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Corticosterone and insulin interact to regulate
glucose and triglyceride levels during stress in a bird
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Remage-Healey, Luke, and L. Michael Romero. Cor-
ticosterone and insulin interact to regulate glucose and
triglyceride levels during stress in a bird. Am J Physiol
Regulatory Integrative Comp Physiol 281: R994-R1003,
2001.—Captive European starlings (Sturnus vulgaris) were
exposed to the stress of handling and restraint while cortico-
sterone, glucose, and triglyceride concentrations were moni-
tored in blood plasma. In saline-injected controls, basal sam-
ples were taken within 3 min of disturbance with subsequent
samples taken at 40, 70, and 150 min. This was repeated at
two times during the daily cycle (day and night) on two
different photoperiods: short and long days. During both
photoperiods, corticosterone concentrations approximately
tripled (compared with a sixfold increase in free-living star-
lings) and triglyceride concentrations decreased 25—-45% in
response to stress at both times of the day, whereas an ~25%
stress-induced hyperglycemia occurred only at night. Exoge-
nous corticosterone (200 pg), 1.0 or 4.0 IU/kg of insulin, or a
combination of corticosterone with each insulin dose was
then separately administered to alter the above responses.
Insulin did not affect corticosterone or triglyceride concen-
trations but resulted in a dose-dependent hypoglycemia of
10-40%. Injected corticosterone resulted in supraphysiologi-
cal corticosterone concentrations (three- to fivefold higher
than normal), yet it did not affect the already altered plasma
glucose or triglyceride concentrations. This suggests that
glucose output and triglyceride decreases were already max-
imal in response to handling and restraint. However, the low
glucose concentrations resulting from exogenous insulin re-
turned to basal quicker with exogenous corticosterone but
only during the day. No response to either hormone showed
photoperiodic differences. These data suggest that corticoste-
rone’s role in metabolism changes to meet varying energetic
demands throughout the day.

daily rhythms; seasonal rhythms; hypoglycemia; energy me-
tabolism

GLUCOCORTICOID RELEASE IN response to stress has been
well characterized in a variety of species (e.g., 44). The
most common glucocorticoid in birds is corticosterone
(Cort; Ref. 19), although the exact function of Cort in
the avian stress response remains unclear.

One associated action of Cort in birds is the mobili-
zation of energy substrates, especially during stressful
situations. Glucocorticoids classically have been shown
to inhibit glucose uptake into tissues of the gut and
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periphery (29). The majority of glucose mobilization
resulting from glucocorticoid stimulation takes place in
hepatocytes (24). Adipose tissue is also a site of glu-
cocorticoid-promoted lipolysis, producing an increase
in plasma free fatty acids (16, 25, 37). In this way,
glucocorticoids appear to release energy stores to help
an animal cope with a stressful stimulus, recover from
a period of acute stress, or prepare for an upcoming
stressor.

Cort has also been proposed as a major antagonistic
hormone to the actions of insulin, the primary hormone
responsible for glucose uptake throughout the body
(14). Glucocorticoids and insulin have been widely
shown to work in opposition on energy balance in
traditional mammalian models. In rats, for example,
glucocorticoids administered centrally stimulate hy-
perphagia, whereas insulin inhibits feeding (40). Per-
haps more important, however, is evidence that glu-
cocorticoids antagonize the effects of insulin at tissues
where insulin performs its major storing actions (hepa-
tocytes, adipocytes, and muscle tissue) by exerting op-
posite, gluconeogenic effects to increase plasma glucose
levels (14, 20, 25, 40). Still, little is known about
whether this insulin/Cort antagonism on plasma glu-
cose exists in birds.

There are indications that lipids may be a more
significant source of energy than glucose in birds, es-
pecially during migration and fasting (1, 3, 21, 32, 42).
In white-crowned sparrows, feeding decreases when
plasma lipids are elevated, but feeding is insensitive to
changes in plasma glucose levels (5). Because fat yields
twice as much energy and water per gram than does
carbohydrate or protein (15, 21), this preference for
lipids as the primary energy substrate is far more
economical for an organism adapted for flight.

Glucocorticoids released during stress mobilize lip-
ids from adipose tissue, which supports gluconeogene-
sis. Stored triglycerides are broken down into non-
esterified fatty acids (NEFAs), which then can be
processed by the liver and other tissues for synthesis of
ATP (29). In this way, an increase in plasma NEFAs
produces lower plasma triglyceride levels. Stress de-
creases plasma triglycerides in rats (18, 39), and exog-
enous ACTH administered to the domestic fowl ele-
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vates Cort levels and leads to increases in plasma
NEFAs (17). In Japanese quail, both ACTH and dexa-
methasone (a synthetic glucocorticoid) administration
caused an increase in plasma NEFAs (6). Thus the
evidence for stress-induced hyperlipidemia is compel-
ling, although lipid mobilization in response to stress
remains relatively unstudied in passerines.

