Energetic Stress, Immunosuppression and the Costs of an Antibody
Response

E. Svensson; L. Raberg; C. Koch; D. Hasselquist

Functional Ecology, Volume 12, Issue 6 (Dec., 1998), 912-919.

Stable URL:
http://links.jstor.org/sici 7sici=0269-8463%28199812%2912%3A6%3C912%3AESIATC%3E2.0.C0%3B2-7

Your use of the ISTOR archive indicates your acceptance of ISTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. ISTOR's Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the ISTOR archive only for your personal, non-commercial use.

Each copy of any part of a ISTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transtnission.

Functioral Ecology 1s published by British Ecological Society. Please contact the publisher for further permissions
regarding the use of this work. Publisher contact information may be obtained at
http:/fwww jstor.org/journals/briteco.html.

Functional Ecology
©1998 British Ecological Society

ISTOR and the ISTOR logo are trademarks of ISTOR, and are Registered in the U.S. Patent and Trademark Office.
For more information on ISTOR contact jstor-info@umich.edu.

©2003 JSTOR

http://www jstor.org/
Mon Tun 2 14:24:00 2003



Functional
Ecology 1998
12,912-919

© 1998 British
Ecological Society

Energetic stress, immunosuppression and the costs of

an antibody response

E. SVENSSON,*t L. RABERG,* C. KOCHY and D. HASSELQUIST*
*Deparmment of Animal Ecology, Ecology Building, S-223 62 Lund, Sweden and YSiatens Serum Instind,

Artitlerivej 5, 2300 Copenhagen S, Denmark

Summary

1. Recently, there has been much interest in physiological trade-offs between para-
site resistance and fitness-related traits such as secondary sexual characters or repro-
ductive effort. More specifically it has been suggested that (i) energetically costly
activities may suppress the immune system and (ii} that this immunosuppression is
caused by costly immune defences competing with other bodily demands for scarce
resources, e.g. energy.

2. The possibility was investigated of an energetically based trade-off between
humoral (antibody-based) immunocompetence and other costly activities, by immu-
nizing Blue Tits, Parus caeruleus, with novel antigens (proteins) thereby inducing
antibody responses, and performing two experiments. In experiment 1, one group of
birds was subjected to cold stress, thereby increasing their daily energy expenditure
and the effect on immune responsiveness was investigated. In experiment 2, the basal
metabolic rate (BMR) of immunized birds was measured to investigate the energetic
costs of mounting the antibody responses.

3. In experiment 1, birds subject to increased energy turnover had significantly lower
antibody responses, consistent with the hypothesis that environmental stress could
suppress immunocompetence. However, in experiment 2 the energetic costs of these
antibody responses were found to be low and at most 8-13% of BMR, indicating that
adaptive resource allocation of energy was an unlikely explanation for the lowered
immune responsiveness in the cold stress treatment {experiment 1).

4. Tt is concluded that our data pravide some support to the idea that there may be a
trade-off between immunocompetence and energetically costly activities such as ther-
moregulation, reproduction or mate attraction, although this trade-off may not neces-
sarily be based on energy or nutrient limitation (i.e. resource allocation models). Two
non-energetic explanations are briefly discussed, one adaptive and one non-adaptive,
that could explain the immunosuppression in our study as well as in other behavioural
and ecological contexts.
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Introduction

In recent years there has been a growing interest in
links between individual immune system perfor-
mance (immunocompetence) and fitness-related
traits, e.g. reproductive effort (Gustafsson er al.
1994; Sheldon & Verhulst 1996; Deerenberg er al.
1997) or secondary sexual characters (Folstad &
Karter 1992; Wedekind & Folstad 1994; Saino,
Rolzern & Moller 1997). It is usually assumed that
costly immune responses are suppressed during
stressful activities such as parental care, and that the

$Present address: Department of Biology, Organismal and
Papulation Bielogy, UCSC, Santa Cruz, CA 95064, USA.

released resources from this immunosuppression are
then adaptively reallocated to cover ather costly
activities (Gustafsson er al. 1994; Sheldon &
Verhulst 1996). This hypathesis has been inspired
by and is partly supported by medical and physio-
logical studies which have shown that stressful
activities such as strenuous exercise tend to sup-
press several aspects of immune function (e.g.
Hoffman-Goetz & Pedersen 1994; Nierman &
Nehlsen-Cannarella 1994). However, there is to our
knowledge no study that has experimentally
addressed the gquestion about the existence of a
resource-based trade-off, though several workers
have more or less implicitly assumed this when
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interpreting observed cases of immunosuppression
in experimental studies (Gustafsson er al. 1994,
Saino er al. 1997; Deerenberg et al. 1997).

