Comparative Biochemistry and Physiology, Part A 283 (2023) 111472

Contents lists available at ScienceDirect

Comparative Biochemistry and Physiology, Part A

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/cbpa

Check for

Long term stability of corticosterone in feathers e

Ursula K. Beattie , L. Michael Romero

Tufts University, United States of America

ARTICLE INFO ABSTRACT

Edited by Michael Hedrick Measuring corticosterone in feathers allows researchers to make long-term, retrospective assessments of physi-
ology with non-invasive sampling. To date, there is little evidence that steroids degrade within the feather
matrix, however this has yet to be determined from the same sample over many years. In 2009, we made a pool
of European starling (Sturnus vulgaris) feathers that had been ground to a homogenous powder using a ball mill
and stored on a laboratory bench. Over the past 14 years, a subset of this pooled sample has been assayed via
radioimmunoassay (RIA) 19 times to quantify corticosterone. Despite high variability across time (though low
variability within assays), there was no effect of time on measured feather corticosterone concentration. In
contrast, two enzyme immunoassays (EIA) produced higher concentrations than the samples assayed with RIA,
though this difference is likely due to different binding affinities of the antibodies used. The present study
provides further support for researchers to use specimens stored long-term and from museums for feather
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corticosterone quantification, and likely applies to corticosteroid measurements in other keratinized tissues.

1. Introduction

The recent advancement of measuring corticosterone from feathers
provides an exciting avenue for non-invasive, retrospective sampling in
birds (Bortolotti et al., 2008; Romero and Fairhurst, 2016). It is thought
that in the developing feather, corticosterone is deposited through the
vascularized feather pulp, between the area of cell proliferation and
keratinization/deployment (Bortolotti et al., 2008; Harris et al., 2016;
Jenni-Eiermann et al., 2015). Once the feather is fully grown, the pulp
cap is formed and the feather is no longer vascularized. At baseline, low
levels of circulating corticosterone play an important role in regulating
metabolism, while upon the onset of a stressor, an increase in cortico-
sterone aids in survival and/or recovery from that stressor (Sapolsky
et al., 2000). Thus, corticosterone measured from feathers represents an
average value of circulating corticosterone during the period of feather
growth (a timescale of weeks; Bortolotti et al., 2008; Gormally and
Romero, 2020; Lattin et al., 2011; Romero and Beattie, 2021).

Measuring corticosterone from feathers is an attractive technique
because feathers are easily and non-invasively collected, and can even
be collected when the bird is dead or absent (Blas, 2015; Romero and
Fairhurst, 2016). Furthermore, unlike plasma samples, feathers do not
require specialized storage — storage at room temperature in an envelope
or bag will suffice (Blas, 2015; Bortolotti et al., 2009; Romero and
Fairhurst, 2016). Because of these advantages, there have been many

attempts to correlate physiology and behavior with feather corticoste-
rone since the technique was first described (Bortolotti et al., 2008). For
example, feather corticosterone has been shown to correlate (either
positively or negatively) with age (Adamkova et al.,, 2019; Lopez-
Jiménez et al., 2017), recent previous clutch size (Bortolotti et al.,
2008), food restriction (Will et al., 2014), reproductive performance
(Will et al., 2014), feather coloration (Bortolotti et al., 2008; Kennedy
et al., 2013), carryover effects (Crossin et al., 2017; Harms et al., 2014),
temperature (Legagneux et al,, 2013; Lynn et al., 2022), condition
(Strong et al., 2015), hepatic metal concentration (Strong et al., 2015),
and urbanization (Beaugeard et al., 2019).

Some researchers have quantified corticosterone in museum speci-
mens to study birds of the past (Bortolotti et al., 2009; Fairhurst et al.,
2015; Kennedy et al., 2013; Strong et al., 2015) and while there is no
indication that corticosterone degrades with time, studies thus far have
been of an independent measures design. To our knowledge, the present
study is the first to quantify corticosterone from the same feather sample
pool over time (repeated measures design). Determining the stability of
corticosterone in keratinized tissues is critical to their use as an effective
tool in both basic and applied biology (Harris et al., 2016).