We recently showed that stress elicits both a robust
Cort response and a marked hyperglycemic response in
a common passerine, the European starling (Sturnus
vulgaris; Refs. 33, 35). These two studies also demon-
strated distinct daily (circadiel) and seasonal (circan-
nual) rhythms in both plasma Cort and glucose levels.
These results led us to focus on the following three
questions: 1) What is the result of the antagonism
between insulin and Cort on stress-induced hypergly-
cemia in starlings? 2) Do plasma triglycerides respond
to stress and in what way does the insulin/Cort antag-
onism affect stress-induced hyperlipidemia? 3) Do
these responses vary on either a daily basis or in
response to changes in photoperiod? We continue to use
starlings so results can be compared with our earlier
studies on Cort and glucose.

MATERIALS AND METHODS

Birds. Wild European starlings were captured using mist
nets during the winter in Eastern Massachusetts. Juveniles
were not captured for use in this study, but some birds may
have been hatch-year or second-year birds (31), giving a
mixture of young and older birds. Birds were housed commu-
nally for several months in large indoor flight aviaries on an
11:13-h light-dark cycle, and 10 birds were transferred to
individual cages for 2 wk before injections were initiated (n =
10). All rooms were climate controlled and maintained at
25°C for the duration of the study. Light cycles were adjusted
throughout the experiment to induce seasonal changes in the
birds. Birds were initially maintained on short days (11:13-h
light-dark cycle), and once all injections had been completed,
birds were shifted to long days (19:5-h light-dark cycle) as
described previously (33). Birds were allowed 2 wk to accli-
mate to the new photoperiod before injections were resumed.
Food and water were provided ad libitum. Captive starlings
undergo a predictable daily variation in body weight (33).
Because body weight is correlated with food intake (27), we
can assume that the basal nutritional state of each bird is
similar when samples are taken at the same time of the day
over multiple days. All experiments were performed accord-
ing to American Association for Accreditation of Laboratory
Animal Care guidelines and approved by the Institutional
Animal Care and Use Committee at Tufts University.

Stress/sampling protocols. Initial blood samples were
taken within 3 min of entering the room. These were consid-
ered basal samples and pooled for statistical purposes as Cort
does not significantly respond to stress until after ~3 min
(45) and stress-induced hyperglycemia is not evident until 15
to 20 min following acute stress (7, 11, 12, 33, 43). Control
birds were administered a saline injection immediately fol-
lowing blood sampling. Basal samples are reported as 0 min,;
however, injections were administered following basal sam-
pling. Because this is a within-subjects study, and because
each bird was bled at exactly the same time of day for each
trial, there should be little change in the nutritional state of
each bird before each experiment. Consequently, basal sam-
ples were only taken for the saline-injected controls.
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In separate trials, birds were injected with insulin, Cort, or
a combination of insulin and Cort immediately upon entering
the room. Administering the injections constituted a period of
handling stress. Birds were held in opaque cloth bags after
injection for a period of restraint stress, and subsequent
samples were taken at 40, 70, and 150 min postinjection.
Accordingly, saline injection served as the control for the
stress of handling (which included the injection itself) and
restraint.

Birds were allowed 48 h between experiments to replenish
blood volumes and recover between stressful stimuli. Exper-
iments were conducted at 1100 and 2300 during both photo-
periods, because these times approximate the peaks and
troughs of both the Cort and glucose daily cycle (33, 35). At
each time point, the alar vein was punctured, ~60 p.1 of blood
were collected into microhematocrit capillary tubes, and cot-
ton stanched blood flow. During lights-off, blue light was
used for illumination during sampling, because it is less
likely to stimulate photoreceptors and reset circadian
rhythms (30).

Seven free-living starlings were captured in the winter to
assess Cort responses to stress without the confounding
captivity. Birds were subjected to a 45-min period of restraint
as described above, with blood samples collected within 2 min
of capture and at 15, 30, and 45 min postcapture.

Injections. Within 5 min of entering the experimental
chamber, birds received subcutaneous injections in the dor-
sal neck region of either insulin (human recombinant ex-
pressed in Escherichia coli; Sigma Chemical) or Cort (dis-
solved in peanut oil; Sigma Chemical) or a combination of the
two hormones. Two doses of insulin were used (1.0 and 4.0
1U/kg), as well as one dose of Cort (200 pg), and 0.85% saline
served as the vehicle control. These combined to give six
treatments: saline; 1.0 IU insulin; 4.0 IU insulin; saline +
200 pg Cort; 1.0 IU insulin + 200 pg Cort; 4.0 IU insulin +
200 pg Cort. Each bird was given all six treatments at two
times a day, with the individual treatment order randomized.
Body weight of the birds in this study ranged from 70 to 85 g.

