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Abstract

Levels of corticosterone (CORT), the primary avian stress hormone, tend to vary over space and time in passerines, but why this
is so remains unclear. One reason may be diVerential need for immune defense. Typically, sustained high levels of CORT suppress
immune activity in vertebrates. Thus, animals living where parasite threats are high might maintain low levels of CORT and mount
weak CORT stress responses to ensure that their immune defenses are in a high state of readiness at all times. Here, we addressed this
hypothesis by comparing CORT levels in two populations of House Sparrows (Passer domesticus), one from the tropics (Colon, Pan-
ama) where parasite threats are high and one from the North-temperate zone (New Jersey, USA) where they are lower. Indeed, we
found that House Sparrows from Panama had lower baseline and stress-induced CORT levels than House Sparrows from New Jer-
sey. To more directly test our hypothesis, we artiWcially elevated CORT (via implant) in both populations of birds, expecting that
cutaneous immune activity (induced by phytohemagglutinin (PHA)) would be suppressed as it is in most vertebrates studied to date.
Surprisingly, we found that CORT implants did not aVect immune function in Panamanian sparrows, while immune function in
(non-breeding) New Jersey sparrows was suppressed. This suggests that Panamanian House Sparrows may be immunologically
insensitive to CORT, in addition to maintaining low baseline and stress-induced levels of this hormone. We propose that other ani-
mals living where disease threats are high may use CORT in a similar way.
  2004 Elsevier Inc. All rights reserved.
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1. Introduction

Across their range (Bears et al., 2003; Homan et al.,
2003; Romero and Wikelski, 2002; Scheuerlein et al.,
2001; Wilson and WingWeld, 1994; WingWeld et al., 1983)
and over time (season: PerWto et al., 2002; Wada and
Shimizu, 2004; age: Schwabl, 1999), vertebrates vary in
their corticosteroid responses to stress. This stress
response, which helps shift the phenotype of the
organism into an “emergency life history” state
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(WingWeld et al., 1998), often leads to behavioral and
physiological changes in animals (Buttemer et al.,
1991; Kitaysky et al., 2001, 2003; Pravosudov et al.,
2001; Wikelski et al., 1999a) that presumably promote
survival of stressful events (Sapolsky, 1992; WingWeld
et al., 1998).

In passerine birds, levels of corticosterone (CORT),
the primary avian corticosteroid, vary across latitudes.
Typically, birds living in the arctic have more damped
responses than mid-latitude congeners (Breuner et al.,
2003; Silverin and WingWeld, 1998; but see Pravosudov
et al., 2004). One hypothesis proposes that these low lev-
els of CORT at high latitudes help animals complete
their single reproductive attempt (Breuner et al., 2003;
Pereyra and WingWeld, 2003; Pravosudov et al., 2002;
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but see Love et al., 2004; Romero, 2002). Presumably
then, if time available for breeding exerts strong pressure
on stress responses, tropical birds should show dramatic
surges in CORT in response to a stressful event because
their breeding opportunities are much less limited. So far
though, no study has determined if CORT in birds living
near the equator complements this pattern. In previous
studies, we found that immune defense in a tropical
House Sparrow (Passer domesticus) population (Colon,
Panama) was generally stronger than one from the tem-
perate zone (New Jersey, USA; Martin et al., 2004, in
review a, in review b). We expected that because patho-
gen pressure tends to increase as one nears the equator
(Connell, 1971; Janzen, 1970; Pless et al., in review; Rick-
lefs, 1992; but see Booth and Elliott, 2003) and because
sustained high CORT can be immunosuppressive (McE-
wen et al., 1997; Sapolsky et al., 2000), tropical birds may
actually maintain low levels of CORT and mount weak
stress responses, contrary to the above prediction.

To directly address these competing hypotheses, we
compared baseline and stressed levels of CORT and
examined the eVects of experimental elevation of CORT
(via implantation) on the phytohemagglutinin (PHA)
wing-web swelling response (Goto et al., 1978; Evans
et al., 2000; Stadecker et al., 1977), an index of cutaneous
immune function, in both sparrow populations. Histori-
cally, high levels of CORT were touted as obligatorily
immunosuppressive (reviewed in McEwen et al., 1997),
but more recent studies have shown that this relation-
ship is actually more complex. The eVects of CORT on
immune function depend on the type of immune activity
measured and how long CORT is allowed to take eVect
(Dhabhar and McEwen, 1997; Dinkel et al., 2002; Sapol-
sky et al., 2000). SpeciWcally, over the short term, cutane-
ous immune function, the type we studied, tends to be
stimulated by CORT. Over longer periods however, it
tends to be suppressed (Bilbo et al., 2002; Dhabhar and
McEwen, 1997, 1999). This short-term enhancement is
believed to help mobilize cells to locations in the body
where they would be readily available if wounding
occurred (Braude et al., 1999; Dhabhar et al., 1996).
Chronic immunosuppression on the other hand is
thought to be useful for managing the energetic and
nutritional costs of immune activity (Demas, 2004; Mar-
tin et al., 2003) or limiting autoimmune damage (Råberg
et al., 1998; Romero, 2002; Sapolsky et al., 2000).

In temperate vertebrates, chronic elevation of CORT
almost invariably suppresses cutaneous immune func-
tion (Dhabhar and McEwen, 1997; McEwen et al., 1997;
Morici et al., 1997; Sapolsky et al., 2000). Thus, we
expected that artiWcial elevation of CORT would result
in immune suppression in both of our populations of
House Sparrows. Because both corticosteroid levels
(PerWto et al., 2002; Romero, 2002; Wada and Shimizu,
2004) and immune activity (Greenman et al., 2005; Nel-
son and Demas, 1996) can vary seasonally however, we
expected that these eVects might vary between the breed-
ing and non-breeding seasons at both latitudes.

