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Cortisol modulates metabolism and energy mobilization
in wild-caught pumpkinseed (Lepomis gibbosus)
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Abstract Acute elevation of cortisol via activation of
the hypothalamic-pituitary-interrenal (HPI) axis aids the
fish in dealing with a stressor. However, chronic eleva-
tion of cortisol has detrimental effects and has been
studied extensively in lab settings. However, data
pertaining to wild teleosts are lacking. Here, we charac-
terized the metabolic consequences of prolonged corti-
sol elevation (96 h) in wild-caught pumpkinseed
(Lepomis gibbosus). Pumpkinseed were implanted with
cocoa butter alone (sham) or containing cortisol
(25 mg kg ' body weight), and at 24, 48, 72, and 96 h,
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tissue samples were collected, whole-body ammonia
excretion was determined, and whole-organism metab-
olism was assessed using intermittent flow respirometry.
Cortisol-treated pumpkinseed exhibited the highest
plasma cortisol concentration at 24 h post-implantation,
with levels decreasing over the subsequent time points
although remaining higher than in sham-treated fish.
Cortisol-treated fish exhibited higher standard and max-
imal metabolic rates than sham-treated fish, but the
effect of cortisol treatment on aerobic scope was negli-
gible. Indices of energy synthesis/mobilization, includ-
ing blood glucose concentrations, hepatosomatic index,
hepatic glycogen concentrations, and ammonia excre-
tion rates, were higher in cortisol-treated fish compared
with controls. Our work suggests that although aerobic
scope was not diminished by prolonged elevation of
cortisol levels, higher metabolic expenditures may be
of detriment to the animal’s performance in the longer
term.

Keywords Teleost - Metabolism - Aerobic scope -
Stress - Gluconeogenesis - Protein catabolism

Introduction

One of the central aims of the stress axis in vertebrates is
to provide the necessary physiological adjustments to
facilitate the reestablishment of internal homeostasis in
response to a stressor. These adjustments include shifts
in energy mobilization/allocation and/or the induction of
relevant ion/acid-base regulatory systems (Sapolsky
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etal. 2000; Romero et al. 2009; Schreck and Tort 2016).
Over the last century, much research has focused on how
stress influences the metabolism of vertebrates. Yet, the
current literature relies heavily upon lab-based models
with limited assessment of wild vertebrates (Hawlena
and Schmitz 2010; Boonstra 2013; Breuner et al. 2013),
particularly wild teleost fishes. In a large number of
studies on wild fishes, cortisol’s actions on energy me-
tabolism are restricted to measurements of secondary
responses (e.g., blood glucose, plasma ions, and
hepatosomatic index; Cook et al. 2012; McConnachie
et al. 2012; Zolderdo et al. 2016), with little investiga-
tion of the specific physiological pathways mediating
these changes (Sopinka et al. 2015). In particular, the
literature is deficient in descriptions of the specific met-
abolic pathways regulated by cortisol in wild-caught
teleosts, in contrast to hatchery-raised fishes, as well as
information on how various aspects of metabolic rate
(e.g., standard and maximal metabolic rates, aerobic
scope) are modulated by cortisol.

It has been well-established that exposure to a range
of stressors elicits an increase in circulating cortisol
titres in a diversity of teleosts (Wood et al. 1999;
Jentoft et al. 2005; Cook et al. 2012; Lawrence et al.
2018; reviewed in Barton and Iwama 1991 and Barton
2002), although the magnitude and timing of the cortisol
response are often context- and species-specific (Barton
2002; Cook et al. 2012; Winberg et al. 2016; Lawrence
et al. 2018). The rise in circulating cortisol, which
typically occurs over minutes to hours following a
stressor, generally assists in the de novo synthesis of
high energy substrates (i.e., gluconeogenesis), the real-
location of energetic reserves towards essential process-
es involved in stressor mitigation (e.g., suppression of
growth and reproduction), and the reestablishment of
hydromineral balance (reviewed in Mommsen et al.
1999, Aluru and Vijayan 2009, and Schreck and Tort
2016), responses that generally include increased plas-
ma glucose levels (Pickering et al. 1982; Vijayan et al.
2003; McConnachie et al. 2012; Lawrence et al. 2017)
as well as increased activity/expression of enzymes
associated with gluconeogenesis (Aluru and Vijayan
2009; Momoda et al. 2007; Wiseman et al. 2007,
reviewed in Mommsen et al. 1999). Additionally, corti-
sol is believed to have a role in the regulation of nitrog-
enous waste excretion in teleost fishes, possibly
reflecting a role of cortisol in mediating proteolysis
(Mommsen et al. 1999). Indeed, prior work has shown
that cortisol treatment can enhance ammonia excretion
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rates in teleosts (Chan and Woo 1978; Liew et al. 2013)
while also potentially being an important regulatory
hormone in enhancing activities/expression of critical
proteins (see Nawata and Wood 2009; Tsui et al. 2009;
Lawrence et al. 2015; Liew et al. 2015) involved in
ammonia excretion (reviewed in Wright and Wood
2009). Cortisol thus exerts considerable influence over
the regulation of the organism’s energy metabolism. As
stressor mitigation is generally considered to be ener-
getically expensive (Barton and Schreck 1987;
O’Connor et al. 2010; Schreck and Tort 2016), the
actions of cortisol provide the animal with ample
access to energetic reserves to facilitate homeostatic
adjustments.

