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hormones released from adrenal
tissue in response to stressful stimuli. Upon perception of
stress, the avian hypothalamus is activated to secrete arginine
vasotocin (AVT, a congener of the mammalian arginine vasopressin) and corticotropin-releasing factor (CRF), which stimulate the pituitary to release adrenocorticotropin (ACTH), in
turn, causing the release of glucocorticoids from the adrenals
(7, 8). This pathway constitutes the hypothalamic-pituitaryadrenal (HPA) axis, and its activation is one component of the
physiological stress response. This response is believed to be
aimed at maintaining or restoring homeostasis, thereby helping
the animal to survive a stressful episode (45, 50). The primary
avian glucocorticoid is corticosterone (CORT) (22).
The presumed benefits of an acute activation of the HPA
axis contrast with chronic activation. Various deleterious effects of chronic CORT elevation have been documented in
many species, including suppression of reproductive function
and behavior, immune system suppression, muscle wasting,
growth suppression, and neuronal cell death (45, 49). Chronic
stress generally produces chronic elevations in baseline CORT
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concentrations. However, studies of chronically stressed rats
indicate that facilitation of the HPA axis takes place to maintain responsiveness to acute stressors (11, 13, 25), perhaps by
increasing the role of vasopressin over CRF in the release of
ACTH (1, 16, 17). Therefore, animals must avoid chronic
stress situations if they are to remain healthy, especially in the
cases of endangered species, captive, domesticated, or hospitalized animals.
Studies in conservation biology have begun to focus on the
effects of chronic stress in free-living populations. Examples
include studies on the hormonal effects of oiling due to a tanker
spill on a breeding colony of Magellanic penguins (Spheniscus
magellanicus) and the efficacy of washing oiled birds in
reducing stress (19); correlations between fecal steroids and
predation threat, food accessibility, and individual social status
in female ring-tailed lemurs Lemur catta (9); and measurements of CORT in Galapagos marine iguanas (Amblyrhynchus
cristatus) under famine conditions of a severe El Niño (39). To
fully understand the field data being collected, it is imperative
that the physiology of chronic stress in nonmammalian species
be characterized under controlled, laboratory conditions. It
must be determined whether high CORT concentrations in wild
animals are results of the presumed stressor per se, or reflections of natural variation (e.g., 12, 14, 34),
Our research subjects were European starlings (Sturnus
vulgaris), a common species in North America that have been
used in previous studies of avian stress (15, 36). In this study,
our first goal was to compare CORT responses after acute
stress under normal laboratory conditions to CORT responses
under chronic stress conditions. This required developing a
protocol for imposing chronic stress in the laboratory by using
repeated unpredictable stressors to elicit multiple acute stress
responses each day (13). All stressors used were tested initially
to ensure that they elicited a rise in CORT.
Our second goal was to determine whether the different
CORT responses under acute and chronic stress were associated with different HPA function. We tested three aspects of
HPA function: pituitary responsiveness to exogenous AVT and
CRF; adrenal tissue responsiveness to exogenous ACTH; and
the efficacy of negative feedback using the synthetic glucocorticoid dexamethasone (DEX). The mechanism that alters
CORT release could be a function of the adrenal tissue itself,
through downregulation of ACTH receptors or a decreased
ability to manufacture the steroids. On the other hand, the
adrenal tissue could be unchanged, and the mechanism may lie
at the level of the pituitary and a decreased secretion of ACTH.
If pituitary release of ACTH is also unchanged; however, the
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doi:10.1152/ajpregu.00484.2004.—We used captive European starlings (Sturnus vulgaris) to test whether corticosterone responses
differed in birds held under normal laboratory conditions or conditions of chronic stress. Surprisingly, both basal corticosterone concentrations and corticosterone responses to acute stress were significantly reduced when birds were chronically stressed. To determine the
mechanism underlying this reduced response, animals under both
conditions were injected with lactated Ringer’s solution (control),
adrenocorticotropin (ACTH), arginine vasotocin (AVT), or dexamethasone (DEX). ACTH increased corticosterone concentrations above
stress-induced levels in both cases, although maximum responses
were lower in chronically stressed birds. AVT did not augment the
corticosterone response under nonchronically stressed conditions, but
it did under chronically stressed conditions. DEX reduced maximal
corticosterone concentrations in both cases. Neither ovine nor rat
corticotropin-releasing factor (CRF) altered normal stress responses.
These data indicate that changes in responsiveness of the hypothalamic-pituitary-adrenal axis to ACTH and AVT serve to downregulate
corticosterone responses during chronic stress. Furthermore, these
data lead to the following hypothesis: ACTH output from the pituitary
limits maximum corticosterone concentrations under normal conditions, but reduced AVT release from the hypothalamus regulates
lower corticosterone concentrations under chronic stress conditions.
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mechanism of regulation likely occurs above the pituitary, at
the level of the hypothalamus and the secretion of AVT and/or
CRF (33, 38). This latter case may reflect changes in CORT
negative feedback.
METHODS