2. Methods

2.1. Study species

The House Sparrow is a small (25 g), predominantly
granivorous, human-commensal passerine that is found
on every continent but Antarctica (Summers-Smith,
1988). Originally introduced to multiple places in the
United States in the mid-1800s, the species has spread
across most of the continent and now can be found as
far north and west as Alaska and as far south as Pan-
ama (Martin et al., 2004; Summers-Smith, 1988). Now,
the morphology and physiology of populations vary
across latitudes (Martin et al., 2004, in review a, in
review b; Summers-Smith, 1988). Birds used in this
study came from two places: a temperate site (Prince-
ton, New Jersey, USA: 40°21�N, 74°40�W) and a tropi-
cal site (Colon, Panama: 9°1�N, 80°1�W; see Martin
et al., 2004 for a more detailed description). To date,
little is known of the population biology of either
location, including whether sex ratios are maintained
year-round or if populations are self-sustaining or
reformed from nearby areas. Further, it is unclear if
either population is migratory, although it is unlikely as
most populations of this species are highly philopatric
(Summers-Smith, 1988).

2.2. Circulating CORT level comparisons

To obtain baseline and stressed levels of CORT, we
caught birds using mist nets between the hours of 0600
and 1100 (Rich and Romero, 2001) and took small
blood samples (t50�l) from the alar wing vein of each
animal using 26.5 gauge insulin needles and heparinzed
capillary tubes. All baseline blood samples were
obtained within 5 min of a bird hitting the net (Romero
and Romero, 2002; WingWeld et al., 1982; WingWeld and
Romero, 2001); stressed levels included samples taken
from birds after they were held in cloth bags for 10 and
30 min (Canoine et al., 2002).

All blood samples were kept cool on ice (5 h max.)
until they could be centrifuged and plasma removed and
frozen. After the Wnal blood sample was taken and
recovery from bleeding was apparent, birds were sexed
by plumage, classiWed as an adult or Wrst year juvenile
(Summers-Smith, 1988), weighed and marked with
unique combinations of metal and plastic colored leg
bands, then released. Tropical birds used in this study
were captured in March 2004 (breeding) and December
2003 (non-breeding). Temperate sparrows were captured
in June 2002 (breeding) and October 2002 (non-breed-
ing; see Wgures for sample sizes).
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2.3. CORT–phytohemagglutinin experimental protocol

For experiments, we used only naïve birds; no birds
from the above stress series were included. Tropical
birds used in this part of the study were captured in
March 2004 (breeding) and December 2003 (non-breed-
ing); temperate birds were captured in May 2002 (breed-
ing) and November 2002 (non-breeding). Upon capture,
birds were given individually numbered metal leg bands
and held in wire cages for 3 days prior to implantation.
At all times, birds were in visual and audial contact with
conspeciWcs. During captivity, birds were provided with
water, mixed seeds, and boiled chicken egg ad libitum,
which they took readily. For all experiments, birds were
maintained on photoperiods and at temperatures repre-
sentative of ambient conditions at each locale. Sexes
were equally distributed between treatment and control
groups. We attempted to use only adult birds when pos-
sible, but were forced to use four juvenile birds in Pan-
ama in the non-breeding season. In this case, two
juvenile birds were used in the treatment group and two
in the control group.

On the day of implantation, birds were randomly
assigned to treatment (CORT-implant) or control
(empty-implant) groups. Immediately prior to implanta-
tion, all birds were caught from their cages, blood sam-
ples were taken within 5 min of entering the room in
which they were held (Romero and Romero, 2002;
WingWeld et al., 1982), and body mass was measured
with a Pesola spring scale to the nearest 0.1 g. Once all
birds were bled and given time to recover, one CORT-
Wlled (Sigma C2505) or one empty silastic implant (Dow
Corning; length D 10 mm, inner diameter D 1.47 mm, and
outer diameter D 1.96 mm) was implanted under the skin
on the rear Xank of each animal (under isoXuorane anes-
thesia—Hau et al., 2000). All silastic tubes were sealed
prior to implantation on either one (New Jersey, non-
breeding, Panama, both seasons) or both ends (New Jer-
sey, breeding) with multi-purpose silicone sealant (732,
Dow Corning). We chose to seal tubes on only one end
after discovering that plasma CORT levels were not sig-
niWcantly higher in CORT-implanted versus sham-
implanted birds in breeding, New Jersey birds. However,
even after making this adjustment, plasma CORT levels
were not always signiWcantly increased (see below). Ini-
tially, we chose this technique because several previous
studies have found that similar methods successfully
resulted in elevation of circulating corticosteroid levels
(DeNardo and Licht, 1993; Kitaysky et al., 2001; Kitay-
sky et al., 2003; Morici et al., 1997; Salvante and Wil-
liams, 2003).

CORT implants were given 3 days to take eVect
(Kitaysky et al., 2003). During this period, birds were only
disturbed (<10 min/day) to provide food and water; bird
care was performed at the same time of day every day of
the experiment. On the fourth day after implantation, all
individuals were again captured from cages and a blood
sample was taken from each bird within 5 min of entering
the room (Romero and Romero, 2002; WingWeld et al.,
1982). Then, each bird was injected with phytohemagglu-
tinin (see below) and weighed. Twenty-four hours later,
body mass and wing-web thickness were measured. On
one occasion (Panama, non-breeding), birds were held in
captivity for diVerent periods of time prior to implanta-
tion (1 versus 3 days) because we could not catch a suY-
cient number of birds in one netting attempt. In this part
of the experiment, 1- and 3-day captive birds were equally
distributed between empty and Wlled implant groups to
eliminate the eVects of time in captivity on our results. We
failed to collect pre-implantation CORT samples from
New Jersey birds during the breeding season, so we were
unable to compare circulating CORT levels over the
course of the experiment in sham versus CORT-
implanted birds. Instead, we compared CORT 3 days
after implantation. All work was approved by the Prince-
ton University Institutional Animal Care and Use
Committee (protocol number 1492), the National Envi-
ronmental Authority of Panama (ANAM), and the
Smithsonian Tropical Research Institute (STRI).

2.4. Immune challenge

The phytohemagglutinin (PHA) wing-web swelling
technique was used to assess in vivo cutaneous immune
activity of House Sparrows (Martin et al., 2004; Smits
et al., 1999). PHA is lectin derived from the red kidney
bean (Phaseolus vulgaris) that stimulates division and
traYcking of many cell types, particularly T-cells (Goto
et al., 1978; Stadecker et al., 1977). We quantiWed
immune activity by subtracting the thickness of the left
wing-web prior to injection from the thickness of the
same wing-web 24 h post-injection; a strong immune
response was indicated by a large swelling (Goto et al.,
1978; Smits et al., 1999). For all challenges, 100 �l of a
1 mg/ml solution of crystalline phytohemagglutinin
(PHA-P) puriWed by aYnity chromatography (Sigma
L9017) in cell-culture grade saline solution (Sigma
P3813) was injected into the left wing-web (Lindström
et al., 2004; Martin et al., 2003, 2004). Swelling was then
measured to the nearest 0.1 in. with a Teclock pocket
thickness gauge (Model #:SI-510) and values were con-
verted to metric units. In all cases, at least 80% of the
PHA solution was injected into the wing-web of birds.
Previous validations have indicated that this injection
technique is suYcient to induce maximum swelling in
House Sparrows (Martin, unpublished data).