2. Methods

Feathers were obtained from starlings caught using mist nets in
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Fig. 1. Corticosterone quantification from starling feathers does not change over 14 years. A subset of the same pooled starling feather samples was assayed multiple
times from 2009 to 2023. These assays were radioimmunoassays conducted with either a CosmoBio or Sigma antibody. Each point is the average of multiple

replicates in a single assay.

Eastern Massachusetts. All animals were handled with the approval of
the Tufts University Institutional Animal Care and Use Committee as
well as in accordance for the guidelines to the use of wild birds in
research (Fair et al., 2010). In 2009, a pool of starling feathers (138
feathers from four individuals) was ground into a homogenous powder
using a ball mill (Lattin et al., 2011) for use as a cross-assay control in
radioimmuno- and enzyme immuno-assays in the lab. The pool was
stored in a 50 mL conical tube on the bench top, at room temperature
and with varying light exposure, to mimic how feathers might be stored
in museums, collections, or labs. We have compiled data from the past
14 years of assays using this pool to analyze changes in feather corti-
costerone over time.

2.1. Corticosterone quantification

All assays started with a steroid extraction protocol from Bortolotti
et al. (2008) and Lattin et al. (2011) and described briefly here. First, 7
mL of methanol was added to at least 20 mg of the pooled feathers
(Kintz, 2004; Thieme et al., 2003) and the mixture was left in a soni-
cating water bath for 30 min at room temperature and then in a shaking
water bath overnight at 50 °C. Feather remnants were vacuum filtered
out of the methanol/extract solution using #4 Whatman filters in a
Buchner funnel. The sample tubes, feather remnants, and funnels were
rinsed twice with 2.5 mL of methanol, for a total sample volume of 12
mL. Between samples, the filters were changed and the funnels were
washed with methanol that was discarded. The methanol/extract solu-
tions were dried under gaseous nitrogen and then extracts were recon-
stituted with 500 pL of buffer (see below).

The majority of the assays for corticosterone quantification were
standard radioimmunoassays (Wingfield et al., 1992) using either a
Sigma-Aldrich antibody (Cat. No. C8784, St. Louis, MO) or a CosmoBio
antibody (Cat. No. FKA420, Carlsbad, CA). The antibody differences
were due to a discontinuation of the Sigma-Aldrich antibody. These two
antibodies have been shown to produce similar corticosterone values in
European starlings (Fischer et al., 2021). Samples that were assayed
with the Sigma-Aldrich antibody were reconstituted with phosphate
buffered saline with 1 g/L of gelatin. Samples that were assayed with the
CosmoBio antibody were reconstituted with Tris-HCI buffer. Quantified
corticosterone values were normalized to sample weight and corrected
according to a corticosterone standard run with each assay.

The remaining assays were an enzyme immunoassay from Arbor

Assays (Cat. No. K014-H5, Ann Arbor, MI). Extracted samples were
reconstituted with the kit-provided Assay Buffer and the assay was then
run according to the manufacturer's protocol (with 50 pL of recon-
stituted extracts being added directly into the plate).

Many assays required multiple runs on the centrifuge, and a separate
feather pool sample was included in each of these runs. Feather pools
were analyzed both within single assays (replicates from multiple runs
in the same assay) and between assays over time.

2.2. Statistics

All statistical analyses were run in R version 4.2.2. Multiple replicate
pool samples from the same assay were averaged and statistics were run
on average data (average coefficient of variation for replicates within
the same assay was 10.8%). A linear model was used to test for an effect
of corticosterone concentration over time. The model was run once with
data from only the radioimmunoassays (CosmoBio and Sigma anti-
bodies) and once with the addition of the enzyme immunoassay data
(Arbor Assays antibody).

3. Results

Among radioimmunoassay-only data, neither time (t = 0.20, p =
0.84) nor antibody (t = 0.34, p = 0.73) affected corticosterone con-
centration. Similarly, when antibody is removed from the model,
corticosterone quantification did not change over time (t = —0.09, p =
0.93; Fig. 1). The trendline has a slope of —8.65 x 107>, The average of
all radioimmunoassay data is 15.89 pg/mg, the standard deviation is
6.36, and the coefficient of variation is 40%.

