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ABSTRACT

Stressshormones, released into circulation as a consequence
of disturbanceyare classically assayed from blood samples but
may also be detected in a variety of matrices. Blubber and fecal
samples can'be remotely collected from free-ranging cetaceans
without the confounding hormone elevations associated with
chase, capturey and handling required to collect blood samples.
The relationship between cortisol concentrations in circulation
with that of blubber and feces, however, is unknown. To assess
these associations, we elevated cortisol by orally administering
hydrocortisone for five days in five bottlenose dolphins.
Voluntary bleed'and fecal samples were collected daily; blubber
biopsies were.collected on day one, just prior to hydrocortisone
administration, and days three and five of hydrocortisone
administration. We evaluated subsequent changes in several
circulating stress hormones as well as cortisol and
glucocorticoid metabolites in blubber and feces, respectively.
There was.assignificant association between cortisol levels in
serum and\in blubber ( Fi127 =14.3, P<0.01, mR? = 0.57) despite
substantial’ variability in blubber cortisol levels.
Counterintuitively, fecal cortisol metabolite levels were
inversely related to serum cortisol. The relationship between
serum and blubber cortisol levels suggests blubber samples from
remote sampling may be useful to detect stress loads in this
species.
Key words: stress, marine mammal, bottlenose dolphin, Tur si ops
t runcat us, HPA axis, conservation.

Animals are frequently exposed to a variety of stressful
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conditions (Boonstra 2013). Stressors are increasing in many
environments, often due to anthropogenic influences (Fair and
Becker 2000, Maxwell et al . 2013). Measures of stress hormones
are frequentlysused to detect stress in wild animals and there
is additional.interest in monitoring stress in managed care
settings. Stress hormones ( e. g., glucocorticoids) are typically
measuredfrom blood samples but it can be challenging to obtain
blood samples from free-ranging animals that represent baseline
conditions«These collections must be rapid ( e. g., within 3-5
min of initialdisturbance in birds (Romero and Reed 2005) or
conducted using sedatives that mitigate the stress response in
select species (Champagne et al . 2012). Neither constraint is
feasible innnumerous taxa ( e. g., free-ranging cetaceans), thus
alternativesmethods for measuring stress hormones in animals are
being explored; especially using less invasive collection
methods-and from more easily accessed tissues and matrices
(Sheriff et al. 2011, Hunt et al. 2013).

Several characteristics suggest that blubber may be an
appropriate tissue to assess stress levels in marine mammals.
Glucocorticeids ( e. g., cortisol and corticosterone) are stable
lipophilic cempounds amenable to measurement in a variety of
tissues and excreta and techniques have been explored in several
of these, including urine and feces, dermal structures including
fur, feathers and scales, and skin and subcutaneous adipose
tissue ( e.g., see Wasser et al. 2000, Hunt et al. 2013, Cattet
et al. 20144Atkinson et al . 2015). Each of these tissues will
have different rates and degrees of incorporation of
glucocorticoids. The rate and degree of incorporation may be
influenced by a variety of factors, including perfusion, growth

rate and metabolic activity, and hormone solubility in different
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tissues may vary among species and environmental conditions
(Bortolotti et al. 2009, Cattet et al . 2014). Cortisol and
corticosterone are highly soluble in adipose tissue (Mead

1986) and._this,subcutaneous tissue can be remotely sampled from
free-ranging.cetaceans using blubber biopsy darts (Kellar

2006, Noren and Mocklin 2012). Similarly, glucocorticoids are

excreted in'the'feces and fecal samples can be collected both on

land and in the locean for several marine mammal species (Hunt
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et al.

et al.

et

al . 2006,/Ayres et al. 2012, Gobush et al . 2014), thus avoiding

handling-induced stress responses. Cortisol, the principal
glucocorticoid in most marine mammals studied (St. Aubin 2001),
circulates primarily bound to carrier proteins ( e.g.,
corticosteroid-binding-globin, CBG, and albumin to a lesser

extent (Breuner and Orchinik 2002). Only free, unbound, cortisol

is thought'to incorporate into blubber (Breuner et al. 2013);

blubber-eertisol concentrations may therefore provide an
integrated. measure of stress over time that is less influenced
by short-term acute stress and brief increases in circulating
cortisol concentrations (Hughes et al . 2010). Conversely, fecal
cortisol metabolites reflect passage of degraded cortisol from
the bile inte.the intestinal system, thereby reflecting more
acute changes'in cortisol but presumably over time scales that
would be unaffected by handling artifact. These features make
cortisol assessment of blubber and fecal samples a promising
means of evaluating stress in marine mammals—nboth in free-
ranging populations and for comparisons with animals in managed
care settings.

For blubber and fecal glucocorticoid measurements to be
meaningful, however, we must determine the relationship between

blubber and fecal glucocorticoid content and serum cortisol
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concentrations, as it is these circulating hormones that
influence metabolism and energy use (Mendel 1989). We therefore
evaluated.the incorporation of cortisol into blubber and the
excretion ofsdts,metabolites into feces in a well-studied marine
mammal, the bottlenose dolphin ( Tur si ops truncates). We
manipulated circulating cortisol levels by orally administering
synthetic cortisol (hydrocortisone) over 5 d and evaluated its
impact on blubber cortisol and fecal glucocorticoid metabolites.
Additionally, we assessed several hormones—adrenocorticotropic
hormone (ACTH), aldosterone, and thyroid hormones—to explore
potential influences of chronically elevated cortisol within the
hypothalamic-pituitary-adrenal (HPA) axis and on the thyroid
hormone axis.
METHODS

Study Subjects and Ani mal Handl i ng Procedures

Five bottlenose dolphins participated in this study—four
male and one female, aged 20-35 yr, with an average mass of 217
(SD = 29) kg. Study animals were housed in open-water netted
enclosures within San Diego Bay, California, and maintained by
the U.S. Nawy.Marine Mammal Program (MMP). The MMP is accredited
by the Assaciation for the Accreditation of Animal Laboratory
Animal Care (AAALAC). Study animals were under the care and
supervision of trained clinical staff and fed a fish diet
commensurate with their body size; animals experienced normal
fluctuations in environmental conditions including day/night
cycle, weatherrand water temperatures.

