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Abstract

Free-ranging animals often cope with fluctuating environmental conditions such as weather, food availability, predation
risk, the requirements of breeding, and the influence of anthropogenic factors. Consequently, researchers are increasingly
measuring stress markers, especially glucocorticoids, to understand stress, disturbance, and population health. Studying
free-ranging animals, however, comes with numerous difficulties posed by environmental conditions and the particular
characteristics of study species. Performing measurements under either physical restraint or chemical sedation may affect
the physiological variable under investigation and lead to values that may not reflect the standard functional state of the
animal. This study measured the stress response resulting from different handling conditions in northern elephant seals and
any ensuing influences on carbohydrate metabolism. Endogenous glucose production (EGP) was measured using
[6-H]glucose and plasma cortisol concentration was measured from blood samples drawn during three-hour measurement
intervals. These measurements were conducted in weanlings and yearlings with and without the use of chemical
sedatives—under chemical sedation, physical restraint, or unrestrained. We compared these findings with measurements in
adult seals sedated in the field. The method of handling had a significant influence on the stress response and carbohydrate
metabolism. Physically restrained weanlings and yearlings transported to the lab had increased concentrations of circulating
cortisol (F11, 46=25.2, p<<0.01) and epinephrine (F3, 1, =5.8, p=0.01). Physical restraint led to increased EGP (t=3.1, p=0.04)
and elevated plasma glucose levels (t=8.2, p<<0.01). Animals chemically sedated in the field typically did not exhibit a
cortisol stress response. The combination of anesthetic agents (Telazol, ketamine, and diazepam) used in this study
appeared to alleviate a cortisol stress response due to handling in the field without altering carbohydrate metabolism.
Measures of hormone concentrations and metabolism made under these conditions are more likely to reflect basal values.
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only on the indicators of stress but also a measure of physiological
state (e.g. energy expenditure or metabolism) across multiple life-
history stages [17]. These measures of metabolism in free-ranging
animals, however, can be challenging. The doubly-labeled water
method revolutionized the measurement of metabolic rate in free-
ranging animals [18,19] while advances in instrument technology
now allow for the remote measurement of foraging behaviors [20—
22] as well as estimates of metabolic rate by heart rate [23,24] or
accelerometry data [25]. For some studies, physiological measure-

Introduction

Free-ranging animals often cope with fluctuating environmental
conditions such as weather, food availability, predation risk, the
requirements of breeding, and the influence of anthropogenic
factors. An animal’s response to perturbation is, in large part,
mediated by stress hormones (e.g. cortisol & epinephrine) [1].
These hormones have strong impacts on energy balance and
metabolism, especially the maintenance of blood glucose levels

[2,3]. Thus, glucocorticoid concentrations have been correlated
with food availability [4], increased feeding behavior [5], human
disturbance [6-8], and survival [9-11]. Consequently, researchers
are increasingly attempting to measure stress markers, especially
glucocorticoids (e.g. cortisol), to understand stress, disturbance,
and health in free-ranging populations [6,12-14].

Studying free-ranging animals comes with numerous difficulties
posed by environmental conditions and the particular character-
istics of study species. Some tissues may be collected without
animal handling (e.g. hair and feces) for glucocorticoid measure-
ment [15,16]. Ideally, however, researchers gather information not
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ments can be made in free-ranging animals by temporarily
implanting probes and attaching recording devices [26]. In each of
these cases, some degree of animal handling is required to
investigate vital function in free-ranging animals. Usually, samples
can only be collected after either physically restraining the animal
or using chemical sedatives—both have potential confounding
effects on the measured parameters. To counteract these stress
artifacts researchers typically attempt to minimize any stress
response due to capture by re-assessing and adjusting handling
protocols [27-29]. For example, corticosterone measurements
from blood samples collected within 2-3 minutes of capture
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probably reflect basal conditions in many bird species [30].
Conversely, studying an animal’s response to a capture-stress
protocol can provide insight into the individual’s ability to cope
with stressors [31].

For some study objectives and select physiological variables,
transient stress responses to handling may not be important
sources of measurement artifact. Since the hormones released
during a stress response impact metabolic pathways [32,33]
investigations of whole-animal metabolism may be particularly
sensitive to artifacts of stress responses. For example, acute stress
responses result in increased levels of glucocorticoids and
catecholamines, which affect the release of glucose into plasma
[34]. Thus, studies of fuel metabolism are potentially influenced by
stress artifacts from handling. These stress responses may be most
quickly observed in carbohydrate metabolism, which is normally
tightly regulated [35]. A variety of studies in free-ranging animals,
including investigations of carbohydrate metabolism, e.g. [36,37—
42], and static measures of metabolites and hormones, e.g. [43,44—
47], are potentially impacted by responses to handling and
sampling. Few studies, however, have quantitatively examined the
impact of handling, chemical immobilization, or stress on glucose
metabolism in wildlife.

The aim of this study was to measure the stress response from
handling and sedation and determine its influence on physiological
parameters (e.g. plasma glucose concentration and the rate of
glucose production and use). We compared the metabolic
responses to handling and restraint using standard metabolic
tracer techniques to measure endogenous glucose production
(EGP) and radioimmuno assay (RIA) to measure hormone levels in
a well-studied species, the northern elephant seal (Mirounga
angustirostris). We investigated the variability in metabolic and
endocrine responses to capture and handling among four age
classes: weaned pups, yearlings, adult females, and adult males. In
one year, measurements were conducted under experimentally
manipulated handling conditions—1) chemically sedated, 2)
physically restrained, and 3) unrestrained seals. The response to
handling in these controlled conditions was then compared with
measurements conducted in the field under chemical sedation.

Methods
Study Design & Experimental Groups

Animals were studied during natural fasts while hauled-out at
Afio Nuevo state park (San Mateo county, CA) and included four
age classes—weaned pups, yearlings, adult females, and adult
males; these broad age classes are easily identified by size and
pelage coloration. The study design and measurement conditions
for each group are summarized in Table 1. There were two
separate study groups: the field sedated and handling manipulated
groups. I'ield sedated animals were only investigated while under
chemical sedation at the field site and included weaned pups, adult
females, and adult males. In the handling manipulated group,
measurements were conducted under three experimental condi-
tions—1) chemically sedated, 2) physically restrained, and 3)
unrestrained. The handling manipulated group was composed of
weanlings and yearlings. Measurements were made in weanlings in
the field under chemical sedation and while physically restrained.
Yearlings were studied while chemically sedated and while
unrestrained but confined within a transport cage (see below for
details). Under each experimental condition, EGP was measured
over a 150-180 minute sampling period. Blood samples were
drawn periodically for subsequent analysis of cortisol concentra-
tion in all study animals and plasma glucose and epinephrine in a
subset of study animals.
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Table 1. Summary of the experimental design and treatment
groups used in this study.