Justification of doses. The normal range of plasma glucose
in birds is ~10-20 mmol/l (22, 23), so the target glucose
levels we sought for the highest dose of injected insulin
ranged from 6 to 12 mmol/l. Additionally, we sought a dose of
insulin that would show biological activity for 2.5 h or more,
because postmeal insulin (endogenous) takes ~3 h to store
ingested carbohydrates in birds and mammals (29, 42). One
study of insulin injections in a passerine, the white-crowned
sparrow, demonstrated that low doses of human recombinant
insulin (0.5 and 1.0 IU/kg) became ineffective at changing
food intake by 30 min postinjection, whereas higher doses
(2.0 and 4.0 IU/kg) remained biologically active up to 120 min
following injection (4). We determined an optimal dosage
range and time course for insulin injection into starlings
during a pilot study (Fig. 1A). Two doses of insulin, 1.0 and
4.0 IU/kg, injected subcutaneously were found sufficient to
show a dose response of plasma glucose levels to insulin
administration over the course of 2.5 h.

In a previous study, we demonstrated that stress-induced
Cort levels ranged from 40 to 50 ng/ml in starlings (35), and
maximal responses in individual birds did not exceed 100
ng/ml (unpublished observations). We sought to extend this
Cort response to mimic the 2.5-h time course in insulin action
by administering exogenous Cort at varying doses in a second
pilot study (Fig. 1B). This was necessary because negative
feedback can rapidly inhibit endogenous Cort release (13).
From these data, we concluded that an intermediate dose of
200 pg Cort would be sufficient to obtain a maximal (al-
though supraphysiological) dose of plasma Cort at 30 min
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Fig. 1. Plasma glucose (A) and corticoste-
rone (Cort; B) responses to stress under
influence of graded doses of exogenous
insulin (Ins.) or Cort, respectively, in
birds held on short days at 1100.

Glucose (mmol/L)

2.51U Ins.
401U Ins,

CORTICOSTERONE AND INSULIN INTERACTIONS IN STARLINGS

B ] 50 pgcorr
O 100 pe corr
400-|
[ 150 pz CORT
5 Bl 200 pe corT
E 3004
% E 250 ue cOrRT
=
= B 500z cORT
=
g 200 O 1000 g CORT
b
=
2
T 1004
=] -
) _:ﬁ:é
0 5

Time after injection (min)

and return to high physiological (stress induced) Cort levels
by 90 min postinjection. This 200-ug dose was a compromise
between high initial levels of Cort and extension of elevated
Cort over 1.5 h. This ensured that Cort would remain at
normal stress-induced levels or higher for most of the 2.5 h of
insulin action.

Sample processing and assays. Hematocrit tubes were
sealed with clay at one end and centrifuged at ~400 g for 5
min. Plasma was removed and frozen until analyzed. Cort
was extracted from plasma with dichloromethane and ana-
lyzed using a radioimmunoassay as described previously
(47). Glucose levels were determined using a hexokinase
reagent (Sigma Chemical) combined with spectrophotometry
as described previously (33). Plasma triglyceride levels were
measured using a lipoprotein lipase/ESPA assay combined
with colorimetric spectrophotometry (GPO Trinder, Sigma
Chemical). Interassay variability for Cort, glucose, and tri-
glyceride assays was 9.3, 8.5, and 5.9%, respectively. Intra-
assay variability for Cort was 6.8%

Statistics. Data were analyzed using repeated-measures
ANOVA for the effects of injection, time of day, and photo-
period on basal and stress-induced (40, 70, and 150 min)
levels of Cort, glucose, and triglycerides. P values were
adjusted to control for performing multiple ANOVAs (38).
In addition, the effect of stress on Cort release was ana-
lyzed by comparing basal and 40-min plasma Cort levels
using paired ¢-tests.

RESULTS

Basic response to stress. Basal levels of Cort and
glucose showed distinct circadiel variation for birds
held on short days (Fig. 2A4). Cort levels were higher at
2300 than 1100 [F(1,18) = 9.14, P < 0.01], but, in
contrast, basal glucose concentrations were elevated at
1100 [F(1,16) = 9.07, P < 0.01]. Triglycerides, on the
other hand, showed no circadiel variation. Plasma Cort
levels significantly increased after saline injection be-
tween 0 and 40 min at 1100 (¢ = 4.42,df = 9, P < 0.002)
and at 2300 (¢ = 3.83, df = 9, P < 0.005). At 1100, Cort
levels remained at stress-induced concentrations for
the duration of sampling, whereas at 2300, Cort began

T
100

Time After Injection

to approach basal concentrations by the end of the
sampling period. Although plasma glucose did not
change after saline injection at 1100, there was a
significant hyperglycemic stress response at 2300
through 40 min, after which glucose levels return to
baseline [F(3,12) = 4.98, P < 0.02]. Saline injection
also produced a decrease in plasma triglycerides at
both 1100 [F(3,15) = 37.92, P < 0.0001] and 2300
[F(3,15) = 14.25, P < 0.0001].

