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Summary

Plasma corticosterone increases during spring
migration in a variety of bird species, including the
Gambel's white-crowned sparrow Zonotrichia leucophrys
gambelii Corticosterone is elevated specifically in
association with migratory flight, suggesting that

subjected to a short-term fast. Results indicate that RU486
did not affect locomotor activity. However, consistent with
its effects in mammals, RU486 suppressed food intake.
Thus, hyperphagia and migratory restlessness, the two
behaviors that characterize migration, may be regulated

corticosterone may promote processes such as energy by different mechanisms. Lastly, RU486 antagonized

mobilization and/or migratory activity. General effects of

glucocorticoids support such a prediction. Because
glucocorticoids exert permissive effects on food intake,
corticosterone may also participate in the regulation
of migratory hyperphagia. To examine the role of
corticosterone during migration, we induced Gambel's
white-crowned sparrows to enter the migratory condition

and compared food intake and locomotor activity between
controls and birds injected with RU486 — an antagonist to
the low-affinity glucocorticoid receptor (GR). In addition,

we investigated effects of RU486 in birds that were

fasting-induced lipid mobilization, as evidenced by
decreased plasma free fatty acids. Thus, data on spring
migrants suggest that endogenous corticosterone levels act
through the GR to support hyperphagia and that the GR
promotes availability of lipid fuel substrates in association
with periods of energetic demand, e.g. during migratory
flight.

Key words: corticosterone, glucocorticoid (type 1) receptor, food
intake, hyperphagia, locomotor activity, migratory restlessness,
lipolysis, metabolite.

Introduction

Elevated plasma levels of corticosterone have beeh998; Challet et al., 1995) and also the mobilization of lipid

identified during the course of spring migration in many aviarenergy substrates (e.g. Dallman et al., 1993; Santana et al.,
species (e.g. Holberton, 1999; Landys-Ciannelli et al., 2002,995).

Piersma et al., 2000). For example, in comparison to Research on migratory birds is consistent with the prediction
wintering individuals, migrating Gambel's white-crowned that corticosterone may regulate migratory restlessness. Dolnik
sparrows Zonotrichia leucophrys gambélishow elevated and Blyumental (1967) found that injections of cortisol
plasma corticosterone (Romero et al., 1997). A recent studgicreased daytime activity of pre-migratory chaffinches
suggests that, as in other migrants (e.g. Landys-CiannellFringilla coeleb$ to levels seen in migrating conspecifics, and
et al., 2002; Piersma et al., 2000), plasma corticosterorMeier and Martin (1971) found that injections of corticosterone
in the white-crowned sparrow increases specifically inncreased daytime and nocturnal activity of photosensitive
association with migratory flight (Landys, 2003). Thus,white-throated sparrowsZ@notrichia albicolli§ placed on
corticosterone may promote flight-associated processdsng days. However, results from these experiments may
during the period of migration, e.g. energy mobilizationbe confounded because administration of glucocorticoids
and/or migratory restlessness — the intense and persistdppically elevates plasma concentrations to maximal or even
movements that typify birds in the migratory condition.pharmacological levels (e.g. Astheimer et al., 1992; Gray et al.,
General effects of glucocorticoids support such a predictiort990) that are not representative of the migratory condition;
past research has demonstrated that glucocorticoids regulatrticosterone levels in migratory birds generally circulate at
locomotor activity (e.g. Astheimer et al., 1992; Bruener et al.intermediate concentrations (e.g. Jenni et al., 2000; Landys-
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Ciannelli et al., 2002; Romero et al., 1997; Schwabl et al., Materials and methods

1991). Thus, we suggest that inhibiting glucocorticoid Animals

receptors for corticosterone may be a more salient technique ggmbel's white-crowned sparrow&dhotrichia leucophrys
when investigating the role of seasonal corticosterone Ievelg%&

, . mbelij Zink and Blackwell, 1996) were captured during fall
This approach addresses effects of endogenous elevations that ration in Sunnyside, Washington in September and October
are appropriate to the period of migration.

- - ) 2001-2002. After capture, sparrows were housed in outdoor
_ As already described in mammals, birds possess Wqnt aviaries at the University of Washington, Seattle. At least
intracellular receptors for glucocorticoids: a low-affinity yyq \eeks prior to the initiation of experiments, birds were
glucocorticoid ~receptor  (GR) and a high-affinity ,j5ced in indoor environmental chambers. The temperature in
mlneralocortl§:0|d .recept.or (_MR; Breuner et al,, 200,1)' Th&he chambers was set to vary between 20°C during the day and
compound mifepristone is widely used as an antagonist to thgyo during the night. Birds were provided will libitum

GR and appears to effectively bind to and inhibit the GR ifirq chow and wild bird seed mix at all times other than during
birds. qu example, RU486 blndsaGR—Ilke receptor in tisSUEyhirolled fasting periods. A light (d@x) was provided
preparations of the Gambel's white-crowned —sparrowying the dark period to simulate starlight/moonlight, without
(Breuner et al., 20.03), and administration of RU486 'nh'b'tswhich night migrants such as the white-crowned sparrow
behavioral effects induced by dexamethasone — a GR agonjghica|ly do not express migratory activity (M. Ramenofsky,
— in the ring dovéStreptopelia risorigKoch et al,, 2002). To  ynnyplished observation). All experiments were performed
verify the efficacy of RU486 in the Gambel's white-crowned, ey the approval of the Institutional Animal Care and Use

sparrow, we conducted a validation study in which Wecommittee at the University of Washington (protocol number:
compared the effects of corticosterone in the presence 3%12-29).

absence of RU486.