Study dolphins were trained to voluntarily allow blood
sampling by presenting their fluke. Blood samples were collected
from the arteriovenous plexus of the ventral fluke, using a 21

G, 1.25-inch winged sampling needle and extension tube, into
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chilled serum and EDTA plasma Vacutainers (BD & Company,
Franklin, NJ). As part of the behavioral routine for dolphins at
the MMP, study.dolphins were previously trained to voluntarily
beach ontostri=fold padded mats used for dolphin transport. To
facilitate adipose tissue sampling, dolphins beached and
remained 'on'the padded mat until the blubber biopsy was
completed. Blubber biopsies were collected from an area
approximately 5 x 5 cm, slightly posterolateral of the dorsal

fin and overlying the epaxial muscle. Biopsies were collected
using a 16'G hiopsy needle set to 33 mm biopsy depth, sampling a
tissue core acrass the same depth relative to the outer skin
surface for each sample (Medical Device Technologies, Inc.,
Gainesville, FL). A cold pack was placed on the skin of the
biopsy sitesfer-several minutes just prior to the biopsy
procedureiin‘erder to numb the site. This procedure was better
tolerated-by the dolphins than was the injection of local
anesthetics#Two to three needle punches were required per
sample to obtain sufficient blubber for subsequent cortisol
assays. Tao facilitate fecal sample collection, dolphins were
conditionedste,voluntarily accept a soft, flexible 14 Fr,
polyvinylchloride catheter (item #J0695, Jorgensen Laboratories,
Loveland,/CO), inserted into the anal orifice. Following
insertion'to ~40 cm depth, fecal matter was gently passed into
the catheter. Fecal collections were made daily, placed into a
plastic 5 mL vial, and frozen at -80°C until processing. To
elevate circulating cortisol levels, study animals were orally
administered exogenous cortisol tablets (hydrocortisone, Pfizer
Inc., New York, NY) along with 0.5 kg of fish. After the
completion of the prescribed dosing regimen (described below)

and sampling procedures, hydrocortisone treatment was gradually
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reduced over 2—-3 d until administration ended.
Pilot Trial

To determine the appropriate dose and frequency required to
elevate circulating cortisol levels, we conducted a pilot study
in two trials,using.a single dolphin. The dolphin was orally
administered a high dose of hydrocortisone (120 mg) on each of
two nonconsecutive days (trial 1 and trial 2). Two separate
trials were conducted to limit the number of blood draws in a
day and tosensure that the dolphin’s voluntary participation in
repetitive blood sampling would not breakdown. Blood samples
were collected 1 and 3 h after hydrocortisone administration in
trial 1; and 2, 4, and 5 h after administration in trial 2.
Blood samples were centrifuged at 4°C and the serum collected
and stored-at -80°C until further analysis. Serum cortisol
concentrationwwas determined by radioimmunoassay (see below for
details)."We determined that the half-life ( t 1) of circulating
cortisol follewing oral hydrocortisone administration was 109
min (Fig. 1) and used this to establish the frequency and
magnitude of dosing for the subsequent experimental procedures.
St udy Desisgn

Study animals were orally administered hydrocortisone to
elevate circulating cortisol levels during a 5 d experimental
protocol."Hydrocortisone tablets (60 mg each dose) were
administered every 6 h, at 0600, 1200, 1800, and 2400, beginning
after initial sample collections were completed at midday on day
1, and ending.at 0600 on day 5 (16 total doses). Feeding at all
dosing times, except 1200, was limited to 0.5 kg of fish. Sample
times for each subject and sample matrix (blood, blubber, and
feces) are shown in Table 1. Initial samples were collected on

day 1, prior to the first hydrocortisone administration. Blood
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samples were collected each day at approximately 0800, 2 h after
the most recent hydrocortisone treatment when the animals were
presumed,postabsorptive. Blubber biopsies were collected on days
1, 3, and 54We collected blubber biopsies a few hours after
collecting blood samples; the timing of these collections varied
among 'study dolphins between 0900 and 1230 (average 1013; mean =
127 + 677(SD)'min after blood sample collection). This variation
was primarily a'result of variability in the timing of voluntary
participation among study animals. Based on the timing of each
dolphin’s veluntary participation in the initial biopsy,
subsequent biopsy collection times remained reasonably
consistent within each subject (SD = 18 min; see Table 1). Fecal
samples were collected daily between 1130 and 1440 (average
1311, SD =54.min); this time was several hours after the first
daily feeding'and was the most consistent window for obtaining
fecal samples. Blood samples were centrifuged at 4°C and the
serum or_plasma was stored at —-80°C until further analysis.
Blubber biopsies were transferred to preweighed Cryovials and
stored along with fecal samples at -80°C until further analysis.
Hor none Assays
Serum hormone concentrations were measured using
commercially available enzyme- or radio-immunoassay kits (EIA or
RIA, respectively) within a single assay run for each hormone.
Cortisol and thyroid hormones (each of free and total thyroxine
and triiodothyronine; T sand T 3, respectively) were measured with
dolphin serumsusing RIA kits with antibody-coated tubes (Siemens
Inc, Los‘Angeles, CA. Siemens has since ceased the production of
their coat-a-count RIA kits, but catalog numbers were as
follows: cortisol TCOL1, free T 4 TKF41, total T 4 TKT41, free T 3
TKF31, total T 3 TKT31. Replacement RIA kits are available from MP
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Biomedicals). Aldosterone was assayed using an ImmuChem double
antibody RIA kit (cat# 07108202, MP Biomedicals, Orangeburg,
NY).

