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Abstract

Activation of the adrenocortical response to stress during development can have fundamental consequences over the lifetime of the
organism; as such, many organisms are less responsive to stress during critical developmental periods. In this study, we evaluated stress
reactivity in nestling white-crowned sparrows, examining corticosterone and binding globulin levels in response to both restraint stress
and ACTH challenge. Restraint stress induced a significant corticosterone response in both 4 to 6- and 7 to 9-day-old nestlings, but not
in the youngest group (1–3 days); this non-significant increase in corticosterone in the youngest birds resembles the mammalian
hyporesponsive period, wherein young animals are resistant to most stressors. Binding globulin levels appear to extend this period of
low reactivity: when free corticosterone levels were calculated, only the oldest age group (7–9 day) showed a significant response to
restraint. ACTH challenge data revealed that all ages of white-crowned sparrow nestlings responded to exogenous ACTH treatment with
significant elevation of corticosterone, although early-stage nestlings did not reach adult levels of response.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Free-living animals face a variety of challenges that can
disrupt homeostasis. Activation of the hypothalamic–pitui-
tary–adrenal (HPA) axis in response to these disruptions is a
well-conserved phenomenon. In adults, acute increases in
glucocorticoids are thought to increase fitness (reviewed in
Sapolsky et al., 2000), but extended secretion can have dele-
terious consequences (Silverin, 1986; Wingfield and Silverin,
1986; Tokarz, 1987; Petitte and Etches, 1991). In developing
animals, this trade-off appears more severe. While glucocor-
ticoid elevation has been shown to benefit young in obtain-
ing food and transitioning to independence (Heath, 1997;
0016-6480/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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Kitaysky et al., 2001a,b, 2003), there are potent, long-term
negative effects, such as decreasing growth (Morici et al.,
1997), immune function (reviewed in McEwen et al., 1997),
and neuronal cell number (Howard and Benjamins, 1975).
Hence, the far-reaching consequences of elevated glucocor-
ticoid secretion during development require tight HPA-axis
regulation in young as compared to adults.

Previous studies indicate the presence of a stress hypore-
sponsive period in rat pups (Haltmeyer et al., 1966; Butte
et al., 1973; Martin et al., 1977; Schoenfield et al., 1980; Mea-
ney et al., 1985; reviewed in Sapolsky and Meaney, 1986) and
in rainbow trout (Barry et al., 1995). During this period, there
is a reduction in the glucocorticoid response to stress. This
reduction early in development is thought to minimize the
long-term repercussions of elevated glucocorticoids. Although
there is an extensive literature on the hyporesponsive period in
rats, few studies address the phenomenon in birds.

mailto:haruka@mail.utexas.edu


406 H. Wada et al. / General and Comparative Endocrinology 150 (2007) 405–413
In addition to suppression of the HPA axis, organisms
have multiple mechanisms to regulate the amount of gluco-
corticoids reaching tissues. Corticosteroid-binding globulin
(CBG) may provide one such mechanism. The majority of
plasma steroid is bound by binding globulins, with only 5–
10% circulating unbound, or ‘free’ (Ekins, 1990). Accord-
ing to the free hormone hypothesis, only free hormones
can enter tissues or be broken down; the free fraction is,
therefore, thought to be the biologically active form of
the steroid (Ekins, 1990; Breuner and Orchinik, 2002). If
the free hormone hypothesis is correct, increasing CBG
early in development may limit bioavailability of glucocor-
ticoids during this critical period (Breuner et al., 2003;
Lynn et al., 2003). However, the role of CBG in regulating
bioavailability of CORT is currently under debate. In this
light, we examine both total and free CORT levels, allow-
ing for interpretation of data based on either the total or
free hormone hypotheses.

Toward this end, we explored the basic ontogeny of the
adrenocortical response in nestling white-crowned spar-
rows, using standardized restraint stress (Wingfield,
1994). Furthermore, we performed adrenocorticotropic
hormone (ACTH) challenges to assess developmental pro-
gression of the adrenals. These data will allow us to evalu-
ate how total and free hormone levels are regulated in
relation to crucial developmental stages in white-crowned
sparrow nestlings. Periods of low stress reactivity would
suggest protection from the deleterious effects of elevated
corticosterone during critical developmental stages.
2. Materials and methods

2.1. Study animals

Nuttall’s white-crowned sparrow nestlings (Zonotrichia leucophrys nut-

talli) were taken from nests at Bodega Marine Laboratory, University of
California at Davis. Stress series samples (see below) were collected April
through May of 2004, and ACTH challenges were performed April
through June of 2003 and April through May of 2004.