Given that past and current results suggest an antagonistic RU486 validation study
role for RU486 with respect to the GR, we used RU486 to First, we tested the efficacy of RU486 as a corticosterone
determine how endogenous corticosterone levels act througimtagonist in the Gambel's white-crowned sparrow. We
the GR to regulate migratory behavior in Gambel's white-compared daily food intake and fat depots among three groups
crowned sparrows. We treated spring migrants with RU486 af birds. (1) Controls: birds with empty implants and vehicle
with vehicle and tested for effects on locomotor activity andpeanut oil; Hain Celestial Group, Inc., Uniondale, NY, USA)
food intake. We then compared effects of RU486 treatmenhjections (control group), (2) B group: birds with implants of
between spring migrants and wintering birds to determineorticosterone and vehicle injections and (3) B+RU486 group:
whether the role of corticosterone varies with life-historybirds with implants of corticosterone and injections of RU486.
stage, i.e. according to the distinct phenotypic states thatine animals were included in each treatment group. We
maximize fitness in a predictably oscillating environmentadministered 1.4ng of RU486 (Sigma, St Louis, MO, USA)
(Jacobs, 1996). via subcutaneous injection to each bird, i.e. at a dose of

Based on general effects of glucocorticoids, we-50mgkgL. RU486 was suspended in vehicla sonication.
hypothesized that RU486 treatment would suppress migratofynplants were made from I8m sections of Silastic
restlessness during spring migration, especially becausaboratory tubing (i.d. 1.4mm, o0.d. 1.96nm) that were sealed
captive white-crowned sparrows exhibit distinct elevations irwith silicone at both ends. A small hole was cut at one end
plasma corticosterone in association with migratory activityimmediately before implantation to promote corticosterone
7.9+1.2ngml~l, as compared with 2.6+Ct®ymil in delivery. We implanted birds subcutaneously one day after the
wintering birds (Landys, 2003). Also, because corticosteronfirst injection and monitored birds for another seven days,
has been shown to play a permissive role in feeding (Dallmanjecting birds with RU486 or with vehicle every other day.
et al., 1993; King, 1987), we predicted that RU486 would The birds investigated in the validation study were placed
suppress migratory hyperphagia. into environmental chambers in April 2002. Chambers were

We also tested the effects of elevated corticosterone levelkept on a late spring photoperiod {1:40h L:D). Treatment-
in relation to an energetic challenge. We administered enduced changes in fat deposits and daily food intake were
second dose of RU486 to the same migratory or winteringecorded. We scored the deposits of fat in the furcular fossa
birds, removed food from both groups and monitored resultingnd in the abdominal cavity on an arbitrary scale ranging from
locomotor activity and plasma metabolites. We predicted tha to 5 (Wingfield and Farner, 1978). A score of O represents
RU486 would suppress the fasting-associated increase i fat, and a score of 5 indicates the presence of bulging fat
escape behavior (Lynn et al., 2003). Because glucocorticoidmdies. Changes in fat score were compared among treatment
have been shown to stimulate glucose production (e.groups with a Kruskal-Wallis one-way analysis of variance
Davison et al., 1983; Santana et al., 1995) and lipidJANOVA) on ranks. Changes in daily food intake were
mobilization (e.g. Dallman et al., 1993; Mukherjee andinvestigated with a parametric one-way ANOVA.
Mukherjee, 1973), we also predicted that RU486 treatment Blood samples for the determination of plasma
would inhibit the fasting-associated mobilization of energycorticosterone were collected in the early afternood (6
reserves. after lights-on) one day after implantation procedures. We



punctured the alar wing vein with a sterile
gauge needle and drew pooling blood droj
into heparinized micro-hematocrit capilli
tubes. Blood samples were collected wi
3 min of entry into chambers. Corticoster
levels determined from these samples re
undisturbed baseline concentrations (Wing
et al., 1982). Plasma corticosterone in bl
samples was determined by radioimmunoa
(RIA), as described below. Effects of treatn
on corticosterone levels were investigated
a one-way repeated measures ANOVA. Tt
tests were used fqrost-hoccomparisons. A
corticosterone data were lagiransformed fc
use in statistical analyses.

Effects of RU486 treatment during migratic
and wintering

In January—February 2002 and January z
birds in the wintering condition were plac
into environmental chambers kept on s
days (8h:16h L:D). Four weeks before t
initiation of experiments, half of the birds w
switched to a long-day photoperiod i@ h
L:D) to induce entry into the migratory st
(King and Farner, 1963; Ramenofsky et
2003).

We administered birds with RU486 at a dose of rigkg L.
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Fig. 1. Pictorial representation of the experimental design used to evaluate effects of
RU486 treatment in the Gambel's white-crowned sparrow. Spring migrants and
wintering birds were held on 188h L:D and 8h:16h L:D, respectively.

(A) Experimental protocol designed to investigate the behavioral responses of birds
to RU486 treatment unded libitumfood conditions. Treatment effects were tested
by comparing birds one day before and one day after RU486 injections. Controls
received vehicle injections. Birds were monitored for differences in locomotor
activity (as determined by motion detectors in registration cages) and daily food
intake. (B) Experimental protocol designed to investigate the behavioral and
metabolic responses of birds to RU486 treatment during a food manipulation trial. On
the morning following the second RU486 injection, food in chambers was removed
for four hours. Birds in a second chamber continued to experaahdiditum food
conditions. Locomotor activity and plasma metabolites were monitored during the
trial. After food was replaced, locomotor activity and food intake were measured to
determine how RUA486 affects recovery. Controls continued to receive vehicle
injections.