AJP-Regul Integr Comp Physiol • VOL

288 • JUNE 2005 •

www.ajpregu.org

Downloaded from http://ajpregu.physiology.org/ by 10.220.32.246 on October 6, 2016

Ten European starlings were trapped from the wild in early December 2000, using mist nets, and housed communally in an indoor
flight aviary until commencement of the experiment. During all
phases of the experiment, birds were housed individually within a
common room and given food and water ad libitum. The light cycle
in the isolation room was fixed at 13:11-h light-dark cycle. All tests
involving sample collection began at midday (between 5 and 7.5 h
after lights-on) to control for daily hormonal fluctuation (36). Birds
were given approximately two weeks to acclimate to conditions in the
isolation room before experimentation. Birds were a mixture of males
and females, because earlier work indicated no sex differences in
CORT stress responses in captive starlings (36). All experiments were
conducted according to Association for Assessment of Laboratory
Animal Care guidelines and approved by the Tufts Institutional
Animal Care and Use Committee.
Dose-response curves. Dose-dependent CORT responses to injection of exogenous ACTH, CRF, or dexamethasone (DEX, a synthetic
glucocorticoid) were measured in each of the 10 birds, and responses
from appropriate doses were used to compare with responses during
chronic stress. CORT responses to AVT were also measured using a
4-g subcutaneous injection. This dose was determined to be optimal
in a previous experiment (B. Nephew, unpublished data). Intravenous
injections were given in the jugular vein, and subcutaneous injections
were given near the jugular vein. The jugular lies near the skin in this
species and is easily visualized for injection. Since injection sites were
similar, identical handling occurred in both cases, and the same
intravenous Ringer solution injections were used as a control.
Porcine ACTH doses evaluated were 50 IU/kg, 100 IU/kg, and 200
IU/kg, dissolved in lactated Ringer solution and injected intravenously
(40). Ovine CRF (oCRF; 30, 47) in Ringer solution was given in doses
of 3 g/kg, 6 g/kg, and 9 g/kg intravenously (38, 41), and 2 g, 4
g, and 8 g subcutaneously (a range of doses that corresponds to the
4-g subcutaneous dose of AVT previously shown to work; B.
Nephew, unpublished data). DEX that was dissolved in EtOH and
diluted with Ringer solution was injected intravenously in doses of 0.5
g/kg, 2 g/kg, 5 g/kg, and 10 g/kg (48). All weight-dependent
doses were standardized for a 75-g bird, and given in 10 l. A 10-l
intravenous injection of Ringer solution only served to control for the
stress of injection. All hormones were from Sigma Chemical.
By using a protocol of injection followed by acute stress, we
attempted to monitor the magnitude and duration of the CORT stress
response. Passerine species take ⬃3 min to exhibit an appreciable rise
in plasma CORT concentrations in response to acute stress (52).
Therefore, blood samples collected within 3 min of disturbance
(experimenter entering isolation room) are assumed to reflect CORT
levels before disturbance. In all sampling sequences, initial samples
were taken within 3 min of entrance into the experimental room to
monitor basal CORT concentrations. Birds were then injected with
either 10 l of lactated Ringer solution or hormone, always within 10
min of the initial disturbance and subsequently restrained in cloth bags
to elicit an acute stress response. Blood samples were collected again
at 30 min, after which birds were returned to their cages and the
experimenter left the room, thus removing any further stressful stimuli. At 1 h and 4 h, a third and fourth blood sample was taken, each
within 3 min of reentry into isolation room.
Two more stress protocols were used to further examine the effects
of the exogenous hormones on CORT levels. In the “no-restraint”
protocol, basal samples were collected, and birds were injected as
previously described. Birds were then returned to their cages immediately after injection, and the experimenter left the room. At 30 min