Acute activation of the glucocorticoid stress axis is
generally considered to be beneficial to the organism in
responding to a stressor (Schreck and Tort 2016). How-
ever, under the reactive scope model (Romero et al.
2009), sustained release of glucocorticoids can have a
deleterious impact on the organism’s physiological sta-
tus because resources are diverted away from basic
physiological requirements. This “homeostatic over-
load” (Romero et al. 2009) reflects the classical notion
of “chronic” stress. In teleosts, the effects of homeostatic
overload or chronic stress typically manifest as reduced
growth (Sadoul and Vijayan 2016) and reproduction
(Pankhurst 2016), as well as impaired immune function
(Yada and Tort 2016). Homeostatic overload can also
have consequences in a metabolic context. Aerobic
scope (AS), or scope for activity, represents the energy
available for non-maintenance activities and is the dif-
ference between the maximum metabolic rate (MMR)
and the standard metabolic rate (SMR; i.e., aerobic
scope = MMR — SMR; Fry 1947). Typically, available
energy is allocated towards fitness-enhancing activities
including growth, reproduction, immune function, and
predator avoidance (reviewed in Guderley and Portner
2010 and Sokolova 2013). Given that cortisol elevation
in teleosts generally results in increased routine (Barton
and Schreck 1987; Chan and Woo 1978; Morgan and
Iwama 1996; De Boeck et al. 2001; Herrera et al. 2012)
and standard (O’Connor et al. 2010) metabolic rates, it
may also reduce AS and therefore lower the allocation
of energy towards fitness-enhancing activities. In an
ecological context, this may have implications for pred-
ator evasion capacity (Mesa et al. 1994; Lawrence et al.
2017), growth dynamics (O’Connor et al. 2010), and
reproductive output (Algera et al. 2017a, b). Despite the
potential role of the hypothalamic-pituitary-interrenal
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(HPI) axis in modulating metabolic rate in fishes, to
date, there has been little research in this area. Indeed,
the current literature lacks work addressing the influence
of cortisol on maximal metabolic rate, aerobic scope,
and recovery dynamics in teleost fishes despite these
parameters being determinants of organismal perfor-
mance (Guderley and Portner 2010; Eliason and
Farrell 2016; Brownscombe et al. 2017). Furthermore,
only a handful of studies have ascertained the impacts of
cortisol on standard metabolic rates (O’Connor et al.
2010). To our knowledge, no studies have addressed
the role of cortisol in affecting maximal metabolic rate.
Maximal metabolic rate is typically set by cardiovascu-
lar performance (Norin and Clark 2016). However,
some evidence suggests that cortisol has little bearing
on cardiac performance in adult fish (Farrell et al. 1988).
In some cases, though, cortisol can have negative im-
pacts on the structural integrity of cardiac tissue in
teleosts which could conceivably result in impaired
cardiovascular performance (Johansen et al. 2011,
2017). Because cortisol-metabolism interactions have
the potential to modulate an animal’s fitness, under-
standing the underlying mechanisms is of critical im-
portance in determining organismal responses to
stressors, a significant consideration in the
Anthropocene where human activity is having substan-
tial impacts on the environment (Madliger et al. 2017).

The present study examined the role of cortisol in
modulating standard and maximal metabolic rates, aer-
obic scope, and recovery dynamics in wild pumpkin-
seed (Lepomis gibbosus; Linnacus 1758). To comple-
ment these whole-body metrics, a suite of tissue and
blood energy metabolites was characterized. We hy-
pothesized that prolonged cortisol elevation would in-
crease standard metabolic rate, with no effect on maxi-
mal metabolic rate, thereby reducing the animal’s aero-
bic scope.

Materials and methods
Animal collection, care, and implantation

Juvenile pumpkinseed (N =285; mass = 24.3+0.7 g;
total length = 110.6 + 0.4 mm) were captured in Lake
Opinicon (44.5590° N, 76.3280° W) in the months of
July, August, and September 2016. Animals were col-
lected (OMNREF permit no. 1082340) in shallow weedy
bays using a seine net and were transported to Queen’s

University Biological Station (Chaffey’s Lock, ON,
Canada). Fish were held in flow-through tanks (~
435 L) supplied with natural lake water (T'=25.2+
0.1 °C; NH," <0.25 mg L™"; pH = 7.5) under natural
photoperiod. During holding, fish were not fed. Pump-
kinseed were allowed to acclimate to these holding
conditions for 48 h prior to experimentation. Experi-
mental protocols were approved by the Carleton Uni-
versity Animal Care Committee (AUP no. 104262) in
compliance with the guidelines of the Canadian
Council for Animal Care.

Pumpkinseed were randomly selected and given
an intraperitoneal implant of cocoa butter
(5 mL kgf1 body weight (BW)) ecither alone as a
control (sham) or containing cortisol (hydrocorti-
sone 21-hemiscuccinate; 25 mg kg ' BW). This
method of elevating circulating cortisol has been
validated for use in teleost fishes (Gamperl et al.
1994). Cocoa butter containing cortisol was pre-
pared as described in Hoogenboom et al. (2011).
Briefly, the hydrocortisone 21-hemiscuccinate salt
was dissolved in ethanol to distribute the cortisol
evenly throughout the cocoa butter (i.e., avoid
clumping of the cortisol). Pre-warmed cocoa butter
was then added to the mixture and heated to
75 °C to evaporate the ethanol. Handling proce-
dures associated with implantation were not likely
to have substantially affected the variables mea-
sured here as prior work with bluegill sunfish, a
close relative of the pumpkinseed sunfish, demon-
strated comparable stress-related parameters be-
tween no-treatment controls and sham-treated fish
(see McConnachie et al. 2012).