To verify that the long-day photoperiod used herenBth

Increasing evidence suggests that, as in mammals, RU488D) was sufficient to induce birds to enter the migratory

administration in birds antagonizes the GR (Breuner andondition (characterized by night-time

restlessness and

Orchinik, 2001; Breuner et al., 2003; Koch et al., 2002)increased feeding; Ramenofsky et al., 2003), we compared
Because RU486 also blocks the progesterone receptaright-time locomotor activity and daily food intake between
differences between RU486-treated birds and controls shousgring migrants and wintering birds. Only data collected before
be interpreted with some caution. Nevertheless, because e initiation of treatment were considered. Differences were
measured behavioral and physiological responses that astatistically examined with Mann—Whitney rank sum tets.

classically attributed to glucocorticoids

rather

than tovalues were Bonferroni-adjusted.

progesterone (Hadley, 1999; Nelson, 2000), we maintain that o . _
the effects of RU486 in this study are most likely to beEffects of RU486 on activity and energy metabolism during a

representative of action at the level of the GR.

Effects of RU486 on activity and food intake in ad libitum

food conditions

fast

Spring migrants and wintering birds were given a second
injection of RU486 or vehicle 2 days after the first injection
(see FiglB). On the morning following the second injection,

Injections of RU486 or vehicle were administered in thefood was removed from each cage for 4h to determine how
morning, within 4h of lights turning on. We tested for RU486 affects energy metabolism (as determined from plasma
treatment effects by comparing birds one day before and omeetabolites) and locomotor activity in association with an

day after injections (see FigjA). Birds were monitored for

energetic challenge. Birds in control chambers were hetdion

locomotor activity (as determined by motion detectors inibitumfood. We continued to monitor locomotor activity after

registration cages) and food intake.

the conclusion of the food trial and also measured food intake

Effects of RU486 administration on locomotor activity andto determine how RU486 affected recovery. A two-way
food intake were analyzed with two-way repeated measuresNOVA was used to statistically examine differences in
ANOVA tests. Sampling day (pre-injection or post-injection)locomotor activity and food intake between treatment groups.
was included as a repeated factor. RU486 administration w&®eding condition (fasted @d libitum) was included in the
considered to have an effect on measured responses if ttest as a factor.
interaction between treatment group and sampling day was
significant, i.e. if treatment caused a different pattern of chandeollection of behavioral data

in RU486-treated birds than in controls.

Locomotor activity was recorded throughout the day and
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night in registration cages equipped with motion detector®lasma assays
(Radio Shack, Fort Worth, TX, USA; Ramenofsky et al., 2003; plasma for later determination of corticosterone and
Sperry et al., 2003). When birds crossed an infrared beametabolites was stored in micro-centrifuge tubes at —20°C and
running parallel to and above their perch, the electric signglt —80°C, respectively. Corticosterone concentrations were
was transmitted to a computer and catalogued as an instanf&ermined at the University of Washington by direct RIA as
of activity by Labview Program (National Instruments, Austin,described by Wingfield et al. (1992). Plasma samples ¢f 20
TX, USA). Activity (hopsmin-), as determined by infrared ere combined with 180l distiled HO. 2000c.p.m.
beam-breaks, is reported for the following three periods: early3H]corticosterone (NET-399, PerkinElmer, Boston, MA,
day (9Cmin after lights-on until afternoon), late-day (afternoonysaA) was added and allowed to equilibrate for at leashiB0
until 30min before lights-off) and night (3@in after lights-  at #C for the determination of percent recovery of steroid.
off until 30 min before lights-on). Steroids were extracted for h2 with 4ml redistilled
Food intake was monitored by weighing food trays with birddichloromethane and dried under nitrogen gas € 3Dried
food mix before and after a feeding period and is reported hegstracts were resuspended in $@hosphate-buffered saline
as grams of food consumed per day. Food spillage from trayg.1% gelatin). Duplicate samples of A00vere used for the
was minimized by allowing only a small opening in trays forR|A. Corticosterone concentration was calculated from a

food access. standard curve that ranged from B to 200(pg. Of the
) remaining re-suspended extract, J0Qvas used to determine
Blood sampling the percent steroid recovered after extraction. Corticosterone

To determine effects of RU486 treatment on baseline levelsoncentrations determined from the RIA were adjusted to
of plasma corticosterone, blood samples were collected in th@count for percent steroid lost during extraction. We set the
early afternoon (b after lights-on) one day after the first |imits of detectability for the assay at p§. As calculated from
RU486 injection. We collected samples withinmB of  known standards run within each assay, inter-assay variation
disturbance, as described in the validation study abovgyas 6.0%. As previously determined from 10 known standards
Differences in baseline corticosterone between RU486-treateghalyzed in a separate assay, intra-assay variation was 8.7%.
birds and controls were examined with a two-way ANOVA. Metabolite concentrations in blood plasma were determined
Life-history stage (spring migrants or wintering birds) wasat the University of Montana, Missoula on a powerwave
included as a factor. 340x microplate spectrophotometer (BioTec Instruments,

To determine effects of food removal on baseline plasmgyinooski, VT, USA). Assays were run in 4Q0flat-bottom,
corticosterone, we also collected blood samples at thgs-well polystyrene microtitre plates (NUNC, Roskilde,
conclusion of the 4-h food manipulation trial (agaith &fter  Denmark). Glycerol and triglycerides were measured
lights-on). Differences in corticosterone between birds held o8equentially by endpoint assay (Sigma; GPO-Trinder Reagents
the two feeding regimes (fastedaat libitum) were tested with A and B; 5l plasma, 24Qul reagent A, 6Qul reagent B).

a two-way ANOVA, with treatment group (RU486-treated Glucose was measured by endpoint assay (Sigma; Infinity
birds or controls) included as a factor. Glucose Reagent; |8 sample, 30Qul reagent). Free fatty acids