2.5. Radioimmunoassay

After blood was collected, it was stored on ice until it
could be centrifuged at 2000g for 10 min and plasma
removed. Upon removal, plasma was stored at ¡20 °C
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until radioimmunoassays were performed. For Panama-
nian samples, plasma was transported to Princeton, New
Jersey, on ice. Hormones were extracted using dichlo-
romethane and a standard protocol was used to quantify
steroid levels in House Sparrow plasma during stress
responses and before and after experimental treatments
(Wikelski et al., 1999b; WingWeld and Farner, 1975).
Three assays were run on plasma from this study. The
Wrst included breeding and non-breeding season Weld
stress series and captive experiment samples for New
Jersey birds and breeding season Weld stress series for
Panamanian birds. The second assay included non-
breeding experimental and Weld stress series for Panama.
The third included breeding experiment samples for
Panama. Intra-assay variation averaged 4.3%, inter-
assay variation was 24%, average recoveries were 67.7%,
and the average detection limit for all assays was 2.97 ng/
ml. Because inter-assay variation was high, comparisons
of CORT among populations or seasons in experimental
birds are unadvisable. We can however conWdently com-
pare sham-implanted birds to CORT-implanted birds
within populations/season however, as all of these sam-
ples were run in the same assay.

2.6. Statistical analysis

All data were tested for normality and equality of
variances using 1-sample Kolmogorov–Smirnov tests,
Levene’s tests, and/or visual examinations of the distri-
butions of each variable. All data were parametrically
distributed except some hormone values (see below).
Natural log transformations were used to improve distri-
butions for parametric analysis. To compare CORT
stress series and body mass during experiments, we used
repeated measures ANCOVA with latitude of origin and
season as main eVects and mass, sex, and age of birds as
covariates; simultaneous Bonferroni post hoc tests were
used to identify signiWcant variation between time points
in stress series. To compare baseline CORT levels and
body mass of birds from the stress series and CORT lev-
els and PHA-induced swellings of our experimental
birds, we used one-way ANOVA with either simulta-
neous Bonferroni post hoc tests or independent con-
trasts of particular groups of interest. For all analyses,
we also calculated observed power (�) and report those
results for all non-signiWcant factors/comparisons. We
used SPSS v10.0 or JMP v5.0 for statistical comparisons,
setting � D 0.05.

3. Results

3.1. CORT stress responses

Panamanian House Sparrows were lighter than non-
breeding, but not breeding, sparrows from New Jersey
(Fig. 1A—ANOVA: F(3,35) D 8.7, p < 0.001; see graph for
Bonferroni post hoc comparisons). Baseline CORT was
lower in Panamanian House Sparrows (Fig. 1B—
ANOVA: F(6,39), p D 0.045; latitude: F(1,39) D 10.4,
p D 0.003). Season (F(1,39) D 0.52, p D 0.424, �D 0.10), the
interaction of season and latitude (F(1,39) D 0.15, p D
0.705, � D 0.07), and mass (F(1,39) D 2.8, p D 0.105, � D
0.37), sex (F(1,39) D 2.0, p D 0.166, � D 0.28), and age
(F(1,39) D 0.43, p D 0.518, �D 0.097) as covariates did not
aVect CORT levels.

Panamanian House Sparrows had signiWcantly lower
CORT stress responses than New Jersey Sparrows dur-
ing both the breeding and non-breeding seasons (Fig. 2).
Only latitude of origin (repeated measures ANCOVA:
F(1,33) D 38.8, p < 0.001) and mass (F(1,33) D 5.3, p D 0.027),
but not season (F(1,33) D 2.9, p D 0.096, �D 0.20), sex
(F(1,33) D 0.48, p D 0.493, �D 0.10), age (F(1,33) D 0.84,
p D 0.367, �D 0.14), or any interactions aVected the stress
response of birds. When we removed season, age, and sex
from the ANCOVA model, CORT responses remained
diVerent between populations (F(1,35) D 61.7, p < 0.001),

Fig. 1. Body mass (A) and baseline CORT levels (B) are higher in tem-
perate relative to tropical House Sparrows used in stress series. Solid
bars represent hormone levels during the breeding season; open bars
represent levels during non-breeding. Seasons and sample sizes are
same as in Fig. 3. Letters in (A) indicate group membership by simulta-
neous Bonferroni post hoc test. p value in (B) from ANOVA of all four
groups; Bonferroni post hoc indicated no signiWcant diVerences in
pair-wise comparisons. Bars depict means § 1 SE.
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but mass was no longer a signiWcant covariate
(F(1,37) D 2.4, p D 0.133, �D 0.32).

3.2. CORT–PHA experiment

3.2.1. EVects of implants on body mass and plasma CORT
CORT-implanted birds (except Panama, non-breed-

ing) lost mass over the course of the experiment while
sham-implanted controls did not (Fig. 3: F(1,39) D 11.08,
p D 0.02). All three factors, the type of implantation
(sham versus CORT: F(1,39) D 8.39, p D 0.005), latitude of
origin (F(1,39) D 30.17, p < 0.001), and season (F(1,39) D
9.56, p D 0.004), but no interaction terms, aVected this
trend.