All RIAsserum assays were processed in duplicate and
average CVs between sample replicates were <2.5% for each
hormone."’ACTH was measured in triplicate with EDTA plasma using
an EIA kit(cat#21-ACTHU-EO1, Alpco Inc, Salem, NH). Six of the
25 samples had ACTH concentrations below the stated assay
sensitivity of 0:048 pM; these were imputed with a value of
0.048 pM. Thefaverage intra-assay CV of the ACTH EIA was 6.5%.

The cortisol and thyroid hormone assay kits have been previously

validated for use in bottlenose dolphins (Ortiz et al. 2010,
Houser et al. 2011). The ACTH and aldosterone assays were

validated forthe present and associated studies in bottlenose

dolphin. Serially diluted pools of dolphin plasma (ACTH) and

serum (aldosterone) showed parallelism with respective assay

standard curves (see Fig. S1).

Blubber cortisol levels were determined as described
previously:(Kellar et al . 2015). Briefly the blubber was first
mechanicallyshomogenized (Omni Bead Rupter-24, cat# 19-040; Omni
International, Kennesaw, GA). Tissue debris was removed in a
series of ethanol (100%), ethanol:acetone (4:1), and diethyl
ether (£00%) rinses in which the supernatant was recovered after
each solvent rinse. The resulting lipid residue was mixed twice
with acetonitrileland hexane (two immiscible solutions); each
time collectingsthe acetonitrile layer. The final acetonitrile
layer wasidried down and stored at -20°C until the extract was
ready to be assayed. To prepare the extracts for the EIA, they
were suspended in 250 puL of 1 mole/liter (1 M) phosphate

buffered saline and vortexed in the multitube vortexer for 15
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min. The cortisol measurements were performed using an EIA kit
(cat# KO0O3-H1, Arbor Assays, Ann Arbor, MI); the intra-assay CV
was between 6.0% and 14.7%, and the interassay CV was between
7.2% and 10:9%. This steroid hormone extraction and assay kit
have beenpreviously validated for use in common dolphins
(Kellar et al . 2015) and further validated for use with
bottlenose dolphins for this study. Parallelism characteristics
are summarized in Figure S1. Recovery of cortisol-spiked lipid
extracts ofwarying volume (from 1 pL to 160 pL) showed 99%
recovery (SD 10%). Differing from previous work, the blubber
cortisol concentration in this study is reported as nanograms of
cortisol per gram of lipid extracted (as opposed to per gram of
blubber tissue; which includes nonlipid components of the
blubber sueh-as proteins and water). Because of the limited
tissue available from each sample, all blubber cortisol
measurements were only assayed once.

Fecal-glucocorticoid and thyroid hormone metabolite levels
were determined as previously described (Wasser et al. 2000,
2010). Briefly, RIAs were performed to measure fecal hormone
metabolitessusing RIA kits for glucocorticoids and thyroid
hormone (MP_Biomedicals, Orangeburg, NY) and for aldosterone
(Siemensdnc.; Los Angeles, CA). Samples were lyophilized for a
minimum of 48"h prior to extraction to remove water from the
samples. Freeze-dried fecal samples were then thoroughly
homogenized, a 0.1 g subsample was transferred to a 50 mL
polypropylenestube, and hormones were extracted with 15 mL 70%
ethanol'en,a pulsing vortexer for 30 min. Samples were then
centrifuged at 2,200 rpm for 20 min and aliquots of the
supernatant collected for RIA analysis. A portion of the ethanol

extract was dried under forced air, resuspended in assay buffer,
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and run alongside a standard curve and other assay controls.
Parallelism and accuracy validations were performed using a
fecal pool,to ensure the antibodies recognized the targeted
fecal metabolites in a predictable manner and without
interference. The slopes of serially diluted extracts did not
significantly differ from those of the standard curves
(glucocorticoids: Fi; =029, P=060;T 3 Fi9 =3.9,
aldosterone: Fis =3.9, P = 0.08). All assays exhibited good
accuracy at their target dilutions (glucocorticoids: slope =
1.2, r?=4.0iT 3:slope=1.0 r 2 = 0.98; aldosterone: slope =
1.1, r?=1.0), indicating that substances in fecal extract do
not interfere with the hormone binding. Intra-assay CVs between
duplicates.were less than 3.5% and interassay variation of assay
controls were-less than 10.5% for all fecal metabolite RIAS.
Dat a Anal yses

We.evaluated the influences of hydrocortisone
administration on endogenous hormone concentrations using linear
mixed models (LMMs) with individual dolphin as a random effect.
To determine differences due to hydrocortisone treatment, we
compared initial hormone values, before hydrocortisone
treatment, with/those during the treatment using LMMs. To
further assess temporal changes over the duration of the
experiment, study day was used as an ordered fixed effect and
post hoc comparisons were made using Dunnett’s test against the
initial, day 1, values prior to hydrocortisone administration.
Statistical analyses were conducted using R statistical software
version'3:L.1 (R Core Team 2013) and the Ime4 package (Bates
al . 2014). Residual distributions of fitted models were visually
inspected for normality and homogeneity of variance; response

variables were log-transformed if needed (ACTH was log-
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transformed for analyses). Appropriate degrees of freedom within
LMMs were estimated using the Kenward-Rogers approximation and
P-values were calculated in the ImerTest package (Kuznetsova et
al . 2013).and Dunnett’s post hoc comparisons were conducted in
the multcomp.package (Hothorn et al . 2008). Associations between
continuous variables ( e. g., hormone concentrations) were tested
similarly using"CMMs and the goodness of fit was determined with
marginal | r-squared ( nR?) statistics for mixed models (Nakagawa
and Schielzethy2013) implemented in the MuMIn package (Barton
2015).
RESULTS