and 60 min, samples were collected, each within 3 min of reentry.
This protocol was carried out with intravenous injections of a Ringer
solution (control), 9 g/kg oCRF, 9 g/kg rat CRF (rCRF), and
subcutaneous injection of 4 g AVT.
Effects of DEX were further elucidated through the use of a 60-min
restraint protocol. The rapid drop in CORT levels after acute stress in
controls was somewhat unexpected and made it difficult to discern
any further decreases in CORT due to DEX. We therefore used the
60-min restraint protocol, extending the time of stressful stimulation
to allow negative feedback to take effect. Basal samples were collected, and injections were given as previously described. Birds were
restrained in bags for 60 min, with samples collected at 30 and 60 min,
and then returned to their cages. Samples were collected at 4 h to
measure recovery. This protocol was carried out with intravenous
injections of a Ringer solution control, 5 g/kg and 10 g/kg DEX,
and 5 g/kg DEX followed by a second injection of 100 IU/kg ACTH
at 30 min.
Sampling consisted of puncturing the brachial wing vein and
collecting 60 –100 l of blood in heparinized capillary tubes. Samples
were centrifuged at 400 g for 10 min. Plasma was extracted and frozen
until analyzed. Plasma CORT concentrations were measured by radioimmunoassay as described by Wingfield et al. (53). Data were
analyzed using repeated-measures ANOVA.
This period of testing was spaced over 6 mo. Birds were sampled
in groups of five, and the hormones and doses to be tested on a given
day were selected at random. No bird was tested on two consecutive
days or more than twice per week. Birds were weighed periodically
for the first 4 mo.
Stress tests. “Stress tests” were performed to test the efficacy of
various stimuli at eliciting a CORT stress response. Five starlings, not
used in the rest of the experiment, were housed individually in the
isolation room with the experimental birds. After acclimating to the
room, they were tested with the following six stressors. 1) In the
“restraint” treatment, birds were held in cloth bags for the 30-min
stress period. This is the typical restraint stress used in other parts of
the experiment. 2) In the “cage disturbances” treatment, birds were
returned to their cages after basal samples were collected. The
experimenter then remained in the room and disturbed each individual’s cage by rattling, tapping the front, top, or sides, or opening and
shutting the cage door. Each disturbance was brief but occurred
approximately every 2 min for the 30-min period. 3) In the “crowding” treatment, all five birds were placed in a single novel cage after
basal samples were collected. The cage measured ⬃34 ⫻ 38 ⫻ 45 cm,
the same size as cages that the birds were housed in individually. 4)
In the “music” treatment, birds were returned to their cages after basal
samples were collected. A radio tuned to a local music station was
placed in the isolation room with the volume set to approximate
normal to loud talking for 30 min. 5) In the “tube” treatment, all birds
were placed in a transparent tube ⬃13 cm in height and 10 cm in
width. This allowed the birds to stand upright but not to fly, and to
walk only the axis of the tube. The length was ⬃1 m, and five birds
were put in the tube at once. 6) In the “roller cart” treatment, birds
were returned to their cages after basal samples were collected. All
cages were then placed on a two-level wheeled cart. The cart was
rolled back and forth continuously for 30 min, so that birds had
difficulty standing on the perches and frequently chose to sit on the
floor of the cage. All six stressors were intended to elicit mild to
moderate psychological stress without any physical discomfort.
In all cases, a basal blood sample was collected within 3 min of
disturbance. Birds were then subjected to the stressor for 30 min, at
which time a second sample was taken. If the treatment did not require
an experimenter to be present, 30-min samples were taken within 3
min of re-entry to ensure that CORT responses were resulting from
the intended stressor. The treatment was then terminated, and birds
were left in their cages until a final sample was collected at 60 min,
also within 3 min of disturbance. This period of testing was spaced
over 3 weeks. No bird was tested on two consecutive days or more
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and to the same injections under nonchronically stressed conditions.
(Note that each bird was tested under both conditions).
Weight data were grouped similarly to CORT data, so that mean
weight was found for 10 birds measured over 2 days, compared with
the same 10 birds weighed over the following 2 days, and so on. The
statistical analysis was performed with raw weight data, but weights
were converted to percentages of starting body weights (weight on
days 1 and 2) for graphical presentation.
RESULTS

Dose-response curves. There were no significant differences
in basal CORT levels (taken within 3 min of entering isolation
room) across all dose-response trials (F13,117 ⫽ 0.76, P ⫽
0.70).
ACTH. Injections of exogenous ACTH (Fig. 1) significantly
elevated CORT levels above controls in all three doses (overall
effect of dose F3,36 ⫽ 6.92, P ⬍ 0.001; effect of time after
injection F3,108 ⫽ 115, P ⬍ 0.0001; interaction between dose
and time F9,108 ⫽ 6.76, P ⬍ 0.0001). Elevated CORT concentrations were measured at 30 min and 60 min with ACTH
injection, but CORT levels were unaffected at 4 h. Doses of 50
IU/kg and 100 IU/kg produced equal-intensity CORT responses at 30 and 60 min, whereas 200 IU/kg produced a
somewhat blunted response. We chose to use 100 IU/kg ACTH
as the dose in the chronic stress study because it was effective
and has been used in previous studies (see DISCUSSION).
CRF and AVT. Injections of exogenous ovine CRF did not
affect the CORT response compared with controls in six
concentrations given either intravenously (3 g/kg, 6 g/kg, 9
g/kg iv, overall effect of dose F3,36 ⫽ 0.02, P ⫽ 0.99; effect
of time after injection F3,108 ⫽ 46, P ⬍ 0.0001; interaction
between dose and time F9,108 ⫽ 0.37, P ⫽ 0.95, Fig. 2A) or
subcutaneously (0.5 g, 4 g, 8 g sc, overall effect of dose
F3,36⫽1.72, P ⫽ 0.09; effect of time after injection F3,108 ⫽
64.1, P ⬍ 0.0001; interaction between dose and time F9,108 ⫽
1.86, P ⫽ 0.07, Fig. 2B). Both oCRF and rCRF were also
ineffective at a dose of 9 g/kg administered intravenously
when handling was not accompanied by prolonged restraint
(no-restraint protocol), compared with a Ringer solution injec-