We compared CORT levels between groups of birds
immediately prior to PHA injection (3 days after
implantation) to determine if our implant technique
eVectively elevated circulating hormone levels. We found
signiWcant variation among all sparrow groups (Fig. 4:
F(7,47) D 2.95, p D 0.014). Implant type (F(1,47) D 2.81,
Fig. 2. CORT stress responses are more robust in wild temperate versus tropical House Sparrows. Closed symbols indicate samples taken during the
breeding season (March: Panama; June: New Jersey); open symbols indicate samples taken during the non-breeding season (December: Panama;
October: New Jersey). Numbers inside parentheses indicate sample sizes. Baseline corticosterone levels were collected from birds within three min-
utes of animals entering mist nets; all other samples were collected from the same individuals after they were held in cloth bags for the duration of
time indicated on the graph. Repeated measures ANOVA indicated that tropical sparrows produced less corticosterone in response to holding in a
bag, but there was no signiWcant seasonal variation in corticosterone levels within either population (see Section 3: Stress series for details). Error
bars depict means § 1 SE.
Fig. 3. CORT implantation, but not sham-implantation, tends to cause to mass loss in temperate and tropical House Sparrows during the breeding
and non-breeding seasons. Bars represent means § 1 SE.
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p D 0.008), and latitude (F(1,47) D 2.67, p D 0.011), but not
season (F(1,47) D 0.80, p D 0.431, �D 0.12) or any interac-
tion were responsible for diVerences. Planned, indepen-
dent contrasts showed that implants tended to increase
plasma CORT levels in both populations during the
non-breeding season (Panama, F(1,40) D 3.76, p D 0.059
and New Jersey, F(1,40) D 3.74, p D 0.060), but not the
breeding season (Panama, F(1,40) D 2.15, p D 0.15 and
New Jersey, F(1,40) D 0.03, p D 0.871).

3.2.2. EVects of implants on the PHA wing-web swelling 
response

The PHA wing-web response varied among our con-
trol and treatment sparrow groups (Fig. 5—F(8,46) D 11.28,
p < 0.001). Treatment (sham versus CORT: F(1,46) D 6.6,
p D 0.015), latitude (F(1,46) D 37.39, p < 0.001), and season
(F(1,46) D 5.6, pD 0.023), but not mass (F(1,46) D 0.825,
p D 0.369, �D0.14) or any interaction term explained this
variation. According to simultaneous Bonferroni post
hoc analyses, CORT implantation signiWcantly sup-
pressed PHA-induced swelling only in New Jersey birds
during the non-breeding season (Fig. 5).

4. Discussion

Damped stress responses of birds living at high lati-
tudes have been proposed to exist in part to ensure that
parents complete their sole annual reproductive attempt
in the face of challenging environmental conditions
(Breuner et al., 2003; Pereyra and WingWeld, 2003; Prav-
osudov et al., 2002). This “behavioral hypothesis”
(Romero, 2002) however does not explain why our tropi-
cal House Sparrows had lower stress responses than their
temperate counterparts. We hypothesize that other fac-
tors that vary with latitude, speciWcally parasite pressure,
might be more important. Indeed, we found two forms of
evidence for this hypothesis in this study: (i) baseline and
stress-induced levels of CORT were lower in our tropical
sparrows and (ii) artiWcial elevation of CORT suppressed
immune function in our temperate but not our tropical
sparrows. Indeed, similar phenomena have been noted in
some temperate vertebrates, such as the prairie vole
(Microtus ochrogaster; Klein et al., 1996) and breeds of
chickens (Siegel, 1995) and rats (Dhabhar et al., 1995).
Below, we propose several reasons for why this phenome-
non might exist in our tropical House Sparrows and we
identify speciWc physiological mechanisms that could
produce such diVerences.

4.1. Why do CORT and its eVect on immune function vary 
with latitude?

Several hypotheses exist to explain why CORT varies
over space and time (Romero, 2002). Latitudinal varia-
tion in CORT levels (and its eVects on immune activity)
Fig. 4. CORT implantation increases circulating levels of the steroid in non-breeding, but not breeding, House Sparrows from Panama and New Jer-
sey. Bars represent means + 1 SE. Asterisks indicate (marginal) signiWcance (p 6 0.06) by independent contrasts of least squares means.
Fig. 5. CORT implantation suppresses immune activity in temperate House Sparrows during the non-breeding (but not breeding) season, but does

not aVect immune activity in tropical House Sparrows at either time of year. Bars represent means + 1 SE. Letters indicate group membership by
simultaneous Bonferroni post hoc comparisons.
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may be related to diVerent environmental conditions
(Breuner et al., 2003; Pereyra and WingWeld, 2003; Prav-
osudov et al., 2002). DiVerent photoperiods may also be
important, as light levels can aVect both CORT (Rich
and Romero, 2001; but see Breuner et al., 1999; Romero
and Remage-Healey, 2000) and immune function (Bilbo
et al., 2002; Greenman et al., 2005). Further, experiences
during ontogeny may also matter. Stress during develop-
ment, including low protein diets, can lead to weaker
immune activity and exaggerated CORT responses in
many species (Cronjé, 2003; but see Prendergast et al.,
2004).

We propose that latitudinal variation in CORT is
probably strongly inXuenced by the diVerential need of
immune defense in diVerent places and/or at diVerent
times. Indeed, diVerences in the abundance and diversity
of parasites have been experimentally shown to inXuence
the physiological phenotype of animals (Miller et al.,
1997; Starck et al., 2001). We expect then that our tropi-
cal sparrows may maintain low baseline CORT, mount
weak CORT stress responses, and be immunologically
insensitive to CORT as a three-tiered means of defend-
ing themselves against the greater parasite threat that
exists near the equator. This strategy may ensure that
their immune defenses operate at high levels at all times
(Martin et al., 2004; Romero, 2002; Sapolsky et al., 2000)
in spite of the demands and/or self-inXicted damage this
strategy may place on them (Råberg et al., 1998;
Romero, 2002).

Conversely, our temperate sparrows may use CORT
to ensure that their defenses are only activated when
they can aVord them (Martin et al., 2004; Nelson and
Demas, 1996). Indeed, CORT levels in other wild tem-
perate passerines complement this theory. Maximal lev-
els of baseline and stress-induced CORT (Wada and
Shimizu, 2004; Romero, 2002) are usually concurrent
with breeding, the purportedly most costly time of the
year for birds. Similarly, immune defenses are usually
weakest during this same season in most temperate ver-
tebrates (Greenman et al., 2005; Nelson and Demas,
1996). Although few data exist, tropical species’ immune
defenses tend to be seasonally invariant (Demas and
Nelson, 2003; Martin et al., 2004).