The concentrations and responses of Cort, glucose,
and triglycerides were slightly different for birds held
on long days (Fig. 2B). Although Cort concentrations
did not show circadiel variation [F(1,16) = 4.046, P =
0.06] as in short-day birds, basal glucose concentra-
tions were elevated at 1100 [F(1,16) = 5.286, P < 0.04].
Also, as with birds held on short days, triglycerides
show no circadiel variation. Cort also increased after
saline injection on this photoperiod, with Cort concen-
trations significantly elevated by 40 min at 1100
[F(3,24) = 4.437, P < 0.02] and also at 2300 [F(1,8) =
12.577, P < 0.008]. On long days, Cort approaches
basal concentrations by 150 min at both 1100 and
2300. Again, similar to short days, birds held on long
days exhibit a hyperglycemic response to stress only at
2300, and the levels are significantly elevated through
the entire duration of sampling [F(3,51) = 3.315, P <
0.03]. Furthermore, triglyceride concentrations de-
crease in response to stress at both 1100 [F(3,15) =
30.49, P < 0.0001] and at 2300 [F(3,15) = 23.77, P <
0.0001], matching patterns on short days.

The Cort response to stress in captive starlings is in
the range of the Cort response to stress in free-living
starlings (Fig. 2C). Cort concentrations significantly
increase throughout the 45 min of restraint [F(3,18) =
17.93, P < 0.0001] and peak at ~43 ng/ml.

Responses to insulin. Although there were indica-
tions that Cort concentrations tended to be increased
at 70 and 150 min following the high-dose insulin
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sponses to stress at 1100 or 2300 in birds held
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scale for Cort graphs.
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injection (4.0 IU), this response was not statistically
significant (Fig. 3) [although the increase during long
days was nearly significant, with F(1,15) = 5.00, P >
0.05 after adjusting for multiple comparisons]. In con-
trast, injections of insulin reduced plasma glucose lev-
els (Fig. 4). There was an overall dose-dependent treat-
ment effect as insulin suppressed glucose concentrations
at 1100 on both the short-day [F(2,27) = 39.16, P <
0.0001; Fig. 4A] and long-day [F(2,23) = 9.15, P < 0.002;
Fig. 4C] photoperiods. Insulin also prevented the stress-
induced hyperglycemia at 2300 on both short [F(2,27) =

—_
150

Time after injection (min)

20.21, P < 0.0001; Fig. 4B] and long days [F(2,22) =
10.32, P < 0.001; Fig. 4D]. Plasma triglyceride concen-
trations, however, did not change in response to insulin
regardless of photoperiod, time of day, or dose (data not
shown).

Responses to Cort. Injections of Cort produced su-
praphysiological levels of Cort (Fig. 5). In birds held
on short days (Fig. 5A), Cort was at maximum 40 min
after the injection at both 1100 [F(3,81) = 39.03, P <
0.0001] and 2300 [F(3,66) = 59.12, P < 0.0001].
Similarly, in birds held on long days (Fig. 5B), Cort
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Fig. 3. Cort responses to stress following insulin injec-
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tion in birds held on short days at 1100 (A), short days
at 2300 (B), long days at 1100 (C), or long days at 2300
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Fig. 5. Cort responses to stress following injec-
tion of saline (unmarked) or 200 pg Cort (+Cort)
at 1100 or 2300 in birds held on short (A) or long
days (B). Points represent means = SE for n =
10. Saline-injected controls are repeated from
Fig. 2.
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peaked at 40 min at both 1100 [F(3,42) = 50.54, P <
0.0001] and 2300 [F(3,40) = 22.60, P < 0.0001] in
response to Cort injection. Exogenous Cort did not
alter the glucose response at either time of day or
during either photoperiod (Fig. 6) nor did it alter
plasma triglyceride concentrations at 1100 in either
season (Fig. 7). However, at 2300 on both photoperi-
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ods, triglyceride levels appeared to recover after 150
min, and Cort administration seemed to counteract
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sufficient statistical power to conclusively draw this
conclusion [for short day, F(1,16) = 1.66, P = 0.22 for
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Interaction between insulin and Cort. Insulin did
not alter Cort concentrations in response to exoge-
nous Cort injections, and insulin and Cort did not
interact to alter the triglyceride response to stress
(data not shown). Exogenous Cort, however, had a
limited effect on glucose concentrations by hastening
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plasma glucose recovery from insulin-induced hypo-
glycemia (Fig. 8). This effect was only apparent dur-
ing the day and did not occur at night during either
photoperiod (Fig. 8, A and B). By 150 min at 1100,
glucose concentrations in insulin + Cort birds were
higher than concentrations in birds that received
insulin alone and in birds maintained on short
[F(3,32) = 5.54, P < 0.005] and long days [F(3,27) =
8.30, P < 0.0005].
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DISCUSSION

Cort. Acute handling and restraint stress caused
plasma Cort levels to increase in both photoperiods and
at both times of the day. This verifies findings from a
previous study in starlings (35) and adds to the grow-
ing body of comparative data on stress in wild and
captive birds (e.g., 36, 46). This study has shown that
stress-induced Cort levels begin to attenuate at 70 min
and approach basal (nonstressed) levels by 150 min
following initiation of an acute stressful stimulus. To
our knowledge, this is the first measure of Cort re-
sponses to stress for this length of time in a wild or
captive bird. These findings suggest a window of im-
portance for Cort release in response to stress in birds,
because after ~2.5 h following a stressor, circulating
Cort begins to approach basal levels. Thus even though
the birds were repeatedly exposed to the stress of
handling and restraint throughout the duration of
sampling, it is likely that negative feedback on the
hypothalamic-pituitary-adrenal axis (e.g., 13) has re-
duced the Cort stress response dramatically by 2.5 h
after the initial stressor.