We did not have long-term data for corticosterone quantified with an
enzyme immunoassay as the two datapoints we had were from March of
2023. The values were 36.99 pg/mg and 38.90 pg/mg but were not
included in the figure. When the enzyme immunoassay data is included
in the statistical model, corticosterone quantification still does not
change over time (t = 1.36, p = 0.19). The trendline has a slope of 0.002.
The average of the whole dataset is 18.21, the standard deviation is 9.18,
and the coefficient of variation is 50%.

4. Discussion

The goal of this long-term study was to determine if corticosterone
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was stable in the same pooled sample of feathers measured over a 14-
year period. Feathers are an attractive matrix for assessing corticoste-
rone as they can be sampled non-invasively and stored easily (Blas,
2015; Bortolotti et al., 2009; Romero and Fairhurst, 2016), but evidence
on the stability of this steroid is limited (Harris et al., 2016). In 2009, we
created a pool of starling feathers (ground to a powder using a ball mill
and homogenized) to assess interassay variability (i.e. variability of
replicates in a single assay with multiple centrifuge runs). Across ra-
dioimmunoassays (using two different antibodies), there was no change
in corticosterone concentration, though the variability was high (Fig. 1).
It is unclear why the variability was so high as the feathers were pul-
verized and highly mixed, but it is consistent across time. It should be
noted however, that variability of separate extracts within the same
assay was not high (10.8%).

Results from the enzyme immunoassay were higher than all radio-
immunoassay results, however this is likely due to the difference in
antibodies (Fischer et al., 2021). The current hypothesis is that different
antibodies produce different concentrations of corticosterone because of
different binding affinities, specificity, and cross-reactivity of the anti-
bodies (Fischer et al., 2021; Lattin et al., 2011; Romero and Fairhurst,
2016). The feather pool in the present study has been consumed, but
future experiments should investigate the long-term stability of corti-
costerone in feathers as measured by an enzyme immunoassay.
Regardless of the elevated corticosterone according to the enzyme
immunoassay, the results according to the radioimmunoassay are
promising evidence that corticosterone is stable in feathers for at least
14 years. Furthermore, these results are also likely to apply to retro-
spective studies in other keratinized tissues that do not require
specialized storage (reviewed in Gormally and Romero, 2020) such as
hair (Macbeth et al., 2010; Mastromonaco et al., 2014), nails/claws
(Baxter-Gilbert et al., 2014; Matas et al., 2016), snakeskin sheds
(Berkvens et al., 2013), baleen (Hunt et al., 2014), scutes (Hamilton
et al., 2018), and scales (Aerts et al., 2015), but stability should be
independently validated.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

We thank C.L. Lattin, J. Wright-Lichter, B.M.G. Gormally, T. Militao,
C.P. Fischer, M. Kamm, Y. Gao, and D. Kilgour for the original mea-
surements of the feather pools. This work was supported by NSF grant
10S-1655269 to LMR.

References

Adamkova, M., Bilkova, Z., Tomasek, O., Simek, Z., Albrecht, T., 2019. Feather steroid
hormone concentrations in relation to age, sex, and molting time in a long-distance
migratory passerine. Ecol. Evol. 9, 9018-9026. https://doi.org/10.1002/ece3.5447.

Aerts, J., Metz, J.R., Ampe, B., Decostere, A., Flik, G., De Saeger, S., 2015. Scales tell a
story on the stress history of fish. PLoS One 10, 1-17. https://doi.org/10.1371/
journal.pone.0123411.

Baxter-Gilbert, J.H., Riley, J.L., Mastromonaco, G.F., Litzgus, J.D., Lesbarreres, D., 2014.
A novel technique to measure chronic levels of corticosterone in turtles living around
a major roadway. Conserv. Physiol. 2, 1-9. https://doi.org/10.1093/conphys/
cou036.

Beaugeard, E., Brischoux, F., Henry, P.Y., Parenteau, C., Trouvé, C., Angelier, F., 2019.
Does urbanization cause stress in wild birds during development? Insights from
feather corticosterone levels in juvenile house sparrows (Passer domesticus). Ecol.
Evol. 9, 640-652. https://doi.org/10.1002/ece3.4788.