In this study we have experimentally investigated
the importance of energetic stress and energy
turnover on humoral {antibedy-based) immunocom-
petence in Blue Tits (Parus caeruleus). By experi-
mentally challenging the immune system with novel
antigens and measuring the concomitant host anti-
body titres against these antigens, one gets a goaad
estimate of hast resistance to a variety of host
pathogens, in contrast to mare correlative approaches
such as leucocyte counts (Luster er al. 1993).
Accordingly, this kind of experimental approach has
been advocated by several authors as the appropriate
method to investigate the importance of immuno-
competence as a cost mechanism in evolutionary
ecology (Svensson & Skarstein 1997).

We have studied two aspects of immunocompe-
tence as such a cost mechanism that should be of
interest to ecologists. First, we investigated the conse-
quences of an increased energy tumaover on imumune
responsiveness by subjecting one group of birds to
cold stress and comparing their immune responses
with a non-stressed contral group. This experiment
should have some implications for avian winter ecol-
ogy, since suppressed immune responses during cold
winters could potentially affect disease risk and mor-
tality rates and hence avian population dynamics (cf.
Dahbert, Lochmiller & Teeter 1997), in addition to
traditionally invoked factors such as predation and
starvation (Lack 1966; McNamara & Houston 1987).
Furthermore, suppressed immune responses during
energetic stress are likely to be important in other eco-
logical contexts as well (Gustafsson er al. 1994; Saino
et al. 1997; Deerenberg et al. 1997).

We proceed by measuring the energetic costs of the
antibody responses against the immunized antigens
used in the first experiment. One interpretation of
reduced immune responses during such a stressful
activity could be that energy-stressed birds adaptively
suppress their costly antibody responses and reallo-
cate the saved energy towards other body functions.
For such adaptive energy-saving immunosuppression
to be important, there has to be a major energetic cost
agsociated with the antibody response. Hence, we
would expect that the basal metabolic rate (BMR)
should increase substantially among immunized as
apposed to non-immunized birds,

Methads
STUDY SPECIES AND GENERAL METHGODS

Blue Tits are common, sedentary birds that spend the
winter close to their breeding grounds in southern
Sweden (see Nilsson & Svensson 1996). Blue Tits
were capiured by mist-netting and making nightly
nestbox visits in a wide area east of Lund, southem

Sweden, between December 1995 and March 1996.
The population in which the birds were captured has
previously been intensively studied with respect to
reproductive strategies in the field, and bence the
breeding and winter ecologies are well-known (see
Nilsson & Svensson 1996; Svensson & Nilsson 1995,
1997 for examples of studies). Birds were transported
to an indoor laboratory at the Department of Animal
Ecoalogy in Lund. They were kept in individual cages
at 20 °C {except the birds subject to the cold stress
treatment, see below) and an L:D cycle of 10:14 (an
average of natural light conditions during the period).
During the course of the study, the birds received
daily replenished ad libitum food consisting of meal-
warms Tenebrio molitor and vitamin-enriched water.
Captured birds were allowed to become accustomed
to indoar conditions for 1-12 days before the experi-
ments started.

EXPERIMENT |: COLD STRESS AND IMMUNE
RESPONSIVENESS

Actotal of 27 Blue Tits were subject to either of the fol-
lowing treatments: 11 birds served as contrals and
were kept at 20 °C from the day of capture and
throughout the study. Sixteen birds were kept at 4 “C
during the days and — 15 °C during the nighis. To stan-
dardize housing conditions (other than temperature),
the experiment was performed in three randomly
ardered sequences: 9 in low temperature, 11 control
hirds and finally 7 in low temperature. All birds were
kept in a climate room during the days (20 or 4 °C)
and in a climate cabinet (Hereaus) next door during
nights (20 or — 15 °C).