Repeated oral hydrocortisone administration caused a five-
fold increase in serum cortisol concentration; average values
increased frem‘approximately 20 nM in the initial samples to
nearly 100:nMiin the samples collected two hours after
hydrocortisone administration ( Fi110 =31.1, P <0.0001; Table 2).
Serum cortisol concentration was increased by the second day of
the study and remained elevated for the duration of the study
(Fa16 = 12.7, P < 0.0001; Dunnett’'s post hoc test, P <0.001 for
each day; Fig«2). Hydrocortisone administration also led to
increased blubber cortisol levels ( Fi9 =8.9, P <0.05; Table 3)
and theseflevels remained elevated throughout the study ( Fos =
6.3, P"<0.05; Dunnett's post hoc test, P =0.0008 for day 3
while only"'marginally significant, P =0.08, for day 5; see Fig.
2). We did not detect a relationship between blubber cortisol
level and the. duration since either the previous hydrocortisone
dose ( "Fagg = 0.52, P =0.5) or the blood sample collection ( Fi36
=0.4, P =0.6). There was a significant association between the
concentrations of cortisol in serum and in blubber tissue ( F1127
=14.3, P <0.01, nR?=0.57;Fig. 3B); a duration-since-blood-
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sample cofactor was not a significant effect and was not
included in the model. Conversely, fecal glucocorticoid

metabolite concentration was decreased during hydrocortisone

administrations( Fi22 =19.5, P <0.01, Table 3) and each of days
2-5 differed.fram the initial day ( Fs1s1 =3.8, P <0.05;
Dunnett’'s™ post hoc test, P < 0.05; Fig. 2). There was an inverse

relationship between serum cortisol concentration and fecal

glucocorticoid metabolite levels ( Fi200 =104, P<0.01, mRe =
0.28; Fig. 3A):
ACTH concentration decreased with hydrocortisone
administration (log 10[ACTH]; F119 =113.9, P <0.0001; Table 2)
and remained low throughout the study ( Fa16 =90.2, P <0.0001;

Dunnett's post hoc test, P < 0.0001 for each study day). The
concentrations;0f both serum ACTH and fecal glucocorticoid
metabolites declined during hydrocortisone treatment and were
similarly“associated with one another ( Fi1s4 =26.9, P < 0.0001,
nmR? = 0.32)«Aldosterone was decreased during the hydrocortisone
treatment ( Fi10 =4.7, P =0.043; Table 2) but only the final,
day 5, value differed from the initial concentration ( Fais =2.9,
P =0.056;.Dunnett’s post hoc test, P < 0.05). Fecal aldosterone
metabolites did not significantly vary across the study but were
associated with' serum aldosterone concentrations ( Fi176 =5.6,
= 0.0297"" "R = 0.27).

The hydrocortisone administration had variable influences
on thyroid hormones (see Table 2). We did not detect a
significant effeet of hydrocortisone treatment on total T 4
concentrations ( P >0.1) whereas free T 4 was slightly decreased
during the treatment ( Fi19 =10.7, P <0.01). Similarly, total T
showed a small and marginally significant decrease ( Fi119 =4.2,

= 0.053) whereas free T 3 concentration was decreased during
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hydrocortisone treatment ( Fi19 = 7.7, P < 0.05). Few differences

in thyroid hormone concentrations were detected among the study

days; only.free T 4 concentrations varied across study days ( Fa6
= 4.6, P+<:0.05; Dunnett’s post hoctest P < 0.05 for days 3-5;
Fig. 4C). Fecal'T 3 metabolites did not vary across the study

days, and'there were no relationships detected with circulating
free or total' T 3 levels.
DISCUSSION

These data demonstrate that blubber cortisol level was
substantially elevated in association with serum cortisol
concentration during hydrocortisone feeding (Fig. 2, 3B).
Blubber cortisol levels were similar to one another in the
initial samples, which were collected in the baseline state with
low circulating«cortisol concentrations. Cortisol levels in
subsequent blubber samples that were collected during elevated
circulating.cortisol concentrations, however, were highly
variable amoeng study subjects. We did not collect blood,
blubber, and fecal sample matrices simultaneously. Blood samples
were collected as dolphins voluntarily presented their flukes
for blood draws while remaining in the water, whereas blubber
biopsies required having the dolphin voluntarily beach out of
the water/This'imposed a delay between these sampling points
and the"study subjects varied in their timing of beaching and
consequent blubber sampling; most of this variation was among
rather than within subjects. Additionally, fecal samples were
collected laterin the day when fecal matter was available.
Despite the, variability in the timing of sample collections,
there was a significant association in cortisol concentrations
between blood and blubber: serum cortisol concentration

explained 57% of the variation in blubber cortisol (Fig. 3B).
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Blubber cortisol levels were most variable at intermediate
circulating cortisol concentrations, between 50 and 100 nM. The
strength of this relationship does not suggest that we could
accurately assess circulating cortisol concentration based on
blubber cortisol measurements. All blubber samples with high and
low cortisol'levels, however, were associated with respective
high and low"serum cortisol concentrations. These data suggest
that it may therefore be possible to differentiate individuals
with high circulating concentrations of cortisol using blubber
cortisol levels,7although at this time it would best be used as
a qualitative or categorical rather than a quantitative
assessment. This study was conducted in a relatively small
sample size of five subjects under managed care, so further
research issneeded to validate these findings during endogenous
cortisol release’and in free-ranging animals.