Comparative Biochemistry and Physiology, Part A 283 (2023) 111472

Berkvens, C.N., Hyatt, C., Gilman, C., Pearl, D.L., Barker, I.K., Mastromonaco, G.F., 2013.
Validation of a shed skin corticosterone enzyme immunoassay in the African House
Snake (Lamprophis fuliginosus) and its evaluation in the Eastern Massasauga
Rattlesnake (Sistrurus catenatus catenatus). Gen. Comp. Endocrinol. 194, 1-9.
https://doi.org/10.1016/j.ygcen.2013.08.011.

Blas, J., 2015. Stress in birds. In: Scanes, C.G. (Ed.), Sturkie’s Avian Physiology, Sixth
edition. Elsevier Inc., pp. 769-810. https://doi.org/10.1016/B978-0-12-407160-
5.00033-6

Bortolotti, G.R., Marchant, T.A., Blas, J., German, T., 2008. Corticosterone in feathers is a
long-term, integrated measure of avian stress physiology. Funct. Ecol. 22, 494-500.
https://doi.org/10.1111/j.1365-2435.2008.01387.x.

Bortolotti, G.R., Marchant, T., Blas, J., Cabezas, S., 2009. Tracking stress: localisation,
deposition and stability of corticosterone in feathers. J. Exp. Biol. 212, 1477-1482.
https://doi.org/10.1242/jeb.022152.

Crossin, G.T., Phillips, R.A., Lattin, C.R., Romero, L.M., Bordeleau, X., Harris, C.M.,
Love, O.P., Williams, T.D., 2017. Costs of reproduction and carry-over effects in
breeding albatrosses. Antarct. Sci. 29, 155-164. https://doi.org/10.1017/
S0954102016000560.

Fair, J.M., Paul, E., Jones, J., Clark, A.B., Davie, C., Kaiser, G., 2010. Guidelines to the
Use of Wild Birds in Research.

Fairhurst, G.D., Bond, A.L., Hobson, K.A., Ronconi, R.A., 2015. Feather-based measures
of stable isotopes and corticosterone reveal a relationship between trophic position
and physiology in a pelagic seabird over a 153-year period. Ibis (Lond. 1859) 157,
273-283. https://doi.org/10.1111/ibi.12232.

Fischer, C.P., Vitousek, M.N., Romero, L.M., 2021. Can antibody-based assays
consistently detect differences in feather corticosterone? J. Ornithol. 162, 749-758.
https://doi.org/10.1007/510336-021-01866-0.

Gormally, B.M.G., Romero, L.M., 2020. What are you actually measuring? A review of
techniques that integrate the stress response on distinct time-scales. Funct. Ecol. 34,
2030-2044. https://doi.org/10.1111/1365-2435.13648.

Hamilton, M.T., Finger, J.W., Elsey, R.M., Mastromonaco, G.F., Tuberville, T.D., 2018.
Corticosterone in American alligator (Alligator mississippiensis) tail scutes:
evaluating the feasibility of using unconventional samples for investigating
environmental stressors. Gen. Comp. Endocrinol. 268, 7-13. https://doi.org/
10.1016/j.ygcen.2018.07.008.

Harms, N.J., Legagneux, P., Gilchrist, H.G., Bety, J., Love, O.P., Forbes, M.R.,
Bortolotti, G.R., Soos, C., 2014. Feather corticosterone reveals effect of moulting
conditions in the autumn on subsequent reproductive output and survival in an
Arctic migratory bird. Proc. R. Soc. B Biol. Sci. 282 https://doi.org/10.1098/
rspb.2014.2085.

Harris, C.M., Madliger, C.L., Love, O.P., 2016. Temporal overlap and repeatability of
feather corticosterone levels: practical considerations for use as a biomarker.
Conserv. Physiol. 4, 1-11. https://doi.org/10.1093/conphys/cow051.

Hunt, K.E., Stimmelmayr, R., George, C., Hanns, C., Suydam, R., Brower, H., Rolland, R.
M., 2014. Baleen hormones: a novel tool for retrospective assessment of stress and
reproduction in bowhead whales (Balaena mysticetus). Conserv. Physiol. 2, 1-12.
https://doi.org/10.1093/conphys/cou030.