4.2. How could latitudinal diVerences in CORT and its 
eVects on immune function arise?

Several physiological mechanisms have been identi-
Wed in vertebrates that could explain the diVerences we
found in CORT and its eVects on cutaneous immune
function in this study (Dhabhar et al., 1993). El-Lethey
et al. (2003) found that chronic stress increased CORT
but only suppressed some immune responses in domestic
chickens (Gallus gallus). In a previous study, we found
that tropical House Sparrows invest more in immune
defense (Martin et al., in revision a) and rely on diVerent
immune cell populations (lymphocytes) than their tem-
perate counterparts when mounting PHA responses
(Martin et al., in revision b). Thus, the immunological
insensitivity to CORT we found in this experiment could
be a consequence of the same challenge inducing diVer-
ent types of immune activity in each population and
only one of these types of defense being sensitive to
CORT (Dinkel et al., 2002; Sapolsky et al., 2000). Indeed,
had we measured a diVerent aspect of immune defense,
we might have obtained a diVerent result altogether
(Schmid-Hempel and Ebert, 2003). Other immune
defenses, like antibody production and acute phase
(fever) responses, may not be aVected by CORT in the
same way as cutaneous immune function induced by
PHA (Dinkel et al., 2002; Sapolsky et al., 2000).

Indeed, the PHA technique may not be an ideal
model for studying the eVects of CORT on cutaneous
immune function because of its lack of resolution. We
initially expected that the aseasonality of stress
responses in our wild temperate birds would result in the
lack of seasonal sensitivity to CORT. We found however
that CORT suppressed immune function in the non-
breeding, but not the breeding season in New Jersey
sparrows. On one hand, this could accurately reXect
immunological insensitivity of the skin to CORT in New
Jersey birds at this time of the year. More likely though,
this is a consequence of the diYculty of detecting diVer-
ences in tissue swellings when the swelling in the control
(sham) groups is already weak for other reasons (Green-
man et al., 2005; Martin et al., 2004).

A diVerent perspective could explain the diVerent cir-
culating CORT levels in our sparrow populations. One
way tropical sparrows might produce less CORT in
response to the same stressor is to alter the sensitivity of
their adrenals to the pituitary-derived hormone, adreno-
corticotropin (ACTH—Romero and WingWeld, 1998,
2001; Romero et al., 1998a) or the sensitivity of their
pituitary glands to the hypothalamus-derived hormones
arginine vasotocin (AVT) and/or corticotrophin releas-
ing factor (CRF—Romero et al., 1998b). Two distinct
mechanisms might underlie the immunological insensi-
tivity to CORT we found in Panamanian sparrows. First,
sparrows might vary in the diversity and density of gluco-
corticoid receptors they maintain. Many of the eVects of
CORT are only invoked when Type II (glucocorticoid)
receptors are activated (Breuner and Orchinik, 2001;
Dhabhar et al., 1995; McEwen et al., 1997; Romero, 2004;
Sapolsky et al., 2000). Thus, tropical sparrows may avoid
cutaneous immunosuppression by preventing hormone
levels from ever increasing to the point that Type I (min-
eralocorticoid) receptors are saturated (Sapolsky et al.,
2000; Spencer et al., 1991). Second, sparrow populations
may diVer in the abundance of binding globulins (CBGs)
they maintain (Breuner et al., 2003). Although the speciWc
function of these molecules remains unclear (Romero,
2004), CBGs could either sequester or facilitate the
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activities of CORT more in one population (Breuner and
Orchinik, 2000, 2002). Perhaps tropical sparrows prevent
the interaction of CORT with their immune tissues/cells
by rendering it functionally inert.

A diVerence in one or more components of the CORT
response may also explain the lack of elevated circulat-
ing levels of CORT in some of our hormone-implanted
birds. Typically, the implantation technique we used
leads to elevation in plasma CORT (DeNardo and
Licht, 1993; Kitaysky et al., 2001; Morici et al., 1997;
Salvante and Williams, 2003), yet we (and others—
Kitaysky et al., 2003) did not Wnd this. We believed ini-
tially that this may have been because of the diVerent
implant techniques we used (sealing both versus one end
of the silastic tube). However in Panama, we used an
identical technique in both seasons; still, CORT was
only elevated in non-breeding birds. Furthermore, it was
clear to us that our treatment had some physiological
eVects: all CORT-implanted birds in both populations
tended to lose mass while sham-implanted birds typi-
cally maintained or gained mass (Fig. 3). Taken together,
it seems that multiple aspects of the CORT stress
response probably vary seasonally, as well as latitudi-
nally, in our birds as they do in other House Sparrow
populations (Breuner and Orchinik, 2001).

In sum, it is clear from our study that latitudinal vari-
ability in CORT levels in House Sparrows occurs and is
functionally signiWcant. In Panama, it appears that the
diVerential need for parasite defense may be more
important than opportunities for breeding for determin-
ing when and how birds use CORT. Still, we cannot yet
conclude that tropical House Sparrows in general have
weaker stress responses or are immunologically insensi-
tive to CORT compared to their temperate relatives.
Such an argument would require explicit testing of mul-
tiple populations from tropical and temperate areas.
Indeed, the diVerences we found could be characteristic
for these two populations alone, and drawing conclu-
sions regarding patterns for temperate and tropical birds
may be premature. Future studies should attempt to: (i)
determine if other House Sparrow populations (and
other resident species) are similarly insensitive to CORT
and (ii) identify if other components of immune defense
are aVected in the same way.

Acknowledgments

We appreciate the assistance of Jason Lewittes and
Monica Pless in the Weld, Monica Pless, Laura Spinney,
and Michaela Hau for assistance with hormone assays,
and Silke Berger, Nicole PerWto, Thomas Roedl, Dustin
Rubenstein, Laura Spinney, and especially L. Michael
Romero for perspective on experimental design and pre-
vious drafts. We thank Orelis Arosemana, Miguel
Chang, Maria Leone, and Ariádna Sanchez for support
in Panama and the management of the Belle Mead
Farmer’s Co-op., the Gordon Dey Farm, and the Prince-
ton Shopping Center in New Jersey. Funding for this
work comes from grants to L.M. from the Frank Chap-
man Memorial Fund of the American Museum of Natu-
ral History, the American Ornithologist’s Union, the
Princeton University Program in Latin American Stud-
ies, the Pew Charitable Trusts Training Program in Bio-
complexity, and the STAR fellowship program from the
US Environmental Protection Agency, to J.G. from the
Times Mirror Magazines Senior Thesis Research Fund,
and to M.W. from NSF-IRCEB #0212587.