White-crowned sparrow nestlings fledge around 10 days of age (Mor-
ton, 2002). During this 10-day nestling period, young go through dramatic
developmental changes which include nearly an order of magnitude
increase in body mass, feather growth, and acquisition of thermoregulato-
ry ability, alertness, and coordinated movements (Morton, 2002). In this
study, the nestling period is divided into three stages: days 1–3 (early nest-
ling stage), days 4–6 (middle nestling stage), and days 7–9 (late nestling
stage) (see Section 4 for description of the development during each stage).

Age of nestlings was estimated by (1) noting date of hatch (when nests
are found in the egg stage) or (2) comparing developmental measures col-
lected on the nestlings to the developmental schedule described in Morton
(2002) and to personal observations of known age nestlings. Nests were
randomly assigned to one of the three age categories for sampling. Each
nest was sampled only once, and only one nestling per nest was sampled
to avoid unequal representation of siblings in the three age groups. Sex
was determined for late-stage nestling samples.
2.2. Stress protocol

To measure reactivity of the HPA axis, we used a standardized capture
and handling protocol described in Wingfield (1994). Plasma corticoste-
rone levels are known to rise significantly within 3 min of capture (Wing-
field et al., 1982). However, in this study corticosterone had still not begun
to rise by 4 min after nest disturbance (Fig. 1). Therefore, blood samples
collected within 4 min of nest disturbance are used as baseline samples.
After the initial sampling, nestlings were placed in a cloth bag and addi-
tional samples were collected at 15, 30, and 60 min. To avoid potential
complications caused by changing nestling body temperature under differ-
ent field conditions, all were kept inside a jacket to keep them near human
body temperature. To collect blood samples, the alar vein was punctured
with a 26G needle and 20–30 lL of blood were collected into heparinized
microhematocrit capillary tubes. The blood samples were kept cold on ice
until the end of the day when they were centrifuged to separate plasma
from the cellular fraction. The plasma samples were then kept at
�20 �C or below until the assays.

In addition to blood samples, developmental measurements (tarsus
and wing length, body mass, feather development, and alertness) were tak-
en. To minimize the time nestlings were away from the nest, those devel-
opmental measurements were collected between the 15 and 45 min
samples.
2.3. ACTH challenges

Similar to the stress response protocol, baseline samples were collected
within 4 min of capture. After the initial sampling, nestlings and adults
were weighed and injected with ACTH (Sigma: 100 IU/kg body weight)
in saline or saline alone into the jugular vein. The post-treatment samples
were collected 30 min after the injection.
2.4. Measurement of corticosterone: EIA assay

Serum corticosterone levels were detected using Enzyme Immunoassay
(EIA) kits (Cat No. 901–097, Assay Designs). In this assay, raw plasma is
added directly to the wells without extraction; steroid displacement buffer
(SDB) is added prior to the assay to degrade binding globulins. For every
new species we optimize the assay using a protocol that is a bit more com-
plicated than the usual RIA optimization method. To ensure that plasma
is not interfering with hormone measurements, we strip plasma to remove
any endogenous hormone and spike to a known amount of CORT. This
way, as we dilute plasma (into a buffer containing the same amount of
CORT) we will be able to measure directly how much interference is
caused by the plasma, outside of variance introduced by unknown levels
of hormone in the plasma. An additional complication is that Assay
Designs provides a ‘steroid displacement buffer’ to degrade binding glob-
ulins. This SDB is a protease, and we have found that it can produce sig-
nificant interference if used at too high a concentration. Therefore, our
optimization incorporates plasma dilutions at multiple concentrations of
SDB.