This study also supports previous findings of daily
and photoperiodic Cort rhythms in starlings. Previous
work showed that the daily rhythm in circulating Cort
peaked during the scotophase (lights-off) and was at
nadir in the middle of the photophase (lights-on, Ref.
35). The present study also shows that birds held on
short days have higher Cort levels at night (2300) than
in the middle of the day (1100). The exact function of
this nighttime peak in Cort remains unclear, but a
previous study suggested that Cort treatment induces
nocturnal restfulness in passerines (10). Although not
statistically significant, a similar trend occurred in
birds held on long days. The lack of elevated levels
during the night on long days may result from birds on
short days being held in darkness for longer at the time
of sampling (short-day scotophase begins at 1800) than
birds held on long days (long-day scotophase begins at
2200). Because daily Cort levels peak in mid-to-late
scotophase (9, 35), perhaps sampling at 2300 in birds
held on long days was not close enough to the Cort
maximum to contrast nighttime and mid-day Cort con-
centrations. Absence of a photoperiod difference in
basal Cort concentrations between short and long days
was expected from a previous study in starlings (35).

The present study used an exogenous dose of Cort in
starlings that produced a maximum in pharmacologi-
cal Cort concentrations for at least 40 min following
injection. Cort levels then attenuated rapidly to reach
high physiological levels by 70 min, and they ap-
proached basal levels by 150 min. Whether this dose
(2.67 mg Cort/kg body wt) is appropriate for other
passerines remains to be tested (for other methods, see
Ref. 8). Additionally, this study showed an indication
that insulin-induced hypoglycemia can elevate circu-
lating Cort concentrations. Although not a significant
result, the highest dose of insulin (4.0 IU) tended to
produce a slight increase in Cort release in both sea-
sons at 1100. This insulin-induced stress response has
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been documented in rats (e.g., Ref. 34) and other mod-
els. A higher insulin dose may have elicited a signifi-
cant Cort increase, because human insulin may not be
as effective as native starling insulin. However, star-
ling insulin is not available, and we chose human
insulin because it has been used in other studies in
passerines (e.g., Ref. 4).

Glucose. Plasma glucose levels changed in response
to handling and restraint stress only during scotophase
sampling under both photoperiods. This result sup-
ported earlier findings in the same species (33) where
stress elevated glucose only at night (not during the
day) in birds held on short days, long days, and during
a prebasic molt. This earlier study also showed a cir-
cadiel rhythm in plasma glucose, with levels highest in
mid-day and lowest at night. The present study sup-
ported these results, as basal glucose levels were ele-
vated at 1100 over 2300 in both photoperiods. One
reason proposed for the lack of a mid-day hyperglyce-
mic response to stress is the variability associated with
food intake through the active period (33). Because the
birds are feeding throughout the photophase, perhaps
it is difficult to turn on a strong hyperglycemic re-
sponse while plasma glucose levels are elevated at
mid-day. The release of insulin to clear postmeal
surges in glucose levels may prevent a bird from mo-
bilizing a hyperglycemic stress response until after the
storing activity of insulin has subsided. However, we
chose to perform these studies on fed, rather than
fasted, birds to more closely mimic natural conditions.

The injection of the potent hypoglycemic hormone
insulin during mid-day and at night allowed us to
address these questions. In this study, insulin admin-
istration caused a dose-dependent hypoglycemic re-
sponse during the day and also completely shut off the
stress-induced hyperglycemic response at night in both
photoperiods. We then used a Cort injection to see if
the hyperglycemic response could be restored by ad-
ministering pharmacological doses of glucocorticoid
alongside the insulin injection. Interestingly, even 1.0
IU insulin (which has been used as a low dose in other
passerine injection studies; e.g., Ref. 4) caused a hypo-
glycemic response even in the presence of supraphysi-
ological doses of Cort. This effect was independent of
photoperiod or time of day, but it was only present for
approximately the first hour postinjection. In other
words, the effects of insulin vs. insulin + Cort injec-
tions were statistically similar only through the 70-min
sample. By 150 min, injected Cort appeared to hasten
the recovery of plasma glucose levels from the effects of
insulin at 1100 in both photoperiods. This result sup-
ports one role that glucocorticoids are thought to play
in the stress response by exerting permissive effects on
the hyperglycemic actions of epinephrine and glucagon
(12, 26). Because Cort, as a steroid hormone, primarily
affects the rates of transcription in target cells (29), the
permissive effects on glucose levels may take a longer
time to develop. In this study, at 1100 in both seasons,
Cort concentrations in response to Cort injection are
approaching basal levels by 150 min, yet this is the
only time point that glucose levels show the effects of
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injected Cort. This supports the role of Cort as a per-
missive agent of hyperglycemia in birds.