The magnitude of the cold experiment treatment
aimed at increasing the 24-h energy expenditure of the
birds hy approximately 1 BMR up to a total level of
about 3 BMR. This level of daily energy turnover
level is similar to that experienced by Blue Tits during
cold winter periods (cf. Nilsson & Svensson 1996).
Furthermare, it is also similar to the level experienced
by birds participating in parental care during the
breeding season (Drent & Daan 1980; Masman et al.
1989). Literature data were used on the lower critical
temperature of the thermo-neutral zone and thermal
conductance helow this temperature was used to cal-
culate the increment in energy turnover rate due to
thermoregulation. (Gavrilov & Daolnik 1985). Since
data for the Blue Tit were not available, data for the
closely related Great Tit, Parus major, were used. The
extra cost of thermoregulation is 33-63% of BMR at
4 C and 91-151% of BMR at — 15 °C (cf. references
in Gavrilov & Dolnik 1985).

Birds were immunized (day 1) inttamuscularly in the
pectoral muscle with 100 pl diphtheria—tetanus vaccine
(Statens Seruminstitut, Copenhagen, Denmark). This
vaccine contains two antigens novel to the birds and
the antibody responses to each of them are highly
carrelated within birds (Pearson: r=0-627, N=26,
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P=001, log-transformed data). This indicates that
the immune responses against these antigens are not
idiosyncratic, but give a general measure of humoral
immunocompetence; that is, the ability to mount an
antibody response against an arbitrary novel antigen
(see also Luster ez al. 1993). Birds were weighed in the
morming and evening at the start and end of the experi-
ment to get a measure of nightly body mass losses and
their current energy balance. A hlood sample (about
150 i, taken from the jugular vein) was collected on
day | (before immunization) and day 12 (after immu-
nization) and centrifuged at 3000 r.p.m. in EDTA-con-
taining tubes for 8 min. Plasma was extracted and
stored at —50° until later ELISA (enzyme-linked
immunosorbent assay) analysis.

EXPERIMENT 2: ENERGETIC COSTS OF ANTIBODY
RESPONSES

In this experiment the birds’ overnight BMR was mea-
sured (day 0-1). The measurements started at 18-00
and ended around 08-00 the following moring. BMR
was calculated from oxygen consumption as mea-
sured in an open circuit respirometer (see Lindstrim
& Kvist 1995 for methodological details). During the
nightly measurements, the birds were kept in airtight
boxes in total darkness in a climate chamber
(Hereaus} at 25 °C (all the birds used in the respirome-
try experiment were kept in individual cages at 20 °C
during daytime, as in experiment 1). Birds were mea-
sured each night in parallel channels with identical
set-up. Oxygen consumption was calculated accord-
ing to Hill (1972). BMR (kJ day™") was calculated by
selecting the 10-min period with the lowest average
oxygen consumption and assuming an energetic
equivalence of 19-8 kI 17" O,.

Birds that lost flight feathers were immediately
excluded from further measurements to avoid effects
on BMR from the confounding costs of feather syn-
thesis (Lindstrom, Visser & Daan 1993). Out of 40
hirds (20 immunized + 20 controls), 24 passed day
15 without losing any feathers, and 15 passed day
43. Out of these, one of the immunized birds did not
have a detectable primary immune response (optical
density value never exceeded the mean aptical den-
sity of preimmunized birds plus three standard devi-
ations, cf. Isogai et al. 1994 and below) and was
therefore excluded from further analyses. The data
set thus consists of 12 immunized and 11 control
birds for days 0-15 and 7 immunized plus 7 contral
birds for days 2843,

Bady mass was measured before and after the
metabolic measurements. On the day after the first
respirometry night (day 1), blood samples were
taken and plasma extracted in the same way as in
experiment 1 (see ahove). After the first blood sam-
pling occasion, some of the hirds were randomly
selected to be immunized (see below) and the others
served as controls. The BMR measurements and

hload sampling procedures were repeated on all indi-
viduals (both immunized and control birds) with
weekly intervals, i.e. on days 7-8, 14-15, 21-22 and
28-29. On day 29, the immunized birds were subject
to a second immunization in order to induce sec-
ondary immune responses. BMR measurements and
blood sampling procedures were then repeated on
days 35-36 and 42-43. The intervals between immu-
nization and BMR measurements were chosen to
include at least one data point for each experimental
bird from the pericds when peak antibody titres are
expected; i.e. 10-14 days postimmunization for the
primary and 6-9 days postimmunization for the sec-
ondary response (Feldmann 1996).