Optimization Protocol: Plasma dilution and SDB concentration were
optimized using stripped, spiked plasma (stripped with 1% norit A Char-
coal and 0.1% dextran in water, then spiked to �500 pg/ml with CORT
standard from the assay) diluted into a buffer of known corticosterone
concentration (� 500 pg/ml). Samples were run against a standard curve
at plasma dilutions of 1:10, 1:20, 1:40 and 1:60, each with 0, 1, and 2%
SDB (% of raw plasma volume). Results are shown in Fig. 2. Each point
represents the value of CORT given by the assay at each plasma dilution
for each concentration of SDB. The grey box represents the mean ± SEM
measured from the dilution buffer alone (the CORT-spiked buffer used to
dilute the plasma, so representing the expected CORT level in the
samples), giving a range of acceptable values for CORT from the assay.

For the corticosterone EIA of white-crowned sparrow plasma, a plas-
ma dilution of 1:40 or greater with 1% SDB (per raw plasma volume) elim-
inated measurable effects of plasma on the assay (Fig. 2). Optimizing SDB
concentration is critical, as higher concentrations appear to degrade anti-
body activity in the assay, artificially increasing estimated corticosterone
amounts in wells.

To determine corticosterone levels, 10 ll 1:100 dilution of SDB buffer
were added to 10 ll plasma. After 5 min, 380 ll assay buffer were added to
each sample, vortexed, and aliquoted to individual wells in the assay plate
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Fig. 1. Baseline corticosterone levels in relation to time after capture.

Fig. 2. Optimization of EIA corticosterone assay for white-crowned sparrows testing plasma dilution and % steroid displacement buffer (SDB). Plasma
was stripped and spiked to a known amount prior to the assay, and plasma was diluted into a buffer with the same value of CORT. As the dilution factor
increases, the values become closer to the actual corticosterone levels added. The grey box represents means ± SEM measured from the dilution buffer
alone (the CORT-spiked buffer used to dilute the stripped, spiked plasma, so representing the expected CORT level in the samples), giving a range of
acceptable values for CORT from the assay. A plasma dilution of 1:40 or higher, with 1% SDB, eliminated any measurable effects of plasma in the assay.
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(100 ll sample per well, each in triplicate). The standard curve was mea-
sured in triplicate as well, with six standards ranging from 2000 to
15.63 pg/ml (100 ll/well). A separate, external standard of 200 pg/ml cor-
ticosterone was run in triplicate on every plate. For the first incubation
with conjugated corticosterone and antibody, the plate was shaken for
2 h in a 26 �C incubator. For the second incubation with substrate solu-
tion, the plate was incubated at the same temperature for 1 h without
shaking. After adding stop solution, the plate was read immediately on
a Multiskan Ascent microplate reader at 405 nm corrected at 595 nm.
Samples were completely randomized within and across plates. Inter-
and intra-plate coefficient of variations were 21.5% and 7.98%, respective-
ly, and detectability was 6.5 pg/well (2.6 ng/ml). The detection limit was
determined by taking two standard deviations away from the mean of
the blank wells. In EIA assays, total-binding wells (B0) receive only buffer,
conjugate, and antibody. Thus we used these total-binding wells as blanks
to determine the detection limit. This limit was assigned to undetectable
samples in the assay.

2.5. Measurement of corticosteroid-binding globulin

Serum CBG levels were measured using a ligand-binding assay with
tritiated corticosterone (described in Breuner et al., 2003). Previously,
the CBG assay was characterized for white-crowned sparrow plasma
(Lynn et al., 2003); optimal plasma dilution was 1:900 with an incubation
period of 2 h at 4 �C. In these assays, total binding was determined
using 50 lL buffer, 50 lL 3Hcorticosterone, and 50 lL stripped plasma.
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Non-specific binding was determined using 1 lM unlabeled corticosterone
instead of buffer. The affinity (Kd) of corticosterone for CBG at different
ages was determined by equilibrium saturation binding assay. This was
done using plasma pools for the three age classes and 3Hcorticosterone
between 0.30 and 13.25 nM. CBG capacity in individual samples was iden-
tified with a point sample assay using 18.9 nM 3Hcorticosterone. Based on
characterization assays, this ligand concentration should occupy 84.5% of
the total binding sites. Therefore, we adjusted the CBG capacities to 100%
for the free hormone analysis. Since CBG levels do not change within 1 h
of corticosterone elevation in white-crowned sparrows (Breuner et al.,
2006), plasma from any time point within 60 min was used for the CBG
assay. Intraassay variation for the point sample assay was 14.6%.