Jenni-Eiermann, S., Helfenstein, F., Vallat, A., Glauser, G., Jenni, L., 2015.
Corticosterone: effects on feather quality and deposition into feathers. Methods Ecol.
Evol. 6, 237-246. https://doi.org/10.1111/2041-210X.12314.

Kennedy, E.A., Lattin, C.R., Romero, L.M., Dearborn, D.C., 2013. Feather coloration in
museum specimens is related to feather corticosterone. Behav. Ecol. Sociobiol. 67,
341-348. https://doi.org/10.1007/500265-012-1454-9.

Kintz, P., 2004. Value of hair analysis in postmortem toxicology. Forensic Sci. Int. 142,
127-134. https://doi.org/10.1016/j.forsciint.2004.02.027.

Lattin, C.R., Reed, J.M., Desrochers, D.W., Romero, L.M., 2011. Elevated corticosterone
in feathers correlates with corticosterone-induced decreased feather quality: a
validation study. J. Avian Biol. 42, 247-252. https://doi.org/10.1111/§.1600-
048X.2010.05310.x.

Legagneux, P., Harms, N.J., Gauthier, G., Chastel, O., Gilchrist, H.G., Bortolotti, G.,
Béty, J., Soos, C., 2013. Does feather corticosterone reflect individual quality or
external stress in arctic-nesting migratory birds? PLoS One 8, 6-13. https://doi.org/
10.1371/journal.pone.0082644.

Lépez-Jiménez, L., Blas, J., Tanferna, A., Cabezas, S., Marchant, T., Hiraldo, F., Sergio, F.,
2017. Lifetime variation in feather corticosterone levels in a long-lived raptor.
Oecologia 183, 315-326. https://doi.org/10.1007/500442-016-3708-0.

Lynn, S.E., Kern, M.D., Fitzgerald, K., Will, A., Kitaysky, A., 2022. Cooling increases
corticosterone deposition in feathers of eastern bluebird chicks. Gen. Comp.
Endocrinol. 320, 114001 https://doi.org/10.1016/j.ygcen.2022.114001.

Macbeth, B.J., Cattet, M.R.L., Stenhouse, G.B., Gibeau, M.L., Janz, D.M., 2010. Hair
cortisol concentration as a noninvasive measure of long-term stress in free-ranging
grizzly bears (Ursus arctos): considerations with implications for other wildlife. Can.
J. Zool. 88, 935-949. https://doi.org/10.1139/210-057.

Mastromonaco, G.F., Gunn, K., McCurdy-Adams, H., Edwards, D.B., Schulte-Hostedde, A.
1., 2014. Validation and use of hair cortisol as a measure of chronic stress in eastern
chipmunks (Tamias striatus). Conserv. Physiol. 2, 1-12. https://doi.org/10.1093/
conphys/cou055.

Matas, D., Keren-Rotem, T., Koren, L., 2016. A method to determine integrated steroid
levels in wildlife claws. Gen. Comp. Endocrinol. 230-231, 26-28. https://doi.org/
10.1016/j.ygcen.2016.03.020.

Romero, L.M., Beattie, U.K., 2021. Common myths of glucocorticoid function in ecology
and conservation. J. Exp. Zool. Part A Ecol. Integr. Physiol. 1-8. https://doi.org/
10.1002/jez.2459.

Romero, L.M., Fairhurst, G.D., 2016. Measuring corticosterone in feathers: strengths,
limitations, and suggestions for the future. Comp. Biochem. Physiol. -Part A Mol.
Integr. Physiol. 202, 112-122. https://doi.org/10.1016/j.cbpa.2016.05.002.