The use of cortisol-containing cocoa butter implants
for elevating plasma cortisol concentrations in teleosts is
well-known to yield variable results in plasma cortisol
titres (reviewed in Gamperl et al. 1994; Sopinka et al.
2015; Crossin et al. 2016). Such cortisol treatment can
produce supraphysiological levels of cortisol in the
blood that are not reflective of an endogenous cortisol
response (e.g., see McConnachie et al. 2012 and Law-
rence et al. 2017), or individuals may clear the hormone
rapidly (i.e., in a few hours), failing to meet the criterion
for chronic exposure and making interpretation of treat-
ment effects difficult (see Foster and Moon 1986). Thus,
to avoid confounding effects associated with fish in
which the implant was ineffective (plasma cortisol con-
centration not elevated at the sampling time) or too
effective (plasma cortisol concentration elevated beyond
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the desired maximum of 140 ng mL_l), individuals that
exhibited plasma cortisol concentration outside of the
desired range of 36 to 140 ng mL ™" within the first 24 h
ofimplantation were excluded from analyses of blood or
tissue variables. This approach was not possible for
individuals used in respirometry or ammonia excretion
trials because plasma samples could only be collected
post-experiment, when circulating cortisol levels would
have been vulnerable to stress associated with the ex-
periment and handling, and the implants would have
been past their effective period. Following implantation,
all fish of a single treatment group (25 individuals) were
transferred to a holding tank (~211 L) under holding
conditions as described above. However, pumpkinseed
used in 24 h respirometry and metabolite flux experi-
ments (see below) were transferred immediately to res-
pirometry chambers following implantation. All fish
were maintained in a fasted state throughout the
experiments.

Experiment 1: Tissue level effects of exogenous cortisol
elevation

Shoals of cortisol- or sham-treated pumpkinseed were
maintained in holding tanks for 96 h. Starting at 24 h
post-implantation, four fish per treatment group per day
were selected haphazardly from the shoal and blood and
liver tissues were collected for analysis. Individual fish
were captured with a small dip net, taking great care to
minimize disturbance of conspecifics. A blood sample
(~300 pL) was collected immediately via caudal veni-
puncture using a 23 G needle and a chilled, heparinized
(Na* heparin, 10,000 USP units mL™"; Sandoz Canada
Inc., Boucherville, QC, Canada) 1-mL syringe. Blood
glucose concentration was immediately determined
using a portable, medical-grade glucose meter (Accu-
Chek Compact Plus, Hoffman-La Roche Limited, Mis-
sissauga, ON, Canada) that was previously validated for
use with teleost fishes (Wells and Pankhurst 1999;
Serra-Llinares and Tveiten 2012; Stoot et al. 2014).
The remaining blood was centrifuged for 2 min
(2000g; Mandel Scientific, Guelph, ON, Canada). Plas-
ma was decanted, flash frozen in liquid nitrogen, and
stored at — 80 °C for subsequent analysis of concentra-
tions of total ammonia (7,,; Tomm indicates total am-
monia concentration, whereas NH,* and NH; refer to
the ammonium ion and non-ionic ammonia, respective-
ly) and cortisol. Following blood sampling, the fish was
quickly euthanized via cerebral percussion and wet mass
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and total length were measured. The liver was excised,
weighed for determination of hepatosomatic index
(HSI; see below), freeze clamped in liquid nitrogen,
and stored at — 80 °C for later determination of hepatic
glycogen and ammonia concentrations (see below). This
process was repeated every 24 to 96 h, the final time at
which samples were collected. This sampling protocol
was carried out at a total of 5 times (total N =20/day/
treatment) with the final sample size for blood/tissues
selected based on the aforementioned procedure (i.e.,
individual fish within a physiologically relevant range
of cortisol; see “Animal collection, care, and implanta-
tion” for further details).

Plasma T,.,,, concentrations were assessed using a
commercially available enzyme-linked assay kit
(Raichem, Cliniga, San Marcos, CA, USA) and micro-
plate reader as in Lawrence et al. (2015). A commercial
radioimunnoassay kit (ImmuChem Cortisol Coated
Tube RIA Kit, MP Biomedicals, Solon, OH, USA)
was used to measure plasma cortisol concentration. This
assay was previously validated for use in teleost fishes
(Gamperl et al. 1994). Intra- and inter-assay coefficients
of variation were 8.7 and 4.7%, respectively.

Hepatic glycogen content was determined as de-
scribed by Keppler and Decker (1974). Liver tissue
was sonicated (~20 s on an ice-water slurry) in a
perchloric acid (PCA; 6%) solution and centrifuged
(5 min at 10,000g). The resulting supernatant was pH
balanced (pH =5.0) with K,HCO; and then incubated
with a 1% amyloglucosidase solution for 2 h at 37 °C.
The reaction was terminated using 25 1L of 70% PCA.
Hydrolyzed glycogen samples were then assessed for
total glucose content using the hexokinase-linked glu-
cose assay described by Bergmeyer (1974). Hepatic
ammonia concentration was determined using a com-
mercially available enzyme-linked assay kit (Raichem,
Cliniqa, San Marcos, CA, USA) as described in
Lawrence et al. (2015).