ELISA PROTOCOL

Analyses of antibody titres were performed as stan-
dard ELISAs. Polystyrene 96-well plates (Maxisorp,
NUNC, Denmark) were coated overnight with either
diphtheria toxoid, 3 pg ml™, ar tetanus toxoid,
3 ug ml™, in 0-15 M carbonate buffer, pH 9-6. After
three washings with buffer (29-2 g NaCl, 0-2 g KCl,
0-2 g KH,PQ,, 1-15 g Na,HPQ,, 2H,0, 10 ml Triton
X-100, distilled water ad 1 1), dilutions of plasma from
individual hirds were applied to the wells {diluted in a
buffer containing 10 g bovine albumin 1", PBS
adjusted to 0-5 M and Tween 20 0-05%). A reference
sample was prepared from a pool of plasma from
immunized birds and was used as internal standard
during all titrations. The titre of the standard sample
was arbitrarily defined as 100 units mI™". This made it
passible to recalculate optical density values to rela-
tive antibody titres that were comparable between
plates. Serum samples that were tested were diluted
1:40 and the pooled standard sample was two-fold
diluted (starting dilution 1:20). Plates were incubated
aver night and then washed three times with washing
buffer. As a secandary antibody, a peroxydase-canju-
gated rabbit anti-chicken Ig (Cat. A9792, Sigma) was
used. This secondary antibody was diluted 1:1000 and
incubated for 2 h. After three additional washings,
colour reactions were achieved in a citrate buffer
(73 g citric acid, 11-86 Na,HPOQ,, 2H,0, ad 1 1). To
10 ml of the citrate buffer was added 4 pl HyO,
(Perhydrol, 30%) and 4 mg orthophenylene diamin
(OPD, KemEnTec, Denmark). The colour was
allowed to develop for 30 min, whereafter the reaction
was stopped by the addition of 150 pl I M H,5Q,. The
reaction was read in an ELISA reader at 405 nm
(ThermoMax, Molecular Devices). Titres were
expressed as units in comparison with the defined
standard, set as 100 units ml", using a four-parameter
plot. Intra-assay variation was < 5% and interassay
variation < 12%.

To investigate the reliability of the immunization
procedures, optical density values were compared
from the ELISA analyses (see above) of day 1 (back-
ground) and day 12 within all the birds used in
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Stress and costs at day 12 that were substantially higher than their
of immune background optical density, indicating that all birds
FESPOnNSes responded to immunization.

STATISTICAL ANALYSES

Antibody titres were log-transformed to achieve nor-
mally distributed residuals (Sokal & Rohlf 1995).
Where data consist of repeated samplings of the same
individuals, repeated measures ANOVA/ANCOVA have
been used (van Ende 1993). Probability values of
within-subject factors were Greenhouse—Geisser
adjusted & range: (0-74-0-93) to compensate for non-
circularity in the variance-covariance matrices (von
Ende 1993). All tests were performed with SYSTAT
(SYSTAT 1992).

Results
COLD STRESS AND IMMUNE RESPONSIVENESS

The potential influence of confounding effects caused
by sex or age differences among individual birds were
first investigated, There were no significant effects of
either of these variables either for the antitetanus
response (sex: F\ 5, =1-240, P=0-28; age: F 5,=0-047,
P=0-83) or for the antidiphtheria response {sex,

Tahle 1. Repeated measures aNova with nightly body
mass loss among Blue Tits between days 1-2 and 10-11 as
dependent variables and treatment (—15 or + 20°C) as
independent variable

Type of response df MS F £
Benween subjects
Treatment 1 4234 1708 < {+001
Error 25 04025
Within subjects
Night 1 G061 4.695 004
Night x treatment 1 0369 28-56 <0001
Error 25 0013

ar 0 -

{a} (b}

P
o 1 4

-3

Log-antibody response

b
Cold exposed Contral

1 L]
Cold exposed  Cantrol

Fig. 1. Antibody responses (means + SE) produced by the Blue Tits against (a)
diphtheria antigen and (b} tetanus antigen. For statistical tests see text.

F 2=0:003, P=096; age, F;.,=0151, P=0-70).
Hence, differences in sex or age composition amang
our experimental and control groups are not confound-
ing the results.