The attenuation of insulin-induced hypoglycemia by
Cort was not evident in either season at 2300. This
suggests that the hormones Cort permissively acts on
to cause hyperglycemia may not be as effective during
the scotophase. A more complete understanding of this
system calls for further study of the disparity between
mid-day and nighttime roles of Cort in hyperglycemia.

Triglycerides. Plasma triglyceride levels decreased
in response to stress in all groups, independent of
photoperiod, time of day, or injection. This result was
expected in light of previous studies in mammals (18,
39). Whether this is an effect of glucocorticoids or
another system responsive to stress (e.g., catechol-
amine release) remains to be tested. Glucocorticoids
are known to inhibit synthesis of triglycerides from
NEFAs (2), but epinephrine has also been shown to
increase triglyceride lipase activity (29).

Circulating triglycerides did not exhibit circadiel
variation in basal levels, indicating that plasma lipids
may remain at relatively constant levels throughout
the daily cycle in this species. Whether this pattern is
true of basal lipids throughout the 24-h cycle is un-
known.

Recent evidence has shown that small birds exhaust
their glycogen reserves in the first few hours of an
overnight fast and that NEFAs derived from stored
triglycerides become the primary fuel for the remain-
der of the scotophase (21). In light of this, perhaps
falling triglyceride levels in response to stress are less
tolerable at night, and regulatory mechanisms that
bring levels back to basal are activated faster during
scotophase than photophase. This may prevent triglyc-
erides from falling below critical levels at times when
they are needed most. A post hoc inspection of the
present data suggested that triglycerides recovered
from stress-induced depletion at night and that this
recovery was eliminated by Cort injection. However,
the power of this test was not sufficient to draw signif-
icant conclusions. Nonetheless, because lipids appear
to be the primary source of energy for small birds (1, 3,
21, 32, 41), these results are intriguing and warrant
further study.

This study showed that injections of Cort were un-
able to stimulate a further reduction in plasma triglyc-
erides below stress-induced levels. This suggests that
lipid levels are tightly regulated in birds and will not
fall below a precise range, even with further stimula-
tion by increased Cort. Support for this idea comes
from feeding behavior changes in white-crowned spar-
rows in response to altered triglyceride levels (4).

Surprisingly, insulin injection produced no effect on
triglyceride levels at either dose. In light of previous
studies where insulin increased NEFA levels in white-
crowned sparrows (5) and domestic hens (17) and also
increased triglyceride levels in geese (28), it is unclear
what the relationship is between insulin and plasma
lipids in birds. As with the effects of Cort, the present
study suggests that plasma lipid levels are tightly
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regulated in birds and may not deviate from a critical
range, despite insulin action.

Perspectives

This study aims to further an understanding of the
adaptive function of glucocorticoid release during
stress. We have long known that Cort increases in
response to stress and that Cort can alter glucose
levels, yet we still have only a rudimentary idea of how
this helps animals survive stressful periods. This in-
formation is especially lacking in taxa such as birds.
This study has three main results that can help ad-
dress this problem. First, there appears to be a window
of importance for Cort release in birds, because stress-
induced Cort concentrations begin to approach basal
levels ~2.5 h following acute stress. Second, the adap-
tive function of hormone release during stress changes
to meet varying energetic demands throughout the
day. Consequently, the hormones released during
stress can exert very different effects over the 24-h
daily cycle. For example, stress-induced hyperglycemia
only occurs at night, and Cort can only counteract
insulin’s actions during the day. Third, this study
shows that plasma lipid levels are responsive to stress
and suggests that lipids are insensitive to manipula-
tions of both Cort and insulin concentrations in a bird.
Because lipids are an important energy substrate in
birds, an understanding of lipid regulation during
stress in birds is fundamental to appreciate the adap-
tive significance of the vertebrate stress response.

The authors thank Dr. R. Feldberg for assistance in insulin
preparation and Drs. J. DeBold and J. M. Reed for editing critiques.
We also thank two anonymous reviewers for helpful and insightful
comments.

This research was supported by the National Science Foundation
Grant IBN-9975502 to L. M. Romero and support for undergraduate
research by the Howard Hughes Medical Institute to L. Remage-
Healey.

Present address of L. Remage-Healey: Dept. of Neurobiology and
Behavior, Cornell University, Ithaca, NY 14853.

REFERENCES

1. Bairlein F and Gwinner E. Nutritional mechanisms and tem-
poral control of migratory energy accumulation in birds. In: Bird
Migration, edited by Gwinner E. Berlin: Springer-Verlag, 1994,
p. 198-213.