The.increased circulating cortisol levels achieved in the
present study are likely similar to that exhibited during
stressful events in wild odontocetes. Baseline circulating
cortisol levels are generally low within the MMP population,
typically around 20 nM (this study and DSH, unpublished data).
This valueuis_slightly lower than the mean previously reported
for this population (St. Aubin et al . 1996), but this difference
may represent greater cross-reactivity with other compounds
using older RIA kits than actual differences between the
studies. Oral hydrocortisone treatment increased circulating
cortisol to justsunder 100 nM 2 h after administration (Table
2). Assuming the half-life of cortisol is similar across
subjects, cortisol levels may have declined to ~25 nM just prior
to the subsequent dosage. The increased cortisol level is

similar to what has been reported in other studies in free-
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ranging dolphins, typically during wild-capture health
assessments. Dolphin circulating cortisol concentrations
reported elsewhere are surprisingly consistent across a range of

sample yearssand among different research groups: ~70-75 nM in

(Fair ety.als 2014, Hart et al. 2015) and (St. Aubin et al.
1996); ~77 nM'in (Ortiz and Worthy 2000); 139 nM following a

chase-encirclement protocol in St enel | a (from St. Aubin et al.
2013); and 50 nM in beluga ( Del phi napt erus | eucas) and~117 nM

during inducedystress of veterinary examination in three
subjects (Schmitt et al . 2010). Thus, the manipulated cortisol
levels presented here do not represent drastically elevated
pharmacological increases in cortisol but rather are similar to
levels exhibited in odontocetes under presumably stressful
handling cenditions.

The relatively high variability in blubber cortisol level
was notunexpected. Blubber cortisol may be influenced by
several factors other than total circulating cortisol
concentration, including the duration of stress experienced,
changes in cortisol binding globulin (CBG) concentrations that
affect free hermone availability, the degree of perfusion, and
the penetration'depth of the blubber biopsies during sampling.
Kellar et al' (2015) reported large variation in blubber cortisol
among 'dolphins that had stranded onshore, from near 0 ng/g to 70
ng/g with higher levels in stranded animals than those killed in
fisheries bycatch. They speculated that animals killed in
bycatch eventssexperienced an acute stress event prior to death,
whereas'stranded animals may have had elevated circulating
cortisol for prolonged periods ( e. g., forthe duration of a
pathology or starvation) and thus exhibited higher blubber

cortisol levels. In this study, dolphins received oral
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hydrocortisone every six hours to elevate circulating cortisol

for 5 d. The experimentally elevated blubber cortisol levels in

this study, on average 8.0 ng/g lipid, were intermediate to

those of byeaught animals, ~4 ng/g, and stranded individuals,
~24 ng/g adipese tissue, from Kellar et al . (2015).
Surprisingly, blubber cortisol was not highest at the end of

this study;levels on day three strongly differed from the

initial values ( P < 0.001) but they were only marginally
different at:thesend of the study (initial vs. day 5 Dunnett’s
test, P "=0:08). In four of the five study animals blubber
cortisol level decreased from day 3 to day 5 despite continued
hydrocortisone treatment and persistent elevations in serum
cortisol concentrations (see Fig. 2).

Severalfactors may have potentially contributed to the
blubber cortisel patterns observed in this study. Only free
cortisol,"net bound with carrier proteins, is thought to diffuse
into adiposertissue, and most cortisol in circulation, over 90%
in most species that have been studied, is bound with CBG
(Desantis et al . 2013). Increasing the circulating cortisol
concentrationsfive-fold with exogenous hydrocortisone likely
dramatically inereased the free cortisol in circulation and
consequently increased blubber cortisol levels as observed on
day 3 of‘this'study. Subsequent synthesis of CBG may have then
sequestered cortisol in circulation, reducing the free cortisol
available to diffuse into blubber tissue as the study
progressed. We did not, however, measure CBG so the influence of
this binding, globulin remains speculative. Another factor that
may have contributed to the variation in blubber cortisol
measurements in this study is the stratified nature of marine

mammal blubber, with the inner blubber layer thought to be more
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highly perfused and metabolically active than the outer layer
(Koopman 2007, Strandberg et al . 2008). The depth of sampling
has been shown to influence cortisol levels, with higher
concentrations,in the inner blubber layer (Trana et al. 2015).
The use ofitrained dolphins in this study permitted manual
sample’collection directly beside the animal; blubber samples

were from'the"outer 33 mm of tissue and likely sampled with
greater cansistency than what is achieved using remote dart
collection in many field studies. Despite consistent sampling

depth, therelative depth of the biopsy may have varied among
individual dolphins with different body sizes and consequent
blubber thicknesses. Visual inspection of blubber biopsies

indicated that in the two largest animals (NEH and SAY) the

entire blubber-depth may not have been sampled and these
dolphins had'the lowest concentrations of blubber cortisol (Fig.

2, 3B). Additionally, differences in perfusion due to individual

and temporalvariations in cardiac output and vasoconstriction

may have contributed to the varied blubber cortisol levels

reported here. The dynamics of perfusion can be altered due to

the state of.stress of an individual as well as to environmental
factors, sueh as water temperature. Finally, the timing of

sample callection after the morning hydrocortisone dose could
have also'been‘a contributing factor. Blubber biopsies were
performed between 0915 and 1205 on study days 3 and 5 (average
of 1013, SD = 66 min), primarily due to variability in voluntary
beaching partieipation by the dolphin. There was, however, no
detectable,influence of the duration since the hydrocortisone

dose on blubber cortisol levels. This lack of association

suggests that blubber cortisol level did not vary substantially

over the few hours sample difference between subjects. The
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relationship between cortisol levels in serum and blubber may
have nevertheless varied among individual subjects (see Fig.
3B). Our sample size of only three blubber biopsies per
individual, hewever, is insufficient to adequately characterize
this relationship by individual with any degree of certainty
(1.e.,"wedidnot include an interaction between individual and
serum cortisol'in our model due to limited sample replicates
within individuals). Despite these confounding factors, blubber
and serumgcortisol values were associated with one another and
samples displaying the highest blubber cortisol levels all had
correspondingly elevated circulating levels. While we did not
find a close association between serum and blubber cortisol
throughout the range of values in this study; it may be possible
to qualitatively-distinguish high-stress conditions in animals

from measures of blubber cortisol.