Free hormone levels were estimated using an equation by Barsano and
Baumann (1989):

H free ¼ 0:5�
j

H total � Bmax � 1=Ka

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðBmax � H total þ 1=KaÞ2 þ 4ðH total=KaÞ

q k

where Ka is 1/Kd (nM), Kd is affinity of corticosterone for CBG, Bmax is
total CBG capacity, and Htotal is total plasma hormone concentration. Kd

was determined in equilibrium binding analysis using pooled plasma.

2.6. Statistics

The statistical analysis was done using SPSS 11.5 and GraphPad Prism
3.02, except for the 2-segment breakpoint analysis on free CORT (Fig. 8),
which was completed in S+7. The effects of handling, age, and ACTH
treatment on total and free corticosterone levels were determined by
repeated measures ANOVA, followed by Bonferonni correction (stress
response and ACTH studies were analyzed separately). CBG capacities
were log transformed to correct for heteroscedasticity and the effect of
age was determined using one-way ANOVA, followed by Tukey HSD.
One-way ANOVA was used to compare the Kds from three age groups.
Data were considered to be significant when P 6 0.05. Data are presented
as means ± SE.
Fig. 3. Changes in total corticosterone levels in response to handling stress. Da
effects on total corticosterone levels.
When total corticosterone exceeds CBG capacity, it results in greatly
elevated free corticosterone estimation. When the resultant free levels fell
outside of two standard deviations of the mean, those values were exclud-
ed from the analysis (three out of 94 total samples).
3. Results

3.1. Total corticosterone levels

Overall, handling (F3,18 = 17.23, P < 0.001), age
(F2,19 = 20.38, P < 0.001), and the interaction between han-
dling and age (F6,15 = 4.95, P < 0.001) all contributed sig-
nificantly to total corticosterone levels (Fig. 3). Pairwise
comparison results show that the corticosterone levels of
earlier two stages (D1–3 and 4–6) are significantly different
from the later stage, D7–9 (D1–3 and D4–6, P < 0.05; see
Table 1 for corrected and non-corrected P values). By
30 min, D7–9 corticosterone levels were significantly higher
than those of the earlier two stages. Furthermore, while
early-stage nestlings (D1–3) show no significant increase
in corticosterone over the 60 min protocol (15, 30, and
60 min samples against 0 min sample: pairwise comparison
P > 0.05; see Table 1 for pairwise comparison and Bonfer-
roni correction P values), nestlings from latter two stages
responded to handling stress with significant increase in
corticosterone (D4–6 and D7–9: P < 0.05; again, see Table
1). Baseline levels did not differ between age groups
(P > 0.05). The low n in this study (combined with the Bon-
feronni corrections) increases the potential for a Type II
error. In addition, it is difficult to determine whether an
absence of a statistically significant CORT response repre-
ta are means ± SE (n = 9, 8, and 7). Both handling and age had significant



Table 1
Bonferonni corrected and non-corrected P values

Bonferonni Non-corrected

Total corticosterone

Age D1–3 < D7–9 <0.001 <0.001
D4–6 < D7–9 0.003 0.001

Time (B0 to others) D1–3 0.215, 1.00, and 1.00 0.036, 0.0190, and 0.816
D4–6 0.035, 0.010, and 0.056 0.006, 0.002, and 0.009
D7–9 0.006, <0.001, and <0.001 0.001, <0.001, and <0.001

Baseline D1–3 = D4–6 = D7–9 1.000, 1.000, and 1.000 0.662 and 0.808

Free corticosterone

Time D1–3 0.100, 0.329, and 1.00 0.017, 0.055, and 0.966
D4–6 0.557, 0.141, and 0.114 0.093, 0.023, and 0.019
D7–9 1.00, 0.004, and 0.147 0.646, 0.001, and 0.025

ACTH challenge

Age (overall) D1–3 = D4–6 0.247 0.041
D1–3, D4–6 < D7–9 <0.001 and 0.016 <0.001 and 0.003
D7–9 < Adult 0.012 0.002