In experiment 1, cold-exposed birds lost signifi-
cantly more body mass each night than controls
{Table 1). That the birds remained in energy balance
throughout the course of the experiment was illus-
trated by the fact the mass loss ameng the cold-
exposed birds was compensated by significantly
higher evening body mass than controls (repeated
measures ANGVA of treatment effect: F, ,, = 7-354,
P =0-012}. In contrast, morning hody masses did not
differ between the experimental categories (repeated
measures ANOVA of treatment effect: F) ., = 0-002,
P =0-96). This demonstrates that experiment 1 led to
an increased energy expenditure (body mass loss)
among cold-exposed birds, and that the birds appar-
ently compensated for this by eating and storing more
food as body reserves during the days in anticipation
of the colder nights. Apparently, cold-exposed birds
increased their subcutaneous fat reserves during the
course of days (E. Svensson er al., unpublished
observations). Thus, although both experimental cat-
egories remained in energy balance due to ad libitum
food regimes, cold-exposed birds had apparently a
higher energy turnover rate, which was one of the
aims with the experiment.

Cald-exposed birds had lower antibody respanses
to both the diphtheria antigen (Fig. 1a) and to the
tetanus antigen (Fig. 1b). The effects of the experi-
mental treatment were statistically significant for both
antigens {diphtheria, r, 55 = 593, P = 0-02; tetanus,
t) 25 =992, P=0-004).

ENERGETIC COSTS OF THE ANTIBODY RESPONSES

Analysis of the serum samples obtained weekly in
expetiment 2 showed that antibody titres towards both
diphtheria and tetanus followed a similar temporal
pattern: the highest values in the primary immune
response were 14 days postimmunization whereas the
highest value in the secondary response was 7 days
after reimmunization {Fig. 2}. All individual birds fol-
lowed the same temporal pattern although. there was
varjation among birds in the strength of their antibody
responses (Fig. 2). In accordance with previous
knowledge from ather vertebrate species (Feldmann
1996) the secondary response was much stronger than
the primary respanse (Fig. 2).

Basal metabolic rates of immunized birds were
higher than for control birds during days 7, 14, 28, 35
and 42 (Fig. 3). However, these BMR differences
between the experimental categories were far from
significant, both during the primary immune response
{repeated measures ANOVA: Fy 5 = 0-37, P = 0-53),
and during the secondary response {repeated measures
ANava: F( 5 = 2-33, P = 0-14). It is possible that the
sample sizes in our experiment were too low to reject
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Log (1 + antibody response)

the statistical null hypothesis of no costs of mounting
an antibody response, i.e. a type Il error. This is likely,
since all physiological processes, including antibody
responses, consume energy, the important guestion is
only how much. Nevertheless the 95% confidence
limits of the difference in BMR between the experi-
mental categories can be used to estimate an upper
limit of the magnitude of such a cost. Qur calculations
revealed these values to be 1-6 kJ day™" at day 14-15
and 2:6 kI day™" at day 35-36 (the peaks of the pri-
mary and secondary immune responses, respectively).
These values correspond to an 8% and 13% increase

Day

Fig. 2. Antibody titre (ab-titre, log-scale) for immunized Blue Tits against diphtheria
antigen. The ah-titre against tetanus was very similar to the pattern for diphtheria and
is hence not shown in the figure. Ab-titres estimated through ELIS As and calculated
from optical density values to units ml™, using a standard {pooled serum from immu-
nized birds) as common reference on all ELISA plates. Primary immune response:
day 0-14, secondary immune response: day 2842,

BME (kJ day ™)

22‘|
217

207

1 -1 T T T
7 14 28 35 42
Day

Fig. 3. Basal metabolic rates (BMRs, means + SE) of (&) immunized and (L]} con-
trol Blue Tits. Primary inumune response during day (—14 and secondary immune
response during day 28-42. For statistical tests see text and Table 2.

in BMR, respectively. It is emphasized that these per-
centages are not mean. values, but are rather upper
limits to the costs of the antibady responses and since
the difference between the experimental and control
group was far from significant, increased sample sizes
would mast probably narrow the confidence limits and
hence lower these estimates. For the moment, it is con-
cluded that, with 93% certainty, the energetic costs of
the antibody responses against the antigens used in this
experiment, are equal or Jower than these percentages.