Study

Age Class Year  Animal State Restraint Type n

Handling Manipulated Group

Weanling 2008 mid postweaning chemical sedation 5
fast

physical restraint 5

Yearling 2008 late molting chemical sedation 7

unrestrained 6
Field Sedated Group

Weaned Pup 2003 early postweaning chemical sedation 5

fast
late postweaning chemical sedation 5
fast
Adult Female 2003 early lactation chemical sedation 5
late lactation chemical sedation 7
late molting chemical sedation 6
Adult Male 2007 early breeding chemical sedation 5
late breeding chemical sedation 5
late molting chemical sedation 5
total: 66

Measurements were made in four age classes at various times during natural
fasts. This study used data from 46 elephant seals and reports cortisol responses
for 66 procedures. Samples were collected in three separate years: 2003, 2007,
and 2008. The handling manipulation measurements were made in 2008 on
weanlings and fully molted yearlings both fasting for approximately 3-4 weeks.
Using these handling manipulated animals, we tested the effects of restraint in
a paired sample design. To make measurements in an unrestrained condition,
yearlings were transported to the animal holding facility at Sonoma State
University for both chemical sedation and unrestrained measurements. All
other procedures were conducted in the field. Field sedated study groups
consisted of weaned pups, measured early and late in their post-weaning fast
(less than 2 weeks and over 6 weeks after weaning); adult females were
measured early (5 days post-partum) and late in lactation (23 days post-
partum). Late molting measurements, of both adult males and females, were
made in fully molted animals with estimated fasting durations of 3-4 weeks.
Breeding season measurements were made in adult males early (fasting less
than 3 weeks) and late (fasting over 2 months) in the season.
doi:10.1371/journal.pone.0038442.t001

Treatment Procedures

A summary and timeline of treatment procedures is shown in
Figure 1. All procedures were approved by the Institutional
Animal Care and Use Committee of Sonoma State University and
conducted in accordance with the Guide for the Care and Use of
Laboratory Animals published by the National Research Council
(www.nap.edu) and the Guidelines for the Treatment of Marine Mammals
in Field Research published by the Society for Marine Mammalogy
(www.marinemammalscience.org).

Chemical sedation was performed similar to previous studies
[36,48-51]. Sedation was achieved using an initial intramuscular
injection of Telazol (tiletamine and zolazepam) at a dose of
approximately 1.0 mg kg'. Intravenous access for anesthetic
administration and blood sampling was via the extradural vessel
using an 18 G, 3.5-inch needle or catheter. Intravenous doses of
ketamine (0.25 - 1 mgkg") and diazepam (1-5 mg) were
administered as needed to maintain immobilization (all drugs
from Fort Dodge Laboratories, Ft. Dodge IA). Sedated procedures
were performed under light anesthesia (Plane 1) and animals were
eupnic throughout. A summary of the chemical doses used is
provided in Table 2.
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Figure 1. Summary of the treatment procedures used in this study. The measurement of endogenous glucose production (EGP) was
performed by administering [6-*H]glucose as a tracer and periodically drawing blood samples over 180 minutes. Animals in the “field sedated” study

group were all measured at the rookery. Weanlings and yearlings in

the “handling manipulation” group were each measured twice over two

consecutive days. Weanlings were studied at the rookery while yearlings were transported to an animal holding facility for study.

doi:10.1371/journal.pone.0038442.g001

Initial blood sampling occurred 10-15 min after Telazol
administration (5-10 minutes before the onset of the EGP
measurement). Following initial blood sample collection, the
glucose tracer was administered and blood samples were collected
periodically for 3 hours; these serial samples were used for the
EGP measurement and assessment of hormone concentrations.
Immediately upon returning to the lab, blood samples were
centrifuged at 800 g and 4°C, the plasma or serum collected and
was stored at -80°C until further analysis. The injection of glucose
tracer was defined as time zero and subsequent sample times are
reported relative to tracer injection.
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Field Sedated Group

Five weaned pups (4 female and 1 male) were measured early
and late in their post-weaning fast in a paired sampling design.
Adult females were measured early and late in the lactation period
and after the completion of molting in a mixed sampling design.
Five adult males were studied early and late in the breeding season
and after molting in an unpaired (cross-sectional) sampling design.
The duration of the blood sampling period was typically
180 minutes but limited to 150 minutes in adult males. Lactation
and fasting durations were determined by marking and monitoring
seals daily during the breeding season and throughout postwean-
ing fasts. Molting seals were studied after the completion of
molting, determined by pelage coloration.
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Table 2. The anesthetic doses used during selected procedures.

Stress Response to Handling in Elephant Seals

study Group mass induction dose ketamine diazepam
kg mg mg/kg mg mg/kg mg ug/kg

sedated weanling 106 (22) 580 (11.0) 0.55 (0.10) 630 (73) 5.94 (0.69) 4.6 (3.9) 4.36 (3.72)
sedated yearling 111 (11) 643 (11.0) 0.58 (0.10) 594 (110) 5.35 (0.99) 12.0 (2.9) 10.81 (2.59)
early weaning 114 (17)  50.0 (0.0 0.44 (0.00) 674 (194) 591 (1.70) 2.0 (2.3) 1.75 (1.99)
late weaning Iz (14) 45.0 (6.8) 0.48 (0.07) 372 (100) 3.96 (1.06) 0.3 (0.7) 0.32 (0.71)
early lactation 536 (33) 219.0 (22.5) 0.41 (0.04) 2200 (262) 4.10 (0.49) 42.5 (24.1) 793 (4.50)
late lactation 374 (50) 180.0 (12.6) 0.48 (0.03) 2286 (507) 6.11 (1.36) 14.3 (10.6) 3.82 (2.83)
molting female 31 (21) 168.3 (32.0) 0.54 (0.10) 1675 (301) 539 (0.97) 10.2 (7.1) 3.28 (2.28)
Grand Mean 0.496 (0.062) 525 (0.88) 461 (3.62)

The total drug doses are reported as the mean and (sd). The induction dose was equal parts tiletamine and zolazepam—values shown are for each. For each agent the
total dose, in mg or ug, and mass-specific doses are reported. The induction dose was administered in a single intramuscular injection; ketamine and diazepam were

doi:10.1371/journal.pone.0038442.t002

Handling Manipulated Group

Experimentally manipulated weanlings (2 female and 3 male)
were studied at the Afilo Nuevo rookery in two states—chemically
sedated and physically restrained. These weanlings had been
weaned 3-4 weeks prior to measurements, determined by
monitoring mother-pup pairs during the breeding season. To
minimize diurnal variability these measurements were made
midday, between 0900-1300. We varied the order of treatment
procedures among animals, with three animals receiving sedation
on the first day of handling and two sedated on the second day.
The following morning weanlings underwent the second sampling
procedure. The physical restraint measurement was conducted by
placing the subject on a specially designed restraint board with
nylon straps to minimize animal movement. Chemical sedation
was performed as described above and weanlings were kept in
custom-made aluminum transport cages between the two proce-
dures.

Yearlings (4 female and 3 male) were captured from the same
field location, placed in transport cages, and transported by truck
to the animal holding facility at Sonoma State University, Rohnert
Park, CA, for study. The cage dimensions were approximately
0.6x0.6%2.25 m, large enough for juvenile seals to move freely
while minimizing their ability to turn around. Yearlings were
captured after the completion of molting, in May—June, and had
an estimated fasting duration of 3—4 weeks, similar to that of the
weanlings. Yearlings were measured in two handling states
chemically sedated and unrestrained but confined within a
transport cage. EGP was measured under chemical sedation on
the same day as capture. At the end of the procedure an indwelling
catheter (16 Gx20 cm, MILA# 1610) was inserted into the
extradural vessel and a 60" extension tube filled with saline was
attached to the catheter and sealed with a cap. The animal was
allowed to recover from sedation overnight and the catheter was
maintained patent by a periodic saline flush. The following
morning we quietly performed a second measurement in the
unrestrained yearling confined within the transport cage with
minimal disturbance to the seal. Tracer injection and blood
sampling were conducted as before but via the catheter and
extension tube. The degree of alertness varied between individual
study animals and over time during the measurement. One
unrestrained EGP measurement was not made due to loss of
catheter patency.
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administered intravenously periodically over 3-3.5 hours of sedation. Data of anesthetic doses for adult males are not reported.