The.reduction in fecal glucocorticoid metabolites when
circulating.eertisol is chronically elevated initially seems
counter-intuitive; it might be expected that the fecal
metabolites would be elevated either from increased excretion of
serum cortisekin the bile, or through the incomplete absorption
of the administered hydrocortisone and its subsequent passage
into feces{Fecal steroid metabolites frequently occur in far
greater'concentrations than their respective circulating

hormones, reflecting an accumulation of excreted hormones

(Wasser et al. 1994). In this study, however, the administration

of hydrocortisene suppressed ACTH production (see below) but did

so without,a concomitant decrease in serum cortisol as might be
expected under a “natural” stressor with subsequent negative
feedback. This administration of substantial free hydrocortisone

likely altered the kinetics and excretion of circulating
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cortisol. Under exogenous cortisol administration in humans
subjected to cortisol suppression by dexamethasone, it has been
demonstrated that as serum cortisol is elevated, less serum
cortisol is beund with CBG and a greater amount of free cortisol
is excreted vi a the urine (Beisel et al. 1964). Thus, under the
conditions of this study, the reduction in fecal cortisol may
best be explained by an alteration in cortisol clearance with
urinary clearance becoming the dominant route for excretion.
This is supported by the observation that fecal T 3 and
aldosterone’metabolites were unaltered in response to the
hydrocortisone administration (see Table 3), suggesting the
fecal glucocorticoid results do not reflect a gross alteration
in gut dynamics. Alternatively, or in addition to an increase in
urinary exeretion of free cortisol, a greater amount of
conjugated:metabolites may be reabsorbed back through the
intestinalwall prior to excretion. Unfortunately, the mechanism
by which feeal glucocorticoid metabolites are reduced under the
specific treatment of this study must remain speculative as no
urine samples were collected as part of the study design.

Increasing circulating cortisol concentration elicited
negative feedback of the HPA axis. ACTH concentrations were
drastically‘reduced in all study dolphins and remained near the
detectionlimit'of the assay for the duration of the study (see
Table 2). The ACTH suppression observed here agrees with the
typical responsg in terrestrial mammals (Atkinson et al. 2015)
as well as previous studies of glucocorticoid administrations in
dolphinsi(Reidarson and McBain 1999). The site of the inhibition
in this instance is not known—Ilong-feedback inhibition of
release of corticotropin-releasing hormone by the hypothalamus

or short feedback of cortisol directly suppressing ACTH release
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from the anterior pituitary—but is possibly some combination of

both. The corticosteroids cortisol and aldosterone are often

correlated,in marine mammals, both in cetaceans (Thomson and

Geraci 1986wSt. Aubin and Geraci 1990) and pinnipeds (Ensminger

et al. 2014,Champagne et al. 2015, Keogh and Atkinson 2015).
Furthermore, HPA axis activation, through ACTH administrations

or handling effects, has been shown to stimulate aldosterone

release in these taxa (Thomson and Geraci 1986, Gulland et al.
1999, Ensminger et al. 2014, Champagne et al. 2015, Keogh and
Atkinson 2015). From these studies several researchers have

speculated thatithe HPA axis is an important regulator of

aldosterone in marine mammals (Ensminger et al. 2014, Atkinson
et al. 2015, Champagne et al. 2015, Keogh and Atkinson 2015).
Consequently;:we predicted that suppressed ACTH would reduce

aldosterone levels. This prediction, however, was only weakly

supported;.we detected a statistically significant decrease in
circulating.aldosterone concentrations during hydrocortisone

treatment but the magnitude of decrease was quite small—

decreasing from on average 21 pM in the initial sample to 16 pM

during the treatment (see Table 2). While there is strong

evidence indicating that aldosterone release is stimulated by

ACTH in marine mammals, these data show that baseline levels of
aldosterone can be maintained simultaneous with near complete

ACTH suppression. This suggests that aldosterone remains under

some degree of regulation outside of the HPA axis. Most likely,

plasma potassium and the renin-angiotensin-aldosterone system

(RAAS) retain some, if not a large, regulatory influence over

aldosterone, which likely explains the observed aldosterone

levels under the conditions experienced in the present study.

We detected small but statistically significant influences
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of elevated cortisol on the thyroid hormone axis. The baseline

thyroid hormone concentrations observed in this study were

similar to those previously reported in this species (St. Aubin

2001, Fair et al. 2011). Stress typically reduces thyroid

hormone cencentrations in mammals, probably via reduced

thyrotropinreleasing hormone (TRH) production by the

hypothalamus‘(Kakucska et al . 1995). We were unable to validate

an assay for thyroid stimulating hormone (TSH) in dolphins, as

have previeussresearchers, likely due to the high degree of

peptide sequence variation in this hormone and consequent

unavailability ofia complementary antibody (St. Aubin 2001). We

were therefore unable to assess consequent changes in TSH

concentrations in this study. It will require further effort to

develop ansdimmunoassay for this tropic hormone in cetaceans and

other marine'mammals. There was, however, no detectable

reduction.in total T 4 concentration during hydrocortisone
treatment,.as'would be expected from reduced TRH and TSH release

from the hypothalamus and pituitary, respectively. In this

study, wetadministered hydrocortisone to chemically elevate

glucocorticeid.levels and the dolphins were not stressed per se.
These thyreoid hormone findings are consistent with this

interpretation. Glucocorticoids can, however, directly inhibit

the conversionof T 4+t0T 3 (Bianco et al. 1987) and we did detect
reduced T" 3 concentrations during the hydrocortisone treatment—a

marginally significant reduction in total T 3 ( P =0.053) and with
greater certainty in free T svalues ( P <0.05; see Table 2).
Generallysthe magnitudes of decrease in thyroid hormones were

fairly small relative to their initial concentrations (T 4. total
no change and free 13%; T 3: total 10% and free 35%; see Fig. 4).