Blood collected at the conclusion of the food manipulationvere measured by endpoint assay (WAKO Diagnostics,
trial was also evaluated for concentrations of six plasm@&ichmond, Virginia; 3ul sample, 12Qul reagent A, 249l
metabolites: triglycerides, free fatty acids, glycerol, uricreagent B). Uric acid was measured by endpoint assay (WAKO
acid, B-hydroxybutyrate and glucose. Triglycerides are thepjagnostics; Hul sample, 30Qul reagent) 3-hydroxybutyrate
storage form of lipids. They are synthesized in the liver angyas measured by kinetic assay (SigfJBA reagent; 1Gul
are transported to peripheral tissues for deposition into fafample, 41l B-HBDH enzyme, 25Qul reagent) according to

bodies, but can also enter the blogé dietary absorption the method described in Guglielmo et al. (2002).
(Robinson, 1970). Free fatty acids and glycerol are released

when triglycerides are hydrolyzed and indicate lipid

mobilization from adipose tissue (Elia et al., 1987; Scow and Results

Chernick, 1970). Uric acid results from the breakdown of RU486 validation study

protein, which can originate from either the muscle or the Results from the validation study indicate that RU486
diet (Lindgard et al., 1992; Robin et al., 19873 is an effective corticosterone antagonist in the Gambel’s

hydroxybutyrate is synthesized predominantly duringwhite-crowned sparrow. RU486 treatment inhibited
fasting to replace part of the glucose supply and suggesterticosterone-induced fat depositiorH=7.040, d.f.=2,
lipid catabolism and glucose shortage (Robinson an#=0.030; Fig.2). In comparison to controls, birds given an
Williamson, 1980). Concentrations of these six plasmamplant of corticosterone (the B group) increased in fat score
metabolites were compared between RU486-treated birds angler the course of the experiment (Dunpsst-hoctest,
controls with a two-way ANOVA. Feeding regime (fasted orP<0.05). By contrast, fat score changed similarly between
ad libitum) was included as a factor. Plasma metabolitecontrols and birds given a corticosterone implant plus an
concentrations were lagitransformed for use in statistical RU486 injection (the B+RU486 groupi*0.05).

analyses. Food intake changed differently among the three groups as
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Fig.2. Validation of RU486 as a corticosterone antagonist in the_. . . 1
Gambel’s white-crowned sparrow. Changes in fat score and pIasnF'g' 3. Effects of RU486 treatment on daily food intakalg™) of

. 1 spring migrants and wintering birds. Administration of RU486
corticosterone (ngl=Y) were compared among three treatment™. ~.° . ) . . .
) . : . . . . significantly decreased food intake only in spring migrants. Daily
groups: (1) birds with empty implants and vehicle injections . . oY
. L . ., food intake is shown before and after RU486 injections. Black bars,
(controls), (2) birds with implants of corticosterone and vehicle . . ST
N . R . controls; white bars, RU486-treated birds. Sample size is indicated.
injections (B group) and (3) birds with implants of CortlCOSteroneAsterisks indicate significant differences between treatment groups
and injections of 5@ngkgl RU486 (B+RU486 group). 9 groups.

. : . Error bars represeste.m.
Corticosterone concentrations were determined from blood sampli P
collected in under &in of disturbance. Corticosterone implants

were effectlvg in elevating plasma corticosterone levels, gnd causettore of white-crowned sparrows during spring migration
an increase in fat score. RU486 treatment inhibited cortlcosteroni-

induced fat deposition. Nine animals were included in each treatme Ipteractlon tgrm_,F1,31:14.992, |.3<0'00;I'; Fig:3). PalrW|se.
group. Error bars represertem. Different letters above bars post-hodests indicate that food intake in RU486-treated birds