Hormone Analyses

To assess the stress response to the different animal handling
methods, cortisol and epinephrine concentrations were measured
from blood samples drawn immediately prior to and approxi-
mately every 30 min during the EGP measurement. Epinephrine
concentrations were only measured in the handling manipulated
seals. Both hormones were measured using commercially available
radioimmuno assay (RIA) kits (Siemens cortisol coat-a-count kit
TKCO2; and Alpco epinephrine double-antibody kit 17-EPIHU-
R50, Salem NH). The cortisol kit has previously been validated in
this species [36,44]. The epinephrine kit was validated for this
study using serially diluted elephant seal plasma and significant
parallelism with the standard curve was observed within the range
of concentrations detected in this study. Average CV’s for the
cortisol and epinephrine assays were 2.9 and 3.1%, respectively.
Several samples did not contain detectible levels of epinephrine.
These non-detectible values were assigned the detection limit of
the kit, 55 pM, for statistical analysis.

To assess the total hormone response during the measurement
period, we calculated the area under the curve (AUC) over time by
summing the areas under the hormone vs time polygons between
sampling points and standardized for procedure duration by
dividing by the total duration of the sampling period (e.g.
180 min).

Plasma Glucose & EGP

For all groups a bolus injection technique and non-compart-
mental model were used to measure the rate of tracer dilution
[52]. A description of EGP measurement methods for field sedated
animals may be found in Champagne et al [36,53]. The rates of
EGP for the field sedated animals have been reported previously:
weaned pups [36], adult females [53], and adult males [54]. For
the handling manipulated group, each seal was administered
100 uCi of [6-*H]glucose via the extradural vein. After injection,
blood samples were serially drawn for 3 hrs. Typically 13 - 16
samples were taken over the measurement period, although
performing these procedures without the use of immobilizing
chemicals dictated some variation in the precise sampling intervals
among study animals. The specific activity of [6-*H]glucose was
determined as described in [36,53]. Briefly, plasma samples from
cach sample time point were thawed and deproteinated using
barium hydroxide and zinc sulfate (each 0.3 N, Sigma-Aldrich, St
Louis, MO). Deproteinated plasma was then passed through ion
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exchange columns; the eluant was collected, dried, and reconsti-
tuted in water. The glucose concentration of each reconstituted
sample was measured using a glucose analyzer (YSI 2300, Yellow
Springs, Inc, Yellow Springs, OH). Reconstituted samples were
then aliquoted in duplicate, scintillation cocktail was added and
samples were counted on a liquid scintillation counter (Beckman
LSC 6500; Fullerton, CA). [6-*H]glucose specific activity was
calculated for each sample as the disintegrations per minute (dpm)
per mole glucose. The rate of glucose production was measured by
the dilution of isotopically labeled glucose by unlabeled glucose
produced over time and was determined by dividing the dose
injected by the area under the clearance curve

R, =Dosedpm/ Jy(t) dt

Where R, is the rate of appearance of unlabeled glucose, Dose gpm
is the radioactivity of the injected tracer in disintegrations per
minute (dpm), and y(#) is the exponential function describing the
decay of the tracer specific activity with respect to time [52]. Two
exponential functions were fit to the clearance curve by
maximizing the r* value for each function; curve-fitting and
integration were performed using Mathematica (Wolfram Re-
search, Champaign, IL). The typical inflection point occurred
20 minutes post glucose administration. Mean r° values were
0.91 for the initial tracer dilution curve and 0.98 for the latter
turnover curve (before and after the inflection point, respectively).
Representative glucose dilution curves with and without the use
of anesthetic agents are shown in Figure 2. The volume of the
tracer administered to each study animal was determined by
gravimetric calibration of the injection syringe. In this model of
glucose kinetics, the rate of tracer dilution, R,, is equal to EGP
and to the total uptake by all body tissues. Plasma glucose
concentration was measured from blood samples drawn at the
onset of the EGP measurement for all study animals and
approximately every 30 minutes during the EGP measurement in
the field manipulated study animals using a glucose analyzer (YSI
2300, Yellow Springs Instruments). In these study animals,
glucose concentrations were averaged across the sampling period
as an index of circulating glucose concentration during the
procedure.

Data Analysis

Paired t-tests were used to detect differences between groups
of paired individuals. To test for significant differences among
groups of unpaired individuals a linear mixed effects model
with seal ID as a random effect was used, followed by post-hoc
tests to compare between groups. In each instance we tested
the full model, including interaction terms; when the interac-
tion terms were not significant they were removed from the
model. To investigate changes in hormone concentrations
during the sampling period we performed repeated-measures
analysis using a linear mixed model with sample time and
study group as fixed effects and seal ID as a random effect;
when differences among sample times were detected we tested
for differences from initial concentration using LSD post-hoc
tests. There was no apparent order effect of procedure day
between weanlings physically restrained on day one versus day
two so this factor was not included in analyses. Statistical tests
were performed using R (version 2.11.1, R Development Core
Team, www.R-project.org) and JMP ver 9 (SAS institute, Cary
NCQ).
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Figure 2. Example of [6->HIglucose clearance curves used to
calculate endogenous glucose production (EGP). Curves are
shown for one weanling and one yearling with and without the use of
anesthetic agents using the same tracer dose. The lower specific activity
observed in the weanling under physical restraint compared to
chemical sedation indicates increased dilution of the label from higher
rates of EGP under physical restraint. Equivalent *H doses were
administered to each seal, 100 pCi. dpm—disintegrations per minute.
doi:10.1371/journal.pone.0038442.g002

Results

Cortisol Response

The average cortisol concentrations at each sampling point and
each study group are shown in Figure 3. Only a few treatment
groups showed changes in cortisol concentration with sampling
time. Within the chemically sedated weanlings there was no
significant change in cortisol concentration with sample time (Fg,
207=0.9, p=0.53) but physically restrained weanlings had
elevated cortisol concentration during much of the measurement
period (Fg 93 =15.2, p=0.002; Figure 3A). There was no significant
change in cortisol concentration with sample time in unrestrained
yearlings (Fg 930=1.4, p=0.26) whereas it was elevated under
chemical sedation (Fg 976=3.5, p=0.01; Figure 3A). Among
weaned pups sedated in the field, cortisol concentration did not
significantly change with sample time early in the post-weaning
fast (', 950=2.1, p=0.07) whereas there was a significant change
late in the fast (F7, 95 =4.36, p=0.002; Figure 3B). Among adult
females, cortisol concentration varied by study group (Fy
295 =227.7, p=0.001) but there was no effect of sample time on
cortisol concentration (F14 915=1.0, p=0.51; Figure 3C). Within
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Figure 3. Cortisol concentrations during handling. The average cortisol concentration at each sample time within each study group; error bars
represent standard errors. Note that the y-axis scales are different between the top and bottom graphs. RM ANOVA followed by pairwise post-hoc t-
tests were used to test for significant differences from initial cortisol concentration. A) Handling manipulated group—physically restrained weanlings
and chemically sedated yearlings showed increased cortisol levels during sampling. “+" and “*” indicate significant differences from initial (time=0)
cortisol value for physically restrained weanlings and chemically sedated yearlings, respectively (pairwise post-hoc t-test, p<<0.05). B) Weaned pups
early and late in post-weaning fast—Ilate in the post-weaning fast, pups showed increased cortisol concentrations after 100 minutes of chemical
sedation. “*” indicates significant difference from initial cortisol value (pairwise post-hoc t-test, p<<0.05). C) Adult females early and late in lactation
and after molting and D) adult males early and late in the breeding season and after molting. There was no significant difference in cortisol
concentration with sample time among the adult samples.

doi:10.1371/journal.pone.0038442.9003

adult males there was no difference in cortisol concentration
among study groups (Fy 19 =0.1, p=0.9) nor did cortisol vary with

while the greatest was in physically restrained weanlings and
yearlings that were transported to the lab for study. Physical

sample time (Fjg, 190 = 0.4, p=0.95; Figure 3D).