Fig. 1. Corticosterone (CORT) responses to 30 min of restraint (indicated by
solid bar) with injection of Ringer control or adrenocorticotropin (ACTH),
over a 4-h period. All injections were intravenous, and birds were released to
cages at 30 min. Each point represents mean CORT concentrations ⫾ SE. n ⫽
10 for all doses. *Different from controls (see text).

AJP-Regul Integr Comp Physiol • VOL

288 • JUNE 2005 •

www.ajpregu.org

Downloaded from http://ajpregu.physiology.org/ by 10.220.32.246 on October 6, 2016

than twice per week. Data were analyzed by repeated-measures
ANOVA.
To ensure that any rise in CORT concentrations was due to the
stressful stimuli rather than the stress of the sampling protocol itself,
the previously described sampling sequence was done with no stress
(control) during the first 30-min period. That is, basal samples were
collected, birds were returned to their cages, and the experimenter left
the room. Subsequently, 30-min and 60-min samples were taken, with
birds returned to cages in between.
Chronic stress. For the duration of the chronic stress experiment,
the 10 experimental birds were maintained under conditions identical
to the dose-response experiments. The birds were subjected to one of
the six stressors previously described for 30 min four to five times per
day. No stressor was used twice in one day on the same bird. The
order of the stressors was chosen at random each day, and time
schedules were not rigidly kept, all in effort to maintain the unpredictability of the events (11, 13, 43). Stressors were usually 2 to 3 h
apart, beginning between 1.5 and 3.5 h after lights-on. At least one
stress per day occurred after lights-off. Stressors performed during
lights-off were done under blue light, which cannot penetrate the
avian skull to stimulate photoreceptors on the pineal body (29).
During days 1 through 10 of the chronic stress period, blood
samples were taken to monitor changes in the CORT response over
time. Sampling was always done at midday (between 5.5 and 7.5 h
after lights-on) and at least 2 h after the previous stressor. Baseline
samples were collected within 3 min of disturbance. Birds were then
held in cloth bags for 30 min, at which time a 30-min sample was
taken to measure the acute stress response. Birds were then returned
to their cages, and the experimenter left the room. A final sample was
collected at 60 min, within 3 min of reentry, to measure duration of
the acute response. Birds were sampled in groups of five every other
day, omitting every fifth day for extra recovery. On the day that a
group was not being sampled, they were weighed to monitor each
individual for significant weight loss.
Comparing acute response with and without chronic stress. During
days 11 through 20 of the chronic stress period, the protocol remained
the same, but the blood sampling occurred in conjunction with
hormone injections. Basal samples were collected, and injections of
intravenous Ringer solution (control), 100 IU/kg iv ACTH, or 4 g sc
AVT were given within 10 min. These doses were chosen from the
results of the dose-response experiments (see RESULTS section). Birds
were then held in cloth bags for 30 min, sampled again, and released
to their cages. The experimenter left the room and returned to take a
blood sample at 60 min. The previously described 60-min restraint
protocol was used with injections of Ringer solution control and 5
g/kg DEX.
The two groups of five birds were sampled and weighed on
alternating days. The order of hormones tested was random. However,
each hormone was administered to one group of five birds during days
11 through 15 and to the remaining group during days 16 through 20.
This was done so that each hormone would be tested in the middle and
at the end of the chronic stress period, reducing any effects of
progressive changes that might occur during the course of days 11
through 20.
After day 20, the chronic stress protocol ended. All birds were then
bled and weighed three further times to monitor their recovery.
Data analysis. All data were analyzed by repeated-measures
ANOVA. For days 1 through 10, CORT data from 2 days were
grouped, because half of the birds were sampled each day. For
injection data, the 10 birds injected with the same hormone were
grouped, although injections may have occurred days apart. CORT
data for basal samples were compared over the entire 20-day chronic
stress period, as they were not affected by injection. Thirty- and
sixty-minute samples were also analyzed over the first 10 days for
trends associated with the onset and progression of chronic stress.
CORT responses to hormone injection were compared with controls
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tion by the same no-restraint protocol (overall effect of dose
F2,26 ⫽ 0.08, P ⫽ 0.92; effect of time after injection
F2,52 ⫽ 6.78, P ⬍ 0.005; interaction between dose and time
F4,52 ⫽ 0.49, P ⫽ 0.75, Fig. 2C). Because CRF was ineffective
at changing CORT levels, it was omitted during the chronic
stress experiments (see below).
A known-effective dose of AVT (4 g) administered subcutaneously caused a significant increase in CORT release over
time, compared with controls (overall effect of AVT F1,18 ⫽
9.0, P ⬍ 0.01; effect of time after injection F3,54 ⫽ 52, P ⬍
0.0001; interaction between AVT and time F3,54 ⫽ 14.8, P ⬍
0.0001, Fig. 2D). CORT levels after AVT injection were not
significantly higher than stress-induced levels at 30 min, but
remained at the same elevated levels at 60 min, unlike controls.
Four micrograms of AVT that were administered in the norestraint protocol also succeeded in significantly elevating
CORT levels above controls (overall effect of AVT F1,17 ⫽
7.48, P ⬍ 0.02; effect of time after injection F2,34 ⫽ 12.3, P ⬍
0.0001; interaction between AVT and time F2,34 ⫽ 4.21, P ⬍
0.03, Fig. 2C).
DEX. Injections of three doses of exogenous DEX (0.5
g/kg, 2 g/kg, 5 g/kg iv administered) were ineffective at
significantly lowering stress-induced or poststress CORT levels compared with controls (overall effect of dose F3,36 ⫽ 1.71,
P ⫽ 0.18; effect of time after injection F3,108 ⫽ 65, P ⬍
0.0001; interaction between dose and time F9,108 ⫽ 0.78, P ⫽
0.63, Fig. 3A). CORT appeared to decrease at 60 min after
injection of 0.5 g/kg and 5 g/kg DEX; however, the rapid
return to near-basal levels in controls made detection of negative feedback effects impossible. Doses of 5 g/kg and 10