These trends are of a lesser magnitude but consistent with a
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previous study of the influence of capture stress in beluga

whales that showed reductions in both T sand T 3 of more than 50%
(St. Aubin,and Geraci 1988, St. Aubin and Geraci 1992). It

therefore seems that there is a small but detectable influence

of elevated.glucocorticoids on thyroid hormones and that stress

itself probablyhas additional influences on this axis via

pathways ‘unstudied here.

To our knowledge, these data are the first in vivo
association between stress hormones in circulation with that of
blubber in“marine mammals. This study provides context for
blubber cortisollevels measured in samples collected from free-
ranging cetaceans and suggests that the ability to assess stress
from remotely collected samples may offer a tractable mechanism
to evaluatessiress in these far-ranging and highly mobile taxa
of management concern. The timescale of glucocorticoid
incorporation into blubber, as well as its removal following
recovery from stress, requires further investigation to
establish the kinetics of cortisol exchange between serum and
blubber that underlies the results of blubber cortisol
measurements. Fecal glucocorticoid metabolites have been used in
a number'of wildlife systems to monitor animal stress; however,
perturbations made as part of this study likely altered both the
protein bindingkinetics and the natural excretory dynamics of
free cortisol. Thus, additional work on the relationship between
fecal glucocorticoid metabolites and circulating cortisol is
needed.
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Firgur e 1. Following an oral hydrocortisone administration
of 120 mg, cortisol was cleared from circulation with a half-
life ( t) of 109 min. This rate of clearance was used to

determine the magnitude and frequency of hydrocortisone
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treatment used in the subsequent investigation. Samples were
collected from a single dolphin in two separate trials; samples
at hours 1,and 3 were from the first trial and those collected
at hours 2,4wand 5 were from the second trial.

Fi gur.e 2. Cortisol values for each sample matrix—fecal
glucocorticoids, blubber, and serum cortisol—throughout the
study duration“are shown for each dolphin (panels A—E). Serum
cortisol cancentrations were elevated (bottom line in each
panel; Fa 0= 12.7, P < 0.0001) using oral administrations of
hydrocortisene’(timing of administrations shown by the gray
ticks on the x-axis). The increase in circulating cortisol was
associated with increased blubber cortisol levels (middle line;
Fos =6.3, P < 0.05) and decreased fecal glucocorticoid levels
(top line; Fi1. =19.5, P <0.01). Fecal samples were conducted
for 6 d (exeeptdor subject D, OLY) while blood was collected
daily for's.d, and blubber biopsies were conducted on days 1, 3,
and 5. Notesthat the scale of the hormone axes varies between
individuals but not across rows. The top of each panel shows the
three-letter dolphin ID; line colors and symbols are coded by
subject to maintain consistency with Figures 3 and 4. The units
for each variable are: fecal glucocorticoids, ng/g dry fecal
mass; blubber cortisol, ng/g lipid wet mass; and serum cortisol,
nM.

Fi gur e 3. Fecal glucocorticoid (A) and blubber cortisol (B)
levels were associated with serum cortisol concentrations
collected on the same day. (A) There was a negative relationship
betweenifecal and serum cortisol ( Fi209 =10.4, P <0.01;
data points, a single daily blood and fecal sample from each
dolphin). Individual dolphins are shown in different symbols

according to the legend. (B) There was a positive relationship
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between blubber and serum cortisol concentrations (LMM: Fi1127 =
14.3, P <0.01; n=15)); integers to the left of plot symbols
indicate the day, of the sample (day 1, 3, or 5) and symbols are
as in panely( A). The regression line and marginal R ( nR?) for
the LMM fits are shown in each panel; note the scale of the
serum cortisol axis differs between panels. The units for fecal
glucocorticoids are ng/g dry fecal mass and for blubber cortisol
are ng/g lipid wet mass.
Fi gursey 4. Circulating thyroid hormone concentrations were
moderately-affected by hydrocortisone treatment. The top row

depicts total (free and bound to carrier proteins) thyroxine and

triiodothyronine, T 4 and T 3, respectively. There was no
detectable.influence on total T 4 ( P >0.1, panel A) whereas there

was a marginally significant decrease in total T 3 concentrations
during hydrocertisone administration ( Fi119 =4.2, P =0.053;
panel B).=Ihe bottom row shows free T sand T 3 (panels C and D,
respectively)”Both free T sandfree T 3 concentrations were
decreased during hydrocortisone administration (free T 4. Fi110 =

10.7, Pu<0.01;freeT 3. F110 =7.7, P < 0.05). The timing of the
repeated hydrocortisone doses is shown in gray ticks along the

x-axes and.individual dolphins are shown in different symbols

according/to the legend.

! Corresponding author (e-mail: cory.champagne@nmmf.org).

This article is protected by copyright. All rights reserved



Tabl e 1. Description of the study animals and sampling design.