Cortisol AUC values varied among study groups (I
16.5 = 25.2, p=0.001; Figure 4). The least cortisol response to
handling was observed in animals chemically sedated in the field

@ PLoS ONE | www.plosone.org

restraint increased cortisol levels in weanlings; both initial and
AUC values were greater under physical restraint than chemical
immobilization (paired t = 3.0 4.8; p = 0.04, 0.008, respectively). In
yearlings, cortisol levels were not different between the sedated
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doi:10.1371/journal.pone.0038442.g004

and unrestrained states for either initial or AUC values (paired t-
tests, p>0.1).

Epinephrine Response

Epinephrine was only measured in the handling manipulated
group. The average epinephrine concentrations during these
procedures are shown in Figure 5A. Epinephrine concentration
varied with sample time (F5 gg5=2.4, p=0.04). There was no
effect of study group (p=0.17) but the group-by-sample time
interaction was significant (Fi5 g5.3=2.0, p=0.02). There was no
change in epinephrine concentration with sample time in sedated
weanlings (LSD post-hoc tests, p>0.05) but sample time had a
significant influence on epinephrine concentration in physically
restrained weanlings. Within this group the initial epinephrine
concentration was different than that from any other sample time
(LSD post-hoc tests, p<0.05). In contrast, there was no significant
difference in epinephrine concentration with sample time in
sedated yearlings but there was in the unrestrained group, though
only the 180 min sample was different from time zero (LSD post-
hoc test, p<<0.05).

Epinephrine AUC  values varied among study groups (Fs
12=5.8, p=0.01; Figure 5B). Physical restraint resulted in higher
initial epinephrine and AUC values in weanlings (paired t= 3.6,
2.9, p=0.02, 0.045, respectively) and unrestrained yearlings had
higher epinephrine AUC values than during chemical sedation
(paired t=2.9, p=0.03; Figure 5B) but the yearlings’ initial
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epinephrine concentrations were not different between the sedated
and unrestrained states (paired t-test, p>>0.6).

Glucose Metabolism During Handling

Plasma glucose concentrations were measured from samples
taken periodically during the EGP measurement in handling
manipulated animals (Figure 6A). Both the initial plasma glucose
concentrations and average levels during the EGP procedure
varied by study group (initial concentration: Fs 1,9=6.9,
p=0.006; average levels: Fs ;;=15.5, p=0.001). Glucose
concentration was higher during physical restraint than during
chemical sedation, both the initial concentrations and average
levels throughout the sampling period (paired t=4.7, 8.2;
p=0.018, 0.004, respectively). There was, however, no difference
in plasma glucose level between chemically sedated and unre-
strained yearlings (paired t-test, p>>0.6).

EGP was 20% higher in weanlings under physical restraint
compared with chemical immobilization (paired t= 3.1, p=0.04,
Figure 6B). There was no difference in EGP between sedated and
unrestrained yearlings (paired t-test, p>0.2). Additionally, there
was no difference between yearlings and weanlings of any group
(F3, 19=2.2, p=0.14; individual variation accounted for 74% of
the variability in EGP). The rates of EGP for field-sedated animals
have been reported elsewhere [36,53,54].

There was no relationship between EGP and cortisol AUC
when accounting for body mass and study group (¥, 147=1.0,
p = 0.33; Figure 7). Within physically restrained weanlings alone,
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Figure 5. Epinephrine concentration in handling manipulated seals. A) Epinephrine concentrations were generally stable during procedures
except in physically restrained weanlings. These restrained seals had elevated epinephrine concentrations at the beginning of the procedures; “+”
and “¥” indicate significant difference from initial epinephrine concentration in physically restrained weanlings and unrestrained yearlings,
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doi:10.1371/journal.pone.0038442.9g005

however, there was a trend toward increased EGP with cortisol
AUC values—in a multiple regression analysis of EGP by cortisol
AUC and mass (full model: F=38.5, p=0.025; effect test for
cortisol AUC: F=71.3, p=0.014; Figure 7C). Similarly, there was
no correlation between EGP and epinephrine AUC values in a
mixed-model analysis of EGP with study group, mass, and
epinephrine AUC as predictors and seal as a random effect
(F1.165=0.03, p=0.8).
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Discussion

The method of handling had a significant influence on cortisol
release and metabolism in northern elephant seals. Extended
sedation is necessary to conduct metabolic measurements such as
the EGP measurements described here, as well as other
measurements including glucose tolerance tests [40,55] and
measures of lipolysis [38]. This study did not detect a cortisol
response during extended sedation in adult northern elephant
seals. Physical restraint caused increases in circulating cortisol,
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Figure 6. Glucose response in handling manipulated seals. A)
The average glucose levels in physically restrained weanlings during the
EGP measurement were significantly higher than the other groups (Fs,
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doi:10.1371/journal.pone.0038442.9006

epinephrine, and glucose concentrations as well as increased EGP
in weanlings. Transport appeared to sensitize seals to further
manipulation as chemically sedated yearlings displayed a signif-
icant cortisol response, similar to that of physically restrained
weanlings. The cortisol response in yearlings, however, was not
associated with increased plasma glucose concentration or
increased rates of EGP. These findings are similar to reports in
other species, where sedation reduced or ameliorated the stress
impacts of handling [56-59].