g/kg DEX significantly lowered stress-induced CORT at 60
min, compared with controls, when the stress response was
maintained by an extended period of restraint (overall effect of
hormone F2,27 ⫽ 3.70, P ⬍ 0.04; effect of time after injection
F3,81 ⫽ 128, P ⬍ 0.0001; interaction between hormone injection and time F6,81 ⫽ 4.24, P ⬍ 0.001, Fig. 3B). There was no
dose-dependent difference in response under the extendedrestraint protocol, and administration of 100 IU/kg ACTH at 30
min after 5 g/kg DEX injection reversed the CORT depression (Fig. 3B).
Stress tests. There were no significant differences in basal
CORT concentrations for all treatments (F6,28 ⫽ 1.70, P ⫽
0.16), and these levels reflected basal levels of the 10 experimental birds (Fig. 4). Controls showed slightly elevated CORT
levels at 30 min, but had returned to basal levels by 60 min. All
stressors elevated CORT above controls at 30 min. High
stress-induced CORT levels were achieved with restraint
(overall effect of treatment F1,8 ⫽ 21, P ⬍ 0.002; effect of time
after treatment F2,16 ⫽ 19, P ⬍ 0.0001; interaction between
treatment and time F2,16 ⫽ 10.2, P ⬍ 0.002), tube (overall
effect of treatment F1,8 ⫽ 103, P ⬍ 0.0001; effect of time after
treatment F2,16 ⫽ 203, P ⬍ 0.0001; interaction between treatment and time F2,16 ⫽ 128, P ⬍ 0.0001), and roller cart
(overall effect of treatment F1,8 ⫽ 9.30, P ⬍ 0.02; effect of
time after treatment F2,16 ⫽ 21, P ⬍ 0.0001; interaction
between treatment and time F2,16 ⫽ 9.98, P ⬍ 0.002), while
lower levels were found with cage disturbance (overall effect
of treatment F1,8 ⫽ 2.52, P ⫽ 0.15; effect of time after
treatment F2,16 ⫽ 57, P ⬍ 0.0001; interaction between treatment and time F2,16 ⫽ 13.35, P ⬍ 0.0005), music (overall
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Fig. 2. CORT responses to injection of corticotropin-releasing
factor (CRF) and arginine vasotocin (AVT). A: intravenous injection of oCRF. B: subcutaneous injection of ovine CRF (oCRF). C:
injection of oCRF, rat CRF (rCRF), or AVT subcutaneously with
no restraint. D: injection of AVT subcutaneously. All Ringer
injections were intravenous. For A, B, and D, birds were subjected
to 30 min of restraint (indicated by solid bar) and released to cages.
For C, birds were not restrained, except to take samples and give
injections. Each point represents mean CORT concentrations ⫾
SE. n ⫽ 10 for all doses. *Significantly different from controls (see
text).
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ment and time F2,16 ⫽ 4.02, P ⬍ 0.04). CORT levels remained
slightly elevated at 60 min (30 min poststress) with the roller
cart, but they returned to basal levels with all of the other
stressors.
Chronic stress. Basal CORT decreased over the full 20-day
period of chronic stress and recovered slowly (F8,72 ⫽ 2.12,
P ⬍ 0.05, Fig. 5A). During the first 10 days of chronic stress,
the CORT response to 30 min of restraint also decreased over
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Fig. 3. CORT responses to 30 min of restraint (A) or 60 min of restraint (B)
after injection of Ringer control, dexamethasone (DEX), or DEX ⫹ ACTH.
Restraint period indicated by solid bar. All injections were intravenous, and
birds were released to cages at the end of restraint. Each point represents mean
CORT concentrations ⫾ SE. n ⫽ 10 for all doses. *Significantly different from
controls (see text).