Experiment 2: Effects of exogenous cortisol elevation
on ammonia excretion

To investigate the effect of exogenous cortisol elevation
on whole-body ammonia excretion and, consequently,
metabolic functioning, 7, excretion was determined
using a simple flux chamber. As in previous studies
(Wilson et al. 1994; Zimmer et al. 2010; Lawrence
et al. 2015), flux chambers consisted of small (~
1.5 L), blacked-out flow-through boxes supplied with



Fish Physiol Biochem (2019) 45:1813-1828

1817

aerated, natural lake water. Immediately following in-
jection of the cocoa butter implant, fish (V=25 total; 14
cortisol-treated and 11 sham) were transferred to indi-
vidual flux chambers; this point constituted time z=0 h.
Unlike the respirometry trials (see “Experiment 2: Ef-
fects of exogenous cortisol elevation on ammonia ex-
cretion”), fish were allowed to freely move within the
container. Fish were assessed over a 96 h period with
fluxes carried out every 24 h to match blood/tissue
(“Experiment 1: Tissue level effects of exogenous cor-
tisol elevation”) and respirometry trials (“Experiment 3:
Characterization of metabolic rate under elevated corti-
sol”). To carry out a flux, water flow to the chamber was
stopped, while maintaining aeration, for the 5 h period
leading up to each experimental time point (i.e., 19—
24 h, 43-48 h, 67-72 h, 91-96 h post-implant). Water
samples (720 pL) were collected at the beginning and
end of the 5 h flux period and were immediately frozen
and stored at — 20 °C for later analysis of 7, concen-
tration. At 96 h, fish were euthanized and weighed.
Assessments of control (sham) and cortisol-treated fish
were conducted simultaneously.

Water T,m concentrations were determined using
the colorimetric salicylate assay of Verdouw et al.
(1978).

Experiment 3: Characterization of metabolic rate
under elevated cortisol

Oxygen uptake rates (MO,) were assessed at either 24 h
or 96 h post-implant. For each time point, three fish
from each treatment group (N=6 fish in total) were
assessed simultaneously, and this procedure was repeat-
ed four times for both time points (for a total of N=12
per treatment per time point). This approach was
adopted because pilot studies revealed that continuous
confinement of pumpkinseed in a respirometer for 96 h
resulted in confinement stress and mortality. For each
assessment of oxygen uptake, three fish from the same
treatment group were placed into individual respirome-
try chambers held in a reservoir; separate reservoirs
were used for different treatment groups. Treatment
groups were assigned to reservoirs in a randomized
fashion to avoid reservoir-induced biases. After transfer
into the respirometry chambers, the animals were left
undisturbed for ~29-35 h during which MO, was con-
tinuously assessed by intermittent flow respirometry.
Maximum metabolic rate (MMR) was then assessed
for each fish by removing an individual from its

chamber, manually chasing it for 3 min and then expos-
ing it to air for 1 min as per the recommendations of
Norin and Clark (2016). Animals were then returned to
their chamber, and MO, measurements resumed imme-
diately to capture MMR. Fish were allowed to recover
for ~ 15 h. At the end of the trial, fish were euthanized
via cerebral percussion, weighed, and measured for total
length.

Intermittent flow respirometry as described in Norin
etal. (2014) and Clark et al. (2011) was used to measure
MO,. Respirometers were held in a reservoir (~435 L)
supplied with fresh lake water that was well-aerated and
thermostatted to 25 °C using submersible aquarium
heaters. The water was replaced after every experimen-
tal series. Each respirometer consisted of a rectangular,
polypropylene plastic box (~ 1.3 L) fitted with a recir-
culation loop that had its own independent flow
(~5L min '; Eheim Universal 300 model 1046, Ger-
many). A set of baffles on either end smoothed flow
through respirometer and restricted the movement of the
fish. The oxygen concentration of the water in the
recirculation loop was measured continuously
(0.5 Hz), under the control of Pyro Oxygen Logger
software (V2.312; Pyroscience, Germany), using an ox-
ygen sensor spot (Pyroscience, Aachen, Germany)
coupled to an optical oxygen meter (Firesting O,,
Pyroscience). The flush loop of each chamber consisted
of a port attached to a large water pump (flush pump; ~
40 L min '; Atman PH 2000, China) that was under the
control of an automatic timer. Based on previous research
(Crans et al. 2015) and pilot work, the cycle used for
these experiments consisted of a 7-min flush period (i.e.,
flush pump is running) followed by a 3-min closed (i.e.,
flush pump is off), measurement period. The slope of the
decline in oxygen concentration during the measurement
period was used to determine MO,. This analysis was
conducted in Labchart (V 7.0.2; ADInstruments, Dune-
din, New Zealand). Background rates of oxygen con-
sumption (i.e., no fish in chamber) were determined
before and after each experimental trial and were
subtracted from the fish’s MO,. Chambers were cleaned
routinely to avoid elevated background MO,.

Measurements of MO, were derived during closed
respirometry phases where the relationship between wa-
ter O, concentration and time had 7*>0.9. Standard
metabolic rate was calculated as the average of the
lowest 10th percentile of all MO, values for an individ-
ual fish (Chabot et al. 2016). Routine metabolic rate
(RMR) was considered to be the average of all MO,
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values over the 12 h period from midnight to noon (6 h
D: 6 h L) prior to measurement of MMR. Maximum
metabolic rate was calculated as the single highest value
following the chase/air exposure event (Norin and Clark
2016). Aerobic scope was calculated as both absolute
scope (AS, = MMR — SMR) and as factorial scope (ASs¢
= MMR — SMR ™). Recovery time was taken to be the
period from chasing/air exposure to the time when a
fish’s MO, returned to within 10% of its RMR (RMRo;
Lee et al. 2003) over three consecutive time points.
Excess post-exercise oxygen consumption (EPOC)
was determined by integrating the area under the MO,
curve and subtracting RMR o from it (Lee et al. 2003).