Hormonal Response to Handling

Sustained physical restraint led to a marked stress response.
Cortisol concentration increased from an initial level of 586 nM to
over 1000 nM during physical restraint. During chemical sedation
cortisol concentration remained steady throughout procedures in
nearly all study groups. In order to study unrestrained seals,
yearlings were first captured and transported to the lab before any
measurements were made. These yearlings displayed cortisol and
epinephrine responses similar to that of physically restrained
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weanlings. This contrasted with the response of animals sedated in
the field. Regrettably, we did not sample yearlings in the field and
there are no published data on cortisol concentration in molting
northern elephant seal yearlings. However, Kelso [60] conducted
a study of 40 yearlings over two years (in 2008 & 2009) during
their annual fall haul-out and reported cortisol concentrations of
223 (s.d. 26) and 260 (s.d. 29) nM at the beginning and end of
fasting, respectively. These values were significantly lower than
cortisol concentrations of yearlings measured in this study (Fs
53 =17.0, p=0.001) which had similar fasting durations but were
sampled in different seasons. The lower cortisol levels reported in
yearlings measured in the field suggest that cortisol concentrations
increased during transport and were elevated by the time we
collected an initial blood sample. Cortisol concentrations increased
further during chemical sedation in yearlings. The similarity in
cortisol responses between physically restrained weanlings and
chemically sedated yearlings suggests an acute response due to
capture and transport. By the following morning, cortisol
concentrations in yearlings held at the lab returned to their earlier
levels but these were higher than reported values measured from
animals sedated in the field. These patterns suggest that transport
may be inherently stressful [61], despite the apparent tolerance of
northern elephant seals to this type of handling and transport.
The timing of the cortisol release was similar in physically
restrained weanlings and sedated yearlings (Figure 3A). Peak
cortisol levels occurred at 30-60 min and declined after 90 min in
both groups. These findings are similar to those of Engelhard and
co-authors [57] who reported increased cortisol levels in southern
elephant seal pups, M. leonina, during 45 min of physical restraint.
Both the absolute cortisol concentration and the timing of the
response to physical restraint were similar between the two studies.
Investigations in grey seals, Halichoerus grypus, also detected
increased cortisol levels with handling and restraint, in weaned
pups [62] and adult males [63]. Grey seal pups had increased
cortisol within ten minutes of initial handling whereas, in adult
males, cortisol levels began to plateau after 30 minutes of
continued restraint. In the present study, the sampling period
was prolonged and we identified a peak and subsequent decrease
in cortisol level while seals were still under physical restraint. The
magnitude of the cortisol response was much greater in northern
elephant seals—peak levels were over 1000 nM in physically
restrained elephant seals, compared with ~100 nM in grey seal
weanlings and less than ~480 nM in adult grey seals [62,63].
Adult elephant seals displayed remarkably stable cortisol levels
during 2.5-3 hrs of chemical sedation (Figure 3C and D). If the
initial handling or anesthetic induction caused a substantial
cortisol release, we would expect to find declining cortisol
concentrations during the subsequent three hours of sampling
under sedation. The stable cortisol concentrations observed
suggest that there was not a cortisol release in response to typical
sedation procedures and cortisol concentrations measured under
these conditions are near baseline levels. Cortisol concentrations
closely match those reported for southern elephant seals sedated
using similar methods during lactation [57]. Engelhard et al did,
however, detect a small but statistically significant increase in
cortisol concentration ~23 minutes after induction. While not
statistically significant, data from early lactation and molted
females in this study do show a similar trend (see Figure 3C).
However, when sampling for 180 min vs 45 min in Engelhard et
al, the parabolic trend in the data during the first 30 minutes
appears even less substantial. There is sizeable evidence that the
stress response is suppressed during lactation in several species
[64-66]. Engelhard and co-authors therefore cautioned that the
mild cortisol response observed during lactation in southern
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elephant seals may be a blunted indicator of the true level of stress
[57]. This study included non-lactating, recently molted females
and found no difference in the cortisol response between lactating
and molted northern elephant seals. Rather, cortisol concentration
increased during lactation (Figure 3C). In a similarly designed
study in rhesus macaques, Macaca mullata, Maestripieri et al [67]
found no difference in the cortisol response between lactating and
non-lactating females; furthermore, they questioned the ubiquity
of the suppression of stress response during lactation. One reason
postulated for the suppression of a stress response during lactation
is the importance of maintaining energy expenditure toward milk
production vice other expenditures [66]. The energetic and
nutrient constraints of extended fasting during elephant seal haul-
outs, especially that of limited protein degradation, may favor a
suppressed stress response in this species; although molting is
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substantially less energetically expensive than lactation [68].
Elephant seals are recognized for their tolerance to mild stressors
and to human disturbance [69,70]. The energy and water flux
constraints on fasting elephant seals may contribute to their
nominal response to mild perturbation.

As might be expected, epinephrine concentrations were higher
in physically restrained than chemically sedated seals, indicating
an acute stress response from restraint. Physically restrained
weanlings exhibited an epinephrine release with the onset of
restraint as initial concentrations were high and subsequently
decreased in the first hour of handling. Unrestrained yearlings only
showed elevated epinephrine concentrations at the very end of the
procedure. Transient disturbances during sampling probably
caused elevated epinephrine values toward the end of the
procedure when seals were aware of the researcher’s presence
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and their tolerance to disturbance may have decreased with time.
The higher epinephrine AUC values also suggest that these
unrestrained yearlings exhibited a greater catecholamine release
than sedated seals.

Handling Effects on Glucose Metabolism

Circulating plasma glucose concentration was higher in
physically restrained weanlings than in other study groups but
only by ~7% (Figure 6A). This elevation was in addition to
baseline glucose levels that are naturally higher than typically
observed in mammals [71,72]. A similar study did not detect
differences in circulating glucose concentrations among suckling
pups exposed to various handling intensities—pups handled from
one to five times during a 21 day sucking period [57].

Increased plasma glucose levels were concomitant with
increased EGP in weanlings (Figure 6). Among yearlings, there
was a high degree of individual variability in the rates of EGP, with
no significant difference between sedated and unrestrained states
(Figure 6B). Unlike physically restrained weanlings, the increased
cortisol levels observed during chemical immobilization in
yearlings were not associated with higher circulating plasma
glucose concentrations or rates of EGP. The rates of EGP reported
here are similar to those previously reported in this species [36] as
well as harbor, Phoca vitulina [73] and grey seals [39]. Typically
EGP increases with exercise [74,75] and physically restrained seals
were often agitated and struggled periodically during measure-
ments. While this was not a steady exercising regime, the increased
activity under physical restraint was probably responsible for much
of the increase in EGP.

Psychoactive Chemicals and their Effect on Carbohydrate
Metabolism

We measured EGP in young elephant seals with and without
the use of a frequently-used combination of chemical agents—
dissociative anesthetics (phencyclidines tiletamine and ketamine)
and benzodiazepine sedatives (zolazepam and diazepam). The use
of psychoactive chemicals certainly has the potential to disturb
glucose regulation by the CNS and there is evidence for CNS
regulation of fuel balance and glucose homeostasis [76-78]. Each
chemical’s target receptor and specificity will influence its effect, if
any, on the regulation of fuel use. Ketamine, for example, has
been shown to increase oxygen uptake of the CNS [79] potentially
increasing glucose use by the brain. We detected lower rates of
EGP in chemically sedated weanlings, compared to those being
physically restrained. This difference was probably due to greater
physical exertion in the restrained subjects. We found no
detectable difference in rates of EGP between sedated and
unrestrained yearlings, suggesting that this combination of
chemical agents does not have a substantial effect on whole-
animal carbohydrate metabolism in this species.

Previous studies on the effects of ketamine on carbohydrate
metabolism have been equivocal and show species-specific
variation. Within primates, Castro et al. [80] found no effect of
ketamine on plasma glucose concentration as well as several
hormones, including insulin, in long-tailed macaques, AMacaca
fasciculars. Similarly, Kemnitz and Kraemer [81] found no effect
of extended duration (2 hours) ketamine sedation on fasting
glucose or insulin and there was no effect on the physiological
responses to hyper or hypo-glycemia in rhesus monkeys, M.
mulatta. Alternatively, Lehmann, et al. [82] found that the
administration of ketamine influenced glucose metabolism by
lowering plasma glucose, inhibiting insulin secretion, and increas-
ing glucagon and cortisol levels in baboons, Papio hamadryas. In rats
the combination of ketamine and xylazine increased blood glucose
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levels while fasting and profoundly so in fed rats [83]; there was,
however, no effect of ketamine alone. The ketamine dose
performed by Saha and co-authors was 50 mg ketamine (kg -
hr)". This dose far exceeds that commonly administered to
elephant seals; the average dose in a typical study of weaned
elephant seal pups, for example, is 2 mg ketamine (kg * hr)”, see
Table 2. The initial induction using Telazol in this study allows for
decreased ketamine use; nonetheless, the ketamine dose differen-
tial remains striking and their findings may not be applicable to the
chemical administration protocol in the present study or other
similar field-use protocols.