https://doi.org/10.1002/ece3.5447
https://doi.org/10.1371/journal.pone.0123411
https://doi.org/10.1371/journal.pone.0123411
https://doi.org/10.1093/conphys/cou036
https://doi.org/10.1093/conphys/cou036
https://doi.org/10.1002/ece3.4788
https://doi.org/10.1016/j.ygcen.2013.08.011
https://doi.org/10.1016/B978-0-12-407160-5.00033-6
https://doi.org/10.1016/B978-0-12-407160-5.00033-6
https://doi.org/10.1111/j.1365-2435.2008.01387.x
https://doi.org/10.1242/jeb.022152
https://doi.org/10.1017/S0954102016000560
https://doi.org/10.1017/S0954102016000560
http://refhub.elsevier.com/S1095-6433(23)00105-8/rf0050
http://refhub.elsevier.com/S1095-6433(23)00105-8/rf0050
https://doi.org/10.1111/ibi.12232
https://doi.org/10.1007/s10336-021-01866-0
https://doi.org/10.1111/1365-2435.13648
https://doi.org/10.1016/j.ygcen.2018.07.008
https://doi.org/10.1016/j.ygcen.2018.07.008
https://doi.org/10.1098/rspb.2014.2085
https://doi.org/10.1098/rspb.2014.2085
https://doi.org/10.1093/conphys/cow051
https://doi.org/10.1093/conphys/cou030
https://doi.org/10.1111/2041-210X.12314
https://doi.org/10.1007/s00265-012-1454-9
https://doi.org/10.1016/j.forsciint.2004.02.027
https://doi.org/10.1111/j.1600-048X.2010.05310.x
https://doi.org/10.1111/j.1600-048X.2010.05310.x
https://doi.org/10.1371/journal.pone.0082644
https://doi.org/10.1371/journal.pone.0082644
https://doi.org/10.1007/s00442-016-3708-0
https://doi.org/10.1016/j.ygcen.2022.114001
https://doi.org/10.1139/Z10-057
https://doi.org/10.1093/conphys/cou055
https://doi.org/10.1093/conphys/cou055
https://doi.org/10.1016/j.ygcen.2016.03.020
https://doi.org/10.1016/j.ygcen.2016.03.020
https://doi.org/10.1002/jez.2459
https://doi.org/10.1002/jez.2459
https://doi.org/10.1016/j.cbpa.2016.05.002

U.K. Beattie and L.M. Romero

Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence
stress responses? Integrating permissive, suppressive, stimulatory, and preparative
actions. Endocr. Rev. 21, 55-89. https://doi.org/10.1210/er.21.1.55.

Strong, R.J., Pereira, M.G., Shore, R.F., Henrys, P.A., Pottinger, T.G., 2015. Feather
corticosterone content in predatory birds in relation to body condition and hepatic
metal concentration. Gen. Comp. Endocrinol. 214, 47-55. https://doi.org/10.1016/
j-ygcen.2015.03.002.

Comparative Biochemistry and Physiology, Part A 283 (2023) 111472

Thieme, D., Anielski, P., Grosse, J., Sachs, H., Mueller, R.K., 2003. Identification of
anabolic steroids in serum, urine, sweat and hair: comparison of metabolic patterns.
Anal. Chim. Acta 483, 299-306. https://doi.org/10.1016/50003-2670(02)01604-5.

Will, A.P., Suzuki, Y., Elliott, K.H., Hatch, S.A., Watanuki, Y., Kitaysky, A.S., 2014.
Feather corticosterone reveals developmental stress in seabirds. J. Exp. Biol. 217,
2371-2376. https://doi.org/10.1242/jeb.098533.

Wingfield, J.C., Vleck, C.M., Moore, M.C., 1992. Seasonal changes of the adrenocortical
response to stress in birds of the Sonoran Desert. J. Exp. Zool. 264, 419-428.


https://doi.org/10.1210/er.21.1.55
https://doi.org/10.1016/j.ygcen.2015.03.002
https://doi.org/10.1016/j.ygcen.2015.03.002
https://doi.org/10.1016/S0003-2670(02)01604-5
https://doi.org/10.1242/jeb.098533
http://refhub.elsevier.com/S1095-6433(23)00105-8/rf0170
http://refhub.elsevier.com/S1095-6433(23)00105-8/rf0170

	Long term stability of corticosterone in feathers
	1 Introduction
	2 Methods
	2.1 Corticosterone quantification
	2.2 Statistics

	3 Results
	4 Discussion
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