Calculations and statistical analyses

Hepatosomatic index (HSI) was calculated as in
Busacker et al. (1990) using HSI = (m/mg) x 100%
where my is the wet mass of the liver (g) and m; corre-
sponds to the total mass of the fish (g). Tomm flux (Jamm)
was calculated as the difference in water T,,m
concentrations between the initial and final water
samples (My;r), taking chamber volume (V), fish
mass (m), and flux time (¢) into account such that
Jamm = (Maige X V)t X m).

All statistical analyses were conducted using
SigmaPlot v11.0 (Systat Software Inc., San Jose, CA,
USA). Unless otherwise noted, all data are presented as
mean = 1 SEM (N) with statistical significance being
accepted at a=0.05. A two-way analysis of variance
(ANOVA) was employed to compare treatment and time
effects for all blood, tissue, and metabolic parameters.
Ammonia excretion was analyzed using a two-way
repeated measures ANOVA with time and treatment
group as the two factors. When statistical significance
was detected, Tukey’s HSD post hoc test was used.

Results
Plasma cortisol

Plasma cortisol concentrations were higher in cortisol-
treated fish across all sampling times, relative to sham-
treated individuals (Fig. 1). The time X treatment inter-
action was found to be significant (F=6.097; df=3;
P =0.001). In cortisol-treated fish, plasma cortisol con-
centrations decreased by over 70% from 24 to 48 h,
remaining relatively constant thereafter.
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Fig. 1 Plasma [cortisol] of sham- (5 mL kg ' BW cocoa butter)
and cortisol-treated (25 mg kg ' BW cortisol in cocoa butter)
pumpkinseed (Lepomis gibbosus) over a 96 h sampling period
for only those fish used in tissue assays (N =9). Values are shown
as means = 1 SEM. Statistical significance was accepted at o=
0.05 with differences between treatment groups represented by an
asterisk (**P<0.01, ***P<0.001) whereas different letters des-
ignate differences within a treatment group

Metabolic rate parameters

Cortisol-treated fish exhibited significantly higher SMR
relative to shams (F=21.678; df=1; P<0.001;
Fig. 2a). In cortisol-treated fish, SMR was ~20% and
12% greater than values for the corresponding shams for
pumpkinseed assessed at 24 h and 96 h, respectively.
Cortisol treatment also resulted in a significant elevation
of RMR relative to sham-treated fish (F'=18.536; df =

1; P<0.001; Fig. 2b). For both SMR and RMR, neither
the effect of time (SMR: F=2.340; P=0.134; df=1;
RMR: F=1.457;, P=0.234;df = 1) nor the interaction of
time and treatment group (SMR: F=1.368; P=0.249;
df=1; RMR: F=2.034; P=0.162; df=1) was found to
be significant.

MMR was also significantly higher in cortisol-
treated pumpkinseed relative to sham-treated fish (F'=
7.240; df=1; P=0.010; Fig. 2c). Measurement time
was also found to have a significant influence on
MMR (P=0.017), with fish measured at 24 h post-
implant having significantly higher MMR than fish
measured at 96 h (Fig. 2¢). However, the interaction of
time and treatment group was not significant (P =
0.182). The similar rises in both SMR and MMR with
cortisol treatment resulted in comparable AS, (F=
2.159; df=1; P=0.150; Fig. 2d) and ASg (F=1.901;
df=1; P=0.176; Table 1) between sham- and cortisol-
treated fish. Time was found to have a significant
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Fig. 2 The influence of sham- (5 mL kg ' BW cocoa butter) and
cortisol-treatment (25 mg kg ' BW cortisol in cocoa butter) on
pumpkinseed (Lepomis gibbosus) metabolic parameters over a
96 h sampling period. The metabolic parameters measured includ-
ed (a) standard metabolic rate (SMR; N=11), (b) routine meta-
bolic rate (RMR; N = 11), (¢) maximal metabolic rate (MMR; N =

influence on AS 4 (P =0.048; Fig. 2d), with neither ASy
nor ASg displaying a significant interaction term
(P>0.05).

Recovery dynamics were generally unaffected by
cortisol treatment. Both recovery time (P =0.404;
Table 1) and effort (i.e., EPOC; P =0.506; Table 1) were
similar between treatment groups, with fish taking ap-
proximately 5 h to return to RMR,,.

Blood and tissue metabolites

Blood glucose concentrations were significantly higher
in cortisol-treated fish compared with sham-treated fish
(F'=52.836; df=1; P<0.001; Fig. 3a). Although there
was a significant influence of time on blood glucose
concentrations (F'=3.376; df=3; P=0.024), no signif-
icant interaction was detected between time and treat-
ment group (F'=2.480; df=3; P=0.069). Plasma T,
concentrations were not significantly affected by either

11), and (d) absolute aerobic scope (AS; N=11). Values are
shown as means + 1 SEM. Statistical significance was accepted
at a=0.05 with differences between treatment groups represented
by an asterisk (**P<0.01, ***P<0.001). Significant effects of
time (P <0.05) are indicated on the plot by the open box being
greater than the filled boxed symbol

measurement time (F=0.474; df=3; P=0.702) or
treatment group ("= 0.887; df=1; P=0.351) (Fig. 3b).