There are several studies on the effect of ketamine on hormone
concentration, e.g. [84,85]. N-methyl-D-aspartate (NMDA) re-
ceptors are found within the anterior pituitary and are involved in
the regulation of hormone release from the hypothalamic-
pituitary-adrenal (HPA) axis [86-88] and it appears that the
NMDA receptor antagonist ketamine does impact HPA axis
function at some level. Data are conflicting, however, regarding
ketamine’s effect on circulating glucocorticoid concentration.
Studies of low-dose ketamine infusion (0.3-0.5 mg kg™') found
that cortisol levels significantly increased [85,89] but results may
not apply to anesthetic doses of ketamine. In fact, the study of
Saha et al [90] discussed above found decreases in both
adrenocorticotropic hormone and corticosterone in rats under
higher doses of ketamine in combination with xylazine. To
distinguish between the effects of anesthetic agents and effects of
capture and handling, measurements on captive pinnipeds
habituated to human contact are needed. However, the combi-
nation of phencyclidines and benzodiazepines used in this study
does not appear to influence cortisol concentration in elephant
seals chemically sedated in the field.

Glucose Production Was Not Correlated with

Physiological Cortisol Release in Elephant Seals

Among all 12 study groups, there was no relationship between
EGP and cortisol levels (Figure 7A). Although cortisol is known to
stimulate glucose production in mammals [34,91], this lack of
correlation in elephant seals is not necessarily surprising. Previous
studies in northern elephant seals have failed to detect relation-
ships among regulatory hormones and measures of circulating
metabolites and fuel use [38,40,53]. Among adults, cortisol
variability was small compared with the variation in EGP. Within
the physically restrained weanlings alone, however, EGP was
positively correlated with cortisol AUC value (Figure 7C). This
suggests that large releases of cortisol in response to a strong
stressor like physical restraint may have gluconeogenic effects in
fasting elephant seals. To determine the direct influence of cortisol
(as well as insulin and glucagon) on EGP in seals, glucose-clamped
hormone challenge experiments will need to be performed in
combination with measurements of metabolic flux. Nevertheless,
the current data suggest that normal variability in cortisol
concentration during chemical sedation does not have a significant
influence on EGP measurements in elephant seals. Furthermore,
the lack of difference in rates of EGP between yearlings with and
without the use of anesthetic chemicals suggests that the standard
chemical sedation techniques used do not have a significant effect
on carbohydrate metabolism in this species.

Conclusion

Capture or physical restraint resulted in a marked stress
response whereas chemical sedation mitigated an increase in
hormone stress markers during handling in elephant seals. When
potential impacts of capture stress were evaluated by measuring
one metric of whole-animal metabolism, EGP, we found that

May 2012 | Volume 7 | Issue 5 | e38442



physical restraint increased EGP. Chemical sedation, however, did
not significantly influence the rate of EGP. This study demon-
strated that some species, such as northern elephant seals, can be
sedated for prolonged periods for metabolic studies without
significant stress responses or alterations in glucose metabolism.
Manipulation, including physical restraint and transport, induced
increases in stress hormone levels; these increased levels, however,
did not necessarily result in increased rates of EGP. Our findings
suggest that for measurements that may be influenced by stress
responses, even in species apparently tolerant to disturbance such
as northern elephant seals, it is preferable to conduct measure-
ments in the field under chemical sedation, rather than by physical
restraint or animal capture followed by transport to a laboratory
for ivestigation.

References

1. Romero LM (2004) Physiological stress in ecology: lessons from biomedical
research. Trends Ecol Evol 19: 249-255.

2. McMahon M, Gerich J, Rizza R (1988) Effects of glucocorticoids on
carbohydrate metabolism. Diabetes Metab Rev 4: 17-30.

3. Sapolsky RM (1996) Stress, Glucocorticoids, and Damage to the Nervous
System: The Current State of Confusion. Stress 1: 1-19.

4. Kitaysky AS, Piatt JF, Wingfield JC (2007) Stress hormones link food availability

and population processes in seabirds. Mar Ecol Prog Ser 352: 245-258.

Spee M, Marchal L, Thierry AM, Chastel O, Enstipp M, et al. (2011)

Exogenous corticosterone mimics a late fasting stage in captive Adelie penguins

(Pygoscelis adeliae). Am J Physiol-Regul Integr Comp Physiol 300: R1241-1249.

6.  Walker BG, Boersma PD, Wingfield JC (2005) Field endocrinology and
conservation biology. Integr Comp Biol 45: 12-18.

7. Creel S, Fox JE, Hardy A, Sands J, Garrott B, et al. (2002) Snowmobile Activity
and Glucocorticoid Stress Responses in Wolves and Elk. Conserv Biol 16:
809-814.

8. Wasser SK, Bevis K, King G, Hanson E (1997) Noninvasive physiological
measures of disturbance in the Northern Spotted Owl. Conserv Biol 11:
1019-1022.

9. Pride RE (2005) High faecal glucocorticoid levels predict mortality in ring-tailed

lemurs (Lemur catta). Biol Lett-Uk 1: 60-63.

Romero LM, Wikelski M (2001) Corticosterone levels predict survival

probabilities of Galapagos marine iguanas during El Nino events. P Natl Acad

Sci USA 98: 7366-7370.

11. Wikelski M, Cooke SJ (2006) Conservation physiology. Trends Ecol Evol 21:

38-46.

. Amagai S, Dooling RJ, Shamma S, Kidd TL, Lohr B (1999) Detection of

modulation in spectral envelopes and linear-rippled noises by budgerigars

(Melopsittacus undulatus). J Acoust Soc Am 105: 2029-2035.

Stevenson RD, Tuberty SR, Defur PL, Wingfield JC (2005) EcoPhysiology and

Conservation: The Contribution of Endocrinology and Immunology- Introduc-

tion to the Symposium. Integr Comp Biol 45: 1-3.

Costa DP, Sinervo B (2004) Field physiology: Physiological insights from animals

in nature. Annu Rev Physiol 66: 209-238.

Mateo JM, Cavigelli SA (2005) A validation of extraction methods for

noninvasive sampling of glucocorticoids in free-living ground squirrels. Physiol

Biochem Zool 78: 1069-1084.

Romano MC, Rodas AZ, Valdez RA, Hernandez SE, Galindo F, et al. (2010)

Stress in Wildlife Species: Noninvasive Monitoring of Glucocorticoids.

Neuroimmunomodulation 17: 209-212.

Landys MM, Ramenofsky M, Wingfield JC (2006) Actions of glucocorticoids at

a seasonal baseline as compared to stress-related levels in the regulation of

periodic life processes. Gen Comp Endocrinol 148: 132-149.

Nagy KA, Girard IA, Brown TK (1999) Energetics of free-ranging mammals,

reptiles, and birds. Annu Rev Nutr 19: 247-277.

Costa DP (1988) Methods for studying the energetics of freely diving animals.

Can ] Zool 66: 45-52.

Cooke SJ, Hinch SG, Wikelski M, Andrews RD, Kuchel L], et al. (2004)

Biotelemetry: a mechanistic approach to ecology. Trends Ecol Evol 19:

334-343.

Simmons SE, Crocker DE, Kudela RM, Costa DP (2007) Linking foraging

behaviour of the northern elephant seal with oceanography and bathymetry at

mesoscales. Mar Ecol Prog Ser 346: 265-275.

Robinson PW, Costa DP, Crocker DE, Gallo-Reynoso JP, Champagne CD,

et al. (in press) Foraging behavior and success of a mesopelagic predator in the

northeast Pacific Ocean: insights from a data-rich species, the northern elephant
seal. PLoS One.

Boyd IL, Bevan RM, Woakes AJ, Butler PJ (1999) Heart rate and behavior of fur

seals: implications for measurement of field energetics. Am J Phys-Heart Circ

Physiol 276: H844-H857.

o

16.

21.

23.