Immunized birds had somewhat higher average
daily bady masses than control birds (Fig. 4), although
this difference was significant during the secondary
immune response only {repeated measures ANOVAS of
treatment effects: primary response, F 3, = 1-19,
P =029, secondary response, F| |, = 826, P=0.01).

Among individuals, there was a strang positive
relationships between BMR and body mass (linear
regression of BMR on body mass days 0-1, 7-8,
14-15, 28-29, 35-36 and 42-42; r* = 0-40-0-66, P
always < (:01). Since both inter- and intra-individual
varjation in body mass apparently influences BMR
(this study; Daan et al. 1989; Scott, Mitchell & Evans
1996), a statistical comparison between the experi-
mental categories was performed using their body
mass-corrected BMRs (i.e. the residuals of BMR
regressed on body mass). Using this statistical proce-
dure, no significant effects of the immunization exper-
iment on BMR. was found (Table 2). Finally, there
were no significant effects of neither sex nor age on
BMRs during any of the days (ANCOVaAs with mass and
treatments as covariates; all P> 0-10 for days 0, 7, 15,
21, 29, 36 and 45).

Discussion

The first experiment has clearly demonstrated that
stress in the form of cold exposure has a negative
impact on  humoral immunocompetence. These
results point to the possibility that suppressed
immune responses may be a potential mortality factor
in avian winter ecology; e.g. during hard cold spells
immune tesponses may be suppressed leading to
increased risks of infectious diseases {Dabbert er al.
1997; see alsa Nelson er al. 1996). Our results differ
from those obtained by Dabbert et al. (1997), who
found no evidence for suppressed humoral immuno-
competence following experimentally induced cold
stress in the Northern Bobwhite, Colinus virginianus.
This difference could possibly be due to species-spe-
cific differences in insulation capacity and hence
thermoregulatory costs.

If our results can be generalized into other energeti-
cally stressful ecological situatiens such as during
production or maintenance of secondary sexual char-
acters (Wedekind & Folstad 1994; Saino et al. 1997)
or reproductive effort (Gustafsson et al. 1994;
Deerenberg er al. 1997), these data do thus provide
some support to the idea that suppressed immune
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Body mass {g)

10 7

responses could mediate reproductive costs or costs of
sexual ornaments. Additional support for this interpreta-
tion is provided by the fact that the suppressed antibody
responses amaong the cold-expased birds are similar in
magnitude (albeit slightly lower) to those observed
ameng free-living Blue Tits participating in parental
care during the breeding season (Svensson 1997).

Since the immune responses discussed above seem
to be sensitive to stress, it seems reasonable to ask why
they are suppressed. The most straightforward inter-
pretation of the results in experiment 1 is that birds that
spend more energy on thermoregulation have less
energy available for their immune responses, that is,
energy limitation. This is the basic assumption of the
adaptive resource allocation model of immunocompe-
tence as a cost mediator in evolutionary ecology
(Gustafsson et al. 1994; Wedekind & Folstad 1994,

fm

]

T T T Li 4

7 14 24 35 42
Day

Fig. 4. Body masses (means * SE) of (&) immunized and ((1) control Blue Tits.
Primary immune response during day 0-14 and secondary immune response during
day 28-42. For statistical tests see text.

Table 2. Repeated measures avovas with residuals of BMR regressed on mass for
the primary immune response {days 0-1, 7-8, 14-15) and secondary immune
response (days 28-29, 35-34, 42-43) as dependent variables and treatment {immu-
nized or control) as independent variable

Type of respanse Variable df MS F F

Primary response

Between subjects Treatment I 022 017 0-68
Error 21 1-30

Within sihjects Day 2 0-58 1-46 0-24
Day x treatment 2 316 0-40 0-65
Error 42 040

Secondary response

Between subjects Treatment L 051 0-28 0-68
Errot 12 1-83

Within subjects Day 2 012 (044 0-63
Day » treatment 2 014 052 0-58

Error 24 0-27

Sheldon & Verhulst 1996; Deerenberg et af. 1997).
However, for twa reasons we do not think that energy
limitation is the correct explanation for the lowered
humoral immunccompetence observed in experiment
1. First, both control and experimental birds had access
to ad libitum food and apparently remained in energy
balance throughout the experiment as indicated by
their mass dynamics. Second, experiment 2 showed
that the energetic costs of mounting antibody
responses against the two antigens used in the study
were very small, and only in the arder of a few percent-
age of BMR. Although very small costs of immune
responses may be important in various situations of
energy limitation, the energy savings from the suppres-
sion of these antibody responses should be very small
compared with the averall costs of thermoregulation in
experiment 1. Furthermare these energetic savings are
alsa likely to be small compared with the averall costs
of parental care during the breeding season. We will
therefore briefly discuss some other explanations to
why immune responses were suppressed in our first
experiment, which may also be applicable to other eco-
logical situations.