Cortisol treatment in pumpkinseed resulted in eleva-
tion of both HSI (#'=20.994; df=1; P<0.001; Fig. 4a)

Table 1 The effect of cortisol implantation (25 mg kg ' BW) on
factorial scope, excess post-exercise oxygen consumption
(EPOC), and recovery time in pumpkinseed (Lepomis gibbosus)
24 h and 96 h post-implantation. No significant differences were
observed between treatment groups or sampling time points (two-
way ANOVA, P> 0.05). Values are shown as means + 1 SEM
with N=11 in all cases

Parameter Sham Cortisol

24 h 96 h 24 h 96 h
Factorial scope 39+£0.1 3.8+02 3.7+02 3.6+02
EPOC (mg O, kg™") 277+16 327+42 300+55 271+19
Recovery time (h) 50+05 52+05 48+0.7 48+0.7
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Fig. 3 Blood [glucose] (a; N=9) and plasma [ammonia] (b; N <
9) for sham- (5 mL kg71 BW cocoa butter) and cortisol-treated

(25 mg kg~' BW cortisol in cocoa butter) pumpkinseed (Lepomis
gibbosus) over a 96 h sampling period. Values are shown as means
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Fig. 4 Hepatosomatic index (a; N<9), hepatic [glycogen] (b;
N<9), and total hepatic [ammonia] (7,um; ¢ N<6) for sham-
(5 mL kg™' BW cocoa butter) and cortisol-treated (25 mg kg™’ BW
cortisol in cocoa butter) pumpkinseed (Lepomis gibbosus) over a
96 h sampling period. Values are shown as means + 1 SEM.
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and liver glycogen content (F=120.163 df=1;
P <0.001; Fig. 4b). However, unlike hepatic glycogen
concentrations (F=0.504; df=3; P=0.681), HSI was
found to decrease across sampling times (F'=3.559;
df=3; P=0.019; Fig. 4b); in neither case was the
interaction of treatment group and sampling time signif-
icant. Hepatic T,,,,,, concentrations were unaffected by
sampling time (F=0.763; df=3; P=0.524), treatment
(F=1.783; df=1; P=0.192; Fig. 4c), or the interaction
of these two factors (F'=1.443; df=3; P=0.251).

Ammonia excretion

An interaction between effects of treatment group and
flux time (F'=7.249; df=3; P<0.001; Fig. 5) was de-
tected for ammonia excretion. Cortisol-treated fish ex-
hibited a higher ammonia excretion rate over the first
48 h, relative to sham-treated fish, returning to sham
levels by 72 h post-implant (Fig. 5). The ammonia
excretion rate peaked at 24 h in cortisol-treated fish and
was ~ 1.9% higher than the corresponding sham value.

Discussion
Overview
Cortisol treatment of wild-caught pumpkinseed using

intraperitoneal implants revealed effects of prolonged
cortisol elevation on both SMR and MMR. Higher

1000 4 ok
a —0— Sham
900 A —e— Cortisol
o~
= 800
oo Hekek
~ 700 A
vg b
S 600
=
g c
E 500 4
—
400 A
300 T T r -
24 48 72 96

Time post-implantation (h)

Fig.5 Whole-body ammonia excretion rate for sham- (5 mL kg’
BW cocoa butter) and cortisol-treated (25 mg kg ' BW cortisol in
cocoa butter) pumpkinseed (Lepomis gibbosus) in individual
pumpkinseed monitored over a 96 h period. Values are shown as
means + 1 SEM. Statistical significance was accepted at av=0.05
with differences between treatment groups represented by an
asterisk (***P <0.001), whereas different letters designate differ-
ences within a treatment group

SMR likely reflects increased maintenance costs under
cortisol elevation whereas higher MMR could be the
result of several factors, including adrenergic sensitiza-
tion, enhanced mitochondrial capacity, and/or increased
branchial/cutaneous O, uptake. Neither AS nor recov-
ery was affected by prolonged cortisol elevation, sug-
gesting that physiological performance would not be
impaired. Cortisol treatment appeared to modulate car-
bohydrate metabolism by increasing blood glucose
levels and hepatic glycogen content. Despite the ab-
sence of changes in plasma and hepatic ammonia con-
centrations, cortisol treatment elicited higher rates of
ammonia excretion in pumpkinseed, which was likely
a result of either increased turnover of proteins or en-
hanced ammonia transport capacity. This work contrib-
utes to our knowledge of cortisol effects on metabolism
by focusing on SMR, MMR, and AS,4, and the specific
metabolic pathways that are impacted by prolonged
cortisol elevation, in a wild-caught teleost fish, a group
that is underrepresented in the literature.

Validation of cortisol implants

Cortisol implants have been widely used as a mecha-
nism of elevating plasma cortisol levels over sustained
durations in a number of teleost species (Basu et al.
2001; DiBattista et al. 2005; Lawrence et al. 2017;
reviewed in Gamperl et al. 1994 and Sopinka et al.
2015), including wild centrarchids (O’Connor et al.
2009; McConachie et al. 2012; Zolderdo et al. 2015;
Algera et al. 2017b). This method attempts to mimic the
sustained cortisol titres in blood that would be reflective
of a semi-chronically stressed state (Carmichael et al.
1984; Pickering and Pottinger 1989; Sloman et al. 2001;
Lankford et al. 2005). However, it is important to realize
that cortisol represents only one component of the stress
response, which also includes neuroendocrine inputs
that were not manipulated in this work (Sopinka et al.
2015, 2016). By excluding individuals in which the
cortisol-cocoa butter implant was either not effective
or elevated cortisol above physiologically relevant
levels, the pumpkinseed used in the present study ex-
hibited plasma cortisol titres that were typical of those
observed under a natural, acute stressor (e.g.,
66 ng mL ! peak here; Davis and Parker 1986; Cook
et al. 2012; Lawrence et al. 2019; reviewed in Barton
and Iwama 1991). The sharp decrease in plasma cortisol
concentrations from 24 to 48 h post-implant is typical of
this methodology, with plasma cortisol titres stabilizing
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at an elevated level over more chronic timeframes
(Vijayan et al. 1991; Gamperl et al. 1994; McConnachie
et al. 2012; i.e., to 96 h in the present study). It is
possible, although unlikely, that repeated netting of
fish in the shoal for blood/tissue sampling may
have influenced some of the physiological metrics
observed here.