effect of treatment F1,8 ⫽ 0.61, P ⫽ 0.46; effect of time after
treatment F2,16 ⫽ 45, P ⬍ 0.0001; interaction between treatment and time F2,16 ⫽ 3.88, P ⬍ 0.05), and crowding (overall
effect of treatment F1,8 ⫽ 9.65, P ⬍ .02; effect of time after
treatment F2,16 ⫽ 21, P ⬍ 0.0001; interaction between treat-

Fig. 4. CORT responses to handling followed by a 30-min stressor (indicated
by solid bar). Birds were released to cages, and stressor was terminated at 30
min. Control birds were bled at 3 min and released to cages with no stressor.
Each point represents mean CORT concentrations ⫾ SE and n ⫽ 5 for all
points. *Significantly different from controls (see text).

Fig. 5. CORT concentrations measured within 3 min of disturbance (A), after
30 min of restraint (B), and after 30 min of recovery from restraint (C) during
chronic stress. Chronic stress began on day 1 and ended on day 20 (indicated
by vertical line). Values at 30 and 60 min from days 11–20 were not collected
since hormones were injected during this time. Each bar represents the mean
of 10 birds measured once during the 2 or 3 days indicated. Error bars represent
means ⫾ SE. Note differences in scale. *Significantly different from controls
(see text).
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time (F3,27 ⫽ 7.35, P ⬍ 0.001, Fig. 5B), but there was no
change at 60 min (30 min poststress, F3,27 ⫽ 0.74, P ⫽ 0.54,
Fig. 5C). Note that hormone injections then prevented examining these responses after day 10.
Changes in body weight over the 20-day chronic stress
period paralleled changes in CORT (F11,99 ⫽ 16.2, P ⬍
0.0001, Fig. 6). No single bird lost more than 10% of its
starting body weight, and the average loss did not drop below
5% for the entire stress period. Starting body weight recovered
within days of the termination of chronic stress.
HPA function during chronic stress. Injection of 100 IU/kg
ACTH in chronically stressed birds significantly increased
CORT response to acute stress at 30 min and 60 min (overall
effect of treatment F1,18 ⫽ 150, P ⬍ 0.0001; effect of time
after treatment F2,36 ⫽ 39.6, P ⬍ 0.0001; interaction between
treatment and time F2,36 ⫽ 16.1, P ⬍ 0.0001, Fig. 7A). The
pattern of elevation mimicked the response to ACTH in the
birds under nonchronically stressed conditions, except the
magnitude of CORT response was smaller. Four micrograms
of AVT significantly affected CORT responses in chronically
stressed birds (overall effect of treatment F1,18 ⫽ 9.86, P ⬍
0.01; effect of time after treatment F2,36 ⫽ 30.8, P ⬍ 0.0001;
interaction between treatment and time F2,36 ⫽ 2.79, P ⫽
0.075, Fig. 7B). This pattern of effect was opposite the pattern
found without chronic stress, in that CORT levels increased
above controls in response to AVT at 30 min, but returned to
near basal levels by 60 min.
DEX administered to chronically stressed birds significantly
affected CORT responses to 1 h of restraint (overall effect of
treatment F1,18 ⫽ 0.27, P ⫽ 0.61; effect of time after treatment
F3,54 ⫽ 39.2, P ⬍ 0.0001; interaction between treatment and
time F3,54 ⫽ 5.10, P ⬍ 0.005, Fig. 7C). The pattern of CORT
depression was similar in chronically stressed birds and nonchronically stressed birds, with 60 min CORT levels lower
than controls. However, all birds injected with Ringer or with
DEX had lower CORT responses under chronic stress than
they did with no chronic stress. Chronically stressed birds
injected with DEX had higher 30-min CORT levels than
controls.