indicate significant differences among groups. and cpntrols was similar_ before treatmeRt@.05) but was
lower in RU486-treated birds after treatmdpt@.05). RU486
did not affect food intake in wintering birds (interaction term,
a consequence of treatmer,$4=3.767,P=0.038). Food F1342.082,P=0.158; Fig.3).
intake of the B+RU486 group decreased in comparison to Locomotor activity in spring migrants and wintering birds
that of controls (Tukeypost-hoctest, P<0.05), while food was not altered by RU486 treatment during any of the three
intake of the B group and the controls changed similarlexamined periods: early-day (interaction terf,3:=0.131,
(P>0.05). In response to treatment, daily food intakeP=0.720 and F1,30=0.352, P=0.557 for spring migrants
(x seM.) of the B+RU486 group, the B group and theand wintering birds, respectively), late-day 6:=1.713,
controls decreased by 2.3+@3 1.5+0.1g and 1.0+0.%, P=0.200 andF1,30=0.043, P=0.838, respectively) and night
respectively. (F1,3:=1.330,P=0.258 and~1,30=0.393,P=0.535, respectively)
One day after implantation procedures, baseline levels dFig. 4).
plasma corticosterone were different among treatment groups As expected, daily food intake=(1525.00,P<0.002) and
(F2,24244.589, P<0.001; Fig2). Plasma corticosterone was night-time locomotor activity t£688.00, P<0.002) were
higher in the B group and the B+RU486 group than in controlsignificantly higher in spring migrants than in wintering birds
(Tukey post-hoctests:P<0.05), suggesting that corticosterone (see Figs, 4), suggesting that the long-day photoperiod
implants were effective in elevating plasma levels of thiconditions employed in this study were effective in inducing
hormone. Plasma corticosterone was similar between the Iirds to enter into a migratory state (Ramenofsky et al., 2003).
group and the B+RU486 groupX0.05). Baseline levels of plasma corticosterone were lower in birds
treated with RU486 than in controlB1(ss=17.740,P<0.001;
Effects of RU486 treatment on activity and food intake in  Fig.5). Consistent with Romero et al. (1997), baseline
ad libitumfood conditions corticosterone showed a trend to be higher in spring migrants
We found that RU486 administration affected the daily foodhan in wintering birdsK1,65=3.364,P=0.071). The interaction
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between season and treatment was not signifiEagt€0.836, (Tablesl, 2). Glycerol also increased with fasting, but only in
P=0.364). spring migrants. By contrast, fasting decreased plasma levels
of trigyclerides, glucose and uric acid in spring and winter.
Effects of RU486 on activity and energy metabolism during a RU486 treatment significantly affected plasma levels of
fast metabolites. RU486 decreased free fatty acids in spring
Fasting caused an increase in daytime locomotor activitynigrants but only if birds had been subjected to a fast GFig.
(F1,29745.229,P<0.001 and~1,26=18.268,P<0.001 for spring  Table2). By contrast, during winter, RU486 decreased plasma
migrants and wintering birds, respectively; ). Locomotor free fatty acids both in fasting andad libitumbirds. RU486
activity was not affected by RU486 treatmehRt £5=0.181, administration did not consistently affect plasma
P=0.674 andr1,26=1.115,P=0.300, respectively; Fig). The concentrations of any of the other measured metabolites:
interaction between feeding regime (fastingddibitum) and  glucose, triglycerides, glycerol, uric acidfhydroxybutyrate
treatment was not significant~1(29=1.273, P=0.268 and (Tablesl, 2).
F1,26=0.792,P=0.381, respectively). As expected, baseline levels of plasma corticosterone were
Food manipulation significantly affected plasma metabolitédigher in fasting birds than in birds held ad libitum food
levels. Fasting birds displayed elevated free fatty acidfgand (F1,26=6.261,P=0.018 andF1,3:=18.635,P<0.001 for spring
hydroxybutyrate in comparison with birds provided @ah  migrants and wintering birds, respectively; Fj. suggesting
libitum diet, both during spring migration and winter that birds experienced fasting as a challenge (Lynn et al., 2003;
Richardson, 1997). RU486 treatment
significantly ~ decreased baseline
mmm CoNrols . concentrations  of  corticosterone
| == RU486-treatedbirds (F1265.373, P=0.028 and
F1,31=6.673, P=0.015, respectively;
Fig.6). The interaction between
treatment and feeding regime was not
significant £1,26=3.999,P=0.055 and
' F1,3:=2.433,P=0.129, respectively).
- |—L| ’—L‘ - |_L| i |—L| Effects of RU486 on activity and

food intake during recovery

5

W
o

Eary-day ativity
(hops mirrd)
= N
(@] o

40 History of food availability did not
2 _ affect feeding behavior in spring
> . . —
5 £ 30 migrants: food intake was similar

E .

>0 between migrants that had been
< 8 201 fasted and migrants that had been
= held onad libitumfood (F1,26=0.012,

101 P=0.915). By contrast, wintering
|—L| l_Ll i|—L| iI_LI birds responded to food deprivation

with increased feeding-( 3=5.496,

T P=0.025; Fig.7).

£ 401 Administration of RU486 to spring

é’ 30 ] migrants decreased food intake
= regardless of whether birds had been
2 2] fasted or kept orad libitum food

3 (F1,2679.961, P=0.004; Fig.7). The

£ 10 interaction between treatment and
= 17 17 g’fg‘ Eﬁa feeding history was not significant

(F1,26=0.229,P=0.636). By contrast,

Before After Before After in wintering birds, RU486 decreased
Treatment day Treatment day feeding only following a fast
in spring migrants in winteringbirds (interaction term, F135=5.723

P=0.023; see Figl). RU486 had no

Fig. 4. Effects of RU486 treatment on locomotor activity (hois?) in spring migrants and in intake in

wintering birds. Locomotor activity was determined with motion detectors in registration cages Sﬁf&Ct. on ovgrall food
was investigated during three periods of the day: early-day, late-day and night. In respond¥IR&ering birds  F1,3=1.391,
treatment, locomotor activity changed similarly in controls and in RU486-treated birds during%’ﬁ0247)-

examined periods. Locomotor activity is shown before and after RU486 injections. Sample size Buring the night following the
indicated. Error bars represeti.m. recovery period, RU486-treated birds
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present study, RU486 decreased plasma corticosterone (see
* Fig.5), an effect that was already evident after 2h of RU486
o * treatment (M. Landys, unpublished observation).

Decreased plasma corticosterone commonly results after

stimulation of glucocorticoid receptors (e.g. Bugajski et al.,
2001; Rich and Romero, 2001), suggesting that RU486 may
17 Q

act as an agonist in relation to corticosterone feedback
mechanisms. However, we are confident that, in the white-
crowned sparrow, RU486 functions as an antagonist with
respect to GR-mediated behavior and energy metabolism.
Spring  Wintering First, we found that RU486 administration inhibits

migrants birds corticosterone-induced fattening in this species. Also, observed

Fig.5. Effects of RU486 treatment on plasma CorticosteroneeffeCts on food intake and plasma free fatty acids are consistent

(ngml~Y) in spring migrants and wintering birds. CorticosteroneWlth those of a GR antagom;t (e.9. Castonguay et al., 1984;
concentrations were determined from blood samples collected iH@llman et al., 1989; Mukherjee and Mukherjee, 1973). In an
under 3min of disturbance. Administration of RU486 caused a€ffort to explain the variability of RU486 action, we suggest

decrease in plasma corticosterone during both life-history staget1at effects may depend on the presence of specific co-
Black bars, controls; white bars, RU486-treated birds. Sample sizectivators or co-repressors at the site of transcription
are shown. Asterisks indicate significant differences betweefMcKenna and O’Malley, 2000).

treatment groups. Error bars indicaem.