References

Bears, H., Smith, J., WingWeld, J., 2003. Adrenocortical sensitivity to
stress in Dark-eyed Juncos (Junco hyemalis oregonus) breeding in
low and high elevation habitat. Ecoscience 10, 127–133.

Bilbo, S., Dhabhar, F., Viswanathan, K., Saul, A., Yellon, S., Nelson,
R., 2002. Short day lengths augment stress-induced leukocyte
traYcking and stress-induced enhancement of skin immune func-
tion. Proc. Natl. Acad. Sci. USA 99, 4067–4072.

Booth, C., Elliott, P., 2003. Hematological responses to hematozoa in
North American and Neotropical songbirds. Comp. Biochem.
Physiol. A 133, 451–467.

Braude, S., Zuleyma, T., Taylor, G., 1999. Stress, testosterone, and the
immunoredistribution hypothesis. Behav. Ecol. 10, 345–350.

Breuner, C., WingWeld, J., Romero, L., 1999. Diel rhythms of basal and
stress-induced corticosterone in a wild, seasonal vertebrate, Gam-
bel’s White-crowned Sparrow. J. Exp. Zool. 284, 334–342.

Breuner, C., Orchinik, M., 2000. Downstream from corticosterone: sea-
sonality of binding globulins, receptors and behavior in the avian
stress response. In: Dawson, A., Chaturvedi, C. (Eds.), Avian Endo-
crinology. Narosa Publishing House, Naroda, India, pp. 1–12.

Breuner, C., Orchinik, M., 2001. Seasonal regulation of membrane and
intracellular corticosteroid receptors in the House Sparrow brain. J.
Neuroendocrinol. 13, 412–420.

Breuner, C., Orchinik, M., 2002. Beyond carrier proteins: plasma bind-
ing proteins as mediators of corticosteroid action in vertebrates. J.
Endocrinol. 175, 99–112.

Breuner, C., Orchinik, M., Hahn, T., Meddle, S., Moore, I., Owen-Ash-
ley, N., Sperry, T., WingWeld, J., 2003. DiVerential mechanisms for
regulation of the stress response across latitudinal gradients. Am. J.
Physiol. Integr. Comp. Physiol. 285, R594–R600.

Buttemer, W., Astheimer, L., WingWeld, J., 1991. The eVect of cortico-
sterone on standard metabolic rates of small passerine birds. J.
Comp. Physiol. B 161, 427–431.

Canoine, V., Hayden, T., Rowe, K., Goymann, W., 2002. The stress
response of European Stonechats depends on the type of stressor.
Behaviour 139, 1303–1311.

Connell, J., 1971. On the role of natural enemies in preventing compet-
itive exclusion in some marine animals and in rain forest trees. In:
den Boer, P., Gradwell, G. (Eds.), Dynamics of Populations: Pro-
ceedings of the Advanced Study Institute on Dynamics of Numbers
in Populations, Wageningen, The Netherlands, pp. 298–312.

Cronjé, P., 2003. Foetal programming of immune competence. Aus. J.
Exp. Agric. 43, 1427–1430.

Demas, G., Nelson, R., 2003. Lack of photoperiodic changes in
humoral or cell-mediated immunity in a desert-dwelling rodent,
Peromyscus aztecus. J. Comp. Physiol. B 173, 171–176.

Demas, G., 2004. The energetics of immunity: a neuroendocrine link
between energy balance and immune function. Horm. Behav. 45,
173–180.



134 L.B. Martin II et al. / General and Comparative Endocrinology 140 (2005) 126–135
DeNardo, D., Licht, P., 1993. EVects of corticosterone on social behav-
ior of male lizards. Horm. Behav. 27, 184–199.

Dhabhar, F., McEwen, B., Spencer, R., 1993. Stress response, adrenal
steroid receptor levels, and corticosteroid binding globulin levels—
a comparison between Sprague–Dawley, Fischer 344, and Lewis
rats. Brain Res. 616, 89–98.

Dhabhar, F., Miller, A., McEwen, B., Spencer, R., 1995. DiVerential
activation of adrenal steroid receptors in neural and immune tis-
sues of Sprague–Dawley, Fischer 344, and Lewis rats. J. Neuroim-
munol. 56, 77–90.

Dhabhar, F., Miller, A., McEwen, B., Spencer, R., 1996. Stress-induced
changes in blood leukocyte distribution: role of adrenal steroid
hormones. J. Immunol. 157, 1638–1644.

Dhabhar, F., McEwen, B., 1997. Acute stress enhances while chronic
stress suppresses cell-mediated immunity in vivo: a potential role
for leukocyte traYcking. Brain Behav. Immun. 11, 286–306.

Dhabhar, F., McEwen, B., 1999. Enhancing versus suppressive eVects
of stress hormones on skin immune function. Proc. Natl. Acad. Sci.
USA 96, 1059–1064.

Dinkel, K., Ogle, W., Sapolsky, R., 2002. Glucocorticoids and central
nervous system inXammation. J. Neurovirol. 8, 513–528.

El-Lethey, H., Huber-Eicher, B., Jungi, T., 2003. Exploration of stress-
induced immunosuppression in chickens reveals both stress-resis-
tant and stress-susceptible antigen responses. Vet. Immunol. Immu-
nopathol. 95, 91–101.

Evans, M., Goldsmith, A., Norris, S., 2000. The eVects of testosterone
on antibody production and plumage coloration in male house
sparrows (Passer domesticus). Behav. Ecol. Sociobiol. 47, 156–163.

Goto, N., Kodama, H., Okada, K., Fujimoto, Y., 1978. Suppression of
phytohemagglutinin skin response in thymectomized chickens.
Poul. Sci. 57, 246–250.

Greenman, C., Martin, L., Hau, M., 2005. Reproductive state, but not
testosterone, reduces immune function in male house sparrows
(Passer domesticus). Physiol. Biochem. Zool., in press.

Hau, M., Wikelski, M., Soma, K., WingWeld, J., 2000. Testosterone and
year-round territoriality in a tropical bird. Gen. Comp. Endocrinol.
117, 20–33.