Cortisol’s influence on whole-body metabolism

As predicted, both standard and routine metabolic rates
were higher in wild-caught cortisol-treated pumpkin-
seed relative to shams. Similarly, previous studies in
teleost fishes reported that cortisol treatment can in-
crease routine (Barton and Schreck 1987; Chan and
Woo 1978; Morgan and Iwama 1996; De Boeck et al.
2001; Liew et al. 2013) and standard metabolic rates
(O’Connor et al. 2010), as can chronic stress (24 h social
stress; Sloman et al. 2000). Even longer, 28 days, expo-
sure to stress elevated SMR to approximately 30%
higher than the control value in green sturgeon
(Acipenser medirostris; Lankford et al. 2005). The
higher SMR observed in the present study likely stems
from increased maintenance costs associated with corti-
sol’s regulatory actions (e.g., impacts on protein synthe-
sis, energy substrate formation, and ionoregulation;
reviewed in Wendelaar Bonga 1997 and Schreck and
Tort 2016). Supporting this notion are the higher
blood glucose and hepatic glycogen concentrations,
as well as the higher whole-body ammonia excre-
tion rate observed in cortisol-treated pumpkinseed.
Interestingly, prolonged elevation of circulating
cortisol titres has been shown to reduce locomotory
activity in teleosts (Overli et al. 2002; Algera et al.
2017a), suggesting that the changes in routine metabo-
lism observed here likely reflected alterations in internal
metabolic processes rather than behavior.

Cortisol treatment also resulted in higher MMR rel-
ative to sham-treated pumpkinseed. Information
pertaining to the influence of cortisol on MMR in fishes
appears to be lacking in the literature. In green sturgeon,
exposure to a randomized, chronic stressor had no in-
fluence on MMR but elevated SMR and lowered AS
(Lankford et al. 2005). In common carp (Cyprinus
carpio), cortisol treatment via an implant resulted in
higher MO, during active swimming when compared
with sham-implanted and control fish (Liew etal. 2013),
but MMR was not assessed. The present work appears
to be the first to directly investigate the role of cortisol
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on MMR. In teleosts, MMR is dictated primarily
through the animal’s ability to deliver oxygen to its
tissues (i.e., cardiac performance) and oxygen extraction
by the tissues (Fry and Hart 1948; Clark et al. 2011,
Eliason et al. 2011; reviewed in Farrell et al. 2009 and
Norin and Clark 2016). Cortisol may sensitize adrener-
gic responsiveness of the cardiovascular system, thereby
enhancing oxygen delivery to tissues (e.g., Reid et al.
1992; Perry and Reid 1993; Reid et al. 1996; reviewed
in Perry and Capaldo 2011). Alternatively, citrate syn-
thase activity has been found to be higher under elevated
blood cortisol in teleosts (Foster and Moon 1986;
Tripathi and Verma 2003), and this enzyme is consid-
ered to be a proxy for mitochondrial density and aerobic
capacity (Johnston 1981; Torres and Somero 1988).
Another possibility is that cutaneous and gill oxy-
gen uptake may increase in fish with elevated
plasma cortisol levels, which would increase
MMR (Farrell et al. 2014) but this idea remains
highly speculative and unproven. Clearly, the
mechanisms underlying changes in MMR with
cortisol treatment require further study.

In teleost fishes, AS represents the available aerobic
energy that can be allocated towards fitness-related ac-
tivities (e.g., growth, reproduction, and swimming) and
is calculated as the difference between SMR and MMR
(Fry 1947; Guderley and Portner 2010; Sokolova 2013).
Our results (AS unaffected by cortisol treatment) con-
trast with our prediction that cortisol would constrain
AS of pumpkinseed by increasing SMR. To our knowl-
edge, the present study is the first investigating whether
cortisol plays a direct role in modulating AS. However,
using repeated stress in green sturgeon over 28 days,
Lankford et al. (2005) reported increased SMR and
reduced ASy relative to control fish. Because organis-
mal performance is thought to reflect AS (e.g., swim-
ming capacity, reproduction, and growth; Fry 1947;
Guderley and Portner 2010; Sokolova 2013), our results
suggest that performance, at the physiological level,
should not be impacted by semi-chronic (i.e., 24-96 h)
cortisol elevation in pumpkinseed. However, we remain
cautious in this interpretation because the greater SMR
under cortisol treatment likely would require increased
food intake (Brett and Groves 1979; Metcalfe 1986;
Gregory and Wood 1999). At the same time, cortisol
reduces food conversion efficiency (Gregory and Wood
1999; Bernier et al. 2004) and acts as an anorexigenic
agent at high doses (Gregory and Wood 1999; Bernier
et al. 2004; Madison et al. 2015). Thus, if pumpkinseed
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are unable to meet their basic nutritional demands, there
may be physiological consequences of elevated SMR
such as reduced growth. Furthermore, increased time
spent foraging to meet dietary requirements could have
implications for predator avoidance, thereby impacting
organismal fitness (reviewed in Lima and Dill 1990 and
Godin 1997).