Age (ACTH response) D1–3 < D7–9 0.002 <0.001
D7–9 = Adult 1.000 0.204

ACTH vs. Saline D1–3 0.063 0.063
D4–6 0.005 0.005
D7–9 0.001 0.001
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sents an absence of effect at the biological level (what
increase in CORT is biologically relevant for the animal?).
In this light, we choose to discuss the data in terms of ‘lim-
ited stress reactivity’ in the younger age groups, as opposed
to ‘no stress response’ as indicated by the statistics.
3.2. Corticosteroid-binding globulin

The affinity (Kd) of corticosterone for CBG did not
change throughout the nestling period (Fig. 4, day 2–3,
Fig. 4. Equilibrium saturation binding of [3H]CORT to nestling plasma at D2–
concentration). Data are best fit by a one-site model, Kds do not differ between
D2–3 data is shown).
4–6, and 7–9 nestlings = 3.13 ± 0.60 nM, 3.12 ± 0.33 nM,
and 4.19 ± 0.67 nM, respectively; P = 0.304). Additionally,
while mean CBG capacity increased with age, this differ-
ence was not significant (F2,21 = 2.06, P = 0.15, Fig. 5).
3.3. Free corticosterone levels

There were significant overall effects of time (0–60 min:
F2,17 = 5.97, P = 0.001) and interaction between time and
age (F6,13 = 2.53, P = 0.03; Fig. 6), but no main effect of
3, D4–6, and D7–9. Data shown are specific binding (means ± SE at each
age groups. Inset: Scatchard–Rosenthal replot of the data (for clarity, only



Fig. 5. Corticosteroid binding globulin capacity during 10-day nestling
period. Data are means ± SE (n = 9, 8, and 7). There was a trend towards
increasing CBG with age.
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age (F2,17 = 0.68, P = 0.52). Pairwise comparisons deter-
mined that early- and middle-stage nestlings showed no
significant response in free CORT levels (D1–3 P > 0.05;
D4–6 P > 0.05; see Table 1), while late-stage nestlings
showed a robust response (P < 0.05).
3.4. ACTH challenges

Overall, time, age, and treatment had significant effects
on total corticosterone levels in nestlings challenged with
ACTH (F1,43 = 140.88, P < 0.001; F3,41 = 13.04,
P < 0.001; F1,43 = 21.68, P < 0.001, respectively, Fig. 7).
In addition, there were significant interactions between time
and age (F3,41 = 7.77, P < 0.001), and time and treatment
(F1,43 = 19.90, P < 0.001).

All ages responded to ACTH injection with a significant
increase in corticosterone (F1,43 = 21.68, P < 0.001). None-
theless, the response in the early-stage nestlings was signif-
icantly lower than that of the late-stage nestlings
Fig. 6. Changes in free corticosterone levels in response to handl
(P < 0.05). Furthermore, the response in the late-stage nes-
tlings was not significantly different from that of adults
(P > 0.05). When ACTH and saline treatment groups were
compared, ACTH elicited a significantly stronger response
than saline in the later two stages (P < 0.05). The early-
stage nestlings show a strong trend as well.
4. Discussion

White-crowned sparrow nestlings show an extremely
diminished corticosterone response to restraint during the
first 3 days post-hatch. In addition, CBG capacity increases
with age. This CBG increase with age further diminishes
the glucocorticoid response to stress, especially in the mid-
dle age group. As a result, white-crowned sparrow nestlings
show low stress-reactivity (in free CORT) lasting through
the first six days of the 10-day nestling period.

It is difficult to visually evaluate this extension of low
reactivity from Figs. 3 and 6 (total and free CORT at 0,
15, 30, and 60 min). To more clearly exemplify the shift
in patterns of CORT secretion between total and free, we
have calculated an integrated measure of CORT.

Integrated CORT is a measure of the total amount of
CORT secreted over the hour of restraint stress (expressed
as ng/ml/hr); with only one value for each individual, it sim-
plifies the comparisons between individuals, ages, and total
or free (as used in Breuner et al., 1998). Regression analysis
of total integrated CORT by age shows a linear increase
over the 9 days of the nesting cycle (Fig. 8A: R2 = 0.66, data
were best fit by a linear model). However, regression analy-
sis of free integrated CORT shows that CORT response to
stress remains low over the first 6 days of development
(Fig. 8B: R2 = 0.64, 2-segment linear regression (following
Duggleby and Ward, 1991) identifies the best-fit breakpoint
at 6.49 days). Hence, whether one favors the total or free
hormone hypothesis will lead to vastly different conclusions
ing stress during the 10-day nestling period. N = 9, 7, and 6.