Bazline levels of plasma
corticosterone (ng mi-1)

o B N W~ 0 O

The role of corticosterone during migration

and controls displayed similar locomotor activigy 65=0.330, Given previous findings (Landys, 2003; Landys-Ciannelli
P=0.570 andF1¢=0.862,P=0.361 for spring migrants and et al., 2002; Piersma et al., 2000), we hypothesized that
wintering birds, respectively; Fig). Night-time locomotor elevations in corticosterone during migration in the Gambel’s
activity was also similar between birds that had been fasted amchite-crowned sparrow would contribute to the regulation of
birds that had been held ad libitum food (F1,29=0.661, flight-associated processes, such as migratory restlessness and
P=0.423 andr1,26=3.741,P=0.063, respectively; Fig). The energy mobilization. Because glucocorticoids exert permissive
interaction between treatment and feeding history was naffects on food intake, we also hypothesized that corticosterone
significant £1,26=0.265,P=0.611 andF12¢=3.221,P=0.083, would participate in the regulation of migratory hyperphagia.
respectively). We used the GR antagonist RU486 to examine our predictions.
We found that RU486 treatment decreased feeding in
i , migratory individuals, suggesting that GR binding is required
Discussion for the expression of hyperphagia. These results demonstrate
RUA486 validation study that, as in mammals (e.g. Langley and York, 1990; Santana et
The validation study demonstrated that RU486 inhibitsal., 1995), the GR participates in the expression of feeding
effects of corticosterone in the Gambel's white-crownedbehavior in a passerine bird. Many studies have characterized
sparrow: administration of RU486 prevented corticosteronecorticosterone as an important regulator of food intake. In
induced fat deposition in this species. RU486 also suppressetammals, food intake decreases with adrenalectomy and can
food intake. We suggest that effects were generated throudpe restored with physiologically low doses of corticosterone
antagonism of the GR, because previous research hésg. Dallman et al, 1989; King, 1987). However,
demonstrated that RU486 binds to a GR-like cytosolic receptaorticosterone treatment in intact animals typically does not
in the white-crowned sparrow (Breuner et al., 2001). Data frorimcrease feeding further (e.g. Astheimer et al., 1992; Davison
other avian systems would strengthen the case for thet al., 1983; Gray et al., 1990), suggesting that corticosterone
antagonistic role of RU486 — a potentially valuable tool inaffects food intake only in a permissive capacity (Dallman et
determining how endogenous corticosterone levels affect avial., 1993; King, 1987). For example, corticosterone may
behavior and physiology. However, because RU486 alsmfluence food intake by altering responsivity to other
blocks the progesterone receptor, it is important to note th&tormones or neurotransmitters, such as neuropeptide Y (e.g.
there are limitations to the use of this compound in th&tanley etal., 1989; Tempel and Leibowitz, 1993; Zakrzewska
investigation of glucocorticoid action. et al., 1999) or norepinephrine (e.g. Leibowitz et al., 1984,
Although we anticipated that RU486 would antagonizeTempel and Leibowitz, 1993). The RU486 validation study
corticosterone-induced responses, effects on circulatingonducted here underlines the permissive nature of
corticosterone concentrations were unexpected. In mammalsprticosterone’s effects: food intake was not affected by
administration of RU486 typically elevates plasmacorticosterone implants but was suppressed after co-
corticosterone due to elimination of negative feedback (e.@dministration of RU486.
Healy et al., 1985; Langley and York, 1990), although some Whereas spring migrants responded to RU486 by decreasing
studies report the opposite (e.g. Laue et al., 1988). In theod intake, RU486 did not affect feeding in wintering birds.
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Table 1.Effects of RU486 treatment and feeding regime on plasma metabolite concentrations§mnmol

Ad libitumbirds Fasting birds
Controls RU486 birds Controls RU486 birds
Spring migrants
Free fatty acids 1.03+0.07 1.16+0.12 1.83+0.24 1.2740.16
Glycerol 0.44+0.07 0.3710.05 0.82+0.08 0.90£0.12
Triglycerides 6.75+0.70 5.81+0.80 2.39+0.23 2.48+0.17
Glucose 27.04+0.78 25.88+0.60 20.55+0.72 20.39+0.74
Uric acid 1.39+0.07 1.44+0.14 0.79+0.10 0.79+0.10
B-Hydroxybutyrate 0.43+0.07 0.32+0.01 2.96+0.19 2.72+0.18
Wintering birds
Free fatty acids 1.06+0.14 0.76+0.07 2.09+0.17 1.60+0.26
Glycerol 0.79+0.09 0.65+0.09 0.65+0.08 0.53+0.07
Triglycerides 8.33+0.69 7.05+0.90 2.07+0.19 2.4610.24
Glucose 33.08+1.63 27.54+1.28 18.93+0.79 19.38+0.52
Uric acid 1.71+0.11 1.70+0.14 1.02+0.11 0.78+0.05
B-Hydroxybutyrate 0.30+0.00 0.37+0.04 4.32+0.64 5.21+0.38

Data are shown for the life-history stages of spring migration and winter. Birds were treated migkd&® RU486 or vehicle and were
either subjected to a fast or maintainedaohlibitum food. Sample size was 31 for spring migrants and 36 for wintering birds (for specific
group size, see Fi§). Data are meansste.M.
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This suggests that the observed effects of RU486 in sprirgssociation with night-time migratory flight (Landys, 2003)
migrants were not pharmacological and also that the GR dossiggests that hyperphagia is not regulated at the level of plasma
not regulate feeding behavior during the life-history stage ofjlucocorticoids. We suggest that variation in receptor number
winter. may play a more important role in the seasonal regulation of
Although the GR appears to be necessary for the expressiteeding. For example, hyperphagia in spring migrants may be
of daytime feeding behavior during spring (white-crownedstimulated through an increased population of GRs. In support
sparrows do not feed at night; Morton, 1967), the fact thadf such a prediction, we found that RU486 was effective in
spring migrants show an elevation in corticosterone mainly isuppressing daily food intake in migratory individuals but not