Regulation of carbohydrate metabolism by cortisol

In teleost fishes, cortisol acts as the primary glucocorti-
coid promoting increased gluconeogenic capacity and
the diversion of energy resources away from non-
essential processes (reviewed in Wendelaar Bonga
1997 and Schreck and Tort 2016). Elevation of circulat-
ing cortisol increases blood glucose levels in a variety of
teleost fishes under various environmental settings (e.g.,
Soivio and Oikari 1976; Pickering et al. 1982; Vijayan
et al. 1997; Suski et al. 2007; McConnachie et al. 2012;
Lawrence et al. 2017; reviewed in Mommsen et al.
1999). In centrarchids, this effect has been well-
characterized following exposure to stressors
(Carmichael et al. 1984; Gustaveson et al. 1991; Suski
et al. 2003; Cook et al. 2012; Lawrence et al. 2018) or
cortisol implants (McConnachie et al. 2012; Zolderdo
et al. 2016). In line with the literature, our cortisol-
treated pumpkinseed demonstrated significantly higher
blood glucose concentrations.

Although cortisol can have variable effects on hepat-
ic glycogen content in teleost fishes (Storer 1967; Foster
and Moon 1986), in the present study, as in other works
(Butler 1968; Inui and Yokote 1975; Chan and Woo
1978; De Boeck et al. 2001; Laiz-Carrion et al. 2002,
2003; Vijayan et al. 2003), cortisol elicited higher
hepatic glycogen content. Teleost hepatic glycogen
content is the net product of glycogen synthesis
(catalyzed by glycogen synthase) and catabolism
(i.e., glycogen phosphorylase; reviewed in Faught
and Vijayan 2016). Cortisol treatment in teleosts
has been found to lower glycogen phosphorylase
activity (Laiz-Carrién et al. 2002, 2003; Milligan
2003) and increase glycogen synthase transcripts/
activity (Milligan 2003; Leung and Woo 2010),
effects that could account for the increase in gly-
cogen content noted in cortisol-treated pumpkinseed. In
contrast, however, cortisol has also been shown to in-
crease the expression of glycogen phosphorylase
(Baltzegar et al. 2014), highlighting the variation within
the literature (Mommsen et al. 1999).

Nitrogenous waste metabolism

Whole-body ammonia excretion was higher under cor-
tisol treatment, suggesting that amino acid turnover was
likely elevated (Wood et al. 1999; Lawrence et al. 2015).
In teleosts, ammonia is the primary nitrogenous waste
product and is formed from the transdeamination of
amino acids (reviewed in Wright 1995 and Wright and
Wood 2009). Thus, heightened protein turnover is often
associated with elevated ammonia production and ex-
cretion (Smith 1929; Wood et al. 1999; Lim et al. 2001;
Wood et al. 2007; Zimmer et al. 2010; Lawrence et al.
2015). Because cortisol regulates protein turnover and
amino acid metabolism (reviewed in Mommsen et al.
1999), a rise in cortisol is expected to be accompanied
by increased ammonia production/excretion (Storer
1967; Chan and Woo 1978; Hopkins et al. 1995;
Wood et al. 1999; Liew et al. 2013, 2015; Lawrence
et al. 2015), which is consistent with the pumpkinseed
data presented here. However, this effect may not be
ubiquitous as prior studies have also failed to detect an
effect of cortisol treatment on ammonia excretion rates
in teleosts (De Boeck et al. 2001; McDonald and Wood
2004). In addition to modifying rates of ammonia syn-
thesis, cortisol could also enhance ammonia excretion
through regulation of Rhesus (Rh) glycoproteins
(Wright and Wood 2009). While evidence remains
sparse, a few studies have reported that expression of
Rh glycoproteins coincides with elevated cortisol titres
in teleosts (Nawata and Wood 2009; Tsui et al. 2009;
Lawrence et al. 2015; Liew et al. 2015). An upregulation
of Rh glycoproteins in cortisol-treated pumpkinseed
could account for the observation of higher ammonia
excretion rates in the absence of net change in plasma
ammonia concentrations. Clearly, additional research is
required to investigate the role of cortisol in rela-
tion to ammonia production and excretion in tele-
osts especially given the important role of nitrog-
enous waste excretion on the metabolic operation
of teleost fishes (Wright 1995). Together, these
data suggest that cortisol is an important mediator
of protein metabolism in pumpkinseed.

Conclusions
Despite higher SMR with cortisol treatment, AS was

unaffected in pumpkinseed, owing to concomitantly
higher MMR in cortisol-treated fish. Thus, aerobic
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performance is unlikely to be impaired under prolonged
cortisol elevation. Additionally, cortisol treatment re-
sulted in hyperglycemia paired with increased stores of
glycogen in the liver and increased whole-body ammo-
nia excretion rates. Thus, energy mobilization and stor-
age appeared to be enhanced under cortisol treatment.
Our results are among the first characterizations of the
direct role of the HPI axis, specifically cortisol, in me-
diating metabolic dynamics in a wild-caught teleost fish.
While providing insight into the specific physiological
mechanisms by which cortisol exerts an effect on
the metabolic operation of a teleost, this work is
also relevant to understanding the “ecology of
stress” (Boonstra 2013) in wild-caught animals—
an important consideration in the ever-changing
Anthropocene (Madliger et al. 2017).
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