Fig. 7. CORT concentrations measured in response to either 30 min (A and B)
or 60 min (C) restraint and injection of Ringer solution or 100 IU/kg ACTH
(A), 4 ug AVT (B), or 5 ug/kg DEX (C). All hormones were injected under
both no-chronic-stress and chronic stress conditions. Data without chronic
stress are from the same birds and repeated from Fig 1 (A), Fig. 2D (B), and
Fig. 3B (C). Each point represents the mean of 10 birds ⫾ SE. *Significantly
different from controls in same chronic stress state (see text).
Fig. 6. Percent body weight was calculated during and after the chronic stress
period. Chronic stress began on day 1 and ended on day 20 (indicated by
vertical line). Each point represents the mean of 10 birds, measured once over
2 to 3 days. Error bars represent means ⫾ SE. *Significantly different from
controls (see text).

DISCUSSION

Dose-response curves. The ACTH dose-response curve
showed appreciable CORT responses to all doses tested. This
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(Sceloporus occidentalis) that were infected with a malarial
parasite, although infected animals had significantly higher
CORT responses to acute stress. Also, Fowler et al. (19) found
significantly elevated basal CORT in Magellanic penguins (S.
magellanicus) that had been oiled and then washed after a
tanker spill. These and other studies consistently suggest that
chronic stress is associated with an elevation of CORT at basal
and/or stress induced levels.
An attenuation of the stress response with chronic stress
could indicate one of three situations: 1) habituation, 2) exhaustion, or 3) downregulation. It is highly unlikely that the
birds were habituating to the chronic stress treatment. Every
measure was taken to ensure that the treatments occurred
unpredictably, both in timing and sequence. Unpredictability
and lack of control are classic psychological elements of
chronic stress (23). All birds showed an immediate drop in
body weight with the onset of the chronic stress protocol, and
decreasing body condition often reflects chronic stress (e.g.,
10, 20, 39). Also, changes in HPA responsiveness to hormone
challenge suggest that the CORT decline originates from
changes in physiology, not in the perception or cognitive
interpretation of the stressors.
It is also unlikely that the chronic stress protocol stressed the
birds to the point of physiological exhaustion. By exhaustion,
we mean the state in which the animal can no longer compensate for sustained stress and effects become life-threatening, as
originally proposed by Selye (46). First, there were no radical
changes in CORT response, such as complete obliteration or
extreme supraphysiological responses to acute stress. The simple damped effect suggests a more controlled response than
exhaustion might entail. Also, while weight loss was significant, it was carefully monitored to ensure that there were no
dangerous declines, and weights quickly recovered after termination of chronic stress, even though basal CORT levels did
not. This pattern of weight and basal CORT fluctuation also
suggests a controlled physiological response.
A controlled physiological response is further suggested by
studies on laboratory rats. Studies of chronic stress in rats
typically show some attenuation of corticosterone responses
over the period of chronic stress, although rarely to the extent
shown in this study (reviewed in Ref. 13). Researchers often
interpret this attenuation as indicating habituation because the
rats continue to elevate corticosterone to new stimuli, although
few of these studies stress rats to the point of weight loss.
When the stimuli are more severe and weight loss does occur,
evidence of habituation is generally absent (reviewed in Ref.
13). Therefore, the observed attenuation in this study is most
likely a controlled downregulation of HPA activity in response
to chronic stress. This response could be aimed at minimizing
the deleterious effects of chronic CORT release to prevent
CORT itself from disrupting normal functions (35, 45, 50).
It is interesting to speculate, however, what mechanism
might be responsible for the observed weight loss, as this effect
is often attributed to chronically elevated CORT, whereas these
data show attenuated CORT. CORT implants in male song
sparrows (Melospiza melodia) increased fat scores without
changing body mass, suggesting reciprocal loss of muscle mass
(51) and led to wasting of pectoral muscles in dark-eyed juncos
(Junco hyemalis) (20). However, observations suggested that
the birds in this study were losing fat reserves, while pectoral
muscles seemed less affected. Another function of CORT in
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indicates that the adrenal tissue has reserve capacity to secrete
CORT and is not maximally stimulated by endogenous ACTH
released during stress (33). Although the two lower doses (50
and 100 IU/kg) were indistinguishable, the highest dose was
slightly less effective. This could be due to increased negative
feedback or a mild toxicity of the extremely high dose. We
chose to proceed with the 100 IU/kg dose because it has been
used in previous studies (38, 40, 41), and it did not suggest any
negative effects.
The oCRF dose-response curve showed no responses to
either intravenous or subcutaneous injections. Although neither
CRF nor AVT is thought to stimulate CORT release directly,
