shape interpretation and limit
inference when quantifying single antioxidants (Costantini and
Moller, 2009; Monaghan et al., 2009).

Mechanistically, Hp functions by complexing with free haem and
reducing the availability of plasma iron. Changes in plasma trace
metal availability are common features of APRs (Exton, 1997). By
complexing with haem, Hp prevents the molecule both from
participating in free radical chain reactions (Gutteridge, 1987;
Dobryszycka, 1997) and from serving as a nutrient for invading
bacteria (Exton, 1997). Other mechanisms can also lead to reductions
in plasma iron [e.g. anorexic behaviour (Exton, 1997)], but these
mechanisms also stem from inflammatory challenges, relate to
APRs, and therefore do not affect our interpretations of elevated
Hp concentration. Moreover, plasma samples were collected from
all pigeons at nutritionally comparable time points (i.e. fasted for
22h), so differences in feeding behaviour did not account for
differences in plasma Hp or iron. With or without inflammation,
other releases of haem (e.g. from haemolytic anaemia) lead to
decreased Hp concentration (Kérmdczi et al., 2006), which we did
not observe.

Oxygen consumption
Mass-specific oxygen consumption increased after the immune
challenge. This finding supports the existing indications of direct
energetic costs of some immune responses (Demas et al., 1997,
Ots etal., 2001). We found a positive relationship between oxygen
consumption and ROMs (Fig.2B). The majority of pro-oxidant
radicals are by-products of respiration (Finkel and Holbrook,
2000), and their production is thought to be directly linked to the
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consumption of oxygen as a function of metabolism (Cohen et al.,
2008). Higher metabolic activity and elevated oxygen consumption
are therefore expected to correlate positively with the production
of oxidants and with the demand for antioxidant defences. Support
for this hypothesis comes from studies which show acute exercise
in unaccustomed animals leads to the generation of more oxidants
than the antioxidant barrier can neutralize (Ji, 1999; Leeuwenburgh
and Heinecke, 2001) (reviewed in Monaghan et al., 2009). Yet,
care must be taken before simply attributing metabolic rate as a
proxy for free radical production. Elevated oxygen consumption
might result in the down-regulation of free radical production by
mitochondria (Brand, 2000; Speakman et al., 2004), and free
radical generation may differ between taxa with different life
histories (Herrero and Barja, 1998). For instance, the rate of
mitochondrial pro-oxidant production per unit of oxygen consumed
in pigeons was relatively low compared with that in rats (Barja,
2007).

Improving interpretations of physiological measurements
Incorporating physiological and immunological measurements into
field studies is increasingly popular among ecologists, but there is
a tendency to interpret differences solely within the framework of
ecology and evolution and to ignore physiological considerations.
Our study reveals that some of the complexity associated with
measuring physiological parameters extends beyond individual
physiological systems (Matson et al., 2006; Cohen and McGraw,
2009) to interactions between related systems. Physiological
parameters not only vary on ecological and evolutionary time scales
(e.g. Tieleman et al., 2005; Lee, 2006; Cohen et al., 2008) but also
can fluctuate and interact across very short time scales, as our study
demonstrates, reflecting something similar to current ‘health status’
or ‘physiological condition’.

Variation in health status or physiological condition can be
thought of as the full range of values that individuals might
experience in a lifetime, from homeostatic to pathologic. In this
sense, health status or physiological condition does not necessarily
depend on individual quality and may be strongly affected by
stochastic events such as a disease epidemic. This variation,
sometimes overlooked by ecologists, can potentially have profound
effects on the interpretation of field-measured physiological
parameters within and among populations. Within populations,
variation caused by differences in status is likely to be interpreted
as statistical noise and can be seen as a nuisance. Interactions
between individual quality and status, however, would clearly
complicate interpretation. Likewise, if differences in ecology and
current status are confounded among study populations, then
unwarranted conclusions might be drawn.

Field studies often rely on single point measurements, and
conducting experiments on free-living animals is often unfeasible.
Nevertheless, some approaches can minimize the risks of
misinterpreting the effects of current status. Measurements across
multiple years or periods, among a greater number of populations,
or repeated within individuals can all assist in identifying ephemeral
effects that are limited in time or space. In the absence of these
approaches, potential differences in unmeasured aspects of current
status should be contemplated when interpreting results. Baseline
levels may also be important for understanding physiological
responses; in field studies, however, establishing baseline or
response levels is sometimes impossible. In these cases, experiments
on captive individuals of the study species or a model species may
be valuable for understanding how competing physiological
demands play out. Taking full advantage of both experimental and

correlative approaches is necessary for unravelling the many levels
of variation associated with defences against disease and oxidative
stress.

LIST OF ABBREVIATIONS
APR acute phase response
Hp haptoglobin
LPS lipopolysaccharide
ROMs reactive oxygen metabolites
ROS reactive oxygen species
TAC total antioxidant capacity
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