Fig. 7. Corticosterone secretion in response to jugular injection of saline
or ACTH. Data shown are means ± SE (sample size for 0 0, saline, and
ACTH groups are: early nestling stage, 11, 6, and 6; middle nestling stage,
19, 9, and 11; late nestling stage, 15, 9, and 7; adult, 5 and 5, respectively).
This graph combines 0 0 from both treatments, however, they were
evaluated separately for statistics.
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on the development of stress reactivity in nestling white-
crowned sparrows.

The hyporesponsive period has been described mainly in
mammals and some in fish. In rainbow trout, larvae are
resistant to handling and cold shock stress until two weeks
post-hatch (Barry et al., 1995). In rats, baseline cortisol lev-
els decline after birth and remain low until the middle of the
second week (Martin et al., 1977; Meaney et al., 1985;
reviewed in Sapolsky and Meaney, 1986). At the same time,
rat pups fail to respond to various stressors such as hista-
mine (Butte et al., 1973), shock and heat (Haltmeyer et al.,
1966), and ether (Schoenfield et al., 1980) during this time.

The patterns of CBG in postnatal development have
been investigated in some mammals, but the literature
shows mixed results. In neonatal pigs, cortisol remains con-
stant from day one through ten; however, due to an
increase in CBG, free cortisol levels decline with age
(Heo et al., 2003; note that it is not clear whether these
samples represent baseline or stress-induced levels). Rat
Fig. 8. Integrated corticosterone: each point represents a calculation of t
corticosterone] secreted in each individual nestling over the hour of restraint
extension of low stress-reactivity (into days 4–6) when free CORT is consider
pups, on the other hand, have extremely low levels of
CBG pre-weaning. Six-day-old pup CBG is less than 3%
of adult levels, but rises to 25% of adult levels by day 15
(Viau et al., 1996). Some studies suggest that cortisol and
CBG follow very similar patterns resulting in similar
changes in total and free cortisol (Henning, 1978). Howev-
er, others indicate that an increase in CBG precedes the
postnatal elevation of cortisol, which would keep the free
levels low (Tinnikov, 1993).

In this study, we also observed a period of low stress
reactivity (with no significant increase in CORT) in the first
3–6 days of development. This appears functionally equiv-
alent to mammalian stress hyporesponsive period. This
hyporesponsive period in young is thought to be adaptive
due to the deleterious effects of glucocorticoids on growth
and development (Sapolsky and Meaney, 1986). As noted
above, chronically (weeks to months) elevated levels of glu-
cocorticoids during development are known to suppress
growth (Morici et al., 1997) and protein synthesis, damage
neuronal cells (Howard and Benjamins, 1975), and alter
development of cognition (Kitaysky et al., 2003) and the
HPA axis (see Seckl, 2001). Thus, avoiding high levels of
the hormone during a critical period in development may
be adaptive (Sapolsky and Meaney, 1986). This may be
especially important for species which undergo substantial
developmental changes after birth/hatching.

In birds, a hyporesponsive period could be important
for a variety of reasons. Many passerines gain 90% of adult
body mass during the first 10–20 days of life (Ricklefs,
1968). Similarly, altricial white-crowned sparrow nestlings
go through major developmental changes within the first
3 days of their lives (Morton, 2002). This includes eye
development and maximum increase in body size (Morton
and Carey, 1971). During this period, nestlings show a
nearly logarithmic increase in body mass. Therefore, avoid-
ing exposure to corticosterone may be needed and adaptive
since young are increasing tissue mass and developing
essential organs.

The middle stage (D4–6) is critical for development as
well. During this period, nestlings open their eyes, complete
he cumulative amount of corticosterone [either total (A) or free (B)
stress. Data are plotted by age of nestling. These data help illuminate the
ed.
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body mass growth, and increase alertness and coordination
of movements (Morton and Carey, 1971; Morton, 2002).
By the end of this stage, coordination of the movements
is nearly established and the transition from ectothermy
to endothermy has been made. Based on total corticoste-
rone, the ‘hyporesponsive’ period is most extreme during
only the first three days post-hatch. However, when free
corticosterone is estimated, corticosterone response is
indistinguishable between early and middle-stage nestlings.
Thus, CBG may be one component of a mechanism to fur-
ther protect the vulnerable tissues from corticosterone
exposure during development.