they can stimulate CORT release indirectly by stimulating
endogenous ACTH release (33). Therefore, the lack of a
response to oCRF could be interpreted in two ways: 1) the
pituitary cannot respond with increased ACTH output, and
therefore, no augmented CORT response is observed; or 2) the
oCRF itself is ineffective. We tried two experiments to try to
tease apart these two possibilities. First, we used the norestraint protocol to ensure that the pituitary could produce
ACTH, at least to normal stress-induced levels, if the oCRF
itself were effective. Second, we tried injecting rCRF. Because
we again found no response to either treatment, CRF must be
ineffective at elevating ACTH above basal levels. However,
this again allows two possible interpretations: 1) only oCRF
and rCRF were tested, which starling CRF receptors may not
recognize; or 2) CRF is not an ACTH secretagog in this
species. There is evidence that CRF may not be the primary
ACTH secretagog in other avian species (8, 33). Because no
effect was found, CRF was not used in the chronic stress part
of the study. In its place, we used AVT as the ACTH secretagog, which was found to effectively elevate CORT to normal
stress-induced levels (Fig. 2, C–D).
DEX was expected to decrease CORT levels by negative
feedback (6, 26, 44). The effect of DEX was significant,
although not as strong as expected from earlier studies (e.g., 2,
48) and not dose dependent. Regardless, we can conclude that
negative feedback is taking place, although the system does not
appear to be very sensitive to DEX in this species.
Together, these dose-response curves provided a picture of
“normal” HPA function in acutely stressed starlings and were
used as the basis for comparison when birds were chronically
stressed.
Stress tests. A wide variety of natural stressors are known to
elicit a CORT response (34, 45, 50). We used stressors not
expected to affect aspects of physiology beyond the stress
response (as might food or water deprivation, forced exercise,
etc.; see Ref. 37). All stressors used in this study effectively
elicited a CORT response after 30 min with a clear demonstration of graded stress responses, dependent on the potency
of the stressor, as seen in other species (21). Bag restraint, a
traditional acute stressor for avian species, produced one of the
highest responses.
Chronic stress. This study clearly demonstrated a decrease
in basal and stress-induced CORT levels with the onset and
progression of chronic stress. This was contrary to expectations
(e.g., 1, 13, 25, 49). For example, Moore et al. (27) reported
slight increases in basal CORT concentrations in tree lizards
(Urosaurus ornatus) over 3 wk of stress due to captivity and
repeated handling. In addition, Dunlap and Schall (18) found
no increase in basal CORT levels in Western fence lizards
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important to note, however, that this study was done on captive
birds held on a short-day photoperiod. Variations in stress
responses have been found between wild and captive members
of the same species (24, 40), and wild starlings have lower
baseline but higher stress-induced CORT concentrations than
the captive birds in this study (31). Furthermore, modulation
can occur both seasonally (35) and daily (4, 32, 36). We
predict, however, that chronic stress will elicit a similar drop in
CORT concentrations in wild starlings.
As a whole, these data suggest that chronic stress is not
always manifested in high CORT levels. Such observations are
important to any study attempting to assess repeated or longterm stress and lend further support to the idea that accurate
identification of chronically stressed populations cannot rely
upon CORT measurement alone (28, 34).
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birds appears to be suppression of metabolic rates at night, with
expected energetic savings of 20% over a 16-h night (5). The
lower CORT levels observed in this study may reduce energy
savings, resulting in increased burning of fat reserves. This
would be consistent with our observations of body composition
and weight loss.
Also, corticosteroid binding globulin (CBG) levels should
be measured for changes in response to chronic stress. CBG is
a plasma protein that binds CORT, with only an unbound
steroid believed to be available to CORT receptors, Consequently, changes in CBG levels may alter the amount of CORT
actually reaching target tissues. Chronic stress is known to
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transport CORT to its target tissues, so whether CBG causes an
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further elevates CORT secretion. Therefore, our data support
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maintaining elevated CORT through 60 min (Fig. 7A). Instead,
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ACTH and must increase synthesis before further CORT release can occur. Alternatively, a strong negative feedback
signal at the level of the pituitary may shut down ACTH
production. However, stronger negative feedback seems unlikely, since the DEX effectiveness remained similar during
chronic stress (Fig. 7C).
In conclusion, modulation of CORT responses during
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leading to lower concentrations of stress-induced CORT. It is
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