2. Bentley PJ. Hormones that influence intermediary metabolism.
In: Comparative Vertebrate Endocrinology, edited by Bentley PJ.
Cambridge, UK: Cambridge Univ. Press, 1998, p. 230-238.

3. Blem CR. Avian energy storage. In: Current Ornithology, edited
by Power D. New York: Plenum, 1990, p. 59-113.

4. Boswell T, Lehman TL, and Ramenofsky M. Effects of
plasma glucose manipulations on food intake in white-crowned
sparrows. Comp Biochem Physiol A 118: 721-726, 1997.

5. Boswell T, Richardson RD, Seeley RJ, Ramenofsky M,
Wingfield JC, Friedman MI, and Woods ST. Regulation of
food intake by metabolic fuels in white-crowned sparrows. Am J
Physiol Regulatory Integrative Comp Physiol 269: R1462—R1468,
1995.

6. Bray MM. Effect of ACTH and glucocorticoids on lipid metabo-
lism in the Japanese quail, Coturnix coturnix japonica. Comp
Biochem Physiol A 105: 689-696, 1993.

7. Brown MR, Fisher LA, Spiess J, Rivier C, Rivier J, and
Vale W. Corticotropin-releasing factor: actions on the sympa-
thetic nervous system and metabolism. Endocrinology 111: 928—
931, 1982.

AJP-Regulatory Integrative Comp Physiol « VOL 281 « SEPTEMBER 2001 « WWW.ajpregu.org



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

CORTICOSTERONE AND INSULIN INTERACTIONS IN STARLINGS

. Bruener CW, Greenberg AL, and Wingfield JC. Noninvasive

corticosterone treatment rapidly increases activity in Gambel’s
white-crowned sparrows. Gen Comp Endocrinol 111: 386—394,
1998.

. Bruener CW, Wingfield JC, and Romero LM. Diel rhythms

of basal and stress-induced corticosterone in a wild, seasonal
vertebrate, Gambel’s white-crowned sparrow. J Exp Zool 284:
334-342, 1999.

Buttemer WA, Astheimer LB, and Wingfield JC. The effect
of corticosterone on standard metabolic rates of small passerine
birds. J Comp Physiol [B] 161: 427-431, 1991.

Carragher JF and Rees CM. Primary and secondary stress
responses in golden perch. Comp Biochem Physiol A 107: 49-56,
1993.

Curi CM, Ribeiro EB, Zaia CT, and Dolnikoff MS. Glycemic
response to stress stimulation by ether exposure in adrenalecto-
mized rats. Pharmacol Biochem Behav 37: 399-403, 1990.
Dallman MF, Akana SF, Cascio CS, Darlington DN, Jacob-
son L, and Levin N. Regulation of ACTH secretion: variations
on a theme of B. Recent Prog Horm Res 43: 113—-173, 1987.
Dallman MF, Strack AM, Akana SF, Bradbury MdJ, Hanson
ES, Scribner KA, and Smith M. Feast and famine: critical role
of glucocorticoids with insulin in daily energy flow. Front Neu-
roendocrinol 14: 303—347, 1993.

Gill FB. Fatty fuels for migration. In: Ornithology, edited by Gill
FB. New York: Freeman, 1990, p. 297-299.

Gregoire F, Genart C, Hauser N, and Remacle C. Glucocor-
ticoids induce a drastic inhibition of proliferation and stimulate
differentiation of adult fat cell precursors. Exp Cell Res 196:
270-278, 1991.

Heald PJ, McLachlan PM, and Rookledge KA. The effects of
insulin, glucagon and ACTH on the plasma glucose and free fatty
acids of the domestic fowl. J Endocrinol 33: 83—95, 1965.
Hershock D and Vogel WH. The effects of immobilization
stress on serum triglycerides, NEFAs, and total cholesterol in
male rats after dietary modifications. Life Sci 45: 157-165, 1989.
Holmes WN and Phillips JG. The adrenal cortex of birds. In:
General, Comparative, and Clinical Endocrinology of the Adre-
nal Cortex, edited by Chester-Jones I and Henderson IW. Lon-
don: Academic, 1976, p. 293—420.

Houssay BA, Rodriguez RR, and Cadeza AF. Prevention of
experimental diabetes. Endocrinology 54: 550-553, 1954.
Klasing KC. Metabolism and storage of triglycerides. In: Com-
parative Avian Nutrition, edited by Klasing KC. New York: CAB
Intl., 1998, p. 182-194.

Langslow DR. Gluconeogenesis in birds. Biochem Soc Trans 6:
1148-1152, 1978.

Le Ninan F, Cherel Y, Robin JP, Leloup J, and Le Maho Y.
Early changes in plasma hormones and metabolites during fast-
ing in king penguin chicks. J Comp Physiol [B] 158: 395-401,
1988.