Homan, R., Regosin, J., Rodrigues, D., Reed, J., Windmiller, B.,
Romero, L., 2003. Impacts of varying habitat quality on the physio-
logical stress of spotted salamanders (Ambystoma maculatum).
Anim. Conserv. 6, 11–18.

Janzen, D., 1970. Herbivores and the number of tree species in tropical
forests. Am. Nat. 104, 501–528.

Kitaysky, A., WingWeld, J., Piatt, J., 2001. Corticosterone facilitates
begging and aVects resource allocation in the black-legged kitti-
wake. Behav. Ecol. 12, 619–625.

Kitaysky, A., Kitaiskaia, E., Piatt, J., WingWeld, J., 2003. BeneWts and
costs of increased levels of corticosterone in seabird chicks. Horm.
Behav. 43, 140–149.

Klein, S., Taymans, S., DeVries, A., Nelson, R., 1996. Cellular immu-
nity is not compromised by high serum corticosterone levels in
prairie voles. Am. J. Physiol. 271, R1608–R1613.

Lindström, K., Foufopoulos, J., Pärn, H., Wikelski, M., 2004. Immuno-
logical investments reXect parasite abundance in island populations
of Darwin’s Wnches. Proc. R. Soc. Lond. B 271, 1513–1519.

Love, O., Breuner, C., Vezina, F., Williams, T., 2004. Mediation of a
corticosterone-induced reproductive conXict. Horm. Behav. 46, 59–
65.

Martin, L., Scheuerlein, A., Wikelski, M., 2003. Immune activity ele-
vates energy expenditure of House Sparrows: a link between direct
and indirect costs?. Proc. R. Soc. Lond. B 270, 153–158.

Martin, L., Pless, M., Svoboda, J., Wikelski, M., 2004. Immune activity
in temperate and tropical House Sparrows: a common garden
experiment. Ecology 85, 2323–2331.

Martin, L., Hasselquist, D., Wikelski, M. Immune defense and life his-
tory in the House Sparrow: jack of all trades or master of some? In
review, a.
Martin, L., Lewittes, J., Klasing, K., Wikelski, M., Using the phytohem-
agglutinin skin test to assess immunocompetence: are measure-
ments of swelling enough? In review, b.

McEwen, B., Biron, C., Brunson, K., Bulloch, K., Chambers, W., Dhab-
har, F., Goldfarb, R., Kitson, R., Miller, A., Spencer, R., Weiss, J.,
1997. The role of adrenalcorticoids as modulators of immune func-
tion in health and disease: neural, endocrine, and immune interac-
tions. Brain Res. Rev. 23, 79–133.

Miller, A., Spencer, R., Pearce, B., Pisell, T., Tanapar, P., Leung, J.,
Dhabhar, F., McEwen, B., Biron, C., 1997. EVects of viral infection
on corticosterone secretion and glucocorticoid resistance in
immune tissues. Psychoneuroendocrinology 22, 455–474.

Morici, L., Elsey, R., Lance, V., 1997. EVects of long-term corticoste-
rone implants on growth and immune function in juvenile alliga-
tors, Alligator mississippiensis. J. Exp. Zool. 279, 156–162.

Nelson, R., Demas, G., 1996. Seasonal changes in immune function. Q.
Rev. Biol. 71, 511–548.

PerWto, N., Schirato, G., Brown, M., WingWeld, J., 2002. Response to
acute stress in the Harlequin Duck (Histrionicus histrionicus) dur-
ing the breeding season and moult: relationships to gender, condi-
tion, and life-history stage. Can. J. Zool. 80, 1334–1343.

Pereyra, M., WingWeld, J., 2003. Changes in plasma corticosterone and
adrenocortical response to stress during the breeding cycle in high
altitude Xycatchers. Gen. Comp. Endocrinol. 130, 222–231.

Pless, M., Martin, L., Wikelski, M., Seasonality of blood and ectopara-
site infections in temperate and tropical House Sparrows. In review.

Pravosudov, V., Kitaysky, A., WingWeld, J., Clayton, N., 2001. Long-
term unpredictable foraging conditions and physiological stress
response in mountain chickadees (Poecile gambeli). Proc. R. Soc.
Lond. B 268, 363–368.

Pravosudov, V., Kitaysky, A., Saldanha, C., WingWeld, J., Clayton, N.,
2002. The eVect of photoperiod on adrenocortical stress response in
Mountain Chickadees (Poecile gambeli). Gen. Comp. Endocrinol.
126, 242–248.

Pravosudov, V., Kitaysky, A., WingWeld, J., Clayton, N., 2004. No lati-
tudinal diVerences in adrenocortical stress response in wintering
black-capped chickadees (Poecile atricapilla). Comp. Biochem.
Physiol. A 137, 95–103.

Prendergast, B., Bilbo, S., Dhabhar, F., Nelson, R., 2004. EVects of pho-
toperiod history on immune responses to intermediate day lengths
in Siberian hamsters (Phodopus sungorus). J. Neuroimmunol. 149,
31–39.

Råberg, L., Grahn, M., Hasselquist, D., Svensson, E., 1998. On the
adaptive signiWcance of stress induced immunosuppression. Proc.
R. Soc. Lond. B 265, 1637–1641.

Rich, E., Romero, L., 2001. Daily and photoperiod variations of basal
and stress-induced corticosterone concentrations in House Spar-
rows (Passer domesticus). J. Comp. Physiol. B 171, 543–547.

Ricklefs, R., 1992. Embryonic development period and the prevalence
of avian blood parasites. Proc. Natl. Acad. Sci. USA 89, 4722–4725.

Romero, L., WingWeld, J., 1998. Seasonal changes in adrenal sensitivity
alter corticosterone levels in Gambel’s White-crowned Sparrows
(Zonotrichia leucophrys gambelii). Comp. Biochem. Physiol. 119,
31–36.

Romero, L., Soma, K., WingWeld, J., 1998a. Hypothalamic–pituitary–
adrenal axis changes allow seasonal modulation of corticosterone
in a bird. Am. J. Physiol. 274, R1338–1344.

Romero, L., Soma, K., WingWeld, J., 1998b. Changes in pituitary and
adrenal sensitivities allow the snow bunting (Plectrophenax nivalis),
an Arctic-breeding song bird, to modulate corticosterone release
seasonally. J. Comp. Physiol. B 168, 353–358.