[4233]-34

Study day
Study dolphin Sample matrix 1 2 3 4 5 6 Mean SD
NEH, M, 253 kg, 28 January 2013 blood sample 0800 0806 0809 0805 0800 — 0803
blubber biopsy 0915 — 0920 — 920 — 0918
fecal sample 1200 1350 1400 1245 1330 1300 1310 62
SAY, F, 245 kg, 13 May 2013 blood sample 0802 0800 0802 0915 0810 — 0804 5
blubber biopsy 1050 — 1050 — 1205 — 1115 43
fecal sample 1403 * 1440 1410 1300 1230 1354 51
TYH, M, 200 kg, 17 December 2012blood sample 0810 0803 0810 0802 0807 — 0809
blubber biopsy 0915 — 0930 — 0915 — 0920
fecal sample 1130 1300 1328 1330 1400 1215 1259 79
OLY, M;"200kg, 17 December 201 blood sample 0807 0803 0810 0803 0757 — 0804
blubber biopsy 0930 — 0935 — 0925 — 0930 5
fecal sample 1130 1155 1300 1410 1330 1400 1240 62
TRO, M, 188.kg, 28 January 2013 blood sample 0815 0759 0802 0815 0815 — 0810 8
blubber biopsy 1220 — 1120 — 1135 — 1145 31
fecalsample 1235 1340 1200 1300 1415 1325 1256 70

Not e: Each study dolphin identifier (NEH, SAY, TYH, OLY, and TRO), sex (M/F), their body mass (kg),

and the initial sampling dates are shown in the first column. The timing of sample collections for each

sample matrix is provided for each study day, along with the mean time of day and standard deviation (in
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minutes) collection time for each dolphin. * —indicates no sample was collected; “*” indicates the precise
time of this'sample is unknown and was imputed for graphical display. Tabl e 2. Treatment with oral
hydrocortiSone had a significant effect on several circulating hormone concentrations in bottlenose

dolphins,

Cortisol ACTH Aldosterone Total T 4 Free T ., Total T 5 Free T ;

nM pM pM nM pM nM pM

Baseline 20.0+7.8 7.76 + 3.48 20.93 + 6.66 106.1 £ 26.7 19.8+3.2 1.36+0.18 1.14 +£0.73
Hydrocortisone 95.7+41.6 0.15+0.14 15.71+5.21 98.0 + 20.5 17.2+1.9 1.23+0.12 0.74 £ 0.26
feeding
F 31.1 113.9 4.7 2.2 10.7 4.2 7.7
P <0. 0001 <0. 0001 <0. 05 n.s.d. <0.01 =0.053 <0. 05
Fixed -‘effect 57.8 (14.4) 395 (0.39) 183 (1.7) — 185 (0.8) — 0.94 (0.14)
estimate
Random- effect 52% 5% 25% — 53% — 49%
variance

Not e: Hormone concentrations are mean and standard deviations. Baseline represents the initial sample
collected prior.to hydrocortisone treatment (a single blood sample from each of the five dolphins).
Hydrocortisone feeding includes all samples collected during the treatment (four blood samples from each
dolphin). Differences were tested using LMMs with dolphin ID as a random effect. Numerator and denominator
degrees of freedom were 1 and 19, respectively; F- statistic and P- values are displayed within each column
(significant.differences between groups are in bold). Model parameters for the f ixed - effect of hormone
(standard error) and the percent variance explained by the random effect are also shown. For ACTH, hormone

This article is protected by copyright. All rights reserved



[4233]-36

concentration is reported but the statistical tests were conducted on transformed (log 10) data to meet
assumptions ef model fi t. Tabl e 3. Blubber and fecal glucocorticoid levels were influenced by
hydrocortiSone treatment in bottlenose dolphins.

Fecal

Blubber cortisol o Fecal aldosterone Fecal T 3
o glucocorticoids
ng/g lipid ng/g feces ng/g feces
ng/g feces

Baseline 140+ 0.56 2,449 + 1,688 6.2+3.4 227 £ 76
Hydrocortisone feeding 8.03+5.48 956 + 979 43+2.1 245+ 111
F 8.9 19.5 2.4 0.3
P <0. 05 <0.01 n.s.d. n.s.d.
df 1,9 1,22 1,19 1,23
Fixed —effect estimate 4.7 (1.5) 1,682 (446) — —
Randome=effect variance 23% 63% — —

Not e: Hormone concentrations are mean and standard deviations. Baseline represents the initial sample
collected prior to hydrocortisone treatment (one blubber and fecal sample from each of the five study
dolphins). Hydrocortisone feeding includes all samples collected during the treatment (two blubber samples
and five fecal'samples per dolphin). Concentrations are given as ng hormone per g of blubber lipid (wet

mass) or feces (dry mass). Differences were tested using LMMs with dolphin ID as a random effect. Numerator

and denominater degrees of freedom (df), F- statistic and P- values are displayed within each column
(significant'differences between groups are in bold). Model parameters for the fixed - effect of hormone
(standard error) and the percent variance explained by the random effect are also shown.
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SUPPORTING| NFORMATION
The following supporting information is available for this article
online at http://
Fi gur e S1. Validations of (A) ACTH, (B) aldosterone, and (C) blubber

cortisol assayssused in this study. Serial dilutions of plasma (ACTH), serum

(aldosterone), and lipid extracts (blubber cortisol) were processed (shown in

gray) along with _standards from the kits (shown in black); and each serial

dilution was'in parallel with the standard curve. X- axes are hormone
concentrations; y- axes are response metrics —absorbance at 450 nm wavelength

for ACTH and percent bound relative to the maximum binding tube for

aldosterone andsblubber cortisol (see kit protocols for detail). The pooled

sample dilutions/are shown relative to their dilution factor (secondary X-

axis at top).
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