Table 2.Results of the two-way ANOVA tests used to examine effects of RU486 treatment and feeding regime on plasma
metabolite concentrations (mrrioh)

Treatment Feeding regime Interaction
F P F P F P
Spring migrants
Free fatty acids 1.876 0.182 9.003 0.006 5.199 0.031
Glycerol 0.005 0.946 29.548 <0.001 0.503 0.484
Triglycerides 0.340 0.565 67.480 <0.001 0.874 0.358
Glucose 0.638 0.431 63.722 <0.001 0.270 0.608
Uric acid 0.010 0.920 33.763 <0.001 0.031 0.861
B-Hydroxybutyrate 2.557 0.122 583.078 <0.001 0.006 0.938
Wintering birds
Free fatty acids 6.931 0.013 35.163 <0.001 0.135 0.716
Glycerol 2.364 0.134 2.128 0.154 0.046 0.831
Triglycerides 0.173 0.680 114.139 <0.001 2.920 0.097
Glucose 3.352 0.076 115.171 <0.001 6.234 0.018
Uric acid 1.935 0.174 60.167 <0.001 1.448 0.238
B-Hydroxybutyrate 3.181 0.084 480.451 <0.001 1.189 0.284

Data were evaluated separately for the life-history stages of spring migration and winter. Birds were treatethgiktgr 5®U486 o
vehicle and were either subjected to a fast or maintainedl dbitumfood. Based on 31 spring migrants, the degrees of freedom for treatment,
feeding regime, the interaction and the error term were 1, 1, 1 and 27, respectively. Based on 36 wintering birds, tbé foegpleas fo
treatment, feeding regime, the interaction and the error term were 1, 1, 1 and 32, respectively.
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in wintering birds. Research has already demonstrated that theWe found that RU486 inhibited an increase in free fatty
GR population of house sparrowRaSser domestichwvaries  acids during fasting, both in spring migrants and in wintering
with life-history stage (Breuner and Orchinik, 2001). birds. Thus, elevations in corticosterone appear to act through
RU486 treatment did not affect intensity of migratorythe GR to regulate the availability of lipid energy substrates,
activity during the night, suggesting that corticosterone doethereby ensuring that energy metabolism is balanced in
not regulate migratory restlessness through the GR. Elevationssponse to changing energy requirements (McEwen, 2000).
in corticosterone may only be a byproduct of increase®ecause RU486 did not affect plasma glycerol, which is a
activity, as shown in homing pigeor@dlumba livig that have  general indicator of lipolysis (Hetenyi et al., 1983),
completed a bout of flight (Haase et al., 1986). On the othewrticosterone does not appear to increase free fatty acid
hand, it is possible that elevations in corticosterone regulatevailability through the breakdown of lipid stores.
migratory restlessness through a non-genomic recepto€atecholamines and/or growth hormone may play a more
Whatever the case may be, our results suggest that migratatgminant role in this process (Hadley, 1999). Corticosterone
restlessness and hyperphagia, the two behaviors thatay instead produce effects by altering the re-esterification
characterize migration, are regulated by different mechanismsate of free fatty acids at adipose tissue sites (Mukherjee and
as has been previously suggested by King and Farner (1963)ukherjee, 1973). Further study is required to test this
hypothesis.
The role of corticosterone during an energetic challenge Spring migrants provided witlad libitum food did not
Because white-crowned sparrows held in captivity arelecrease free fatty acid levels after RU486 treatment. Blood
not exposed to the energetic demands typical of migratiosamples for the determination of plasma metabolites were
(Landys, 2003), we simulated energy shortage in birds bgollected during the day, when migratory white-crowned
subjecting them to a fast. Consistent with previous researdparrows show a nadir in plasma corticosterone (Landys,
(Lynn et al., 2003; Richardson, 1997), fasting in this specie2003). These comparatively low levels may be less effective
caused an increase in plasma corticosterone and in attemptsrtobinding the low-affinity GR to elicit effects related
escape. We predicted that during an energetic challenge energy metabolism (Kalman and Spencer, 2002). Past
increased corticosterone may participate in the regulation sftudies verify that only elevated corticosterone levels affect
this escape activity and in the correlated mobilization of energhpid mobilization. In rats, glucocorticosteroid treatment
stores (Richardson, 1997). stimulates the release of free fatty acids in a dose-dependent
Results showed that in response to food removal, locomotdashion (Mukherjee and Mukherjee, 1973), and differences in
activity increased similarly in RUA486-treated birds andadipose tissue mass between adrenalectomized animals and
controls. Therefore, as mentioned above, the GR does not seeontrols are only evident after a challenge (Santana et al.,
to participate in the regulation of locomotor activity. Results1995).
from past studies support this prediction. For example, Following the fast, re-feeding was evaluated to determine
although adrenalectomy decreases locomotion in fasted ratsgw history of energetic stress affects recovery. Only
RU486 treatment does not (Challet et al., 1995). Also, rapidintering birds displayed an increase in feeding after the fast,
locomotor responses that follow corticosterone administratiosuggesting that fasting-induced elevations in corticosterone
are not inhibited by administration of genomic receptormay have increased food intake through additional GR
antagonists (Sandi et al., 1996). Rapid responses tunding. Thus, elevations in corticosterone may be capable of
corticosterone have been noted in a number of species (eigcreasing food intake above levels appropriate to a particular
Orchinik et al., 1991; Sandi et al., 1996), including the whitedife-history stage if original plasma concentrations do not fully
crowned sparrow (Bruener et al., 1998), suggesting thatctivate the GR. Consistent with this prediction, an increase
elevations in corticosterone may affect activity through a nonin food intake after glucocorticoid treatment has been
genomic receptor. This would allow for swift responses tmbserved in non-breeding ring doves (Koch et al., 2002), in
unpredictable and challenging perturbations. Corticotropinwhich endogenous corticosterone levels are low (Lea et al.,
releasing factor (CRF), which has also been shown to promoi€92).
locomotion, may play a mediating role (e.g. Lowry and Moore, Finally, history of fasting did not affect migratory
1991; Maney, 1997). restlessness: migratory activity was similar between fasted
In conjunction with the increase in locomotor activity, fastingbirds and birds that had been maintainedaddibitumfood.
caused the mobilization of energy depots. Metabolite dat@hus, unlike garden warbler§ylvia borin Gwinner et al.,
demonstrate that energy was primarily mobilized from lipid1988), white-crowned sparrows do not seem to alter intensity
stores: fasting resulted in elevated levels of plasma glycerabf migratory activity in response to short-term food
free fatty acids anfl-hydroxybutyrate. Data are consistent with deprivation. Different responses between species may
a past study on this species (Richardson, 1997). Thus, unlike explained by employed migration strategies. Garden
the sparing of adipose tissue that occurs during fasting in sma¥larblers undertake relatively longer bouts of migratory
migrant songbirds (Jenni-Eiermann and Jenni, 1996), migratofilight that are energetically more demanding. Thus, these
white-crowned sparrows seem to rely on the mobilization obirds may be more sensitive to fasting-induced changes in
lipid stores during periods of energetic demand. energy stores.
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Summary Differential mechanisms for regulation of the stress response across
. . . latitudinal gradientsAm. J. Physiol285 R594-R600.
First, reSUItS. from this StUdy demonstrate that, as Il’éugajski, J., Gadek-Michalska, A. and Bugajski, A. J.(2001). A single
mammals, corticosterone acts through the GR to exert corticosterone pretreatment inhibits the hypothalamic-pituitary-adrenal