Romero, L., Remage-Healey, L., 2000. Daily and seasonal variation in
response to stress in captive starlings (Sturnus vulgaris): corticoste-
rone. Gen. Comp. Endocrinol. 119, 52–59.

Romero, L., WingWeld, J., 2001. Regulation of the hypothalamic–pitui-
tary–adrenal axis in free-living pigeons. J. Comp. Physiol. B 171,
231–235.



L.B. Martin II et al. / General and Comparative Endocrinology 140 (2005) 126–135 135
Romero, L., Wikelski, M., 2002. Exposure to tourism reduces stress-
induced corticosterone levels in Galápagos marine iguanas. Biol.
Conserv. 108, 371–374.

Romero, L., 2002. Seasonal changes in plasma glucocorticoid concen-
trations in free-living vertebrates. Gen. Comp. Endocrinol. 128, 1–
24.

Romero, L., Romero, R., 2002. Corticosterone responses in wild
birds: the importance of rapid initial sampling. Condor 104, 129–
135.

Romero, L., 2004. Physiological stress in ecology: lessons from bio-
medical research. TREE 19, 249–255.

Salvante, K., Williams, T., 2003. EVects of corticosterone on the pro-
portion of breeding females, reproductive output, and yolk precur-
sor levels. Gen. Comp. Endocrinol. 130, 205–214.

Sapolsky, R., 1992. Neuroendocrinology of the stress-response. In:
Becker, J., Breedlove, S., Crews, D. (Eds.), Behavioral Endocrinol-
ogy. MIT Press, Cambridge, pp. 287–324.

Sapolsky, R., Romero, L., Munck, A., 2000. How do glucocorticoids
inXuence stress responses? Integrating permissive, suppressive,
stimulatory, and preparative actions. Endocr. Rev. 21, 55–89.

Scheuerlein, A., Van’t Hof, T., Gwinner, E., 2001. Predators as stres-
sors? Physiological and reproductive consequences of predation
risk in tropical stonechats (Saxicola torquata axillaris). Proc. R.
Soc. Lond. B 268, 1575–1582.

Schmid-Hempel, P., Ebert, D., 2003. On the evolutionary ecology of
speciWc immune defence. TREE 18, 27–32.

Schwabl, H., 1999. Developmental changes and among-sibling varia-
tion of corticosterone levels in an altricial avian species. Gen.
Comp. Endocrinol. 116, 403–408.

Siegel, H., 1995. Stress, strains, and resistance. Br. Poul. Sci. 36, 3–22.
Silverin, B., WingWeld, J., 1998. Adrenocortical responses to stress in

breeding Pied Flycatchers Ficedula hypoleuca: relation to latitude,
sex, and mating status. J. Avian Bio. 29, 228–234.

Smits, J., Bortolotti, G., Tella, J., 1999. Simplifying the phytohemagglu-
tinin skin-testing technique in studies of avian immunocompetence.
Functional Ecology 13, 567–572.

Spencer, R., Miller, A., Stein, M., McEwen, B., 1991. Corticosterone
regulation of Type I and Type II adrenal steroid receptors in brain,
pituitary, and immune tissue. Brain Res. 549, 236–246.
Stadecker, M., Lukic, M., Dvorak, A., Leskowitz, S., 1977. The cutane-
ous basophil response to phytohemagglutinin in chickens. J. Immu-
nol. 118, 1564–1568.

Starck, J., Avitsur, R., Padgett, B., Campbell, K., Beck, F., Sheridan, J.,
2001. Social stress induces glucocorticoid resistance in macro-
phages. Am. J. Physiol. 280, R1799–R1805.

Summers-Smith, J., 1988. The Sparrows: A study of the genus. Passer.
T & AD Poyser, StaVordshier, England.

Wada, M., Shimizu, T., 2004. Seasonal changes in adrenocortical
responses to acute stress in polygynous male bush warblers (Cettia
diphone). Gen. Comp. Endocrinol. 135, 193–200.

Wikelski, M., Lynn, S., Breuner, C., WingWeld, J., Kenagy, G., 1999a.
Energy metabolism, testosterone and corticosterone in white-
crowned sparrows. J. Comp. Physiol. A 185, 463–470.

Wikelski, M., Hau, M., WingWeld, J., 1999b. Social instability increases
testosterone year-round in a tropical bird. Proc. R. Soc. Lond. B
266, 551–556.

Wilson, B., WingWeld, J., 1994. Seasonal and interpopulational varia-
tion in plasma levels of corticosterone in the side-blotched lizard
(Uta stanisburiana). Physiol. Zool. 4, 1025–1049.

WingWeld, J., Farner, D., 1975. The determination of Wve steroids in
avian plasma by radioimmunoassay and competitive protein bind-
ing. Steroids 26, 311–327.

WingWeld, J., Smith, J., Farner, D., 1982. Endocrine responses to stress
of white-crowned sparrows to environmental stress. Condor 84,
399–409.

WingWeld, J., Moore, M., Farner, D., 1983. Endocrine responses to
inclement weather in naturally breeding populations of White-
crowned Sparrow (Zonotrichia leucophrys). Auk 100, 56–62.

WingWeld, J., Maney, D., Breuner, C., Jacobs, J., Lynn, S., Ramenofsky,
M., Richardson, R., 1998. Ecological bases of hormone–behavior
interactions: the “emergency life history stage”. Am. Zool. 38, 191–
206.

WingWeld, J., Romero, L., 2001. Adrenocortical responses to stress and
their modulation in free-living vertebrates. In: McEwen, B., Good-
man, H. (Eds.), Handbook of Physiology, Section 7: The Endocrine
System, vol. IV: Coping with the Environment: Neural and Endo-
crine Mechanisms. Oxford University Press, New York, pp. 211–
234.


	Corticosterone suppresses cutaneous immune function in temperate but not tropical House Sparrows, Passer domesticus
	Introduction
	Methods
	Study species
	Circulating CORT level comparisons
	CORT-phytohemagglutinin experimental protocol
	Immune challenge
	Radioimmunoassay
	Statistical analysis

	Results
	CORT stress responses
	CORT-PHA experiment
	Effects of implants on body mass and plasma CORT
	Effects of implants on the PHA wing-web swelling response


	Discussion
	Why do CORT and its effect on immune function vary with latitude?
	How could latitudinal differences in CORT and its effects on immune function arise?

	Acknowledgments
	References