Leung K and Munck A. Peripheral actions of glucocorticoids.
Annu Rev Physiol 37: 245-272, 1975.

Malchoff DM, Maloff BL, Livingston JN, and Lockwood
DH. Influence of dexamethasone on insulin action: inhibition of
basal and insulin stimulated hexose transport is dependent on
length of exposure in vitro. Endocrinology 110: 2081-2087, 1982.
McMahon M, Gerich J, and Rizza R. Effects of glucocorticoids
on carbohydrate metabolism. Diabetes Metab Rev 4: 17-30,
1988.

Murphy ME. Nutritional economies. In: Avian Energetics and
Nutritional Ecology, edited by Carey C. New York: Chapman &
Hall, 1996, p. 31-60.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

R1003

Nir I and Levy V. Response of blood plasma glucose, free fatty
acids, triglycerides, insulin and food intake to bovine insulin in
geese and cockerels. Poult Sci 52: 886—892, 1973.

Norris DO. Secretion and action of glucocorticoids. In: Verte-
brate Endocrinology (2nd ed.), edited by Norris DO. Philadel-
phia, PA: Lea & Fegiber, 1985, p. 220-222.

Oishi T and Lauber JK. Photoreception in the photosexual
response of quail. II. Effects of intensity and wavelength. Am J
Physiol 224: 880-886, 1973.

Pyle P. European starling. In: Identification Guide to North
American Birds, edited by Pyle P. Bolinas, CA: Slate Creek,
1997, p. 421-422.

Ramenofsky M. Fat storage and fat metabolism in relation to
migration. In: Bird Migration: Physiology and Ecophysiology,
edited by Gwinner E. Berlin: Springer-Verlag, 1990, p. 214-231.
Remage-Healey L. and Romero LM. Daily and seasonal vari-
ation in response to stress in captive starlings (Sturnus vul-
garis): glucose. Gen Comp Endocrinol 119: 60—68, 2000.
Romero LM, Plotsky PM, and Sapolsky RM. Patterns of
adrenocorticotropin secretagog release with hypoglycemia, nov-
elty, and restraint after colchicine blockade of axonal transport.
Endocrinology 132: 199-204, 1993.

Romero LM and Remage-Healey L. Daily and seasonal vari-
ation in response to stress in captive starlings (Sturnus vul-
garis): corticosterone. Gen Comp Endocrinol 119: 52-59, 2000.
Romero LM, Soma KK, O’Reilly KM, Suydam R, and Wing-
field JC. Territorial behavior, hormonal changes, and body
condition in an arctic-breeding song bird, the redpoll (Carduelis
flammea). Behaviour 134: 727-747, 1997.

Rudman D and DiGirolamo M. Effect of adrenal cortical
steroids on lipid metabolism. In: The Human Adrenal Cortex.
New York: Harper & Row, 1971, p. 241-255.

Sokal RR and Rohlf FdJ. Comparisons among means. In: Bi-
ometry, edited by Wilson J. New York: Freeman, 1981, p. 242—
262.

Starzec JJ and Berger DF. Effects of stress and ovariectomy
on the plasma cholesterol, serum triglyceride, and aortic choles-
terol levels of female rats. Physiol Behav 37: 99—104, 1986.
Strack AM, Sebastian RJ, Schwartz MW, and Dallman MF.
Glucocorticoids and insulin: reciprocal signals for energy bal-
ance. Am J Physiol Regulatory Integrative Comp Physiol 268:
R142-R149, 1995.

Totzke U and Bairlein F. The body mass cycle of the migratory
garden warbler (Sylvia borin) is associated with changes of basal
plasma metabolite levels. Comp Biochem Physiol A 121: 127—
133, 1998.

Totzke U, Hubinger A, and Bairlein F. A role for pancreatic
hormones in the regulation of autumnal fat deposition of the
garden warbler? Gen Comp Endocrinol 107: 166—-171, 1997.
Widmaier EP and Kunz TH. Basal, diurnal and stress-in-
duced levels of glucose and glucocorticoids in captive bats. J Exp
Zool 265: 533-540, 1993.

Wingfield JC and Romero LM. Adrenocortical responses to
stress and their modulation in free-living vertebrates. In: Coping
with the Environment, edited by McEwen B. New York: Oxford
Univ. Press, 2000.

Wingfield JC, Smith JP, and Farner DS. Endocrine re-
sponses of white-crowned sparrows to environmental stress.
Condor 84: 399-409, 1982.

Wingfield JC, Suydam R, and Hunt K. The adrenocortical
responses to stress in snow buntings and Lapland longspurs at
Barrow, Alaska. Comp Biochem Physiol B 3: 299-306, 1994.
Wingfield JC, Vleck CM, and Moore MC. Seasonal changes of
the adrenocortical response to stress in birds of the Sonoran
Desert. J Exp Zool 264: 419-428, 1992.

AJP-Regulatory Integrative Comp Physiol « VOL 281 « SEPTEMBER 2001 « WWW.ajpregu.org