permissive effects on food intake in a passerine migrant. responses to adrenergic and cholinergic stimulafioRhysiol. Pharmacol

: : : 52, 313-324.
Corticosterone-induced  effects on food intake may b%astonguay, T. W., Dallman, M. F. and Stern, J. §1984). Corticosterone

mediated through seasonal differences in GR number rathefprevents body weight loss and diminished fat appetite following
than though changes in plasma glucocorticoids — during adrenalectomyNutr. Behav2, 115-125.

: : - - - - Challet, E., Le Maho, Y., Robin, J.-P., Malan, A. and Cherel, Y(1995).
migration, corticosterone levels are low in association wit Involvement of corticosterone in the fasting-induced rise in protein utilization

periods of feeding (Landys, 2003). Second, data indicate thatand locomotor activityPharmacol. Biochem. Behas0, 405-412.
elevated levels of corticosterone do not stimulate migratoriallman, M. F., Darlington, D. N., Suemaru, S., Cascio, C. S. and Levin,

restlessness or escape activity through the GR. Previous studﬁ%éiﬁga' §°r§fr:ifr2'df/l'” :f;‘}gosstaﬁ‘stgrzggig' ,\Sﬂcimﬁfjngft

have suggested that corticosterone regulates locomotor activitys., Scribner, K. A. and Smith, M.(1993). Feast and famine: critical role
via a non-genomic receptor. Thus, it is interesting to note that of glucocorticoids with insulinin daily energy flow.Front.

; ; . euroendocrinal14, 303-347.
hyperphagia and migratory restlessness, the two behawogét‘/ison’ T. F. Rea, J. and Rowell J. G(1983). Effects of dietary

that characterize migration, may be regulated by different corticosterone on the growth and metabolism of immatGlus
mechanisms. Third, data suggest that elevated levels ofdomesticusGen. Comp. Endocrinob0, 463-468.

: Inik, V. R. and Blyumental, T. I. (1967). Autumnal premigratory and
corticosterone act throth the GR 1o regulate energy SUbStré:E igratory periods in the chaffinclriingilla coelebs coelefsand some

availability during energetic challenge. Thus, variations in other temperate zone passerine bifsndor69, 435-468.
plasma corticosterone (and/or GR number) may be keflia, M., Zed, C., Neale, G. and Livesey, G(1987). The energy cost of

: : : : : triglyceride-fatty acid recycling in non-obese subjects after an overnight fast
in ensuring that behavior and physiology are adjusted and four days of starvatioMetabolism36, 251-255.

appropriate|y tO meet Changing requirements during the ”f%ray’ J. M.’ Yarian, D. and Ramenofsky’ M. (1990). Corticosterone‘

history stage of migration. Future studies will hopefully foraging behavior, and metabolism in dark-eyed jundosco hyemalis

elucidate the importance of seasonal variations in GR numb%ﬁ%ﬁgirrc\:oo,né?.é?gqlig?g,v%.3[3.5;:1?514\./Villiams, T. D(2002). Extrinsic and

in the regulation of migratory processes and will begin to intrinsic sources of variation in plasma lipid metabolites of free-living

address how corticosterone may interact with other hormoneswestern sandpiper€alidris maur). Auk 119, 437-445.
and neurotransmitters to regulate behavior and physiology?"ne" E. Schwabl, H. and Schwabl-Benzinger, 1(1988). Effects of
. . . . food-deprivation on migratory restlessness and diurnal activity in the garden
during the period of migration. warblerSylvia borin Oecologia77, 321-326.
Haase, E., Rees, A. and Harvey, $1986). Flight stimulates adrenocortical
. . activity in pigeons Columba livig. Gen. Comp. Endocrinobl, 424-427.
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