One of the beneficial effects of corticosterone in adults is
an increase in activity levels (Breuner et al., 1998). In the
early-stage nestlings, induction of escape behavior is not
adaptive (Sims and Holberton, 2000). Interestingly, the
only age group that shows a robust increase in free cortico-
sterone is the late nestling stage (D7–9). By this age, nes-
tlings can fledge if they are threatened and can move
away from the nest (Morton, 2002).

Corticosterone secretion in both sexes of late-stage nes-
tlings appears to be identical until 30 min of handling (data
not shown). The sample size is too small to run statistics
here; however, it is an intriguing question to explore when
sex difference in adrenocortical response appear in altricial
species.

The developmental status of newly hatched nestlings
varies among species. Precocial nestlings, for instance,
can walk, feed, and thermoregulate. On the other hand,
altricial nestlings are nest-bound and completely dependent
on parents for feeding and brooding. Considering the
degree of development these nestlings go through after
hatching, suppressed stress responses may be more impor-
tant in altricial than precocial young. Several studies sup-
port this expectation. Semialtricial nestlings gradually
increase adrenocortical response to handling with age,
and show adult-like responses immediately before fledging
(American kestrel Falco sparverius, Love et al., 2003; Mag-
ellanic penguin, Spheniscus magellanicus, Walker et al.,
2005). In contrast, altricial Northern mockingbird nestlings
(Mimus polyglottos, Sims and Holberton, 2000) show little
or no stress response any time during the nestling period.
In this study, we found that altricial nestlings could respond
to restraint stress before fledging, however responses did
not reach adult-like levels before fledging.

4.1. ACTH challenge

Early-stage white-crowned sparrow nestlings secreted
little to no corticosterone in response to handling stress.
ACTH challenge was used to understand the role of the
adrenal during this hyporesponsive period. Early stage
adrenals were unable to produce adult-like responses to
ACTH, whereas late-stage adrenals could. These data indi-
cate adrenals contribute to the low stress reactivity seen in
these early-stage nestlings. However, early-stage adrenals
did show a significant corticosterone response to ACTH,
where little to no response occurred with restraint stress
alone (similar to mammals; Hiroshige and Sato, 1970; Cote
and Yasumura, 1975). This indicates that the low reactivity
is also due to dampened up-stream control of pituitary,
hypothalamus, or neuronal input to hypothalamus.

We observed some discrepancy in baseline total cortico-
sterone data in the different parts of our study. Stress series
data suggest there was no increase in baseline corticoste-
rone with age. However, ACTH data indicate that baseline
levels increase significantly between the earlier two stages
(D1–6) and the late stage (D7–9). Group means between
the two studies are similar however variation is greater in
the stress series study. When all the baseline data from
two studies are pooled the baseline corticosterone levels
increase significantly between D1–6 and D7–9 (one-way
ANOVA, F2,66 = 5.77, P = 0.005).
5. Conclusions

This is one of the first studies to demonstrate that altri-
cial nestlings can respond to a stressor before fledging.
Nonetheless, white-crowned sparrow nestlings have a peri-
od of extremely low stress reactivity during the first three
days of 10-day nestling period. This period is extended
through day six when considering free corticosterone, due
to increasing CBG. This may be adaptive to further protect
developing tissue from excessive exposure to
corticosterone.

Is this period of low stress reactivity due to specific reg-
ulation of corticosterone and binding globulins, or simply
to the developmental progression of the HPA axis and
liver? We are unable to assess whether the low levels of
CORT after hatch are a suppression of a previously able
adrenal, since we do not have CORT responses to stress
pre-hatch. Chickens shows a decline in responsiveness just
post-hatch (Freeman and Manning, 1984), but evidence
from a precocial species is difficult to transfer to an altricial
one. In white-crowned sparrows, we hypothesize that the
increasing stress reactivity is primarily due to development
of the organs; however, as a result of their differential rates
of development (CBG levels increase at a faster rate than
total CORT), free CORT shows a more extreme hypo-
responsive period later in development.
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