@ PLoS ONE | www.plosone.org

12

Stress Response to Handling in Elephant Seals

Acknowledgments

This work was performed under National Marine Fisheries Service permits
87-1743 and 14636. We thank the rangers and staff of Afio Nuevo State
Reserve for logistic support of this work. We thank M. Fowler and S.
Maxwell for field assistance and helpful comments on this manuscript. We
thank N. Eide and B. Kelso for assistance with animal handling; B. Kelso
generously shared cortisol concentration data used for comparison with this
study.

Author Contributions

Conceived and designed the experiments: CDC DEC DPC. Performed the
experiments: CDC DEC DSH. Analyzed the data: CDC DEC.
Contributed reagents/materials/analysis tools: CDC DEC DPC DSH.
Wrote the paper: CDC DEC DPC DSH.

24. Green JA, Frappell PB (2007) Improving the precision and accuracy for
estimating energy expenditure using the heart rate method. Physiol Biochem
Zool 80: 551-555.

. Wilson RP, White CR, Quintana F, Halsey LG, Liebsch N, et al. (2006) Moving
towards acceleration for estimates of activity-specific metabolic rate in free-living
animals: the case of the cormorant. J Anim Ecol 75: 1081-1090.

Meir JU, Stockard TK, Williams CL, Ponganis KV, Ponganis PJ (2008) Heart
rate regulation and extreme bradycardia in diving emperor penguins. J Exp Biol
211: 1169-1179.

Baker JD, Johanos TC (2002) Effects of research handling on the endangered
Hawaiian monk seal. Mar Mammal Sci 18: 500-512.

Le Maho Y, Karmann H, Briot D, Handrich Y, Robin JP, et al. (1992) Stress in
birds due to routine handling and a technique to avoid it. Am J Physiol-Regul
Integr Comp Physiol 263: R775-R781.

Mellish JA, Calkins D, Christen DR, Horning M, Rea L, et al. (2006)
Temporary Captivity as a Research Tool: Comprehensive Study of Wild
Pinnipeds Under Controlled Conditions. Aquatic Mammals 32: 58-65.
Romero LM, Reed JM (2005) Collecting baseline corticosterone samples in the
field: is under 3 min good enough? Comp Biochem Physiol A 140: 73-79.

. Wingfield JC, Romero LM (2001) Adrenocortical responses to stress and their
modulation in free-living vertebrates. In: McEwen BS, Goodman HM, eds.
Handbook of Physiology: The Endocrine System. New York: Oxford University
Press. pp 211-234.

Hechter O, Halkerston IDK (1965) Effects of Steroid Hormones on Gene
Regulation and Cell Metabolism. Annu Rev Physiol 27: 133-162.
Charmandari E, Tsigos C, Chrousos G (2005) Endocrinology of the Stress
Response. Annu Rev Physiol 67: 259-284.

Exton JH (1979) Regulation of gluconeogenesis by glucocorticoids. Monogr
Endocrinol 12: 535-546.

. Wasserman DH (2009) Four grams of glucose. Am J Physiol-Endoc Metab 296:
El11-21.

Champagne CD, Houser DS, Crocker DE (2005) Glucose production and
substrate cycle activity in a fasting adapted animal, the northern elephant seal.
J Exp Biol 208: 859-868.

Davis RW (1983) Lactate and glucose metabolism in the resting and diving
harbor seal (Phoca vitulina). ] Comp Physiol [B] 153: 275-288.

Houser DS, Champagne CD, Crocker DE (2007) Lipolysis and glycerol
gluconeogenesis in simultaneously fasting and lactating northern elephant seals.
Am J Physiol-Regul Integr Comp Physiol 293: R2376-R2381.

Nordoy ES, Blix AS (1991) Glucose and ketone body turnover in fasting grey
seal pups. Acta Physiol Scand 141: 563-571.

Fowler MA, Champagne CD, Houser DS, Crocker DE (2008) Hormonal
regulation of glucose clearance in lactating northern elephant seals (Mirounga
angustirostris). J Exp Biol 211: 2943-2949.

Viscarra JA, Vazquez-Medina JP, Crocker DE, Ortiz RM (2011) Glut4 is
upregulated despite decreased insulin signaling during prolonged fasting in
northern elephant seal pups. Am J Physiol-Regul Integr Comp Physiol 300:
R150-R154.

Andrews MT, Russeth KP, Drewes LR, Henry P-G (2009) Adaptive
mechanisms regulate preferred utilization of ketones in the heart and brain of
a hibernating mammal during arousal from torpor. Am J Physiol-Regul Integr
Comp Physiol 296: R383-R393.

Opazo JC, Soto-Gamboa M, Bozinovic F (2004) Blood glucose concentration in
caviomorph rodents. Comp Biochem Physiol A 137: 57-64.

Ortiz RM, Wade CE, Ortiz CL (2001) Effects of prolonged fasting on plasma
cortisol and TH in postweaned northern elephant seal pups. Am J Physiol-Regul
Integr Comp Physiol 280: R790-R795.

Ortiz RM, Houser DS, Wade CE, Ortiz CL (2003) Hormonal changes
associated with the transition between nursing and natural fasting in northern
elephant seals (Mirounga angustirostris). Gen Comp Endocrinol 130: 78-83.

26.

27.

28.

29.

30.

37.

38.

39.

40.

41.

42,

43.

44.

May 2012 | Volume 7 | Issue 5 | e38442



46.

47.

48.

49.

50.

51.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

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

Atkinson S, Arnould JPY, Mashburn KL (2011) Plasma cortisol and thyroid
hormone concentrations in pre-weaning Australian fur seal pups. Gen Comp
Endocrinol 172: 277-281.

Houser DS, Costa DP (2001) Protein catabolism in suckling and fasting northern
elephant seal pups (Mirounga angustirostris). ] Comp Physiol B 171: 635-642.
Noren DP, Crocker DE, Williams TM, Costa DP (2003) Energy reserve
utilization in northern elephant seal (Mirounga angustirostris) pups during the
postweaning fast: size does matter. J] Comp Phys [B] 173: 443-454.

Hassrick JL, Crocker DE, Zeno RL, Blackwell SB, Costa DP, et al. (2007)
Swimming speed and foraging strategies of northern elephant seals. Deep-Sea
Research Part II 54: 369-383.

Zeno RL, Crocker DE, Hassrick JL, Allen SG, Costa DP (2008) Development of
foraging behavior in juvenile northern elephant seals. J Zool 274: 180-187.

. Wolfe RR, Chinkes DL (2005) Isotope Tracers in Metabolic Research-

principles and practice of kinetic analysis. Hoboken, NJ: John Wiley & Sons, Inc.
Champagne CD, Houser DS, Crocker DE (2006) Glucose metabolism during
lactation in a fasting animal, the northern elephant seal. Am J Physiol-Regul
Integr Comp 291: R1129-R1137.

Wenzel B (2008) Glucose turnover in fasting adult male elphant seals (Mirounga
angustirostris) during a natural high-energy expenditure fast. Rohnert Park:
Sonoma State University.

. Viscarra JA, Champagne CD, Crocker DE, Ortiz RM (2011) 5’ AMP-activated

protein kinase activity is increased in adipose tissue of northern elephant seal
pups during prolonged fasting-induced insulin resistance. J Endocrinol 209:
317-325.

Petrauskas L, Atkinson S, Gulland F, Mellish JA, Horning M (2008) Monitoring
glucocorticoid response to rehabilitation and research procedures in California
and Steller sea lions. J Exp Zool A Ecol Gen Physiol 309A: 73-82.