Nutrient limitation, such as the availability of pro-
teins (Lochmiller, Vestey & Boren 1993), carotenoids
{Lozano 1994) or certain scarce amino acids (Klasing
& Austic 1994ab), are known to have a negative
impact on the immune system and the development of
immune responses. Such nutrient limitation is, how-
ever, an unlikely explanation for the suppressed
immune responses in our first experiment, since both
categories of birds received the same quality and type
of food. Furthermore, in experiment 2, immunized
birds had significantly higher body mass than non-
immunized controls, further contradicting such an
explanation. Since neither energy nor nutrient limita-
tion is likely to explain the suppressed antibody
responses in our study, we offer twao not mutually
exclusive explanations for the observed immunaosup-
pression: one adaptive (cf. Wedekind & Folstad 1994)
and one naon-adaptive (see helow).

Several authors have suggested that the major costs
of immune responses are tissue damage and/or risks
of autoimmune reactions associated with failure of the
immune system to distinguish ‘self’ from ‘non-self’
(e.g. Nesse & Williams 1994; Jurd 1995; Adams
1996; Nelson & Demas 1996). The physiological
response to stress is largely mediated by glucorticoids
(‘stress hormones’; Munch & Ndray-Fejes-Téth
19935). It has been proposed that the main function of
these hormones is to pratect the organism from stress-
activated immune defence mechanisms that may
cause tissue damage (Munch & Ndray-Fejes-Tdth
1995). Immunosuppression to avoid such damage
costs may thus be adaptive even in the absence of
resource limitation (Raberg et af. 1998).

An alternative, non-adaptive explanation for the
suppressed antibody responses among the cold-
exposed birds could be that a high metabolic rate may
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have a negative effect on the immune system even if
the animal remains in energy balance. More specifi-
cally, a high [evel of energy expenditure and con-
comitant oxygen consumption will increase the
production of free oxygen radicals, that arise as a by-
product of aerobic metabolism (Rose 1991;
Kirkwood & Rose 1991). These highly reactive sub-
stances are known to have several non-specific dam-
aging effects on body tissues, including the immune
system (Huang er af. 1992; Jenkins 1993; Hollan
19953, According to this scenario, energy turnover,
rather than a negative energy balance, is the critical
factor causing immunosuppression (cf. Barja ez al.
1994). Daan, Deerenberg & Dijkstra {1996) sug-
gested that this could account for the delayed repro-
ductive costs following broad size manipulations in
the Eurasian Kestrel, Falco tinnunculus: parent birds
had higher mortality rates several months after a
breeding season with experimentally increased work-
load, even theugh they remained in energy balance
during the whole course of the manipulation
(Masman ef af. 1989; Daan er al. 1996).

Conclusion

Our study has clearly demonstrated that humoral
immunocompetence in the Blue Tits is sensitive to
stress, but the ultimate causes and proximate mecha-
nisms behind the observed immunosuppressien
remain unclear. Qur results give no clear support for
adaptive resource allocation of energy as the impor-
tant factor behind the immunosuppression against
these antigens. As a cautionary note, we suggest that
workers should seriously consider non-energetic
explanations for the abserved suppression of antibody
responses in experimental studies of sexual selection
(Saino et al. 1997} or reproductive effort (Deerenberg
et al. 1997). We have studied the energetic costs of
immune responses to non-living antigens, but it
remains to be investigated if other types of immune
responses, preferably to relevant living pathogens, are
energetically more costly than the one studied here
{cf. Baracas, Whitmore & Gale 1987). We note, how-
ever, that even the simple and energetically inexpen-
sive immune responses in this study seem to be
sensitive to stress, supporting the need for non-enet-
getic explanations of these patterns.
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