Engelhard GH, Brasseur SMJM, Hall AJ, Burton HR, Reijnders PJH (2002)
Adrenocortical responsiveness in southern elephant seal mothers and pups
during lactation and the effect of scientific handling. J] Comp Physiol [B] 172:
315-328.

Harcourt RG, Turner E, Hall A, Waas JR, Hindell M (2010) Effects of capture
stress on free-ranging, reproductively active male Weddell seals. ] Comp Physiol
[A] 196: 147-154.

Morton DJ, Anderson E, Foggin CM, Kock MD, Tiran EP (1995) Plasma
Cortisol as an Indicator of Stress Due to Capture and Translocation in Wildlife
Species. Vet Rec 136: 60-63.

Kelso EJ, Champagne CD, Tift MS, Houser DS, Crocker DE (in press) Sex
Differences in Fuel Use and Metabolism During Development in Fasting
Juvenile Northern Elephant Seals. J Exp Biol.

Dickens MJ, Delehanty DJ, Romero LM (2010) Stress: An inevitable component
of animal translocation. Biol Conserv 143: 1329-1341.

Bennett KA, Moss SEW, Pomeroy P, Speakman JR, Fedak MA (2012) Effects of
handling regime and sex on changes in cortisol, thyroid hormones and body
mass in fasting grey seal pups. Comp Biochem Phys A 161: 69-76.

Lidgard DC, Boness DJ, Bowen WD, McMillan JI (2008) The implications of
stress on male mating behavior and success in a sexually dimorphic polygynous
mammal, the grey seal. Horm Behav 53: 241-248.

Slattery DA, Neumann ID (2008) No stress please! Mechanisms of stress
hyporesponsiveness of the maternal brain. The Journal of Physiology 586:
377-385.

Lightman SL (1992) Alterations in hypothalamic-pituitary responsiveness during
lactation. Ann N'Y Acad Sci 652: 340-346.

Heinrichs M, Neumann I, Ehlert U (2002) Lactation and stress: protective effects
of breast-feeding in humans. Stress 5: 195-203.

Maestripieri D, Hoffman CL, Fulks R, Gerald MS (2008) Plasma cortisol
responses to stress in lactating and nonlactating female rhesus macaques. Horm
Behav 53: 170-176.

Worthy GAJ, Morris PA, Costa DP, Leboeuf BJ (1992) Molt Energetics of the
Northern Elephant Seal (Mirounga angustirostris). J Zool 227: 257-265.
McMahon C, van den Hoff ], Burton H (2005) Handling intensity and the short-
and long-term survival of elephant seals: Addressing and quantifying research
effects on wild animals. Ambio 34: 426-429.

@ PLoS ONE | www.plosone.org

13

70.

71.

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

84.

86.

87.

88.

90.

91.

Stress Response to Handling in Elephant Seals

Costa DP, Le Boeuf BJ, Huntley AC, Ortiz CL (1986) The energetics of
lactation in the northern elephant seal, Mirounga angustirostris. ] Zool (London)
209: 21-33.

Umminger BL (1975) Body size and whole blood sugar concentrations in
mammals. Comp Biochem Phys A 52A: 455-458.

Polakof S, Mommsen TP, Soengas JL (2011) Glucosensing and glucose
homeostasis: From fish to mammals. Comp Biochem Phys B 160: 123-149.
Davis RW, Castellini MA, Williams TM, Kooyman GL (1991) Fuel homeostasis
in the harbor seal during submerged swimming. J Comp Physiol [B] 160:
627-635.

Mourtzakis M, Saltin B, Graham T, Pilegaard H (2006) Carbohydrate
metabolism during prolonged exercise and recovery: interactions between
pyruvate dehydrogenase, fatty acids, and amino acids. J Appl Physiol 100:

1822-1830.

Kjaer M (1998) Hepatic glucose production during exercise. Adv Exp Med Biol
441: 117-127.

Sandoval D, Cota D, Seeley R] (2008) The integrative role of CNS fuel-sensing
mechanisms in energy balance and glucose regulation. Annu Rev Physiol 70:
513-535.

Lam CKL, Chari M, Lam TKT (2009) CNS Regulation of Glucose
Homeostasis. Physiology 24: 159-170.

Morton GJ, Schwartz MW (2011) Leptin and the Central Nervous System
Control of Glucose Metabolism. Physiol Rev 91: 389-411.

Langsjo JW, Maksimow A, Salmi E, Kaisti K, Aalto S, et al. (2005) S-ketamine
anesthesia increases cerebral blood flow in excess of the metabolic needs in
humans. Anesthesiology 103: 258-268.

Zastro MI, Rose J, Green W, Lehner N, Peterson D, et al. (1981) Ketamine-HCI
as a suitable anesthetic for endocrine, metabolic, and cardiovascular studies in
Macaca fascicularis monkeys. Proc Soc Exp Biol Med 168: 389-394.

Kemnitz JW, Kraemer GW (1982) Assessment of glucoregulation in Rhesus
monkeys sedated with ketamine. Am ] Primatol 3: 201-210.

Lehmann R, Wagner JL, Fernandez LA, Bourgoignie JJ, Ricordi C, et al. (1997)
Effects of ketamine sedation on glucose clearance, insulin secretion and
counterregulatory hormone production in baboons (Papio hamadryas). J Med
Primatol 26: 312-321.

Saha JK, Xia J, Grondin JM, Engle SK, Jakubowski JA (2005) Acute
hyperglycemia induced by ketamine/xylazine anesthesia in rats: mechanisms
and implications for preclinical models. Exp Biol Med 230: 777-784.
Ambrisko TD, Hikasa Y, Sato K (2005) Influence of medetomidine on stress-
related neurohormonal and metabolic effects caused by butorphanol, fentanyl,
and ketamine administration in dogs. Am J Vet Res 66: 406-412.

Hergovich N, Singer E, Agneter E, Eichler HG, Graselli U, et al. (2001)
Comparison of the effects of ketamine and memantine on prolactin and cortisol
release in men: A randomized, double-blind, placebo-controlled trial. Neuro-
psychopharmacology 24: 590-593.

Bhat GK, Mahesh VB, Chu ZW, Chorich LP, Zamorano PL, et al. (1995)
Localization of the N-Methyl-D-Aspartate R(1) Receptor Subunit in Specific
Anterior-Pituitary Hormone Cell-Types of the Female Rat. Neuroendocrinology
62: 178-186.

Jezova D, Oliver C, Jurcovicova J (1991) Stimulation of Adrenocorticotropin but
Not Prolactin and Catecholamine Release by N-Methyl-Aspartic Acid.
Neuroendocrinology 54: 488-492.

Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, et al. (1994)
Subanesthetic effects of the noncompetitive NMDA antagonist, ketamine, in
humans. Psychotomimetic, perceptual, cognitive, and neuroendocrine responses.
Arch Gen Psychiatry 51: 199-214.

. van Berckel BNM, Oranje B, van Ree JM, Verbaten MN, Kahn RS (1998) The

effects of low dose ketamine on sensory gating, neuroendocrine secretion and
behavior in healthy human subjects. Psychopharmacology (Berl) 137: 271-281.
Saha PK, Kojima H, Martinez-Botas J, Sunchag AL, Chan L (2004) Metabolic
adaptations in the absence of perilipin: increased beta-oxidation and decreased
hepatic glucose production associated with peripheral insulin resistance but
normal glucose tolerance in perilipin-null mice. J Biol Chem 279: 35150-35158.
Butler PC, Rizza RA (1989) Regulation of carbohydrate metabolism and
response to hypoglycemia. Endocrinol Metab Clin North Am 18: 1-25.

May 2012 | Volume 7 | Issue 5 | e38442



